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A B S T R A C T

The mobility sector is undergoing a fundamental change from fossil
fuels through electricity to hydrogen. However, for hydrogen techno-
logy to be successful, the storage devices need to be pushed forward.
Currently, the most promising path is to employ nanotechnology in
metal hydride storage systems.

This thesis presents di�erent methods and material systems explo-
ring the interaction of metallic nanoparticles and hydrogen. It aims to
expand the limited literature knowledge about size dependent e�ects
on thermodynamic and optical properties at the nanoscale. Several
analytical and numerical models are developed and compared to own
experimental data as well as existing literature.

The experimentally investigated structures are palladium square
patches, palladium-gold disk stacks, and yttrium nanorods. All struc-
tures throughout the thesis are characterized using plasmonic ex-
tinction spectroscopy, an optical measurement technique employing
localized oscillations of the conduction electrons as a sensitive tool
for structural and electronic changes in nanoparticles. The palladium
square-patch investigations show a hydrogen loading pressure that is
increasing with nanoparticle size, whereas the hydrogen induced in-
plane expansion is decreasing with size. In the yttrium rod antenna
studies, a drastic but reversible hydrogen induced elimination of the
plasmonic resonance is observed, rendering the structure a highly in-
teresting plasmonic switch. A sensitive plasmonic gas sensor is reali-
zed combining palladium nanoparticles with gold antennas. Through
palladium-gold disk nanostacks that plasmonically behave as one su-
perstructure, large hydrogen induced peak shifts of comparatively
narrow resonances are demonstrated.
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Complementing the experimental �ndings, analytical models are
developed for the isotherms of palladium nanoparticles and the plas-
monic resonances of square nanopatches. The isotherm model reveals
a coherent loading mechanism of palladium nanoparticles. In contrast,
the unloading mechanism and the general bulk behavior follow inco-
herent transitions with a reduced hysteresis. The developed plasmon
resonance model illustrates a method for obtaining broadband dielec-
tric data of nanoparticles without prior knowledge of any material
properties besides the particle geometry and the plasmon resonance
wavelength.

The �ndings presented in this thesis will be helpful to develop
more e�cient energy storage systems and powerful hydrogen sensors
through well designed nanostructured devices.
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Z U S A M M E N FA S S U N G

Mit der Verdrängung klassischer Verbrennungsmotoren durch elektri-
sche Antriebe mit Batterie- oder Brennsto�zellentechnologie ist ein
weltweiter fundamentaler Umbruch im Automobilsektor im Gange.
Um die Brennsto�zellentechnologie jedoch zu einem langfristigen Er-
folg zu führen, sind Innovationen in der Wassersto�speicherung not-
wendig. Eine Schlüsselrolle sollen dabei neue hoche�ziente Wasser-
sto�speicher auf Metall-Hydrid Basis spielen.

In dieser Dissertation werden metallische Nanopartikel und ihre
Interaktion mit Wassersto� mit Hilfe unterschiedlichster Methoden
und auf Basis mehrerer Materialsysteme untersucht. Das Ziel ist dabei
das begrenztes Wissen über größenabhängige E�ekte thermodynami-
scher und optischer Eigenschaften auf der Nanoskala zu erweitern. Zu
diesem Zweck werden unter anderem mehrere analytische und nume-
rische Modelle entwickelt und mit eigenen experimentellen Daten so-
wie Literaturdaten verglichen. Experimentelle Studien, durchgeführt
an Palladium Nanoquadraten, Palladium-Gold Nanoscheiben-Stapeln
und Yttrium Nanostäben mit Hilfe von plasmonischer Extinktions-
Spektroskopie, zeigen optische, elektronische und strukturelle Eigen-
schaften der jeweiligen Systeme und die dazugehörige wassersto�ab-
hängige Dynamik.

So zeigt sich bei den untersuchten Palladium Nanoquadraten, dass
der Wassersto� Ladedruck mit zunehmender Größe der Teilchen zu-
nimmt, während die wassersto�nduzierte laterale Größenzunahme
mit der Teilchengröße abnimmt. Die Untersuchungen an Yttrium
Stabantennen zeigen ein drastisches aber reversibles wassersto�ab-
hängiges Ausschalten der plasmonischen Resonanz, was die Struk-
turen zu einem interessanten Kandidaten für einen plasmonischen
Schalter machen. Des Weiteren wurde ein plasmonischer Wassersto�-
sensors bestehend aus einer Kombination von Palladium und Gold Na-
noscheiben realisiert und charakterisiert. Dabei zeigten sich abhängig
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von der Anordnung relativ große wassersto�nduzierte Resonanzver-
schiebungen und gutes dynamisches Verhalten.

Komplementär zu den durchgeführten experimentellen Studien
wurden analytische Modelle für die Isothermen von Palladium Na-
nopartikeln, die Wassersto�di�usion in Yttrium Nanostäben und die
plasmonischen Resonanzen in Palladium Nanoquadraten entwickelt.
Das Isothermen Model o�enbart, dass Palladium Nanopartikel bis zu
einer gewissen Größe während der Wassersto�absorption einem ko-
härenten Phasenübergang folgen, während die Desorption von einem
inkohärenten Phasenübergang begleitet wird, wie es bei groß�ächi-
gem Palladium üblich ist. Das neuentwickelte Modell für plasmoni-
sche Resonanzen von Nanoquadraten kann dazu verwendet werden
die dielektrische Funktion von Nanostrukturen über einen breiten
Wellenlängenbereich experimentell zu bestimmen - nur durch Kennt-
nis der Geometrie und plasmonischen Resonanz der Strukturen aber
ohne spezielle Annahmen über das Material zu machen.

All die Erkenntnisse dieser Thesis können als kleine aber erkennt-
nisreiche Schritte zur Entwicklung e�zienterer Energiespeicher und
leistungsstarker Wassersto�sensoren auf Nanostrukturbasis betrach-
tet werden.
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A U S F Ü H R L I C H E Z U S A M M E N FA S S U N G

Im Angesicht der zunehmenden weltweiten Umweltschäden und Ge-
sundheitsprobleme, mitverursacht durch Abgase der heutigen Ver-
kehrssysteme sowohl im privaten, ö�entlichen als auch im gewerb-
lichen Sektor, ist es notwendig saubere und praktikable Alternativen
zu �nden. Viel diskutierte Alternativen sind synthetische Kraftstof-
fe, klassische Batterien in Kombination mit Elektromotoren und die
Brennsto�zellen-Technologie, bei welcher Wassersto� in elektrische
Energie umgesetzt wird. Die entscheidende Fragestellung für all diese
Technologien ist, genügend hohe Energiedichten zu erzeugen um ver-
gleichbare Reichweiten zu herkömmlichen Kraftsto�en zu realisieren.
Da Batterien (z.B. Lithium-Polymer Akkus) nie derart hohe Energie-
dichten erreichen können, werden sich rein elektrische Verkehrssys-
teme nur in Kurzstreckenanwendungen oder einer Infrastruktur mit
ständig verfügbarem Strom durchsetzen können. Brennsto�zellen-
Technologie bietet dagegen eine Möglichkeit des vollständigen Ablö-
sens von Verbrennungsmotoren durch deutlich erhöhte Energiedich-
ten und 100 % Emissionsfreiheit.

Als Wassersto�speicher bieten sich besonders sogenannte Metall-
Hydrid Systeme an, bei denen der Wassersto� (meist reversibel) in
Metallgitter aufgenommen wird. Magnesium kann z.B. bis zu 7,6 %
seines Gewichts in Wassersto� aufnehmen und dabei die Energie-
dichten von herkömmlichen Batterien und Wassersto�druck- oder
Flüssigwassersto�tanks deutlich überbieten. Diese Formen der Ener-
giespeicherung erreichen jedoch immer noch keine Energiedichten
ähnlich fossiler Brennsto�e. Eine Möglichkeit diese Di�erenz zu über-
brücken bietet die Nanostrukturierung der jeweiligen Metall-Hydride.
Zur Thermodynamik von nanostrukturierten Metall-Hydriden gibt es
jedoch aufgrund experimenteller Herausforderungen bisher nur sehr
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wenige Studien. Daher ist es sinnvoll das einfachste mögliche Metall-
Wassersto� System zu betrachten und anschließend die dort gewon-
nenen Erkenntnisse auf die komplexeren Materialsysteme zu übertra-
gen. So sind in den letzten Jahren einige experimentelle und theore-
tische Arbeiten zu Palladium Nanostrukturen und ihrer Interaktion
mit Wassersto� entstanden. Jedoch sind viele Aspekte, wie z.B. die
mikroskopische Beschreibung des Phasenübergangs, Änderungen in
der kritischen Temperatur, Ober�ächene�ekte, sowie Lade- und Entla-
dedrücke, immer noch umstritten. Dies lässt sich auf die Unterschied-
lichkeit der Experimente und die experimentellen Beschränkungen in
Temperatur- und Größenvariation zurückführen, welche das Tre�en
allgemeingültiger Aussagen erschweren.

In dieser Arbeit wird zunächst versucht die Literatur zu einem
einheitlichen thermodynamischen Modell zusammenzuführen. Dar-
auf aufbauend dienen eigene experimentelle Erkenntnisse dazu das
Bild zu vervollständigen und die Forschung voran zu bringen. In Ka-
pitel 4 wird ein größenabhängiges analytisches Modell für die Iso-
thermen von Palladium Nanopartikeln entwickelt. Die dabei entschei-
denden freien Parameter werden anhand von Literaturdaten mehre-
rer Studien bestimmt. Die Resultate zeigen, dass einfache Modi�ka-
tionen an einem physikalisch motivierten Gitter-Gas Modell zu ei-
nem Nanopartikel-Modell führen, welches die von unterschiedlichs-
ten Gruppen an Nanopartikeln gewonnenen Erkenntnisse hervorra-
gend reproduziert. Dabei wird gezeigt, dass sich Palladium Nanopar-
tikel mit Größen zwischen 2 nm und 100 nm in ihrem Wassersto�a-
deverhalten von ausgedehnten Palladium Festkörpern unterscheiden.
Die Ladedrücke sind teilchengrößenabhängig. So durchlaufen klei-
ne Nanoteilchen einen vollständig kohärenten Ladevorgang bei wel-
chem der maximal mögliche Ladedruck, ohne dass sich spannungsre-
duzierenden Versetzungen bilden. Je größer die Teilchen werden de-
sto früher bilden sich jedoch Versetzungen, welche den Ladedruck
reduzieren. Der Entladevorgang orientiert sich dagegen eher an dem
für Palladium Festkörper üblichen Maxwell-Druck. Bei diesem wird
durch Bildung von Versetzungen und Domänen zum frühestmögli-
chen Zeitpunkt der Phasenübergang von β- zu α-Phase eingeleitet
und dadurch Gitterspannungen reduziert. Damit folgen Palladium Na-
noteilchen eher einer sogenannten vollen spinodalen Isotherme. Ob
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sie jedoch vollständig versetzungsfrei beladen werden oder die Span-
nungen groß genug werden, dass sich β-Phasen-Domänen ausbilden
können, hängt nicht nur von der Teilchengröße, sondern auch der
Temperatur ab. Je wärmer es ist, desto größer ist die Wahrscheinlich-
keit zur Bildung von Versetzungen. Die theoretische Grenze für einen
vollständig kohärenten Ladevorgang liegt bei 35 nm großen Teilchen
ungefähr bei Raumtemperatur.

Eine Möglichkeit das thermodynamische Verhalten von metalli-
schen Nanoteilchen zu untersuchen ist die Plasmonik. Das (Leitungs-)
Elektronengas eines Nanopartikels kann mit Hilfe elektromagneti-
scher Strahlung zu lokalisierten Oszillationen (den sogenannten Plas-
monen) angeregt werden Diese weisen eine für das Material, die geo-
metrische Dimension und die dielektrische Umgebung des Teilchens,
charakteristische Eigenfrequenz auf. Diese Resonanzen eignen sich
dazu Veränderungen auf der Nanoskala spektroskopisch und mikro-
skopisch in Echtzeit zu verfolgen. Denn die Resonanzen für Nanopar-
tikel mit Größen zwischen 50 nm und 1000 nm liegen im sichtbaren
und nah-infraroten Frequenzbereich und erzeugen einen partiell dras-
tisch erhöhten Absorptions- und Streuquerschnitt.

Diese Methode wird hier (siehe Kapitel 3 und 5) durch Bildung eines
analytischen Modells für die Plasmonenresonanz quadratischer Plat-
ten (Quader mit a = b > c) verfeinert. Durch Separation der einzel-
nen Faktoren in materialabhängige und geometrieabhängige Größen,
wird dabei eine Methode zur Bestimmung der dielektrischen Funkti-
on von Nanoteilchen gescha�en wurde. Hierfür wird ein bekanntes
analytisches Modell für oblate Sphäroide auf experimentell einfach
zu realisierende quadratische Platten übertragen. Die dabei entstehen-
den freien Parameter (der geometrische Konversionsfaktorm und der
angepasste DepolarisationsfaktorNx ) werden mit eigenen experimen-
tellen Studien an Goldstrukturen bestimmt und durch theoretische
Überlegungen plausibilisiert. Das vollständige Modell erlaubt es, den
dielektrischen Faktor E (eine Kombination aus Real- und Imaginärteil
der dielektrischen Funktion und dem Brechungsindex der Umgebung)
einzig aus der plasmonischen Resonanzfrequenz und den Abmaßen
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der Nano-Platte zu bestimmen. Bei Hinzunahme der Resonanzbrei-
te ergibt sich daraus die vollständige dielektrische Funktion. Die Be-
stimmung stellt keine Anforderungen an die Form der dielektrischen
Funktion, sondern beruht nur auf dem Vergleich von Strukturen ver-
schiedener Ausmaße (mit jedoch der gleichen plasmonischen Reso-
nanzposition). Damit ist das Modell, bei ausreichender Datenbasis, in
der Lage selbst dynamische Größenänderungen von Nanostrukturen
zu errechnen. In dieser Arbeit wird diese Methode bei der Bestim-
mung und Einordnung der dielektrischen Funktionen von Gold und
Palladium unter Beweis gestellt und auf Palladium-Hydrid Nanostruk-
turen angewandt. Erstmals wird dabei die dielektrische Funktion von
Wassersto�-beladenem Palladium in nah-infraroten Wellenlängenbe-
reich bestimmt. Da die plasmonischen Resonanzen sehr sensitiv auf
Größenänderungen der Nanostrukturen reagieren, kann die horizon-
tale sowie laterale wassersto�nduzierte Ausdehnung der Palladium-
Hydrid Nanostrukturen ebenfalls errechnet werden.

Für den langfristigen Erfolg der Wassersto�-Wirtschaft sind nicht
nur e�ziente Speichertechnologien von Bedeutung, sondern auch die
Sicherheit in der gesamten Verwertungskette, von der industriellen
Produktion, über den Transport, bis hin zum Einsatz im Auto (oder
Zug, oder Schi�). Eine wichtige Komponente dafür ist ein möglichst
sicherer, kompakter, günstiger und einfach verfügbarer Wassersto�-
Detektor. In Kapitel 6 folgt aus diesem Grund eine andere Anwendung
des Palladium-Wassersto� Systems als Wassersto�-Sensor, welche die
zuvor gewonnenen Erkenntnisse zum thermodynamischen und opti-
schen Verhalten von Palladium Nanostrukturen verwertet. Für den
erfolgreichen Einsatz als optischer (Wassersto�-) Sensor, sollte das
System folgende Eigenschaften aufweisen:

• Eine monotone, konzentrationsabhängige Änderung der opti-
schen Eigenschaften,

• eine hohe Selektivität, d.h. möglichst keine Queremp�ndlich-
keiten durch Reaktion auf andere Sto�e,

• hohe Sensitivität, d.h. eine eindeutige Reaktion auf schon ge-
ringste Konzentrationen, möglichst im ppm Bereich,
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• schnelles Ansprechverhalten mit Reaktionszeiten im Sekunden-
Bereich,

• hohe Stabilität und Reversibilität mit möglichst geringer perma-
nenter Schädigung des Materials durch das Messverfahren oder
generelle Alterung.

In der Literatur sind Palladium-basierte Wassersto�sensoren länger
bekannt und es wurden schon unterschiedlichste Konzepte, von ein-
fachen Dünn�lmschichtsystemen über Nanopartikel-Ensembles, bis
hin zu Palladium-Gold Hybridsystemen vorgestellt. Genau diese Hy-
bridstrukturen sind von besonderem Interesse, da sie die Vorteile von
Palladium als Wassersto�-sensitivem Material mit denen von Gold als
plasmonische Antenne höchster Güte kombinieren. Um diese Vortei-
le von hybriden Strukturen mit den industriellen Anforderungen, ei-
ner einfachen und groß�ächigen Fabrikationsmethode in Einklang zu
bringen, werden in Kapitel 6 vertikal gestapelte Gold und Palladium
Nanoscheiben vorgestellt, welche durch kolloidale Lochmaskenlitho-
graphie kostengünstig, groß�ächig (>1 cm2) und mit hoher, reprodu-
zierbarer Qualität hergestellt werden können. Mit den so hergestell-
ten Nano-Stapeln wird der Frage nachgegangen, welche Stapelreihen-
folge den bestmöglichen Sensor hervorbringt. Gleichzeitig werden nu-
merische Simulationen zur Klärung der physikalischen Hintergründe
herangezogen. Die Untersuchungen, bei welchen Pd-Au, Au-Pd und
Au-Pd-Au Stapel miteinander verglichen wurden, ergaben, dass alle
System im Fernfeld reagieren, als bestünden sie aus einem einzigen
plasmonischen Nanoteilchen. Jedoch ist die optische Antwort dieses
Gesamtteilchens bei allen drei Geometrien sehr unterschiedlich. Das
System mit der Palladiumscheibe als unterster Schicht (direkt auf
dem Substrat) weist dabei die größte Wassersto�-abhängige Reakti-
on auf (ca. 34 nm spektrale Verschiebung), hat aber auch die breites-
te Resonanz. Dieser sogenannte Substrat-E�ekt lässt sich auch durch
numerische Simulationen bestätigen. Das Substrat mit Brechungsin-
dex ns > nAir sorgt dafür, dass durch das Plasmon in der unteren
Scheibe höhere optische Ströme und höhere elektrische Felder indu-
ziert werden als in der oberen Scheibe (relativ zu den vom Materi-
al verursachten Strömen). Das Pd-Au System reagiert also ähnlich
einer dicke Palladium-Scheibe mit hoher Wassersto�sensitivität, die
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Au-Pd und Au-Pd-Au Stapel verhalten sich dagegen eher goldähnlich
(mit schmaler Resonanz und geringer Wassersto�emp�ndlichkeit). In-
teressanterweise zeigt sich bei den Reaktionszeiten ein umgekehrtes
Bild. Dort hat das Au-Pd System das schnellste Ansprechverhalten
und das Pd-Au das langsamste. Dieser E�ekt, welcher sich auf die hö-
here relative freie Ober�äche zurückführen lässt, zeigt dass beide Sys-
teme ihre Anwendung �nden können. Je nachdem ob die Anwendung
eher zeitkritisch ist, oder eine hohe Sensitivität fordert, werde Au-Pd
und der Pd-Au Stapel eingesetzt.

Palladium eignet sich aufgrund seiner graduellen Änderung der
dielektrischen Funktion und folglich auch der Re�ektivität und der
plasmonischen Resonanzwellenlänge, besonders gut als Material für
Wassersto�sensoren. Andere Metalle wie Magnesium oder Yttrium
zeigen ein komplexeres, aber nicht weniger interessantes Wassersto�-
abhängiges Verhalten. Yttrium durchläuft, bei erstem Kontakt mit
Wassersto�, einen (unter normalen Bedingungen) irreversiblen Pha-
senübergang von Yttrium (Y) zu Yttrium-Dihydrid (YH2), wobei es ein
Metall (mit sogar leicht erhöhter Leitfähigkeit) bleibt. Weitere Auf-
nahme von Wassersto� führt zu einem unter Normalbedingungen re-
versiblen Phasenübergang von YH2 zu Yttrium-Trihydrid (YH3). Die-
ser Phasenübergang führt zu einer drastischen Änderung des elek-
tronischen und strukturellen Verhaltens. Aus dem Metall YH2 wird
der transparente Isolator YH3. Diese Eigenschaft macht Yttrium zu ei-
nem (fast) einzigartigen palsmonischen Material. In Kapitel 7 wird ge-
zeigt, dass es möglich ist aus Yttrium mit Hilfe von Elektronenstrahl-
Lithographie Nanoantennen herzustellen. Diese können mit Wasser-
sto� in YH2 Antennen übertragen werden, welche eine plasmonische
Resonanz im nah-infraroten Wellenlängenbereich aufweisen. Weite-
re Hydrogenisierung führt zu einem drastischen Einbruch der Plas-
monenresonanz, welche sich durch Entfernen des Umgebungswas-
sersto�es langsam wieder zurückentwickelt. Dieses reversieble Ver-
halten macht Yttrium zu einem plasmonischen Schalter, mit dem die
Transmission selektiv an frei wählbaren Wellenlängen im nah- und
mittel-infraroten Wellenlängenbereich geschaltet werden kann. Zur
genauen Charakterisierung dieses Verhaltens wurde hier ein Di�usi-
onsmodell entwickelt, welches das (schnelle) Schalten von Metall auf
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Dielektrikum und das (langsame) Zurückschalten von Dielektrikum
perfekt wiedergibt.

All diese gewonnenen Erkenntnisse sind ein kleiner aber nicht un-
bedeutender Schritt zur Entwicklung einer umfassenden Theorie zu
Wassersto� in metallischen Nanoteilchen. Durch neue Messmetho-
den werden wir bald ho�entlich in der Lage sein auch komplizier-
te Metall-Hydrid Systeme auf der Nanoskala zu untersuchen und da-
mit sowohl der Wassersto�speicher- als auch die Wassersto�sensor-
Technologie den notwendigen Durchbruch zu verscha�en.
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1
I N T R O D U C T I O N

Worldwide health problems and environmental issues due to aerosols,
combustion gases (NOx ) and greenhouse gases (CO2, methane, etc.)
attracted a lot of attention in recent years [1]. Governmental institu-
tions and private organizations are starting to realize the importance
of preventing further damage to the environment and human health
by developing strategies for reducing or eliminating hazardous emis-
sions, especially in the mega cities of Asia and South America. Our
current fossil fuel based mobility, including private, public and com-
mercial transportation, is the main contributors to air pollution [2].
There are basically three strategies to replace the current transporta-
tion systems by the use of cleaner technologies [3, 4]:

• Classical batteries (e.g. lithium polymer, nickel-metal-hydride
cells) in combination with electrically powered engines for cars,
trains and (small) ships [5]. This technology is already fully de-
veloped but lacks su�cient energy densities for long range use.

• Synthetic fuels synthezised using electricity from renewabel
energy sources. These can be used in conventional engines and
they are due to their high energy densities highly interesting
as replacement for cerosin in airplanes. Through chemical con-
version from cabon monoxide and hydrogen (using the Fischer
Tropsch conversion) they can reach energy densities higher
then convetional fuels, have a cleaner combustion process and
do not consume fossile resources [6].

• Fuel-cell based electrical engines with hydrogen storage devi-
ces can be employed in cars, trains and ships [7]. This techno-
logy perfectly complements the battery powered mobility op-
tions, since it essentially uses the same engine, but provides
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a much better range due to the enhanced energy density of
hydrogen storage devices. Long-term stability issues with the
fuel cells, safety concerns of using hydrogen as fuel and a lack
of e�cient high density hydrogen storage devices prevent this
technology from taking o�.

All these developments show that the most important goal for de-
veloping clean mobility is �nding renewable energy sources with
volume and mass energy densities comparable with crude oil based
fuels [8]. Hydrogen is one of the simplest molecules, with the hig-
hest accessible speci�c energy (not counting radioactive materials) of
142 MJ/kg. However, the volumetric energy density of pressurized and
even lique�ed hydrogen is very poor compared to gasoline or other
crude oil based fuels. Figure 1.1 shows the di�erent ways to store hyd-
rogen, with the goal to enhance the volumetric energy density wit-
hout signi�cantly reducing the mass energy density of hydrogen. At
the same time the hydrogen needs to be accessible for fast loading and
unloading. Since, the development potentials for pressurized tanks or
lique�ed hydrogen storage are limited, other approaches need to be
considered for further development.

The reversible storage of hydrogen in metal lattices is a well esta-
bilshed way to enhance the volumetric energy density of hydrogen,
since a metal latice is the densest way to pack hydrogen atoms (except
strongly bound chemical compounts). The material development in
recent years led to storage devices with over 7 wt % (weight percent)
hydrogen (H2) storage capacitiy (e.g. LiNH2 or MgH2) [9].

For a succesful use hydrogen storage technologies and hydrogen
in chemical plants (producing synthetic fules), safety is a top priority.
Hydrogen strongly reacts with oxygen through the highly excotermic
oxyhydrogen reaction at a wide range of concentrations (betwenn 4 %
and 75 % in Air). For preventing any accidents, a constant monitoring
for leaks or miscarried reaction is necessary. Thus there is a demand
for cheap, reliable and mobile hydrogen sensors, monitoring hydro-
gen powered transportation and industrial production (e.g. ammonia
production, synthetic fuel production, steel production and hydrogen
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Figure 1.1. Overview of the potential hydrogen storage materials. Reprinted
from the Hydrogen Storage Technical Team Roadmap of the U.S. Department
of Energy [12].

electrolysis) [10, 11]. Standard hydrogen sensors are for example ex-
plosimenters, using resistance measurements at Wheatstone bridges.
They are bulky and need to be well protected to prevent triggering ex-
plosions themselves. Other commercial sensors sense hydrogen elec-
trochemically. The disadvantage of such a device is that the electro-
lyte consumes itself during the sensing procedure, reducing the sen-
sor lifetime. A third way, is using mass spectroscopy, unfortunately a
very bulky and expensive sensing technology. Therefore, an alterna-
tive optical hydrogen sensors based on re�ectivity changes in hydro-
gen absorbing metals has emerged in recent years.

For both, hydrogen storage and hydrogen gas monitoring devices,
understanding the mechanisms de�ning the particular metal hydro-
gen system is highly relevant. This involves knowledge of cataly-
tic hydrogen splitting, physi- and chemisorption on the metal’s sur-
face and subsurface sites as well as the di�usion of hydrogen atoms
through the lattice until equilibrium is reached.
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In the last century, the study of metal-hydrogen systems, and espe-
cially the prototypical palladium-hydrogen system, was well establis-
hed, making it one of the best understood solid solution systems [13,
14]. However, the e�ects of nanostructuring the materials could only
be studied in the last decade, opening up a whole new �eld of rese-
arch. Palladium is the simplest and well-behaved material in the class
of hydrogen absorbing metals. It is catalytically active and able to
split hydrogen at room temperature. It does not oxidize under nor-
mal conditions and undergoes a reversible and non-destructive phase
transition, forming PdH0.71. (with weight fraction). Unfortunately pal-
ladium only stores 0.93 wt % hydrogen in its lattis, making it a bad
candidate for hydrogen storage. Other materials such as MgH2 with
7.3 wt% or NaAlH4 with about 5 wt% are much better suited candida-
tes [15]). Nevertheless, it is a perfect model system to study the e�ects
that are relevant for the more complex metal hydride systems [16].

The room temperature and reversible hydrogen absorption, makes
palladium additionally a promissing hydrogen sensor material that
can be used in electrical, electrochemical and optical hydrogen moni-
toring devices [11]. Hydrogen detection is most relevant in hazardous
environments, therefore the use of electrical devices, high temperatu-
res or intense light is undesirable. Consequently, optical sensors are a
suitable solution. They can be used in �ber networks and only require
low light intensities, leading to a considerable amount of research on
palladium based optical hydrogen sensors in recent years [17–27].

1.1 outline

The thesis is combining the research of thermodynamic processes in
nanosized metal hydride material systems with modern nanoscale lit-
hography methods and optical metrology.

To give the reader the necessary theoretical background for under-
standing the material system and the optical characterization met-
hods, namely plasmonics, Chapter 2 gives a short introduction on
the basic concepts and properties, used in the following chapters.
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1.1 outline

In Chapter 3, a new method for determining the optical proper-
ties of nanosized metals is introduced. An analytical model for the
plasmonic resonances of square-nanopatches is developed and app-
lied to experimentally obtained extinction spectra of gold and palla-
dium nanostructures. The resulting dielectric functions are compared
to literature data and a path is illustrated to generalize the �ndings
for many other materials and geometries.

Chapter 4 provides an overview of experimental and theoretical
studies on the thermodynamics of nanosized palladium hydride. The
hydrogen ab- and desorption dynamics of palladium nanocubes is
studied in detail. To gain a coherent picture of all the available frag-
mentary data, a size-dependent thermodynamic model is developed
and �tted to the available experimental data. Finally, unambiguous
conclusions about the hydrogen ab- and desorption mechanisms in
nanosized palladium are drawn. This chapter is adapted from the ma-
nuscript, ’Thermodynamics of the hybrid interaction of hydrogen with
palladium nanoparticles’ [28].

A way to close the gap between the thermodynamic behavior of
bulk and nanosized palladium discussed in Chapter 4, is attempted
in Chapter 5. Here, the model developed in Chapter 3 is applied, to
study the hydrogen loading dynamics of palladium square-patches
using plasmonic metrology. Knowledge about the size-dependent ex-
pansion and the dielectric function of palladium hydride nanoparti-
cles are a result of this study.

In Chapter 6 that I adapted from my publication, ’Sensitivity engi-
neering in direct contact palladium-gold nano-sandwich hydrogen sen-
sors’ [29], an application of palladium nanostructures for hydrogen
sensing schemes is illustrated. The �ndings on thermodynamic and
optical properties of palladium hydride, described in Chapters 2, 4
and 5 together with experimentally obtained extinction data, are used
to qualify di�erent hydrogen sensor systems of vertically stacked pal-
ladium and gold nanodisks regarding their sensitivity and response
time.
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introduction

Chapter 7 transfers the knowledge about nanosized metal hydro-
gen systems from palladium to yttrium. The chapter shows that the
optical response of yttrium nanorods can be switched reversibly on
and o�, using hydrogen gas exposure. To characterize the material
system we performed experimental studies together with theoretical
modeling. The modeling is applied to the thermodynamic as well as
the spectral response. The concepts of this chapter are published in
’Yttrium Hydride Nanoantennas for Active Plasmonics’ [30].

Chapter 8 gives a short summary of the covered topics and draws
conclusions on how to use the gained knowledge on metal hydride
nanoparticles in further research and illustrates possible applications.
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2
T H E O R E T I C A L B A C K G R O U N D

For a complete picture of the matters discussed in this thesis it is
worth to have a short introduction into the main topics of the fol-
lowing chapters, namely the theory of plasmonics and the thermo-
dynamics of the metal (especially palladium) hydrogen system.1 To
begin with, the theory of plasmonics and its basic principles will be
presented.

2.1 light matter interaction

For understanding plasmonics and its applications it is of crucial im-
portance, to know about the theoretical background of light matter
interaction.

2.1.1 Maxwell’s Equations

The basic concept of light matter interaction can be understood by
having a closer look at the macroscopic Maxwell equations2:

∇ ·D = ϱext ∇ · B = 0

∇ × E = −
∂B

∂t
∇ ×H = jex t +

∂D

∂t

(2.1)

These equations give relations between the dielectric displacement D,
the electric �eld E, the magnetic �eld H and the magnetic induction

1 The following sections are adapted in part from my Diploma Thesis [31].
2 In SI units, following the line of argument and the notation of "Plasmonics: Fundamen-

tals and Applications", by Stefan A. Maier [32]
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B and link them with the external charges ϱext and current densities
jex t .

To be able to �nd solutions to Eq. (2.1) it is necessary, to have two
more equations that link D with E and H with B. In general, these
vectors are linked via the polarization P and the magnetization M by:

D = ε0E + P (2.2)

H =
1
µ
B −M (2.3)

In linear and isotropic media it is possible to �nd the following linear
relations:

D = ε0εE (2.4)

B = µ0µH (2.5)

With that the electric and magnetic response of a medium can be des-
cribed completely via the relative permittivity ε and the relative per-
meability µ plus the electric and magnetic constants.

In the context of this thesis, only non-magnetic metals are consi-
dered, so from now on µ is set equal to 1 and the magnetic �eld and
induction can be treated similarly up to a prefactor µ0.

The relative permittivity ε
(
K ,ω

)
, as a function of the wave vector

K and the angular frequencyω, can also be related to the conductivity
σ

(
K ,ω

)
through the fundamental equation:

ε
(
K ,ω

)
= 1 +

i · σ
(
K ,ω

)
ε0 ·ω

(2.6)

In the limit of spatially local response, meaning the wavelength in
the material is much larger than the electron mean free path, K can
be set to zero, resulting in ε

(
K = 0,ω

)
= ε (ω). The relative permit-

tivity ε (ω) is normally called dielectric function and is, in general, a
complex number.

This complex ε (ω) = ε1 (ω)+ iε2 (ω) can also be related to the com-
plex refractive index ñ (ω) = n (ω) + iκ (ω) by:

ñ (ω) =
√
ε (ω) (2.7)
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2.1 light matter interaction

The real part n of the complex refractive index ñ can be identi�ed
with the normal refractive index of a material, de�ning the dispersion
of the material. The imaginary part κ determines the absorption of
electromagnetic waves in a material. By the relation:

αB (ω) =
2 · κ (ω) ·ω

c
(2.8)

κ can also be associated with the absorption coe�cientαB from Beer’s
law describing the exponential intensity decay of a beam traveling
through a medium (I (z) = I0 · exp

(
−αBz

)
).

By putting the de�nitions of ñ and ε into Eq. (2.7), one can �nd
expressions relating the refractive index n, the extinction coe�cient
κ and the real and imaginary part of ε :

n2 =
ε1
2
+
1
2
·

√
ε21 + ε

2
2 (2.9)

κ =
ε2
2n

(2.10)

These two equations show the complexity of the relations between ε
and n̂. There is no generally applicable simpli�cation to these relati-
ons. Nevertheless, it can be said that the absorption κ of a medium is
mainly determined by the imaginary part of ε , whereas the change of
phase velocity in a medium (∼ n) mostly determined by the real part
of ε .

2.1.2 Optical Properties of Metals

After becoming acquainted with the nature of the light matter inte-
raction in general, the �rst step to a predictive model of real metals is
to �nd an expression for the dielectric function ε (ω).

The simplest model of a metal is a free electron gas. Here, the elec-
trons are allowed to move freely, against the �xed positively charged
ion core background. This very simple model works surprisingly well

9



theoretical background

for a lot of metals up to visible frequencies and for alkali metals even
into the ultraviolet frequency range.

To �nd an expression for the dielectric response to an external elec-
tric �eld we assume that the electrons act as driven oscillators with
an oscillating external �led (E (t) = E0 · exp (−iωt)) exciting them:

m∗e ·
d2x

dt2
+m∗e · γ ·

dx

dt
= −e · E (t) (2.11)

Herem∗e is the e�ective optical mass of an electron that can di�er from
the electron rest-mass to account for the band-structure of a certain
metal. γ represents the damping constant of the metal. The ansatz to
solve the second order linear di�erential Eq. (2.11) is:

x (t) = x0 · exp (−iωt) (2.12)

Putting Eq. (2.12) into Eq. (2.11) and solving for x (t) leads to:

x (t) =
e

m∗eω2 + im∗eγω
· E (t) (2.13)

Using the relation P = −neex where n is the number of electrons and
x the displacement from Eq. (2.13), we get:

P = −
nee

2

m∗eω2 + im∗eγω
· E (2.14)

Combining this result with the relation of Eq. (2.2) and comparing
it with Eq. (2.4), one get’s an equation determining the dielectric
function of a (free electron gas) metal:

ε (ω) = 1 −
ω2
p

ω2 + iγω
(2.15)

Here, ω2
p =

(
nee

2
)
/

(
ε0m

∗
e

)
is the characteristic plasma frequency. By

using γ = 1/τ , where τ is the lifetime of the oscillations, Eq. (2.15) can
be split into real and imaginary part:

ε1 (ω) = 1 −
ω2
pτ

2

1 +ω2τ 2
(2.16)

ε2 (ω) =
ω2
pτ

ω
(
1 +ω2τ 2

) (2.17)
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2.1 light matter interaction

Metals only retain their metallic character for frequencies ω < ωp ,
otherwise they are transparent. For most (noble) metals the plasma
frequency is in the ultraviolet regime and therefore the condition
ω < ωp is ful�lled for the phenomena discussed in this thesis. In the
case ωτ � 1 where ω is close to the plasma frequency, the imaginary
part of ε (ω) vanishes and the real part simpli�es to:

ε (ω) = ε1 (ω) = 1 −
ω2
p

ω2 (2.18)

This equation is only valid for metals that do not show any interband
transitions within a given frequency domain. In the case of gold, the
free electron model brakes down for energies above 2 eV (or wave-
lengths below 620 nm). This is illustrated in 2.1 where the real and
imaginary part of the measured dielectric function of gold (red dots)
are compared with the free electron model (Drude model).

Figure 2.1. Dielectric function for a free electron gas compared to the mea-
sured gold data of Johnson and Christy, 1972 [33]. The plots are taken out
of [32].

The free electron gas model can also be identi�ed with the Drude
model [34]. According to Drudes theory, electrons are ballistic parti-
cles with momentump and that scatter randomly with other particles
after a characteristic time τ . The Drude equation of motion for elec-
trons in metals is therefore:

dp

dt
= −

p

τ
− eE (2.19)
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With p = m∗e · dx/dt this can be identi�ed with Eq. (2.11), leading to
the free electron gas dielectric function of Eq. (2.15).

So far, we have dealt with ε (ω) in the regime ω < ωp where metal
re�ects electromagnetic radiation and therefore shows the characte-
ristic metallic shine. For ω > ωp metals are transparent and the pro-
pagation of radiation through them follows the equation:

ω2 = ω2
p +K

2c2 (2.20)

with K being the incoming wave vector. This equation is only valid
forω > ωp , therefore, transverse electromagnetic waves withω < ωp
cannot travel through a metal. In the special case ω = ωp , we have
K = 0 and so called volume plasmons can be excited. These plasmons
are collective longitudinal electron oscillations in the whole metal.
However, the condition K = 0 forbids an excitation with electromag-
netic radiation. Therefore, the only way to create volume plasmons is
through impact of other particles (e.g. electrons).

There are also other ways to excite resonant electronic oscillations
in a metal that can be excited optically and that reveal many interes-
ting properties about the metal and its surroundings. Namely surface
plasmons and localized surface plasmons that will be the focus of the
following sections.

2.2 surface plasmons

Surface plasmons are electronic excitations that propagate along in-
terfaces between metallic and dielectric media [32]. They are con�-
ned to the surface of the metal, decaying exponentially in the volume.
Since the surface plasmon dispersion curve does not cross the light
line in a dispersion diagram, surface plasmons cannot be excited di-
rectly by incident light. Nevertheless, there are several schemes to
excite these surface plasmon polaritons. They can either be excited
by other particles, like electrons, or by light in an indirect excitation
geometry like the so-called Kretschmann or Otto con�guration. In the
Kretschmann con�guration [35], a thin metal �lm is put onto one side

12



2.2 surface plasmons

of a prism. Then the prism is illuminated under an angle of total inter-
nal re�ection so that only an evanescent wave enters the metal. That
way a surface plasmon wave is excited in the metal traveling parallel
to the surface. This is possible because the surface plasmon is excited
at the metal air interface by light with a wave vector characteristic
for SiO2 (material of the prism). Now that the SiO2 light line and the
metal-air interface surface plasmon dispersion curves cross, the ex-
citation can be performed as long as the metal �lm is thin enough
to allow the evanescent wave of the prism to reach the outer surface
of the �lm. If the resonance condition is ful�lled, the re�ectivity of
the prism is reduced. In this way the plasmon resonance can be de-
tected by an angle-resolved measurement of the re�ected light. For a
more detailed discussion concerning surface plasmon resonances and
their applications see S. Maier, ’Plasmonics: Fundamentals and Appli-
cations’ [32] or a review article about surface plasmon sensors [36].

2.2.1 Localized Surface Plasmons

In contrast to surface plasmons, localized surface plasmons are not
propagating. They occur in metallic particles that are smaller than
the wavelength of visible light. Nevertheless, they can be excited by
it. Especially noble metal nanoparticles have very distinct resonances,
where the resonance wavelength is not only dependent on the metal
but also on the nanoparticle’s shape and size. These resonances, es-
pecially in gold and silver particles, produce very brilliant colors and,
therefore, they were used in many applications for the last 3 thousand
years.

Even though, the Romans did not know about the physical back-
ground of surface plasmon resonances, solutions of gold and silver
particles were already used in the 4th century AD to color glass. The
Lycurgus Cup shown in Fig. 2.2 is a very impressive example for the
art of glass coloring using noble metal nanoparticles. Many church
windows were also colored with glasses containing these particles,
because of their vibrant colors.
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Figure 2.2. Roman Lycurgus Cup from the 4th century AD. The cup contains
gold and silver nanoparticles that show a surface plasmon resonance. (a) Cup,
illuminated from the outside. The re�ected light makes the cup appear green.
(b) Cup, illuminated from the inside. The transmitted light is mostly red. The
di�erence comes from the resonant metal particles in the green wavelength
region. Therefore, the scattered light is green and the transmitted light is
mostly red. Both photographs are used with kind permission of the British
museum.

The physics of these localized surface plasmon resonance (LSPR)
are best explained by calculating the electric �elds for a small metal-
lic sphere. The sphere (see Fig. 2.3) is much smaller than the wave-
length of the incident light (a � λ). Therefore, the electric �eld is
almost constant over the whole sphere and can be approximated by
an electrostatic �eld E = E0ẑ = E0 cosθ . This approximation is valid
for particles smaller than 100 nm.

The normal modes of the electric �eld (E = −∇ ·Φ) of such a geo-
metry can be derived by solving the Laplace equation:

∇2Φ = 0. (2.21)
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z
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Figure 2.3. Sketch of the metallic sphere placed in a uniform electric �eld.
The sphere has a radius a and a dielectric function ε (ω) and is surrounded
by a material with dielectric constant εd . The whole system is exposed to an
electrostatic �eld E0 with a �eld vector parallel to the z-direction.

The general solution for a sphere is [32]:

Φ
(
r ,θ

)
=

∞∑
l=0

[
Alr

l + Blr
−(l+1)

]
Pl

(
cosθ

)
(2.22)

where Al and Bl are coe�cients that need to be determined by boun-
dary conditions and Pl

(
cosθ

)
are the Legendre Polynomials of order

l . Furthermore, the Potential can be split into the potential in and out-
side of the sphere. Additionally, the �eld has to be �nite for a → 0 and
at the same time resemble the incoming �eld for r →∞. By applying
the boundary condition that the tangential components of the electric
�eld and the normal components of the displacement �eld have to be
the same for the inner and the outer potential at r = a, we get the
solutions for bothΦin andΦout :

Φin = −
3εd

ε (ω) + 2εd
· E0r cosθ (2.23)

Φout = −E0r cosθ +
ε (ω) − εd
ε (ω) + 2εd

· E0 · a
3 ·

cosθ
r 2

. (2.24)
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It is insightful to have a closer look at Φout . The �rst part is the
incoming �eld. This second part can be written as dipole, located at
the sphere’s center:

Φout = −Φ0 +
p · r

4πε0εdr 3
(2.25)

p = 4πε0εda3
ε (ω) − εd
ε (ω) + 2εd

E0. (2.26)

This means that the incoming �eld induces a dipole moment inside
the sphere. That dipole moment can be written in terms of the polar-
izability α through

p = ε0εdαE0 (2.27)

with α being:

α = 4πa3
ε − εd
ε + 2εd

. (2.28)

Equation (2.28) is very interesting in terms of surface plasmon re-
sonance. For wavelength regions with vanishing imaginary part of ε
the absolute value of the polarizability is resonantly enhanced at

Re
(
ε (ω)

)
= −2εd , (2.29)

hence, the frequency where the denominator |ε + 2εd | has a minimum.
This relation is also called Fröhlich condition for a dipole surface plas-
mon. This resonance is very sensitive to changes in εd and therefore
the dielectric surrounding of the nanoparticle, giving rise to the many
applications LSPR has today. Equation (2.29) also shows that the re-
sonance red-shifts when εd is increased. For a Drude metal sphere in
air the resonance condition is met if ω = ωp/

√
3.

We now can derive the electric �elds in and outside of the spherical
particle from the potential of Eq. (2.23) and Eq. (2.25).

Ein =
3εd

ε + 2εd
E0 (2.30)

Eout = E0 +
3n

(
n ·p

)
−p

4πε0εd
·
1
r 3

(2.31)
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From the equations it becomes clear that both the electric �eld in and
outside of the sphere gets resonantly enhanced if Eq. (2.29) is matched.

The scattering and absorption cross sections crucially depend on
α and therefore both are resonantly enhanced when the condition in
Eq. (2.29) is matched. This is also the reason why nanoparticles that
are smaller than the wavelengths of visible light can still be made
visible under, for example, a dark-�eld microscope. The brilliance of
window paint, containing metal nanoparticles, can be explained by
this as well.

If we want to calculate the resonances more accurately, we need to
consider the oscillating time-dependent behavior of the electric and
the magnetic �eld that penetrates the particle. This is especially im-
portant if the particles get larger and their size comes close to the
visible wavelength (d > 100 nm). One way to solve these issues is by
applying Mie theory. It is a full electrodynamic approach that expands
the �elds in normal modes to solve for the resonance conditions. A
more detailed discussion can be found, for example, in the book ’Ab-
sorption and Scattering of Light by Small Particles’ [37].

The calculations for shapes other than spheres can even be more
challenging and mostly require numerical calculation methods to es-
timate the electric �elds or even the resonance position. However, in
Chapter 3 I present a method to calculate the resonances of cuboids
based on an analytical model.

Nevertheless, the most important physical insights are already vi-
sible in the simple example of a sphere in a dielectric environment.
Especially the strong dependence of the electric �eld on the dielectric
function εd of the environment is extremely important, for example
for refractive index sensing.
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Figure 2.4. In�uences of the surrounding refractive index on the surface plas-
mon resonance. Simulated are the LSPR spectra for gold nano-rods with an
aspect ration of 3.3 and a surrounding dielectric with εm (called εd in the rest
of the thesis) varying from 2.5 to 4.5. The plot is adapted from Link et al. [38].

2.2.2 Refractive Index Sensing

Localized surface plasmons or particle plasmons are very sensitive to
changes in the dielectric function of both, the dielectric environment
and the metal itself. Most dielectrics have a predominantly real and
positive ε (ω) with a negligible ω-dependence in the visible region.
Thus, the dielectric response of the material can be reduced to a con-
stant refractive index n =

√
ε1 =
√
εd .

Figure 2.2 shows the εd -dependence of the plasmon peak position
and amplitude. The amplitude increases and the plasmon resonance
red-shifts when the dielectric constant increases. To some degree, this
shift is even linear (see inset in Fig. 2.4). This makes it possible to use
the plasmon peak to identify shifts in a dielectric environment.

The e�ects can be utilized in di�erent sensing schemes. If one
brings a �uid or gas with a slightly di�erent refractive index in the
vicinity of the metal particle, the plasmon resonance is shifted accor-
ding to the refractive index of the �uid or gas. Only refractive index
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2.3 the metal-hydrogen system

changes in the direct vicinity of metal particle in�uence the plasmon
peak position. Therefore, it is su�cient to change the environment in
a radius of several hundred nanometers around the nanoparticle. All
changes that happen at greater distances do not in�uence the plas-
monic behavior.

This feature is used in many plasmonic bio-sensing schemes. After
bio-functionalization of the metal particle surface only certain bio-
molecules are able to get close to the particle and bind to it. Therefore,
the functionalization makes the plasmonic sensor selectively sensitive
to the concentration of the molecules in question [39].

A slightly di�erent scheme is used for plasmonic gas sensing. Since
the refractive index change induced by concentration changes in the
gaseous environment is very small, a change of the plasmon reso-
nance cannot be observed directly. The refractive index of hydrogen,
oxygen, air or pure nitrogen only deviates in the 4th decimal from
n = 1 (e.g. nH2 = 1.00013875 at 650 nm [40]). Instead, the gases can
in�uence other materials that in turn change their refractive index in
a measurable fashion. If this material is made a plasmonic antenna,
once can use the dielectric change in the antenna itself, instead of the
dielectric environment. Only materials with losses low enough that
plasmonic resonances can still be excited can be used in that scheme.
However, another possibility is to place a gas-absorbing material very
close to the plasmonic antenna so that it is part of the dielectric en-
vironment. A prominent example is palladium, serving as sensitive
material for detecting hydrogen. Palladium can serve as dielectric en-
vironment for a plasmonic nanoparticle [41] as well as plasmonic par-
ticle itself [42].

2.3 the metal-hydrogen system

So far we examined the light-matter interaction, plasmonic resonan-
ces and their application in refractive index sensing. In the following,
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we have a closer look on the materials and their optical and thermo-
dynamic properties. Palladium and other transition metals like vana-
dium, yttrium, but also magnesium, nickel and iron all react to hyd-
rogen, and form more or less stable metal-hydride compounds. These
compounds have very interesting optical, electronic and thermodyn-
amic properties and have already been studied intensively in the last
50 years [43]. Of special interest among all these hydrides is the pal-
ladium hydride PdHx . It is the only metal the can split and absorb
gaseous hydrogen at room temperature in signi�cant amounts. It is a
model system for all other metal hydrogen compounds and therefore,
discussed in most detail in the following chapters.

2.3.1 Hydrogen

The hydrogen atom is the simplest and smallest element in the pe-
riodic table. It consists of one proton and one electron in an 1s orbi-
tal. Therefore, it is the only atom whose quantum mechanical wave-
function can be determined analytically. The natural form of hydro-
gen are molecules with two protons and two electrons. These molecu-
les have a binding energy of E0 = 4.748 eV [43]. At room temperature,
hydrogen forms a gas that is lighter than air. It is a �ammable color-
less gas that ignites in air at a wide range of concentrations between
4 and 74 % [44]. This is due to a exothermic reaction with oxygen to
water:

2H2 +O2 −→ 2H2O + 572 kJ (2.32)

This reaction makes hydrogen a very powerful explosive. However,
the energy of this reaction can be harnessed in hydrogen fuel cells
to produce electric energy, safely. Since the only by-product of the
reaction is water, hydrogen fuel cells have a great potential to sub-
stitute petroleum in the near future [45]. Making cheap and reliable
hydrogen detection schemes indispensable.
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2.3 the metal-hydrogen system

2.3.2 Palladium

The material that is mostly used for hydrogen detection is palladium.
Palladium is a transition metal with the atomic number 46. The cry-
stallographic structure is a face centered cubic lattice with a lattice
constant of 3.88 Å. It has a shiny silver color and is a strong catalyst
like most of the other platinum group metals. As a consequence, its po-
wder is used in industrial processes like in hydrogenation and dehyd-
rogenation of other materials or in speeding up petroleum cracking
processes. Nevertheless, the main applications of palladium are rela-
ted to hydrogen.

2.3.2.1 Palladium and hydrogen

One of the unique properties of palladium is its ability to absorb an
enormous amount of hydrogen. The density of hydrogen atoms sto-
red in palladium can be up to 935 times higher than that of pure hyd-
rogen gas at ambient pressure [46]. Due to the palladium’s catalytic
properties, the hydrogen molecules split up into atoms at the Pd sur-
face and than di�use into the volume. The power of splitting, absor-
bing and storing hydrogen in its lattice makes palladium the ideal mo-
del system for studying the processes important for hydrogen storage
as well as sensing applications [16]. The number of hydrogen atoms
that are actually absorbed closely depends on the temperature and the
partial pressure of the surrounding H2 gas. The pressure diagram of
Fig. 2.5 shows the form of the dependence.

Figure 2.5 looks very similar to a classical phase diagram. Indeed,
palladium undergoes a phase-change when incorporating hydrogen.
For temperatures below the critical temperatureTC = 293 ◦C = 566 K,
there are three distinctive regimes. First, the so-called α-phase (or so-
lid solution), where the hydrogen/palladium atomic ratio slowly in-
creases for increasing H2 partial pressure. In this phase the hydrogen
uptake follows Sieverts law [43]:

√
p = Ksx . (2.33)
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Figure 2.5. Pressure-composition diagrams of bulk palladium at di�erent le-
vels of H2 pressure and for di�erent temperatures. The red colored area re-
presents the α-phase, the yellow colored area the phase coexistance region
and the blue shaded area the β-phase. The plotted data is from Manchesters
’Phase Diagrams of Binary Hydrogen Alloys’ [47].

Where p is the hydrogen partial pressure, KS the Sieverts constant
and x the ratio of hydrogen to palladium atoms. This law generally
holds for hydrogen uptake in metals at low hydrogen pressures and
can be derived from the fact that the H2 molecules are dissociated into
atoms at the metal’s surface while getting dissolved in the volume.

At higher pressures the palladium enters the regime of α and β-
phase coexistence. If the gas exceeds a critical pressure, the hydrogen
uptake increases rapidly. This critical pressure is highly dependent
on the temperature. For higher temperatures the critical pressure is
increased, while the region of phase coexistence is getting smaller.
This is true until a critical temperature, above which the coexistence
region vanishes and the transition between α and β-phase becomes
smooth.

At low temperatures the coexistence region covers a large part of
the x-axis. This makes the system very unstable, when approaching
the critical pressure. Since most of the change in the palladium hap-
pens within a very narrow pressure corridor, small variations in the
hydrogen pressure can have a large impact on the whole system.
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2.3 the metal-hydrogen system

The third region in Fig. 2.5 is called β-phase or palladium hydride.
This is again a region where the hydrogen concentration inside the
palladium slowly varies with increasing pressure. The hydrogen con-
centration in the palladium increases until the maximum value (x = 0.82)
is reached. Even for very high pressures the composition does not ex-
ceed this value [13].

It is also instructive to monitor the palladium lattice constant going
through the di�erent phases of hydrogen uptake. As showed by Kha-
nuja et al. [48], the lattice constant of palladium stays almost con-
stant while being in the α-phase. It only changes from 0.3889 nm to
0.3893 nm, an increase of about 0.1 %. However, when the hydrogen
pressure exceeds the critical value and the palladium is in its β-phase,
the lattice constant rises sharply to a value of 0.4023 nm. This corre-
sponds to an increase of 3.4 % in length and an increase of 10.7 % in
the palladium molar volume.

Not only the volume changes when hydrogen is absorbed into the
palladium lattice, but also its dielectric and conductive properties.
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Figure 2.6. Real part (ε1) and imaginary part (ε2) of the Pd and PdH dielectric
function. Calculated from the optical constantsn andκ measured by Von Rott-
kay et al. [49] on a 10 nm Pd �lm.

Figure 2.6 shows the real and imaginary part of the palladium’s die-
lectric function in the visible and near-infrared region. In black and
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theoretical background

green for pure palladium and in red and blue of palladium hydride
(PdH0.82). It can be seen that the hydration of palladium lowers the
absolute value of the dielectric function, especially in the region be-
tween 700 and 1500 nm. Combined with the change of the dielectric
function, the conductivity changes for the PdH case. At high hydro-
gen concentrations palladium even becomes a semiconductor [46].

In plasmonic applications, the di�erence in the dielectric function
of Pd and PdH can also be very interesting. Going from Pd to PdH
would lead to an red-shift in the plasmon resonance peak. This can
be easily explained with the argument of Section 2.2.1. In the case of
a metal sphere, the resonance condition is Re

[
ε (ω)

]
= −2εd . This

condition can be visualized by drawing a constant line with y-value
−2εd into Fig. 2.6 (εd > 0). The point where the line intersects with the
black line (ε1 Pd) is the resonance wavelength for palladium. Whereas
the intersection with the red PdH line would represent the resonance
wavelength in palladium hydride. This is a very basic calculation for
the plasmon peak wavelength, but nevertheless the qualitative state-
ment is valid.
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3
D I E L E C T R I C P R O P E R T I E S O F M E TA L L I C
N A N O S T R U C T U R E S

In this chapter, a way to determine dielectric functions of metallic
nanoparticles that does not involve any assumptions about the ma-
terial, except that it supports plasmonic resonances, will be propo-
sed. It is realized through deriving an accurate analytical relation for
the plasmonic peak wavelength of spheroids and square patches wit-
hout any assumption about the dielectric function. The resulting ex-
pressions enable us to determine the dielectric properties, as well as
structural parameters of nanosized materials, by making use of plas-
monic resonances and their highly sensitive dependence on electronic
and geometric parameters. Exemplary, gold (Au) and palladium (Pd)
square nanopatches are studied. Their dielectric function ε , the de-
polarization factor N and the geometric parameter m, linking square
patches to the plasmonic response of oblate spheroids are determi-
ned and compared to literature data. All this is obtained by analyzing
plasmonic resonance peak position data of square nanopatches with
various side lengths and three di�erent sample thicknesses. The pro-
cedure is very general and can be applied to a variety of stable and
unstable nanomaterials in the future that do not allow for reliable
ellipsometric studies. In Chapter 5, the method is applied to hydro-
genated Pd nano-patches, giving a unique opportunity to study the
geometric and dielectric behavior of the material in-situ.

3.1 introduction

Knowledge of a materials response to light and electromagnetic wa-
ves in general is a crucial ingredient in modern technology and many
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dielectric properties of metallic nanostructures

scienti�c discoveries. The most powerful and widely used way to des-
cribe such a response is the frequency-dependent complex dielectric
function ε (ω). For linear and isotropic media it relates the dielectric
displacement D to the electric �eld E (see Section 2.1.2). All electric
properties of a material can be derived from the dielectric function,
from the DC conductance, over the interplay with RF �elds to the
optical response.

The most common method to determine the dielectric properties of
a material, especially for optical frequencies, is the use of ellipsometry.
In ellipsometry the angle-dependent transmitted and re�ected electro-
magnetic polarization of a sample of known dimensions and surface
properties are measured [50]. The obtained re�ectance ratios cannot
be converted straightforward into the complex dielectric function ε

(or sometimes the complex refractive index ñ = n + iκ where ε = ñ2).
A model, either containing information on the materials behavior
(Drude metal, etc.), or several free parameters is required to be �tted
to the measured data. The Forouhi-Bloomer model is a prominent �t-
ting method used to determine the complex refractive index for thin
amorphous [51] or crystalline �lms [52]. It uses a set of �ve physi-
cally based parameters (or in the case of crystalline structures a series
of these parameters) to fully describe the frequency dependent com-
plex refractive index. Modern ellipsometers use more complex models
also correcting for surface roughness, grain size or impurities. Howe-
ver, all these models depend on small changes in the re�ectance (or
transmittance), which crucially depends on the quality of the �lm and
especially of the �lms surface.

To determine the optical properties of a material that cannot be pro-
cessed to a thin �lm with good (or at least well known) surface qua-
lity, other techniques than ellipsometry are necessary. Especially for
nanoparticles, the possibilities for obtaining the dielectric properties
are limited. Since the enhanced scattering and excitation of localized
modes, such as localized surface plasmon resonance (LSPR), strongly
change the re�ectance and transmittance, and thus, render standard
methods like ellipsometry to be impossible. Therefore, bulk dielectric
data are mostly used to derive or simulate the optical properties of
such nanoparticles. However, the hugely altered surface-to-volume
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3.1 introduction

ratio in nanostructures also alters the optical response of the structu-
res, generating the need to directly determine the dielectric properties
of such structures.

There is no straightforward general technique to describe all opti-
cal properties of di�erent kind of nanoparticles. However, many me-
tallic nanoparticles support localized oscillations of their electron gas
that absorb and scatter light, depending on their material properties
and geometry (namely LSPR, see Chapter 2). These resonances, hence,
are a measure for the dielectric properties of the particle in the region
around the resonance frequency. By producing many di�erent sizes
of particles with the same material properties, it is, theoretically, pos-
sible to determine the optical properties over a wide range of frequen-
cies using plasmonic resonances (depending on the material, approxi-
mately for ω < 600 THz). Unfortunately, for most particle geometries
the relation between resonance wavelength λr es and dielectric pro-
perties is very complex and cannot be described analytically (what
would be required for an easy inversion λr es (ε) → ε

(
λ
)
). For some

simpler geometries, such as spheres and spheroids, it is possible to de-
rive analytical equations, as we show in the following sections. Howe-
ver, full spheroidal structures are very challenging to fabricate with
such accuracy. By making a few simple assumptions about the con-
version of geometry related factors for spheroid samples, we are also
able to �nd an accurate description for �at rectangular prisms with
quadratic base (cuboids with a = b > c that in the following are called
square patches). The description for square patches is necessary to use
the model for well-de�ned nanostructures on a substrate, manufactu-
rable using lithography techniques.
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3.2 analytical expression for the plasmon resonance

In the following sections, the theoretical groundwork for our method
is demonstrated. First, we derive an accurate expression for the plas-
mon peak position for the ideal case of oblate spheroids. This is ne-
cessary to determine the functional form of the dependencies on geo-
metry and epsilon. Secondly, the same functional forms will be used
for square patches but with appropriately scaled parameters.

In the electrostatic approximation, the polarizability of an oblate
spheroid with major axis a = b and minor axis c and the dielectric
function ε

(
k
)
, wherek is the wave-vector, in a medium with refractive

index n =
√
εd is given by [53]

α
(
k , εd

)
=

4πa2c
3

ε
(
k
)
− εd

εd +Ni ·

(
ε
(
k
)
− εd

) . (3.1)

Here, Ni with i = x ,y , z is the geometric depolarisation factor [54]
for an oblate ellipsoid

(
a = b > c

)
, given by [55, 56]

Nz =
1 + e2

e3
(e − arctan e) (3.2)

Nx = Ny =
1
2

(
1 −Nz

)
=

(
1 + e2

)
arctan e − e

2e3
(3.3)

with the eccentricity

e =

√(
a

c

)2
− 1. (3.4)

In the case of light impinging on the structures along the z-axis, one
only needs to consider the polarizability along the x- and y-axis and
thus Nx = Ny . The metallic nano- and micro-structures studied in
the following sections have lateral dimensions between 150 nm and
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3.2 analytical expression for the plasmon resonance

5000 nm while having thicknesses ranging from 30 nm to 100 nm.
This results in eccentricities e between 0 and 200. Within this range
Eq. (3.3) is well represented by

Nx =
1

1.2718 · ac + 1.6499
. (3.5)

For ratios a/c > 1.5 the di�erence between Eq. (3.3) and Eq. (3.5) is
well below 1 % (and even below 0.1 % for a/c > 5).

When analyzing square-patches instead of oblate spheroids, in
the following chapters the geometrical depolarization factor has to
change, too. Therefore, we propose the general form

Nx =
1

α · ac + β
. (3.6)

With α = 1.2718 and β = 1.6499 Eq. (3.6) reduced to Eq. (3.5). We as-
sume that for a general form with symmetry in x and y and with cha-
racteristic length in z direction smaller than in x and y (lx = ly > lz )
(e.g. a square-patch), the general form for Nx in Eq. (3.6) is preserved.
Therefore, we will be able to determine a set of parameters α and β

for each kind of geometry. For simpli�cation, and due to the fact that
we will only deal with Nx , we set Nx ≡ N .

We are interested in �nding a model for plasmonic resonances of
structures with characteristic dimensions below or close to the wa-
velength of the impinging light. Therefore, the quasi-static approxi-
mation for the polarizability in Eq. (3.1) needs to be expanded to get
a realistic model. The so-called modi�ed long-wave approximation
(MLWA) is a way to deal with retardation in particles (to �rst order)
and therefore leads to a much more accurate expression for the polar-
izability [57–60]. For a particle within a medium of real-valued die-
lectric constant, εd reduces to the real-valued factor εd = n2. With
the impinging light wave-vector k = 2π/λ, the radius a (parallel to
the electric �eld) and electrostatic polarizability α

(
k
)
, the modi�ed

polarizability is given by

α
(
k ,n

)
MLWA =

1
1

α(k ,n)
− n2

4πak
2 − i n

3

6π k
3
. (3.7)
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The quadratic term in the denominator is due to radiation damping
and the cubic term originates in the dynamical depolarization.

3.2.1 Scattering and Absorption Cross-sections

Using the polarizability Eq. (3.7) we can calculate the extinction and
scattering cross-sections for ellipsoid as [53]

cscatt
(
k
)
=

k4

6π

���α (
k ,n

)
MLWA

���2 (3.8)

and

cabs
(
k
)
= k=

{
α

(
k ,n

)
MLWA

}
. (3.9)

As the dielectric function of a metal is complex, we can write

ε
(
k
)
= ε1

(
k
)
+ iε2

(
k
)
. (3.10)

Introducing Eq. (3.10) and Eq. (3.1) into Eq. (3.7), we get the full
polarizability

α
(
k ,n

)
MLWA =

[
3

4πa2c

(
E

(
k
)
+N

)
−

n2

4πa
k2

− i

(
n3

6π
k3 +

3
4πa2c

F
(
k
)) ]−1

=
4πa2c
3

[ (
E

(
k
)
+N

)
−
acn2

3
k2

− i

(
2a2cn3

9
k3 + F

(
k
)) ]−1

(3.11)

with the dielectric expressions E
(
k
)

and F
(
k
)
, de�ned as

E
(
k
)
=

n2
(
ε1 −n

2
)

(
ε1 −n2

)2
+ ε22

=
n2(

ϵ1 −n2
)
+

ϵ 22
(ϵ1−n2)

(3.12)
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3.2 analytical expression for the plasmon resonance

and

F
(
k
)
=

n2ϵ2(
ϵ1 −n2

)2
+ ϵ22

. (3.13)

It is worth having a closer look onto Eq. (3.11), since it nicely sepa-
rates all macroscopic and extrinsic parameters (k ,a, c ,n,N ) from the
microscopic material parameters, as the dielectric function of the ma-
terial appears only in the expressions E

(
k
)

and F
(
k
)
.

The polarizability in Eq. (3.11) makes it possible to calculate the full
extinction cross section (ECS) cext for a spheroidal particle

cext = cabs + cscatt (3.14a)

with

cabs =
4πa2c
3

(
2a2cn3

9 k4 + kF
)

(
E +N − acn2

3 k2
)2
+

(
2a2cn3

9 k3 + F
)2 (3.14b)

and

cscatt =
8πa4c2

27
k4(

E +N − acn2

3 k2
)2
+

(
2a2cn3

9 k3 + F
)2 . (3.14c)

3.2.2 Zeroth Order Approximation

The plasmonic resonance of a nanoparticle is equivalent to the max-
imum of the ECS Eq. (3.14a). A zeroth order estimate is given by the
pole of the real part of the polarizability in Eq. (3.11). Thus

E
(
k
)
+N −

acn2

3
k20 ≡ 0 (3.15)

with k0 = 2π/λ0, the 0th order approximation of the plasmon reso-
nance wavelength.
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To simplify the notation we set

A ≡
acn2

3
(3.16)

and then

k20 =

(
2π
λ0

)2
=

(
E

(
k
)
+N

A

)
(3.17)

λ0 = 2π
√
A√

N + E
(
k
) = 2πn

√√ ac

3
(
N + E

(
k
) ) (3.18)

Equation (3.18) is typically 10 % accurate. Important is that λ0 can be
expressed only in terms of geometrical parameters (a, c ,N ) and the
dielectric factor E.

Rearranging Eq. (3.15) we, thus, have to lowest order

E0
(
λ
)
=

4
3
π 2ac

n2

λ20
−N . (3.19)

3.2.3 First Order Estimate of the Peak Position

To get a more accurate description of the peak position, we consider
the scattering cross-section cscatt in the form

cscatt =

(
8πa4c2

27

)
1(

(E+N )
k2 − acn2

3

)2
+

(
2a2cn3

9 k + F
k2

)2 . (3.20)

Note that the denominator is the same as for the absorption cross-
section. Therefore, the treatment is valid for both cross-sections.

The last term F
k2 is in general small and can be neglected. This is

explicitly demonstrated for typical spheroids in Fig. 3.1.
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Figure 3.1. ECS for two exemplary spheroids (a = 300 nm & 600 nm,
c = 25 nm, n = 1.25). The solid lines show the full ECS cext calculated, using
Eqs. (3.14b) and (3.14c). The dashed lines (c∗ext ) are calculated with the same
formula but setting F = 0. All spectra use literature dielectric data for Au
from [61].

The maximum of cscatt occurs, when

d

dk

©«
©«
(
E

(
k
)
+N

)
k2

−
acn2

3

ª®®®¬
2

+

(
2a2cn3

9
k

)2ª®®®®¬
≡ 0. (3.21)

More compactly when

d

dk

©«
©«
(
E

(
k
)
+N

)
k2

−A
ª®®®¬
2

+
(
B · k

)2ª®®®®¬
= 0 (3.22)

with A from Eq. (3.16) and

B ≡
2a2cn3

9
(3.23)

Equation Eq. (3.22) implies(
B2k6 − 2 (E +N )2 + 2A (E +N )k2

)
≈ 0, (3.24)
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if we assume that the k-dependence of E
(
k
)

is very week, meaning
d/dk

(
E

(
k
) )
≈ 0.

As shown in Eq. (3.18), to lowest order the resonance is found at(
E

(
k
)
+N

A

)
= k20 . (3.25)

To �nd the next best approximation we set

k = k0 (1 + x) . (3.26)

Introducing Eq. (3.26) into Eq. (3.24), one �nds

B2 (
k0 (1 + x)

)6
− 2 (E +N )2

+2A (E +N )
(
k0 (1 + x)

)2
= 0.

(3.27)

Keeping only linear terms in x we obtain

B2k60 (1 + 6x) − 2 (E +N )
2

+2A (E +N )k20 (1 + 2x) = 0,
(3.28)

resulting in

B2
(
E +N

A

)3
(1 + 6x) − 2 (E +N )2

+2A (E +N )
(
E +N

A

)
(1 + 2x) = 0,

(3.29)

using the de�nition ofk0 in Eq. (3.25) and by dividing through (E +N )2,
we �nally get

B2

A3 (E +N ) (1 + 6x) + 4x = 0. (3.30)

The solution to Eq. (3.30) is simply:

x = −
1

6 + 4 A3

(N+E)B2

. (3.31)
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Using the de�nitions for A and B in Eqs. (3.16) and (3.23), we �nd

x = −
1

6 + 3c
(N+E)a

(3.32)

and

k = k0 (1 + x) =
1
n

√
3 (E +N )

ac

©«1 −
1

6 + 3c
(N+E)a

ª®®¬ . (3.33)

As

k =
2π
λ
≈

2π
λ0
(1 + x) (3.34)

we can use the fact that x << 1 and obtain a relation for the peak
wavelength

λ = λ0 (1 − x) = λ0
©«1 +

1
6 + 3c
(N+E)a

ª®®¬
= 2πn

√
ac

3 (N + E)
©«1 +

1
6 + 3c
(N+E)a

ª®®¬ .
(3.35)

The expression Eq. (3.35) is quite accurate (better than 2 %). For exam-
ple, for a spheroid with n = 1.25, a = 300 nm and c = 25 nm the pole
of the real part of the denominator vanishes at λ0 = 1806.3 nm. Then
the correction factor is

©«1 +
1

6 + 3c
(N+E)a

ª®®¬ = 1.08841 (3.36)

so that the approximate peak position is at

λ = 1806.3 · 1.08841 = 1966.0 nm, (3.37)

compared to 1986.6 nm for the exact calculation (see Fig. 3.1). In this
case, the error is 20.6/1986.6 ' 1.04 %. This means that we can safely
use Eq. (3.35) for further calculations.
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3.2.4 Determination of E(λ) to First Order

In the previous section, we derived a relation for the plasmon reso-
nance wavelength that only depends on geometrical parameters and
the E-factor, containing all material-dependent information. There-
fore, by solving Eq. (3.35) for E we will be able to determine material
parameters, containing the dielectric function of nanomaterial with
the plasmonic resonance wavelength and the particle geometry as
sole input. Our aim is to �nd a closed relation for E of the form

E
(
λ
)
= f

(
λ,a, c ,n

)
. (3.38)

Introducing

L
(
λ
)
=

√
3λ

2πna
(3.39)

and

y =

√
(N + E)a

c
(3.40)

into Eq. (3.35), we obtain

6Ly3 − 7y2 + 3Ly − 3 = 0 (3.41)

This equation can be solved exactly and leads to√
(N + E)a

c
=W +

49
324L2 −

1
6

W
+

7
18L

(3.42)

and thus

E
(
λ
)
=

c

a

(
W +

49
324L2 −

1
6

W
+

7
18L

)2
−N ≡

c

a
M −N (3.43)

with

W =
3

√√
167

15 552L2
+

343
11 664L4

+
1
216
+

11
72L
+

343
5832L3

. (3.44)
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Figure 3.2. Di�erence between full solution and simpli�ed E, demonstra-
ted by calculating E∗ using the approximate expression in Eq. (3.46) and
E using the exact solution in Eq. (3.43) and plotting the di�erence nor-
malized to the exact solution. For this example an Au spheroid with
a = 300 nm, c = 25 nm,n = 1.25 is used. Over the full wavelength range,
the two methods di�er less than 3 %.

The complicated expression for M in Eq. (3.43) simpli�es in the ran-
ges of a and λ considered in this thesis to:

M =

(
W +

49
324L2 −

1
6

W
+

7
18L

)2
'

1.251
L2.14

= 19.717
(
na

λ

)2.14
. (3.45)

Introducing Eq. (3.45) into Eq. (3.43), we obtain

E
(
λ,a, c ,n

)
= 19.717

c

a

(
na

λ

)2.14
−N (a, c)

= 19.717ca1.14
(
n

λ

)2.14
−N (a, c)

= 19.717ca1.14
(
n

λ

)2.14
−

1
1.2718ac + 1.6499

.

(3.46)
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This simple expression E
(
λ,a, c ,n

)
is very powerful, since it gives us

the possibility to predict the dielectric properties of a material, only
knowing the geometry and the plasmonic resonance position. Howe-
ver, in real experiments it is almost impossible to study oblate sp-
heroids. Therefore, in the next section, we will translate the results,
obtained so far for oblate spheroids, to experimentally realizable geo-
metries, namely square patches.

3.3 resonances of sqare nanopatches

Square patches are rectangular prisms with quadratic base, side-length
S and height t with S > t . Due to the similarities to oblate spheroids
with major axis a = b, minor axis c and a = b > c , we postulate that
a scaling factorm exists so that

a =m × S (3.47)

and

c =m × t . (3.48)

Consequently, the relevant equations for λ and E developed before
for spheroids (namely, Eqs. (3.35), (3.43) and (3.46)) for square patches
are

λ = 2πnm

√
St

3 (N + E)
©«1 +

1
6 + 3t
(N+E)S

ª®®¬ , (3.49)

E
(
λ, S , t

)
=

t

S

(
W +

49
324L2 −

1
6

W
+

7
18L

)2
−N (S , t) (3.50)

with

W =
3

√√
167

15 552L2
+

343
11 664L4

+
1
216
+

11
72L
+

343
5832L3

(3.51)
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and with

L
(
λ
)
=

√
3λ

2πnmS
. (3.52)

and the simpli�ed form for E

E
(
λ,m, S , t ,n

)
= 19.717tS1.14

(
mn

λ

)2.14
−N (S , t) . (3.53)

The depolarization factorN very sensitively depends on the geome-
try of the structure. Hence, we cannot assume Eq. (3.5) to hold true, in
the case of square patches. However, as mentioned before, a general
form of the depolarization factor (see Eq. (3.6))

N (S , t) =
1

α S
t + β

(3.54)

could be able to provide a combination of α and β that is valid for
square patches.

It is not a straightforward to determineN theoretically for the struc-
tures with non-spherical geometry and sharp edges, the best appro-
ach is to determine the value by using experimental data of known
structures1.

3.3.1 The Square Patch Polarization Factor N

To obtain the optimal values of α and β , without prior knowledge
of m, n and E, it is necessary to �nd a set of equations where theses
parameters drop out.

Therefore, we assume to have a set of experimental data of metal-
lic square-patch structures with S varying over a wide range of sizes

1 In a private communication Prof. Dr. Tim Davis attempted to derive an accurate ex-
pression, based on geometrical considerations. This attempt, however also included the
discretization of the geometry to form a mesh that could be used to numerically solve
for N . The results, unfortunately, strongly depend on the selected mesh, and thus they
are not robust enough to be used in our calculations.
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and three di�erent thicknesses ti , tj , tk . When determining the plas-
monic resonance wavelength λr es (S) for di�erent side-lengths S and
one speci�c ti , we get the (monotonic) relation

λr es (S) = д
(
S , ti

)
(3.55)

The plasmonic resonance wavelength changes di�erently with va-
rying S and t . Therefore, at a chosen wavelength λ0r es , which corre-
sponds to a certain pair Si and ti , we can �nd other pairs S j , tj and
Sk , tk that ful�ll the condition

λ0r es = д
(
Si , ti

)
= д

(
S j , tj

)
= д

(
Sk , tk

)
, (3.56)

as we assume that the physical properties (e.g. the dielectric function)
do not depend on the size of the sample.

For three thicknesses ti , tj , and tk and the same resonance wave-
length λ0r es , we obtain, according to Eq. (3.38),

E
(
λ0r es

)
= f

(
λ0r es ,m · Si ,m · ti

)
= f

(
λ0r es ,m · S j ,m · tj

)
= f

(
λ0r es ,m · Sk ,m · tk

)
.

(3.57)

This set of equations is the basis of all following calculations.

From Eq. (3.53) and Eq. (3.57) and the size-triples
{
Si , ti

}
,
{
S j , tj

}
and

{
Sk , tk

}
we arrive at

Nj −u · tj

(
S j

)1.14(
λ
)2.14 = Ni −u · ti

(
Si

)1.14(
λ
)2.14 (3.58)

Nj −u · tj

(
S j

)1.14(
λ
)2.14 = Nk −u · tk

(
Sk

)1.14(
λ
)2.14 (3.59)

using

u = 19.717 · (mn)2.14 . (3.60)

40



3.3 resonances of sqare nanopatches

After rearrangement, we obtain

Nj −Ni =
u(
λ
)2.14 (

tj
(
S j

)1.14
− ti

(
Si

)1.14) (3.61)

Nj −Nk =
u(
λ
)2.14 (

tj
(
S j

)1.14
− tk

(
Sk

)1.14) . (3.62)

Taking the ratio of both equations the factoru/
(
λ
)2.14 is eliminated

and we arrive at the simple relation

Nj −Ni

Nj −Nk
=

(
tj

(
S j

)1.14
− ti

(
Si

)1.14)(
tj

(
S j

)1.14
− tk

(
Sk

)1.14) . (3.63)

The right-hand side (RHS) of this equation can be easily determined
in experiments, whereas the left-hand side (LHS) is a sole function of
the depolarization factors of the corresponding square patches. There-
fore, we can use a �tting algorithm, varyingα and β , to get the optimal
solution that ful�lls Eq. (3.63). For example, using Au and Pd square
nanopatches with thicknesses ti = 30 nm, tj = 50 nm, tk = 100 nm,
we �nd that over the entire range of sizes S and for both materials the
RHS is approximately

N (S , 50 nm) −N (S , 30 nm)
N (S , 50 nm) −N (S , 100 nm)

≈ −0.4. (3.64)

as one can see in Fig. 3.4 (blue circles for Au and green diamonds for
Pd).

Figure 3.3(a) shows that there are several combinations of α and β
that ful�ll the condition in Eq. (3.63). Therefore, we need to impose
another condition to �nd the correct values for α and β . Apart from
Eq. (3.50), one can also determine the factor E using known dielec-
tric data ε1, ε2 and n in Eq. (3.12). For a known material with known
dielectric function both equations need to give the same value of E (as-
suming our procedure is valid). Au is a theoretically and experimen-
tally well-studied plasmonics material [62, 63]. Therefore, we know

41



dielectric properties of metallic nanostructures

0 0.5 1 1.5 2 2.5 3

0

0.5

1

1.5

2

2.5

3

0.310

0.410

0.5
10

0.6
10

0.7
10

0.810

(L
H

S
 -

 R
H

S
) 

/ 
R

H
S





0 0.5 1 1.5 2 2.5 3

0

0.5

1

1.5

2

2.5

3

110

1.510

210

2.510

(E
-E

)/
E

lit
lit





(a)

(b)

Figure 3.3. Optimal α and β for square patches. (a), Colorplot for the relative
di�erence between RHS and LHS of Eq. (3.63), summed over all experimen-
tally available λr es and normalized to the RHS that is independent of α and β .
(b), Colorplot for the relative di�erence between E calculated using Eq. (3.43)
and El it calculated using Eq. (3.38) with literature data from [61], summed
over all experimentally available λr es and normalized to El it that is indepen-
dent of α and β . In both (a) and (b), experimental values for Au square patches
with ti ,j ,k = 30 nm, 50 nm and 100 nm and 150 nm ≤ S ≤ 4000 nm are used.

that Au plasmonic resonances of nanoparticles with sizes down to
50 nm can be described using literature dielectric data from Johnson
and Christy [33] or Rakic et al. [61]. Thus, the values of E determined
from experimentally measured plasmonic resonance positions using
Eq. (3.50) and the values determined using Eq. (3.12) and literature
dielectric data, should be equal.
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If one also imposes the condition E − El it = 0 (see Fig. 3.3(b)), an
optimal set of α and β can be obtained, with

α = 1.1 (3.65)

and

β = 0.3. (3.66)

This leads to

Nsq (S , t) =
1

1.1 St + 0.3
. (3.67)

The corresponding ratios
(
Nj −Ni

)
/

(
Nj −Nk

)
are shown in Fig. 3.4,

for both Au and Pd samples. Since, the technique using Eq. (3.63) in
many di�erent nanopatches and imposing the correct E factor for
well-known Au nanostructures, is very general, the resulting Eq. (3.67)
holds true for all square patch nanostructures. It will be used from
now on for all further calculations.
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LHS Au (α  = 1.1, β = 0.3)

RHS Pd (Exp.)

LHS Pd (α  = 1.1, β = 0.3)

LHS Au (N )spheroid

LHS Pd (N )spheroid

Figure 3.4. LHS and RHS of Eq. (3.63) for Pd and Au square patches. The LHS
is calculated using Nsq from Eq. (3.67) (colored dots for Au and diamonds for
Pd). For comparison, the LHS using Nsp is displayed as dashed lines.
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It is important to note that if we had used the standard spheroid
expression

Nsp (S , t) =
1

1.2718 St + 1.6499
, (3.68)

we would have obtained a very di�erent result that does not ful�ll
Eq. (3.63) and contradicts the experiment (see dashed lines in Fig. 3.4).

3.3.2 Determining the Size-ratiom for Square Patches

After having determined the depolarization factor N in the previous
section, it is straightforward to identify the size-ratio m, linking the
major and minor half-axis of a spheroid (a, c) to the side-length and
height of a square-patch (S , t ), de�ned in Eqs. (3.47) and (3.48). We
again use the fact that for a certain resonance wavelength λr es one
�nds di�erent pairs of parameters

{
ti , Si

}
and

{
tj , S j

}
that ful�ll the

condition

E
(
λ0r es ,m · Si ,m · ti

)
= E

(
λ0r es ,m · S j ,m · tj

)
, (3.69)

which is the same as in Eq. (3.57) for only two parameters i and j.
Therefore, we can now use Eq. (3.61) and solve it form.

u = 19.717 · (nm)2.14 = λ2.14
Nj −Ni

tj
(
S j

)1.14
− ti

(
Si

)1.14 (3.70)

m = 2.483 × 10−1
(
λ

n

)
2.14

√√√√ Nj −Ni

tj
(
S j

)1.14
− ti

(
Si

)1.14 . (3.71)

By calculating Eq. (3.71) for many di�erent samples and for both Au
and Pd structures, one �nds m ≈ 0.56 (as we see in Section 3.5.4 it is
not constant but slowly decreasing from ≈ 0.7 to ≈ 0.56).

This is a very interesting result since, when one imposes that for
having the same resonance condition, the base area Aspheroid of the

44



3.3 resonances of sqare nanopatches

spheroid and Acuboid of the square-patch (cuboid) should be equal,
one �nds

Aspheroid ≡ Acuboid −→ πa2 = πm2S2 = S2 (3.72)

mA =

√
1
π
≈ 0.5642, (3.73)

which is very close to the result we get from our model together with
the experimental data for the larger square patches.

If one would instead imposes that the volume Vspheroid of the sp-
heroid and Vcuboid of the square-patch should be equal, one �nds

Vspheroid ≡ Vcuboid −→
4π
3
a2c =

4π
3
m3S2t = S2t (3.74)

mV =
3

√
3
4π
≈ 0.62. (3.75)

This is slightly higher but close to the experimental results for smaller
square patches.

A third possibility would be to impose equal surface areas U for
both systems

Uspheroid ≡ Ucuboid

2πa2
(
1 +

1 − e2

e
tanh−1 e

)
= 2

(
S2 + 2St

) (3.76)

mU =

√√√√√√√√©«
1 + 2t/S

π
(
1 + 1−e2

e tanh−1 e
) ª®®®¬ (3.77)

with

e2 = 1 −
c2

a2
= 1 −

t2

S2
. (3.78)

In this case,m is not constant but varies slowly with the parameter t/S
showing the same trend as the experimental data, as we see Fig. 3.12
of Section 3.5.4). Hence, the values we get form using this simple mo-
del and the conditions from Eqs. (3.47) and (3.48) match our physical
understanding of plasmonic resonances.
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3.4 retrieving the dielectric function

Using the results for N from Section 3.3.1 and m from Section 3.3.2
we are able to determine E for square patches of any material that
supports plasmonic resonances using Eq. (3.53). For a more detailed
analysis and to be able to retrieve the full dielectric function ε (ω) of
a nanosized material, it is insightful to study the physical meaning of
E in more detail.

Using Eqs. (3.12) and (3.13) we can write ε1 (ω) and ε2 (ω) in terms
of E and F :

ε1 (ω) = E (ω) ·
n2

E (ω)2 + F (ω)2
+n2 (3.79)

and

ε2 (ω) = F (ω) ·
n2

E (ω)2 + F (ω)2
. (3.80)

From Eqs. (3.79) and (3.80) it is evident that the approximation
F ≈ 0 used in Section 3.2.3 is equivalent with ε2 ≈ 0 and

ε1 (ω)
��
F≈0 =

n2

E (ω)
+n2 ∝

1
E (ω)

. (3.81)

From Eq. (3.81) and Fig. 3.5, we see that E is proportional to 1/ε1, when
F is small. Thus, knowing E, we have a valid �rst estimate for ε1 of
a material. ε1 represents the dispersion of a material and, when nega-
tive, provides information about the metallicity and the conductance.
Hence, E can be used to compare two plasmonic materials and give
an estimate for their dispersion. ε2 is closely related to the absorption
of a material. Therefore, the approximation ε2 ≈ 0 is only valid for
metals with a relatively high conductivity and low absorption at fre-
quencies below the plasma frequency ωp (de�ned in Section 2.1.2). In
the case of Pd and Au, this is the case for frequencies below 500 THz
(wavelengths above 600 nm).

The construction of E and F enables us to determine reasonably
good values (see Fig. 3.5) solely using E (ω) and Eq. (3.81). If one also
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Figure 3.5. Real part of the dielectric function of Au and Pd using literature
dielectric data [61] (green and orange dashed line) and the calculated real part
using F = 0 and otherwise the same dielectric data (red and blue solid line).
In both cases setting F = 0 has only small consequences. For Au only above
wavelengths of 5 µm di�erences are visible. The Pd data, in contrast, shows
the in�uence of F already in the lower wavelength region.

needs to determine the imaginary part of the dielectric function ε2 or
if one is inclined to have a more accurate value for ε1 in regions with
higher absorption, a method to also determine F (ω) is necessary.

3.4.1 Determining F

In the previous sections, we have seen that F (ω) is closely related
to the imaginary part of the dielectric function ε2. We also veri�ed
in Figs. 3.1 and 3.6 that the resonance frequency (or wavelength) is
virtually not in�uenced by F (ω). Therefore, it is not feasible to use
the plasmonic resonance frequency to determine F (ω). For materials
and wavelength ranges where F does in�uence the resonance, as it
is the case for Pd in the NIR wavelength region, the resonance width
and amplitude clearly change with F (compare Fig. 3.1 with Au reso-
nances showing no in�uence of F to Fig. 3.6 with Pd resonances that
clearly di�er in amplitude when F is set to zero). Consequently, we
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Figure 3.6. Calculated Pd resonance ECS (S = 500 nm, t = 50 nm, α = 1.1,
β = 0.3, n = nCaF2 andm = 0.68) with literature values [61] for E and F (blue
line) and with F = 0 (red line). The resonance width and amplitude show a
clear di�erence (higher amplitude and smaller width for F = 0), whereas the
resonance wavelength only di�ers marginally (1.1 %).

can use the experimental data on the resonance width to determine
the corresponding value of F at a certain wavelength.

The procedure is the following:

• From Section 3.3.2 and Section 3.4 we can determine m and E

as a function of wavelength, solely using the resonance wave-
length.

• Using the formula for the extinction of a square-patch (combi-
nation of Eqs. (3.14a) to (3.14c) with Eqs. (3.47) and (3.48) and
Eq. (3.67))

C �ext =

A ·

(
27π 5m6S4t 2

(
1+n3

)
33λ4 + 23π 2m3S2t F

3λ

)
(
E +N − 22π 2m2Stn2

3λ2

)2
+

(
24π 3m3S2tn3

32λ3 + F
)2 (3.82)

with the known values of m
(
λ
)
, E

(
λ
)
, square-patch size S and

height t , surrounding refractive index n, depolarization factor
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N = N (S , t) and wavelength λ, a �tting procedure with only
two free parameters (the amplitude A and the factor F that we
are looking for) can be applied.

• In general, the factor F = F
(
λ
)

is a function of the wavelength
λ. Using Eq. (3.82), we will only get a scalar F = F

(
λr es

)
that

represents the F value at the resonance position of one square-
patch with Si , ti , λr esi . To get the full function F

(
λ
)
, one needs

to �t the full set of data
[
Si , ti , λr esi

]
i=1,2,…,n

.

With this procedure, we can obtain values of F
(
λ
)

for every square
patch size S .

Finally, this enables us to determine the full dielectric function ε
(
λ
)
,

using E, F and Eqs. (3.79) and (3.80). As we have already seen in
the di�erence between Fig. 3.1 and Fig. 3.6, the in�uence of F on the
spectrum can be either negligible (in the case of Au structures) or
highly relevant (in the case of smaller Pd structures). The determina-
tion of F relies on an additional �tting procedure using experimentally
obtained spectral data. Therefore, only materials with larger ε2 show
enough contrast to determine F reliably. For all other materials, we
can safely assume F = 0 and use Eq. (3.81) to obtain values for ε1.

It is also worth mentioning that it one does not always have to de-
termine the full dielectric function of a material to determine its opti-
cal properties. As see in Fig. 3.6, knowing only E can give a very good
estimate for a plasmonic resonance. Therefore, a plasmonic scientist
does not necessarily want to know ε1 and ε2 for simulating the optical
response of nanostructures, but can take E (and in some cases F ) to
determine resonances.

3.5 experimental results for au and pd sqare patches

After the theoretical groundwork for determining the dielectric pro-
perties of nanosized materials is established, we �rst demonstrate the
procedure with the most commonly used and best studied metal in
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plasmonics, i.e. Au. Additionally, we fabricated Pd nano-squares to
verify the conclusions and lay the groundwork for using the model
later on in Chapter 5 for studying so far inaccessible thermodynamic
parameters of nanosized palladium hydride (PdH).

3.5.1 Square Nanopatch Sample Design

All samples are produced on 10 mm × 10 mm × 1 mm {111} calcium �u-
oride (CaF2) substrates to ensure a wide transmission window from
400 nm to 10 000 nm. On the substrate, the metal nanostructures are
patterned by electron beam lithography using a 2 layer PMMA resist
mask (200 K 3.5 % Poly(methyl methacrylate) (PMMA) + 950 K 1.5 %
PMMA baked on a hot plate for 4 min at 160 ◦C). After development
(1:3 MIBK + Propanol) the metal �lm is evaporated onto the mask with
an electron gun evaporator at a rate of 2 Å per second in a vacuum
of 10−7 mbar. The mask is removed using a lift-o� process (80 ◦C NEP
for 1.5 h).

The samples consist of 60 �elds of Di = 80 µm × 80 µm size, placed
in an ordered fashion onto the substrate with a distance of 100 µm.
All �elds consist of quadratic nanopatches with a minimum distance
of 200 nm between two structures. They are placed in a completely
random way using a random walk algorithm in x and y direction to
avoid any unwanted grating e�ects [64] and collective resonance ef-
fects. The number of squares per �eld is:

nS =
D

(2S + 200)2
=

80.0002

(2S + 200)2
. (3.83)

This design keeps the substrate coverage per �eld approximately con-
stant and therefore guaranties an almost equal resonance amplitude
for the wide range of square-nanopatch resonances.

The square side lengths S range from 50 nm to 5000 nm with steps
of 50 nm until 1000 nm and 100 nm for the larger patches. The dif-
ferent square-patch ensembles D50 − D5000 are randomly placed into

50



3.5 experimental results for au and pd sqare patches

S

S

t

10 µm

5 µm

2 µm

Figure 3.7. Sample design for the Au and Pd square patches of sizes S between
150 and 5000 nm, exemplary shown with three colored scanning electron mi-
croscope (SEM) pictures. All structures are made of 80 µm × 80 µm �elds with
randomly arranged square patches to avoid any collective electromagnetic
modes in�uencing the spectra.

a 6 × 10 �elds grid to avoid any systematical fabrication or measure-
ment errors.

3.5.2 Measurement and Data Processing

All measurements are performed with a Bruker FTIR using a square
aperture of 50 µm × 50 µm. For recording the full spectral information,
three di�erent measurement types are used:

• Measurements in the VIS and NIR region (800 nm to 1150 nm
or 8700 cm−1 to 12 500 cm−1) using a silicon diode, a NIR light
source and a SiO2 beam-splitter (Si-VIS).

• Measurements in the NIR spectral region (1000 nm to 3000 nm
or 3300 cm−1 to 10 000 cm−1) using a nitrogen cooled MCT de-
tector, a NIR light source and a CaF2 beam-splitter (MCT-NIR).
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• Measurements in the MIR region 2000 nm to 10 000 nm or
1000 cm−1 to 5000 cm−1 using the same nitrogen MCT detec-
tor, but MIR Globar light source together a KBr-beam-splitter
(MCT-MIR).

After the measurements, the data-set is processed for reading out
the information about resonances. Therefore, the raw transmission
spectra that are recorded with three di�erent detection schemes over
a linear wavenumber-scale are cleaned, stitched and analyzed.

First, an Adapted Asymmetric Least Squares Smoothing Algorithm
after Eilers and Whittaker is applied to smooth out the vibrational re-
sonances from Water, CO2 and residual PMMA [65]. The correspon-
ding wavenumbers where the �lter is applied are: 5440, 5360, 5230,
3850, 3740, 3620, 2870, 2950, 2350, 1260, 1100 and 1040 cm−1 with a
span of 25 wavenumbers.

After the elimination of the unwanted vibrational resonances the
spectra of the di�erent detectors are stitched to get one spectrum.
For the high wavenumber resonances the spectral overlap region
8800 cm−1 to 9200 cm−1 is used to determine a multiplicative factor to
be applied to the Si-diode transmittance data for achieving the largest
overlap. Afterwards, the spectra are stitched together using a logistic
function to guarantee a smooth transition between two spectral parts.
The same procedure is applied between the MCT-detector + NIR- and
MIR light-source spectra in the low wavenumber region. The spectral
overlap region 4000 cm−1 to 5000 cm−1 is used for renormalization of
the lowest wavenumber spectra that are then stitched via a logistic
curve.

The cleaned and stitched spectra are processed to determine the
center or resonance wavelength. Therefore, the spectra are conver-
ted to extinction spectra (Iext = − ln

(
Itransm

)
). The data around the

maximum (+ and −500 wavenumbers) are then interpolated with a
0.05 cm−1 resolution and a spline is �tted to determine the maximum
position. These data is quite reliable, since the input data is already
smoothed through the Eilers �lter.
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3.5.3 Determining Size-pairs from Experimental Data

In order to determine dielectric properties from experimental plas-
monic resonance measurements we need to �nd the three dimension-
pairs

[
Si , ti

]
,
[
S j , tj

]
,
[
Sk , tk

]
with the same resonance wavelength

λr es introduced in Eq. (3.56). We can only fabricate a limited amount
of square-patch sizes, it is not feasible to realize these conditions ex-
perimentally. Thus, experimentally one determines the wavelength-
thickness pairs

[
λi , ti

]
,
[
λj , tj

]
,
[
λk , tk

]
for given side-lengths S . Con-

sequently, we need to �nd a way to convert these experimental results
into the necessary parameters entering Eq. (3.56) and Eq. (3.57).
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Figure 3.8. (a), Resonance wavelengths for Au nanosquares with side lengths
S between 150 nm and 4500 nm and thicknesses t of 30 nm (blue squares),
50 nm (red dots) and 100 nm (green triangles). The thickness dependence is
very weak. All squares fall approximately on a straight line with slope 3. (b),
Slope dλ/dS for the same square patches as in (a). The black line is an expo-
nential �t (Eq. (3.84) with A = 0.743, S0 = 1578 nm,B = 2.478).

For square nanopatches the function λr es (S) for any given t cannot
be calculated analytically. However, the slope is slowly varying and
in small size and wavelength ranges it can be well approximated by a
linear function with the thumb-rule λr es (S) ≈ 3 · λr es (see Fig. 3.8(a)).
To be more accurate and to smooth our measurement errors, we �rst
look at the slope ∂λ/∂S . Since, the t dependence of the plasmonic
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resonance is very week, we �nd a value for dλ (S) /dS independent
of t . The slope can be well approximated with a simple exponential
decay function (see Fig. 3.8(b))

dλr es
dS

= A · exp
(
−
S

S0

)
+ B, (3.84)

where the amplitudeA, the limit for λ→∞, B and the size correction
factor S0 depend on the material.

Since, Eq. (3.84) is a good approximation for all thicknesses t , we
can use the slope to calculate the pairs

[
Si , ti

]
,
[
S j , tj

]
,
[
Sk , tk

]
for any

given λj
(
S j

)
using the fact that
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Figure 3.9. Illustration of the procedure to determine S30 and S100 from
the measured plasmonic resonance wavelengths λ50 (S = 550 nm, t = 50 nm)
(large red dot), λ30 (S = 550 nm, t = 30 nm) (large green triangle), and
λ100 (S = 550 nm, t = 100 nm) (large blue square). The grey-framed triangles,
squares and dots are the result of the transformation procedure described in
Eqs. (3.87) and (3.88).

dλr es
dS

=
λi − λj

S j − Si
(3.85)

and
dλr es
dS

=
λj − λk

Sk − S j
(3.86)
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as illustrated in Fig. 3.9 for experimental results of Au nanosquares
with ti = 30 nm, tj = 50 nm and tk = 100 nm. Consequently, the
corresponding sizes Si

(
λj

)
, and Sk

(
λj

)
are given by

Si
(
λj

)
= S j +

λi − λj
dλr es
dS

(3.87)

Sk

(
λj

)
= S j −

λj − λk
dλr es
dS

. (3.88)

using λj . Thus, we have obtained the pairs
[
Si

(
λj

)
, ti

]
,
[
S j

(
λj

)
, tj

]
,[

Sk

(
λj

)
, tk

]
.

3.5.4 The Dielectric Properties of Au and Pd Samples

Using the processed experimental data for Au and Pd square patches,
one can determine the previously discussed parameters, m, E, F for
both materials.

At �rst, we consider the Au square patches with sizes S between 150
and 4500 nm and heights t of 30, 50, and 100 nm, that yield plasmonic
resonances between 700 and 12 000 nm.

A MATLAB code is used to calculatem, by setting

E
(
λ, S1, t1 = 30 nm

)
= E

(
λ, S2, t2 = 50 nm

)
E

(
λ, S2, t2 = 50 nm

)
= E

(
λ, S3, t3 = 100 nm

)
E

(
λ, S1, t1 = 30 nm

)
= E

(
λ, S3, t3 = 100 nm

) (3.89)

with E from Eq. (3.50). Solving the equations numerically leads to a
wavelength dependent factorm that varies between 0.56 and 0.7 (see
Fig. 3.10).

Repeating the same measurements and analysis procedure for Pd
square nanopatches with sizes S between 250 and 2500 nm and the
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Figure 3.10. Size-factor m for Au square patches calculated using
n =

(
nAir +nCaF2

)
/2, α = 1.1, β = 0.3 and the three conditions in Eq. (3.89).

same heights as the Au squares, one obtains almost identical results
for m (see red dots in Fig. 3.11 in comparison to the blue dots). This
strongly supports the hypothesis that the size-factor m is universal,
i.e. only depending on the geometry, not the material.

Apart from the excellent overlap of the Pd and Au data, Figs. 3.10
and 3.11 show thatm is not really a constant but follows a slow decay
with relatively large changes in the low wavelength region (NIR) and
almost no changes in the high wavelength region (MIR). There are
several e�ects that can explain this behavior:

• The factor m is designed to be the same for a → S and c → t .
This means that it can change with the aspect-ratio S/t . And
that is exactly what we see, when the square patches get larger,
the aspect-ratio gets larger and therefore,m changes.

• One basic assumption behind the procedure to determine m is
its independence on the thickness t . This is in general a very
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Figure 3.11. Size-factor m for Pd (red dots) and Au (blue dots, same as in
Fig. 3.10) square patches calculated using n =

(
nAir +nCaF2

)
/2, α = 1.1,

β = 0.3. The double-exponential �t (black dashed line) is a guide to the eye.

good approximation, since the plasmonic resonance only we-
akly varies with changes in t (see Fig. 3.8(a)). However, for smal-
ler square patches with sizes below 500 nm the aspect ratio bet-
ween length and height becomes very small (e.g. as low as 1.5:1
for S = 150 nm and t = 100 nm) and, therefore, the in�uence of
changes in t becomes signi�cant.

In general, we can say that the m factor which characterizes the con-
version of the internal electric �eld between a oblate spheroid and a
square-patch (square cuboid), is well characterized by simple geome-
trical considerations. All patches nicely follow the curves assuming
equal surface areas (see Eq. (3.77) and green curves in Fig. 3.12). Ho-
wever, the thickness dependence shown in the curves cannot be iden-
ti�ed in our data. Since the curves assuming equal base area and equal
volume (blue and red lines) are very close to our data, too, the truth
lies probably somewhere in between.

After determining the conversion factor m the result can be used
to calculate the respective dielectric factor E.
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Figure 3.12. Comparison between predicted (colored lines) and measured m

values (grey dots). The green lines are calculated using equal surface areas
(see Eq. (3.77), dark green with t = 30 nm, intermediate green with t = 50 nm
and light green with t = 100 nm. The Red line represents equal base-areas
(see Eq. (3.73)) and the blue line equal volumes (see Eq. (3.75)).

Figure 3.13 shows the calculated E
(
λ
)

for the Au and Pd samples,
obtained through Eq. (3.50). It is clearly visible (in Fig. 3.13(a) and (b))
that all Au squares (red markers) and Pd squares (blue markers) follow
one line, independent of the sample thickness. This demonstrates that
the factor E is indeed, truly a material parameter, independent of the
particular samples geometry.

There are notable di�erences between the Au and Pd data. While
EPd is less negative then EAu at wavelengths around 1000 nm, the si-
tuation reverses for wavelengths above 2000 nm. Comparing the me-
asured E values to literature data (dashed colored lines), shows an
almost perfect overlap. Even though, the parameters for α and β have
been optimized using only EAu, the Pd data follow the expected be-
havior. This is particularly visible in the double-logarithmic plot of
1/E in Fig. 3.13(b), showing the functional di�erence between the al-
most linear Au and curved Pd data. Since, the inverse of E is a good
approximation for the real part of the dielectric function Re(ε) = ε1
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Figure 3.13. Factor E for Au and Pd. (a), Factor E calculated from Eq. (3.50)
using experimental plasmonic resonance data from several Au (blue squares)
and Pd (light and dark red circles) samples. They show almost perfect overlap
with E calculated from literature data [61] (black lines). (b), 1/E plotted in a
double-logarithmic fashion using the same data as in (a). Besides the literature
data for 1/E (black lines), the original literature values for Re(ε) are displayed
(long dashed lines).
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Figure 3.14. Exemplary original (blue line) and �tted spectrum (red dashed
line) of an Au sample with t = 50 nm and S = 650 nm. The yellow shaded
area indicates the interval used for the �tting procedure.

as one can see from the dashed lines in Fig. 3.13(b) that nicely follow
the experimental data, too.

As discussed in Section 3.4.1 it is possible to determine the factor F
using the plasmonic resonance data that is necessary to retrieve the
full dielectric function ε . Fitting Eq. (3.82) as a model for the ECS to
the measured extinction spectra one is able to retrieve the factor F

for one square-patch size and hence, one wavelength/wavenumber.
Figure 3.14 shows that the high wavenumber tail of the spectra exhi-
bit enhanced extinction values compared to the calculated extinction
spectra, calculated trough Eq. (3.82). This is probably due to inter-
band transitions and higher order e�ects not included in the �st or-
der model. However, the resonance itself plus the low wavenumber
tail are well represented by the model and thus used for the �tting
procedure.

In Fig. 3.15, the resulting F factors are plotted for both, the Au and
Pd square patches. The Au values are essentially zero over the whole
wavelength range, whereas the F factor for Pd is showing an almost
exponential decay. This is already expected from literature, since Pd
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Figure 3.15. F calculated for Au and Pd square patches. The factor is calculated
from a �tting procedure of the experimental extinction spectra to Eq. (3.82).
The red squares are for the Pd data (light red for t = 30 nm, red for 50 nm and
dark red for 100 nm). The errorbars depict the standard deviation con�dence
interval from the �t, and the solid black line is the literaure value calculated
from Rakic et al. [61]. The blue squares depict the Au data (bright to dark
colors as for Pd). The comparison to the literature values (dashed line) and
the errorbars indicates that all the values are essentially zero, within the error
margins.

does have a markedly stronger absorption than Au. The literature va-
lues for F in the �gure (solid and dashed black lines) con�rm this
interpretation. Consequently, only for Pd square patches, it is possi-
ble to determine F . For Au, the absorption-induced di�erences in re-
sonance width and hence F is too small to be determined through a
�tting procedure (see Fig. 3.1).

Nevertheless, with the calculated E and F factors, the next step is
to combine both to obtain the full dielectric function of the material
ε
(
λ
)
= ε1

(
λ
)
+ iε2

(
λ
)
. Taking Eqs. (3.79) to (3.81) together with E, F

and

n
(
λ
)
=

(
nCaF2

(
λ
)
+nAir

)
/2 (3.90)

results in in ε1 and ε2 as depicted in Fig. 3.16.
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Since, E and F are going to zero in the limit of large wavelengths λ,
ε1, which is depending on the their quotient, highly depends on small
errors in the factors E and F . This is especially relevant in the region
where F tends to be overestimated by the �tting algorithm and mostly
produces noise (see Fig. 3.15). Therefore, it is reasonable to use F ≈ 0
and Eq. (3.81) instead of Eq. (3.79) to determine ε1 in the spectral re-
gion where F < 0.08. This is the case for all values of FAu in Fig. 3.16(a)
and FPd at wavelengths above 4000 nm in Fig. 3.16(b). The blue circles
in Fig. 3.16 depict the resultin ε1, showing excellent agreement to li-
terature data [61] in the case of Au and good agreement for the Pd
structures.

Looking at the results for ε2 (Au) in Fig. 3.16(a) (red circles), it seems
to be counter-intuitive that the values for Au are still in reasonably
good agreement with the literature data, even though they are calcu-
lated using values of F that essentially consist of numerical noise. By
performing a tailor expansion of ε2 for F ≈ 0

ε2
��
F=0 =

n2F

E2
−
n2F 3

E4
+O (F )5 (3.91)

it becomes clear that ε2 depends essentially on F/E2 (compared to
ε1 ∝ 1/E, see Eq. (3.81)). Thus, reasonable values of E also contribute
to non-zero (and reasonable) values for ε2, even when F is small and
noisy. The imaginary party of the Pd dielectric function in Fig. 3.16(b)
shows very good agreement to the literature values, except for very
high wavelengths, where again the issue character of noisy F is trans-
ferred to a noisy ε2. Generally good agreement shows that for materi-
als with non-zero E and F , the real and imaginary part of the dielectric
function can be well determined using our method. For more exam-
ples, see Chapter 5).

3.6 conclusions

In conclusion, we have seen in this chapter that it is possible to re-
trieve the dielectric function of a material using nothing but the plas-
monic resonance and the materials geometry as input. This is possible
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Figure 3.16. Calculated dielectric functions. (a), for Au and (b), for Pd, using
the E and F data determined by �tting experimental data to our nano-patch
model. The imaginary part (red circles) is determined from both, E and F . The
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from Rakic et al. [61].
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by introducing an analytical model of the plasmonic resonance of a
square-patch with known side-length S and height t . The model links
the plasmonic resonance wavelength with the nanoparticles size and
the dielectric factors E and F that essentially represent the particles
material and dielectric environment. The model is developed and tes-
ted using Au square patches and then veri�ed for Pd nanostructures.

Since the relations developed in the process are very general, they
can be applied to any nanostructurable materials that have size-
dependent plasmonic resonances wavelengths. There is no need to
fabricate square patches, instead disks, polygons, oblate spheroids, or
any �at centrosymmetric geometry can be used. It is only necessary
to modify the geometric factor m and the depolarization factor N ,
using the method introduced in this chapter. In this way, the techni-
que can be applied to determine dielectric properties of chemically
synthesized nano-materials that are not suited for ellipsometric me-
asurements. Furthermore, the model o�ers an easy way to charac-
terizes properties of plasmonic materials that tend to oxidize, like
yttrium [30], aluminum [66], or magnesium [67]. For these materi-
als �lm measurements do not give good estimates for optical proper-
ties, as they underestimate the oxidizing e�ects of the highly surface-
dominated nanoparticles. Materials that generally show di�erent pro-
perties as bulk or thin �lms compared to nanosized structures (mostly
due to the strongly changed surface-to-volume ratio) can be studies
with our technique. In all these cases, ellipsimetry would give results
that do not re�ect the real material properties and therefore, would
lead to inaccurate results in theoretical predictions of these materi-
als using electromagnetic simulation tools. One example for such a
material is PdH that will be covered in full detail in Chapters 4 and 5.
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4
T H E R M O D Y N A M I C M O D E L F O R P D A N D P D H
N A N O PA R T I C L E S

Palladium-hydrogen is a prototypical metal-hydrogen system. There-
fore, it is not surprisiong that a lot of attention has been devoted to
the ab- and desorption of hydrogen in nanosized palladium particles.
Several articles on the interaction of H with Pd nanoparticles have
been published in recent years [68–76]. Although each article pro-
vides detailed data on speci�c aspects of hydrogen in nanoparticles,
neither contains enough information to draw �rm conclusions about
the mechanisms involved. In this chapter, that was adapted from our
publication in ref. [28], we con�rm that the available data in litera-
ture exhibits general patterns leading to new insight about the pro-
cesses involved in H absorption and desorption in Pd nanoparticles.
On the basis of a robust and simple scaling law for the hysteresis in
absorption-desorption isotherms, it is shown that hydrogen absorp-
tion in palladium nanoparticles is consistent with a coherent interface
model and is thus clearly di�erent from bulk Pd behavior. Neverthe-
less, H desorption seems to occur fully coherently only for small na-
noparticles (typically smaller than 50 nm) at temperatures su�ciently
close to the critical temperature. For larger (but still single-crystalline)
particles it is partly incoherent as in bulk where dilute α-PdHx and
high concentration β-PdHx phases coexist.

4.1 introduction

Intercalation of small atoms in nanoparticles is relevant for important
energy related applications such as electrical batteries [5] and metal-
hydrides [77] for electrical and hydrogen storage. In both systems the
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large lattice distortion [78] accompanying the absorption and desorp-
tion of the solutes plays an essential role in determining the perfor-
mance of devices. Long-ranged lattice distortions imply that the ther-
modynamics of solute intercalation is inherently size-dependent [79].
Speci�cally, the enthalpy and entropy of hydride formation, as well
as the critical temperature Tc depend on the size of nanoparticles.

In many systems the relevant temperatures for applications are lo-
wer than Tc . Consequently, during absorption at a given hydrogen
gas pressure, the metal-hydrogen system transforms from a dilute α-
phase to a concentrated β-hydride. As a result of the magnitude of the
lattice distortions accompanying this transformation (typically 15 % to
20 % relative volume increase per mole dissolved hydrogen in transi-
tion metals such as V, Nb, Ta and Pd), it is not a priori clear whether
absorption (and desorption) of hydrogen occurs coherently or incohe-
rently. In a coherent transformation the large spatial hydrogen con-
centration variations lead to a modulation of the host lattice without
disrupting it, and consequently to signi�cant coherency stresses and
elastic energy contributions to the enthalpy (see Fig. 4.1). The elastic
energy barrier accompanying coherency stresses is proportional to
the sample volume and cannot be overcome by thermal �uctuations,
unless the particle is su�ciently small.

During absorption, when the external pressure is slowly increased,
the system is e�ectively locked in a meta-stable state until the incre-
ase in the chemical potential of the interstitial sites (which is directly
related to the chemical potential of the molecules in the surrounding
H2 gas) is su�ciently high to overcome the macroscopic barrier. If the
transformation is unlocked, the spontaneous absorption starts [80, 81].
Then, coexistence of the two phases at thermodynamic equilibrium is
impossible and a large hysteresis between absorption and desorption
pressures occurs at a given temperature. In an incoherent transforma-
tion, dislocations are readily created to minimize elastic stresses. Inco-
herent precipitates of the α-phase nucleate and grow in the β-phase
during absorption (see Fig. 4.1), largely reducing the hysteresis.
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Figure 4.1. Schematic pressure-composition isotherms below, at, and above
the critical temperature Tc . The upper spinodal pressure pus and the lower
spinodal pressure pls together with the corresponding spinodal concentrati-
ons xus and xls are indicated for the gold isotherm with T < Tc . The full-
spinodal hysteresis is indicated with the red arrow. The horizontal blue line
corresponds to the incoherent plateau pressure obtained by means of the Max-
well construction [82]. In bulk Pd H absorption occurs approximately at the
Maxwell pressure pM and expanded β-PdHx nucleates incoherently in the
dilute α-PdHx (panel b) while during desorption at pdes ≈ pM the dilute α-
PdHx nucleates and grows in the β-PdHx phase [47], leading to a small hys-
teresis (panel (c)). In case coherent absorption occurs at pabs ≈ pus (panel
(a)) there is no coexistence of α- and β-PdHx phases [80, 81]. The gradient in
H concentrations leads to continuous spatial variations of the lattice spacing.
The same occurs during coherent desorption at pdes ≈ pls (panel (d)), leading
to a hysteresis comparable to full spinodal hysteresis [81]. The black line cor-
responds to the critical isotherm at T = Tc and the red line to a supercritical
isotherm at T > Tc .
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4.1.1 Overview of the Investigated Palladium Nanoparticles

As measurements of H in Pd nanoparticles are a very challenging task,
there is a great diversity in experimental techniques and investiga-
ted samples [69–74]. For standard volumetric or gravimetric pressure-
composition isotherms large numbers of nanoparticles are required
and the data su�er from ensemble averaging and agglomerating ef-
fects. Less material is needed for optical measurements based on lumi-
nescence from Bardhan et al. [69] or for the plasmonic measurements
performed by Wadell [73], Wadell et al. [72] and Syrenova et al. [74].
So far, the most extensive data sets have been obtained by Bardhan
et al. [69] for dense ensembles of 14 nm to 110 nm nanocubes at tem-
peratures between 295 K and 383 K. It is the �rst systematic study on
the size-dependence of hydrogen ab- and desorption in colloidal en-
sembles of Pd nanocubes with narrow size distributions. The thermo-
dynamics of hydrogenation was studied using luminescence measure-
ments as a proxy for the hydrogen content. However, whenever laser
light is used, heating e�ects may in�uence the measurements (see
Section 4.5.3 for a more detailed discussion). Additionally, the mea-
sured isotherms exhibit sloping plateaus and non-closing hysteresis
loops.

The �rst data on individual, colloidally synthesized and unconstrai-
ned nanocubes was obtained by Baldi et al. [70] by means of elec-
tron energy loss spectroscopy (EELS). The isotherms for their 14 nm
to 29 nm nanocubes have �at plateaus but were only measured at one
temperature (246 K). For their single nanocube measurements with
EELS, there are severe technical constraints, as the pressure in the
transmission electron microscope (TEM) must be kept below 1 mbar.
In order to be able to load Pd up to the β-PdHx phase the temperatures
need to be su�ciently low. This follows directly from the isotherms in
Figs. 4.16, 4.17 and 4.20 and as a consequence all Baldi et al. [70] data
are taken at 246 K. Very recently Nrayan et al. [76] obtained nanocube
isotherms for a larger variation of cube sizes (19 nm, 33 nm, 48 nm and
74 nm) using the same setup as Baldi et al. used for their experiments.
In 2015, Wadell [73] measured isotherms on ensembles of well separa-
ted nanocubes with a mean size of 22 nm, 5 nm, 34.1 nm and 65.7 nm
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through Indirect NanoPlasmonic Sensing (INPS) [72–74]. They obser-
ved completely �at plateaus at temperatures between 303 K and 333 K.

The used methods, namely, luminescence [69], EELS [70] and INPS
do not allow for an absolute determination of the hydrogen concen-
tration. Therefore, only the temperature dependence of the plateau
pressures can be determined for a given size of nanocubes. Genuine
pressure-composition isotherms (i.e. isotherms in which the H con-
centration is actually measured) have only been determined for Pd
clusters smaller than 7 nm by means of electrochemistry [83, 84] and
volumetry [68] and for 10 nm nanocubes [71] by volumetry at room
temperature.

All these experimental constraints lead to the patchy distribution in
Fig. 4.2 showing the size and temperature ranges of the experimental
data published so far.
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Figure 4.2. Size and temperature ranges of experimental works on hydrogen
absorption in Pd nanoparticles. The references are Yamauchi et et al. [68],
Züttel et al. [84], Sachs et al. [83], Wadell et al. [72], Bardhan et al. [69], Baldi
et al. [70] Wadell [73], Syrenova et al. [74] and Manchester [47]. Note that
Syrenova et al. only measured absorption isotherms except at 313 K where
both hydrogen absorption and desorption were measured.
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On the basis of hydrogen absorption and desorption isotherm me-
asurements on ensembles of 14 nm, 32 nm, 65 nm and 110 nm nano-
cubes, Bardhan et al. [69] concluded that there is a clear size depen-
dence in the thermodynamics of their nanocubes. Comparing their
measurements to Monte Carlo simulations (based on the Ising mo-
del), they conclude that the size-dependence is a consequence of nano-
con�nement of a thermally driven, �rst-order phase transition where
α- and β-phases coexist incoherently. The presence of a large interfa-
cial energy barrier is responsible for the opening of a hysteresis gap.

This is at variance with Baldi et al. [70] and Narayan et al. [76] who
found that in single nanocubes at 246 K, surface stress due to excess
hydrogen concentration at the surface of the nanocrystals accounts
for the size dependence of the equilibrium absorption pressures. The
absorption isotherms of individual nanocrystals are consistent with
a coherent absorption process, in which coexistence of two hydride
phases is suppressed. In an earlier study Sachs et al. [83] suggested
that their data for 2 nm to 5 nm Pd clusters were consistent with the
theory of Schwarz and Khachaturyan [80, 81] for open, coherent two-
phase systems. Evidence of the role of subsurface sites was also found
in very small Pd clusters [72, 84].

Although all these pioneering works have still a fragmentary cha-
racter, there seem to be robust underlying patterns in the existing
data mentioned above. To put them into evidence, we consider the
following thermodynamic aspects of the PdH system:

• The enthalpy-entropy compensation,

• The ab-and desorption plateau pressures at room temperature,

• Isotherm hysteresis [85].

4.2 enthalpy and entropy compensation

A collection of enthalpies, ∆H , and entropies, ∆S , of hydrogen ab-
and desorption in Pd nanoparticles [68, 69, 73, 74], a free-standing
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�lm [86] and bulk Palladium [47, 87] is shown in Fig. 4.3. The ent-
halpy ∆H and entropy ∆S are both determined by plotting plateau
pressures at �xed concentration as a function of the inverse absolute
temperature (see Eq. (4.2)). A remarkably linear correlation between
the measured ∆H and ∆S for samples of widely di�erent sizes can
be seen in the desorption data. However, there is no clear trend with
particle size, as the Bardhan et al.’s [69] data is on the less negative
∆H -side of the curve while the Wadell [73] data obtained from mea-
surements on the same type of nanocubes, are on the more negative
side.
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Figure 4.3. Enthalpy-entropy correlation for H absorption and desorption in
nanosized Pd particles. The labels are as follows: B14 – B65 are for nanocubes
from Bardhan et al. [69], L23 – L66 are for the 22.5 nm, 34.1 nm and 65.7 nm
nanocubes from Wadell [72], Y2.6 and Y7 from Yamauchi et al. [68], and S17 –
S63 are for single nanocubes from Syrenova et al. [74]. The number following
the letter is the size of the particles in nm. The stars are from Laesser and
Klatt for bulk Palladium [87]. For comparison data for a free standing 65 nm
�lm (P65) are also included [86]. The compensation temperatures Tcomp are
obtained from Eq. (4.1).

The origin of the ∆H − ∆S correlation is most likely related to the
fact that, for example, the isotherms of Bardhan et al. exhibit strongly
sloping plateaus and the hydrogen concentration is not measured ab-
solutely. In addition, there are non-closing hysteresis loops and some
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of the isotherms are crossing. Consequently, it is not easy to deter-
mine accurate values of pressure at a constant concentration for vari-
ous temperatures. This leads to statistical errors in Van ’t Ho� plots
which translate into correlated errors in ∆H and ∆S . Hence, a decre-
ase in slope (which is proportional to ∆H ) leads automatically to a
decrease in the intercept at 1/T = 0 (which is proportional to ∆S , see
Eq. (4.2)).

A direct implication of that e�ect is the ∆H and ∆S correlation
shown in Fig. 4.3. The fact that for essentially the same 65 nm nano-
cubes the data points of Wadell [73] and Bardhan et al. [69] are laying
far apart, but on the same line, is a clear indication that most of the
discrepancy is of statistical origin. Hence, the conversion of ab- and
desorption pressures into the two thermodynamic parameters ∆H

and ∆S can be tricky (see Section 4.3.5). For example, if one assumes
a perfectly linear ∆H − ∆S correlation, it can be written as

∆H = Tcomp∆S +C (4.1)

where Tcomp and C are the same constants for all samples. The slope
∂∆H/∂∆S is the so-called compensation temperatureTcomp . AtTcomp

all plateau pressures are equal to the same value pcomp . This follows
directly from the Van ’t Ho� relation

1
2
lnp =

∆H

RT
−
∆S

R
(4.2)

where p is the H2 gas pressure (in bar), R the ideal gas constant, and
T the absolute temperature. Introduction of Eq. (4.1) into Eq. (4.2) at
T = Tcomp gives

lnpcomp =
2C

RTcomp
(4.3)

which implies that the pressure pcomp atTcomp is a constant, too. The
compensation temperatures obtained from Fig. 4.3 for H absorption
(Tcomp = 284 K) and desorption (Tcomp = 343 K) are very close to the
measurement temperatures chosen by Yamauchi et al., Bardhan et al.,
Wadell et al. and Syrenova et al. [68, 69, 72–74]. Thus, one expects that
the plateau pressures near room temperature are essentially the same
in all data.
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Figure 4.4. Comparison of ∆H − ∆S correlation calculated with the mean-
�eld model introduced in Section 4.4 for the lower spinodal pressures (pls ,
black-blue squares), the upper spinodal pressures (pus , red-yellow squares)
and the midpressures (pM , blue-red squares) for nanocubes in the range 15 nm
and 10 000 nm with the experimental data of Fig. 4.3. The numbers indicate
the sizes of the calculated nanocubes. The symbols for the experimental data
are the same as in Fig. 4.3. Their labeling is omitted for clarity. The compensa-
tion temperatures for the calculated cubes are 607 K for absorption and 722 K
for desorption.

To quantitatively substantiate this conclusions, we compare enthal-
pies ∆H and entropies ∆S determined from the Van ’t Ho� plots calcu-
lated with the mean-�eld model for nanocubes of various sizes intro-
duced in Section 4.4 with the experimental data in Fig. 4.3. In Fig. 4.4
one can see, a ∆H − ∆S correlation for model data, too. However, it
is in a much narrower range of entropies and enthalpies than the re-
ported values shown in Fig. 4.3. As expected, the experimental values
for bulk are close to the calculated ∆H and ∆S for the midplateau
pressures as the measured hysteresis is small. Remarkable is that the
Wadell [73] data points W23, W34 and W66 (for L = 22.5, 34.1 and
65.7 nm nanocubes) and the Syrenova et al. [74] new single nanocube
data are consistent with our model values although they were not
used in the �tting of the parameters entering the model. The calcula-
ted compensation temperaturesTcomp , 607 K and 722 K for absorption
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and desorption are clearly di�erent from the spurious compensation
temperatures in Fig. 4.3.

4.2.1 Plateau Pressures at Room Temperature

As many existing data have been obtained near room temperature,
Fig. 4.5 displays the plateau pressures at 300 K (the plateau pressu-
res are either taken directly from quoted measured values or calcula-
ted from quoted enthalpies and entropies by means of Eq. (4.2). The
half �lled circles are estimated from the data of Baldi et al.). Despite
the large variation in sample size and shape and di�erent experimen-
tal techniques used in the preparation of samples and measurements,
clear patterns emerge. The desorption pressures for nanostructures
are essentially all equal to that of bulk Pd samples [47, 87]. The ab-
sorption pressures of very small particles [68, 83, 86] (typically smaller
than 8 nm) are close to the absorption pressure of bulk Pd. In sharp
contrast, the absorption pressure of nanocubes larger than ∼ 8 nm
increases markedly with increasing size L. This increase is bound to
stop in large particles when hydrogen absorption breaks them in smal-
ler crystallites (the larges possible single-crystalline nanocubes are
around 150 nm in diameter). Even though the data of Wadell [73] are
obtained by means of INPS on well separated nanocubes, whereas
the data of Bardhan et al. [69] is derived from luminescence measure-
ments on dense ensembles of 32 and 65 nm nanocubes, both pressure
values are consistent.

The clear di�erence between the size-dependence of absorption
and desorption pressures indicates that the processes occurring du-
ring hydrogen absorption are fundamentally di�erent from those du-
ring hydrogen desorption. The midpressurepmid (de�ned as lnpmid =

1/2
(
lnpabs + lnpdes

)
) considered by Bardhan et al. [69] is, therefore,

not a suitable parameter for the intrinsic thermodynamics of nano-
cubes.

Desorption of hydrogen in bulk Pd has been demonstrated to corre-
spond to the one obtained by application of the Maxwell construction
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Figure 4.5. Experimental and calculated plateau pressures at 300 K for H in
Pd nanocubes and nanoparticles. The green symbols represent experimental
data for hydrogen absorption and the blue symbols for desorption. Green and
blue dots represent data from Bardhan et al. [69], Triangles from Wadell [73],
Inverted triangles from Yamauchi et al. [68], Half-�lled triangles from Zuet-
tel et al. [84], Diamonds from Sachs et al. [83], and Stars from Laesser and
Klatt [87]. Half-�lled circles are evaluated from the absorption data of Baldi
et al. [70]. The red squares (upper spinodal pressure pus ), pink dots (lower
spinodal pressure pls ) and orange triangles (midpressure pmid ) are calcula-
ted by means of the mean-�eld model described in Sections 4.4 and 4.5 using
the parameters from Eq. (4.86). The size L of the nanoparticles is plotted on a
logarithmic scale in order to be able to cover the wide range of sizes ranging
from 2 nm to bulk, which is arbitrarily set at 104 nm. For better visibility the
pressure is plotted in a linear scale in (a) and a logarithmic scale in (b). The ra-
pid variation of the calculated pressures for nanoparticles smaller than 10 nm
marks the transition from core-dominated to surface-shell-dominated beha-
vior (see Fig. 4.24). In a 9.7 nm nanocube the surface-shell and core volumes
are equal (i.e. д = 0.5).

(i.e. to a fully incoherent coexistence [88] of the dilute α-PdHx and
concentrated β-PdHx phases). Thus, it is tempting to conclude that
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this does also happen in nanoparticles. However, the large hystere-
sis found experimentally in nanoparticles, makes it necessary to pos-
tulate that during absorption the concentration of H in α-PdHx in-
creases until a concentration close to the upper spinodal concentra-
tion [89] xus is reached (namely the lowest concentration x for which
the pressure-composition isotherms exhibit an extremum, see also
Fig. 4.1). These expectations can be substantiated by considering the
hysteresis measured during hydrogen absorption-desorption cycles
at constant temperature. Considering hysteresis is especially relevant
when isotherms exhibit sloping plateaus. In contrast to pressure data
and the corresponding Van ’t Ho� plots which all critically depend on
the chosen concentration in the middle of the plateaus, the hysteresis
is much better de�ned (see Fig. 4.6).

4.3 isotherm hysteresis

The large size dependence of the enthalpy and the entropy found for
14, 32, 65 and 110 nm nanocubes [69] is probably due to several factors:

• Uncertainties in the determination of the critical concentration
at which the plateau pressure must be evaluated for the Van ’t
Ho� analysis,

• the use of the midpressure pmid as representative of the intrin-
sic thermodynamic properties of PdHx nanocubes, and

• a relatively narrow temperature range.

As shown in Fig. 4.6, the frist two di�culties can be avoided by
considering the isotherm hysteresis. Its magnitude is de�ned as the
logarithm of the ratio of the absorption and desorption plateau pres-
sures (lnpabs − lnpdes ). This implies that the y-axis in Fig. 4.7 is well
determined and that the critical temperatureTc can be obtained from
the temperature-dependent hysteresis (see Section 4.3.3 and Fig. 4.8).
The usefulness of hysteresis versus temperature data has been discus-
sed in detail by Pundt and Kircheim [85].
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Figure 4.6. (a), Illustration the hysteresis. The data are for a 32 nm nanocube
ensemble measured by Bardhan et al. [69] The arrows of a given color all
have the same length. (b), The hysteresis, i.e. the di�erence

(
lnpabs − lnpdes

)
,

does not critically depend on concentration. Nevertheless, it is possible to
determine all important thermodynamic quantities (e.g.Tc as the intersection
between the two curves) from it.

As the hysteresis vanishes at the critical temperature, one expects
a scaling law of the form (see Section 4.3.2)

ln

(
pabs (T ,L)
pdes (T ,L)

)
= f

(
Tc (L)

T

)
(4.4)

whereTc (L) is the critical temperature of a nanoparticle of size L and
f is a function such that f (1) = 0. Figure 4.7 shows that the hysteresis
of essentially all measured Pd nanocubes falls within the theoretical
full-spinodal and half-spinodal hysteresis curves. This is completely
di�erent from the behaviour of bulk Pd [87] depicted as black stars
in Fig. 4.7. Data for a 50 nm Pd �lm [90] and a free standing 65 nm
�lm [86] exhibit a behavior intermediate between nanocubes and bulk
Pd.

77



thermodynamic model for pd and pdh nanoparticles

0.0

0.5

1.0

1.5

2.0

ln
 (

p
 /
 p

)
a
b

s
d

e
s

1.0 1.2 1.4 1.6 1.8

T  / T c

Wadell
 23 nm nanocubes

 34 nm nanocubes

 66 nm nanocubes

Feenstra et al. 
 50 nm film

Yamauchi et al.
 7 nm nanoparticles

Syrenova et al.
 Single nanocubes

(17 - 65 nm)

Bardhan et al.
 110 nm nanocubes

 65 nm nanocubes

 32 nm nanocubes

 14 nm nanocubes

Pivak et al.
 65 nm free standing film

Bulk palldium
 Laesser & Klatt

 Picard et al.

 de Ribaupierre & Manchester

40

63
60
54

45

43

42

32

30

30

24

18

65

61

60

57

484848

45

40

38

17

17

Figure 4.7. Scaling law for the hysteresis. The hysteresis is plotted as a
function of the inverse absolute temperatureT normalized to the critical tem-
perature Tc for Pd nanocubes (Bardhan et al. [69], Wadell [73], Yamauchi et
al. [68], and the single nanocube data of Syrenova et al. [74] (the numbers
next to the circles indicate the sizes of the respective nanocubes)), Pd �lms
(Feenstra et al. [90], and Pivak et al. [86]), and bulk Pd [87]. The determination
of the critical temperatures is described in Section 4.3.5. The red line corre-
sponds to the full-spinodal hysteresis obtained from Eq. (4.10), the blue line to
the 45 %-spinodal and the green line is the full-spinodal hysteresis obtained
from a �t to the desorption data of bulk Pd critically analyzed by Manchester
et al. [47] described in Section 4.4.1. The black dashed lines through the bulk
data and the free standing �lm are a guide to the eye. The shaded blue area
is the hysteresis region of the scaling law.

4.3.1 The Lattice Gas Model

The full-spinodal line in Fig. 4.7 is calculated as follows. In the sim-
plest mean-�eld description of a lattice gas [91, 92], for example H in
Pd, the isotherms are given by

1
2
lnp = ln

(
x

b − x

)
+
∆H∞ −Ax

RT
−
∆S

R
(4.5)
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where x = H/Pd, ∆H∞ is the enthalpy of hydrogen solution in Pd (i.e.,
∆H in the limit x → 0), b is a blocking factor, and A is the magnitude
of the long-range e�ective H-H interaction. The critical temperature
is

Tc =
Ab

4R
. (4.6)

The spinodal concentrations xus and xls de�ned by the condition

∂ lnp
∂x

����
T
= 0 (4.7)

are

xus =
b

2
(1 − z) (4.8)

and

xls =
b

2
(1 + z) . (4.9)

For temperatures below the critical temperature Tc , the pressure-
composition isotherms described by Eq. (4.5) exhibit a local maxi-
mum with pressure pus (the upper spinodal pressure) at concentra-
tion xus and a local minimum with pressure pls (the lower spino-
dal pressure) at concentration xls (see Fig. 4.1). The calculated curve
between xus and xls is thermodynamically not allowed as the che-
mical potential (proportional to lnp) decreases with increasing con-
centration. The maximum hydrogen absorption pressure is pus and
the minimum desorption pressure pls . Consequently, the maximum
absorption-desorption hysteresis is ln

(
pus/pls

)
. The corresponding

full spinodal hysteresis is

ln

(
pus
pls

)
= 8

Tc
T
z + 4 ln

(
1 − z
1 + z

)
(4.10)

with z =
√
1 −T /Tc . It is noteworthy that the hysteresis ln

(
pus/pls

)
only depends on the ratio T /Tc . The full-spinodal hysteresis (red
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curve in Fig. 4.7) is the largest possible hysteresis in an absorption-
desorption cycle (see Fig. 4.1). It is only realized, if the nanocube re-
mains in a supersatured α-PdHx phase during hydrogen uptake, until
the lower spinodal concentration xus is reached. During hydrogen re-
lease the nanocube remains in the concentrated β-PdHx phase as long
as x > xls .

All the measured hystereses ln
(
pus/pls

)
in Fig. 4.7 fall between the

100 % spinodal hysteresis (red curve) and the 45 % hysteresis value
(blue curve), de�ned as 0.45 × ln

(
pus/pls

)
. This, together with the

large di�erence between the absorption and desorption pressures in
Fig. 4.5, indicates that hydrogen absorption occurs atpabs ≈ pus . Whe-
reas the desorption at pdes occurs at a pressure intermediate between
the Maxwell pressure pM [82] and the lower spinodal pressure pls .

One expects that hydrogen absorption proceeds coherently as pre-
dicted by the theory of Schwarz and Khachaturyan [80, 81] while
an incoherent coexistence of α- and β-PdHx phases occurs during
desorption as is the case in bulk Pd samples [88]. There is, however,
a clear tendency towards a full spinodal hysteresis in Fig. 4.7, when
Tc/T goes towards 1 (see also Fig. 4.10).

It is noteworthy that the 7 nm nanoparticles of Yamauchi et al. [68]
and the 22.5, 34.1 and 65.7 nm nanocubes of Wadell [73] are systemati-
cally closer to full hysteresis than the Bardhan et al. [69] nanocubes. It
is unlikely that di�erence is due to local heating e�ects as the scaling
law is remarkably robust (see Section 4.5.3). For the smallest nano-
particles, Fig. 4.5 indicates that there is still a small hysteresis. It is
probably related to the experimental methods used in the publicati-
ons. As the small width of the ’plateaus’ at 300 K measured by Sachs
et al. [83] indicates a critical temperature close to or below 300 K. The
same applies to the isotherms measured by Wadell et al. [72] on 2.7 and
5.3 nm Pd nanoparticles and those of Yamauchi et al. [68] on 2.6 nm
nanoparticles.

At this point, one might question, whether the simple expression in
Eq. (4.10) has any practical relevance. To demonstrate its importance,
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a more general mean �eld model including non-linear H-H interacti-
ons �tted to the bulk Pd isotherms is developed in the following secti-
ons.

4.3.2 Hysteresis Scaling Lawwith Non-linear E�ective H-H Interaction

In Section 4.3 the scaling law for the hysteresis (see Eq. (4.5)) is de-
rived for the simplest possible case: a lattice gas with blocking fac-
tor and a linear attractive H-H interaction. In this section, I want to
demonstrate that an analytically solvable lattice gas model with a li-
near attractive (elastic) H-H interaction −Ax and a quadratic repul-
sive (electronic) H-H interaction Fx2 results in a similar scaling law.
In equilibrium the equality of the chemical potentials is written as:

1
2
lnp = ln

(
x

1 − x

)
+
∆H∞ −Ax + Fx

2

RT
−
∆S

R
. (4.11)

Both, A and F are positive.

Similar to the linear case in Section 4.3.1, the critical temperature,
pressure and concentration are determined by the following three
conditions

∂ lnp
∂x

����
T=Tc

= 0 (4.12a)

∂2 lnp
∂x2

�����
T=Tc

= 0 (4.12b)

∂3 lnp
∂x3

�����
T=Tc

≥ 0. (4.12c)

From the conditions in Eqs. (4.12a) and (4.12b) follows that

RTc =
(
A− 2FxC

)
xC

(
1 − xC

)
(4.13a)
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and

RTc = Fx2C
2
(
1 − xC

)2
1 − 2xC

. (4.13b)

Equations (4.13a) and (4.13b) lead to the following expression for
the critical concentration xC

xC =
1
2q

(
1 + 2q −

√
1 − 2q + 4q2

)
(4.14)

with

q =
F

A
. (4.15)

If the quadratic H-H interaction term vanishes, i.e., when F = 0 then
xC = 1/2 and the critical temperature is

Tc0 =
A

4R
(4.16)

For the general case with q , 0,

Tc = 4Tc0
(
1 − 2qxC

)
xC

(
1 − xC

)
. (4.17)

A full analytic expression for Tc is obtained by inserting xC from
Eq. (4.14) into Eq. (4.17). Resulting in

Tc
Tc0
= −

1
27q2
×(

2 − 6q − 12q2 + 16q3 −
(
2 − 4q + 8q2

) √
1 − 2q + 4q2

)
.

(4.18)

It explicitly shows that Tc/Tc0 depends only on the ratio q = F/A.

Using these results, we can calculate the upper and lower spinodal
pressurespus andpls . By de�nition the spinodal compositions xus and
xls are determined by the condition

∂ lnp
∂x

����
T
= 0 (4.19)
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Following the same procedure as for Eq. (4.17) we now obtain

T

Tc0
= 4

(
1 − 2qxus/ls

)
xus/ls

(
1 − xus/ls

)
, (4.20)

which implies that the spinodal concentrations only depend on q and
T /Tc0 . For the spinodal hysteresis we consequently have

ln

(
pus
pls

)
=2 ln

(
xus

(
1 − xls

)
xls

(
1 − xus

) ) +
8
Tc0
T

(
xus − xls

) (
q

(
xus + xls

)
− 1

)
.

(4.21)

Using the de�nitions from Eqs. (4.14), (4.17) and (4.20), Eq. (4.21) im-
plies that

ln

(
pus
pls

)
= h

(
T

Tc
,
Tc
Tc0

)
. (4.22)

The analytic expression for the function h turns out to be rather com-
plicated. For the special case q = 0, i.e., whenTc/Tc0 = 1 it is, however,
simply

h (z, 1) = 8
Tc
T
z + 4 ln

(
1 − z
1 + z

)
(4.23)

with z =
√
1 −T /Tc . Numerically one can show that the following

expression is a very good approximation of the exact analytic result

h
(
z,Tc/Tc0

)
'

1
2

(
1 +

Tc
Tc0

)
h (z, 1) '

(
1
2
+ xC

)
h (z, 1) (4.24)

As xC is typically 0.3 the scaling law is within 20 % the same as in
Eq. (4.23).

In Section 4.4.1, the model is used to accurately reproduce the isot-
herms of bulk Pd over a wide range of temperatures from 194.5 K to
710 K (covering the full thermodynamically relevant range from be-
low to well above the critical point Tc = 566 K). The result is dis-
played in Fig. 4.14. It also shows that the measured desorption pla-
teau pressures are very close to pM , obtained by applying Maxwell’s
construction [82] to the calculated isotherms.
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Although the model involves a temperature dependent enthalpy of
solution, non-linear e�ective H-H interactions and a temperature and
concentration dependent excess entropy, the calculated full-spinodal
hysteresis is very close to that predicted by the simple Eq. (4.10) (see
Fig. 4.7).

4.3.3 Spinodal Hysteresis and the Critical Temperature

The determination of the critical temperature for the Pd-PdH phase
transition is crucial for describing the thermodynamics of a given sy-
stem. However, it can be a very challenging task do so with given
experimental constraints. As the hysteresis vanishes at the critical
temperature it is tempting to determine Tc from the crossing point
of the absorption and desorption Van ’t Ho� plots. It only works if

• the experimental data are available for temperatures close toTc ,

• the Van ’t Ho� plots are linear,

• or enthalpy and entropy data are available for hydrogen absorp-
tion and desorption close to Tc .

In real systems it is not always possible to ful�ll these conditions. The-
refore, we need alternatives to describe these systems.

4.3.4 Non-Linearity of Van ’t Ho� Plots

If entropy and enthalpy data close to T = Tc available or if the Van ’t
Ho� plot are linear in the full temperature range, one can determine
the critical temperature simply by using

Tc =
∆Habs − ∆Hdes

∆Sabs − ∆Sdes
. (4.25)
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However, this procedure is not valid for systems with a large hyste-
resis, i.e. with a hysteresis comparable to the full spinodal hysteresis.
The Van ’t Ho� plots versus 1/T are then inherently curved. This can
be easily demonstrated by means of the simplest lattice gas model
with pressure-composition isotherms given by Eq. (4.5).

The upper and lower spinodal pressures are

lnpus = 2 ln
(
1 − z
1 + z

)
+ 2

∆H∞ −Ab (1 − z)
RT

− 2
∆S

R
(4.26)

and

lnpls = 2 ln
(
1 + z
1 − z

)
+ 2

∆H∞ −Ab (1 + z)
RT

− 2
∆S

R
(4.27)

with

z =

√
1 − 4

RT

Ab
. (4.28)

At the critical point, the two spinodal concentrations and pressures
coincide. Thus

xls − xus = 0⇒ Tc =
Ab

4R
(4.29)

In this case, z can be rewritten as z =
√
1 −T /Tc and the full spinodal

hysteresis given by Eq. (4.10) only depends on the scaled temperature
T /Tc .

From Eqs. (4.26) and (4.27) it is evident that Van ’t Ho� plots corre-
sponding to the upper spinodal pressure (for absorption) and the lo-
wer spinodal pressure (for desorption) are not linear. This is in sharp
contrast with the Maxwell plateau pressures given by

lnpM = 2
(
∆H∞
R
− 2Tc

)
·
1
T
− 2

∆S

R
. (4.30)

The non-linearity of Van ’t Ho� plots can have severe e�ects on
the determination of the critical temperature. When determining Tc
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Figure 4.8. Spinodal pressures and hysteresis calculated with the simplest
mean �eld model (see Eqs. (4.10), (4.26), (4.27) and (4.30)) with typical ther-
modynamic values (∆S = −65.39 J/K/mol

(
H
)
). (a), Upper and lower spino-

dal pressures (pus , pls , red and pink lines), and the Maxwell pressure (pM ,
orange line), plotted on a logarithmic scale versus the reciprocal temperature.
The red and pink dots represent data generate using the full-scale model for
temperatures between 300 K and 380 K. The black dashed lines are linear �ts
to these data points. As clearly seen in the inset these two lines cross at a
temperature T ∗ that is much lower (violet dot at T ∗ = 439 K) than the true
critical temperature Tc = 500 K. It is noteworthy that the Maxwell pressure
pM behaves perfectly linear. (b), Full spinodal hysteresis (green line) plotted
on the same temperature scale as in (a), together with linear �ts correspon-
ding to the dashed black curves in (a). In both the underestimation of the
critical temperature as is visible.

as the point of intersection of the linearly extrapolated absorption
and desorption pressures, one underestimates the critical temperature
dramatically. This is shown in Fig. 4.8(a) for typical thermodynamic
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4.3 isotherm hysteresis

parameters, where di�erence between the estimated and real critical
temperature is as large asT ∗ −Tc = 61 K. The same underestimation is
obtained when �tting the hysteresis versus inverse temperature cur-
ves with straight lines (see Fig. 4.8b).

4.3.5 Determination of Tc for Non-Linear Pressure Data using Data
Collapse

This section describes a method for determining the critical tempera-
ture based on the assumption, a scaling law of the form indicated in
Eq. (4.4) exists, i.e.

hysteresis (T ,L) = ln

(
pabs (T ,L)
pdes (T ,L)

)
= f

(
Tc (L)

T

)
. (4.31)

It is important to stress that the procedure does not relay on any
a priori assumptions about the function f except for f (1) = 0. As
shown in the following lines, it is possible to determine the function
f simply, by using the data of Bardhan et al. [69] for 4 di�erent sizes
of nanocubes. Equation (4.31) implies a connection for the hysteresis
data of two particles of sizes L1 and L2. Data points of equal hysteresis
satisfy

hyst.
(
T1,L1

)
= f

(
Tc

(
L1

)
T1

)
=

hyst.
(
T2,L2

)
= f

(
Tc

(
L2

)
T2

)
.

(4.32)

As the function f is single-valued this means that

Tc
(
L1

)
T1

=
Tc

(
L1

)
T1

→
T1
T2
=
Tc

(
L1

)
Tc

(
L2

) = const. (4.33)

Equation (4.33) allows to rescale the temperatures of every hystere-
sis data set to collapse them on one curve. In Fig. 4.9(a) this is applied
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Figure 4.9. (a), Collapsed data of the temperature dependence of the hystere-
sis of 14 nm, 32 nm, 65 nm and 110 nm Pd nanocubes by Bardhan et al. [69] (the
original values are taken from their Table S2) using the described procedure.
The �t corresponds to the model described in Eq. (4.34) with k = 0.45. (b), The
critical temperatures for the di�erent nanocubes of Bardhan et al. [69] �tted
with k = 0.45 are 441 K, 481 K, 523 K and 556 K. c. The Yamauchi et al. [68] hys-
teresis of their 7 nm nanoparticles �tted with a standard linear interpolation
(red dotted line) and Eq. (4.34) with k = 0.71 resulting in Tc = 428 K instead
of 403 K with the linear approximation. For all three panels the temperature
scale is reciprocal.

to the data of Bardhan et al. [69], where the temperature of the data
points for the 14 nm, 32 nm and 65 nm nanocubes are rescaled relative
to the 110 nm cubes. The collapsed curve is well described by

ln

(
pabs
pdes

)
= k ·

(
8
Tc
T
z + 4 ln

(
1 − z
1 + z

))
(4.34)
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with k = 0.45 and Tc = 556 K. As all data have been rescaled with re-
spect to the 110 nm data,Tc = 556 K is, thus, the critical temperature of
the 110 nm nanocubes. The scaling factors, necessary for data collapse,
allow to calculate the critical temperatures for the 14 nm, 32 nm and
65 nm nanocubes directly. Alternatively, one can �t Eq. (4.34) with
k = 0.45 to the data sets of the individual nanocubes, resulting in
Tc (14 nm) = 441 K, Tc (32 nm) = 481 K, and Tc (65 nm) = 523 K.
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Figure 4.10. (a), Hysteresis of bulk palladium measured by Laesser and
Klatt [87], Picard et al. [93] and de Ribaupierre & Manchester [94, 95], sho-
wing that for temperatures close to the critical temperature, the full spinodal
hysteresis is obeyed. (b), Dataset of Pivak et al. [86] on 65 nm free standing
palladium �lms exhibiting a similar behavior as bulk Pd. By �tting the full spi-
nodal model to the points closest to the critical point, one �nds Tc = 532 K.

In bulk palladium and thin �lms the hysteresis is much narrower
than the full spinodal hysteresis. Therefore, the spinodal model is not
applicable to determine the critical temperatures of such systems. Ho-
wever, as stated by de Ribaupierre and Manchester [94, 95], close to
the critical point, even bulk-like systems exhibit hystereses close to
the full spinodal hysteresis (see Fig. 4.10(a)). Hence, by �tting the full
spinodal hysteresis model with k = 1 to measurement points close to
the critical temperature, we are able to estimate the critical tempera-
ture for a free-standing Pd �lm that behaves bulk-like (Fig. 4.10(b)).
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4.3.6 Overview of Pd Nanoparticle Critical Temperatures

The existing data about Tc are depicted in Fig. 4.11. The critical tem-
peratures of Bardhan et al. [69] and Yamauchi et al. [68] are determi-
ned by the method described in Section 4.3.5 (Bardhan et al. [69] with
k = 0.45 and Yamauchi et al. with k = 0.71). The temperature range of
Wadells [73] data is very small. Therefore, it is not possible to apply a
data collapse analysis to determine the function f experimentally, as
done for the Bardhan et al. [69] data. In such a case, one can only esti-
mate the critical temperatures roughly by means of Eq. (4.25). The cor-
responding Tc values are Tc (22.5 nm) = 443 K, Tc (34.1 nm) = 498 K,
and Tc (65.7 nm) = 467 K.
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Figure 4.11. (a), Critical temperatures of Pd-H nanocubes as a function of their
inverse size 1/L. The references are Bardhan et al. [69], Wadell [73] , Baldi et
al. [70] and bulk [87]. The mean-�eld model predicts two critical points (see
Fig. 4.24). The open red squares correspond to the Tc associated with the
surface-shell of the nanocube. The �lled red squares indicate the critical tem-
perature related to the core. The blue line Tc = 566 − 2381/L is a linear �t
to the experimental nanocube data with �xed intercept of 566 K at 1/L = 0,
as the critical temperature of bulk Pd-H is accurately known. (b). Compari-
son of our model critical temperatures to those calculated by Weissmüller and
Lemier [96] (WL) for a somewhat comparable system, i.e. nanocrystalline ma-
terials made of nanosized grains separated by 0.9 or 1.1 nm grain boundaries.
The dashed lines are guides to the eye.
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The Pd nanoparticle critical temperature at 246 K (brown dot in
Fig. 4.11(a)) is estimated from Baldi et al.’s [70] absorption and desorp-
tion data measured at 246 K for nanocubes in the range of 13 nm to
29 nm shown in Fig. 4.12. To determine an estimate for the nanocube
size that would have a critical temperature of 246 K, their absorption
pressures were �tted to a straight line. As the desorption pressures
are increased by electron beam heating in an uncontrolled fashion,
only the lowest lying points (corresponding to the 13 nm, 15 nm, 21 nm,
28 nm and 29 nm nanocubes) are used. The intersection of these two
lines suggests a vanishing hysteresis at a nanocube size of approxima-
tely 8 nm. It is noteworthy, that the vanishing of hysteresis predicted
by the mean-�eld model (described in details in Section 4.4) is actually
around 7 nm, although the desorption data of Baldi or other literature
values for nanoparticles this size did not enter the �tting procedure
(see Fig. 4.17).

The data of Weissmüller and Lemier [96] are included for compa-
rison, even though, they consider a related, but clearly di�erent si-
tuation. They calculate the critical temperature of a nanocrystalline
material consisting of nanosized grains separated by grain bounda-
ries of various thickness (0.9 nm, 1 nm and 1.1 nm). They assume that
there is no separation into α-PdHx and β-PdHx phases within the
grain boundaries in which the concentration dependence of the che-
mical potential is assumed to be negligible. In the model developed
in Section 4.4.2, both core and surface-shell, can exhibit α-PdHx and
β-PdHx phases and the hydrogen concentration in the surface-shell
is directly determined by the chemical potential of the surrounding
hydrogen gas.

The size dependence of the critical temperature Tc (in degrees Kel-
vin) calculated with the mean-�eld model described in Section 4.4 is
well represented by

Tc ≈ 565.5 −
2230
L

(4.35)

for nanocubes/nanoparticles with sizes L > 10 nm. For smaller nano-
structures Tc remains within the range of 250 K and 310 K. The exis-
tence of two critical temperatures in Fig. 4.11 is a direct consequence
of the core- and surface-shell structure assumed in our nanoparticle
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Figure 4.12. Absorption (dots) and desorption (open circles) plateau pressures
measured by Baldi et al. [70] at 246 K for a series of nanocubes. As discussed
by the authors only the absorption pressures can be measured reliably by
EELS [70]. The dashed lines are linear �ts to determine the nanocube size
with Tc at 246 K.

model. The critical temperatures calculated by Weissmüller and Le-
mier [96] for a somewhat comparable system (nanocrystalline Pd-H
with grain boundary thicknesses of 0.9 nm and 1.1 nm), exhibit a simi-
lar decrease of Tc with increasing 1/L.

4.4 qantitative mean-field model

The preceding conclusions are further substantiated by the quanti-
tative comparison of experimental data and isotherms calculated by
means of a mean-�eld model for the pressure-composition isotherms.
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4.4.1 Quantitative Model for the Pressure-Composition Isotherms of
Bulk PdHx

We �rst start by introducing a PdHx model, describing the well known
bulk PdH pressure-composition isotherms. The model is a re�ned ver-
sion of mean-�eld models introduced by Brodowsky [97], Wicke et
al. [98], Wicke and Blaurock [88], Salomons et al. [99], Hemmes et
al. [100] and Feenstra et al. [90]. It is based on the following expres-
sion for the pressure-composition isotherms of H in bulk Pd,

1
2
lnp = ln

(
x

1 − x

)
+
∆H∞ +Helast +Hel

RT
−
∆S

R
. (4.36)

The enthalpy of solution (in J/molH) is

∆H∞ = −14770 − 12.94 ×T , (4.37)

whereT is the absolute temperature in K. The expression in Eq. (4.37)
is a linear representation of the experimental enthalpy data collected
in the book of Manchester [47], summarizing the results published in
11 articles about the temperature variation of the enthalpy up to 920 K.
The attractive elastic H-H interaction enthalpy is given by

Helast (x) = −

∫ x

0

BV 2
H

V
dx , (4.38)

where B is the bulk modulus,V the molar volume of PdHx , x the ratio
of hydrogen to palladium atoms in PdHx , and VH the partial molar
volume of H in PdHx . Equation (4.38) can be expressed in polynomial
form by [101]

Helast = −63640x + 40170x2 − 9740x3. (4.39)

The repulsive electronic H-H interaction is taken as

Hel = 7248x +
87955x4.1791

ζ + x4
(4.40)

with ζ = 1.0648. It mainly depends on the hydrogen concentration
dependence of the Fermi energy of PdHx . The non-linear term arises
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Figure 4.13. Elastic (green), electronic (blue) and total e�ective H-H inte-
raction (red). The curves are calculated by means of Eqs. (4.39) and (4.40).

from the electronic d-band of Pd [90]. The compact analytical expres-
sion in Eq. (4.40) reproduces accurately the electronic contribution to
the enthalpy shown in Fig. 2 of a publication by Hemmes et al. [100].
The total e�ective H-H interaction corresponding to the sum ofHelast
and Hel , is depicted in Fig. 4.13.

The entropy is given by

∆S = − 71.78 + 0.0702T − 6.88 × 10−5T 2 + 2.89 × 10−8T 3

− 29.23x + 9.15x2 + 54.83x3.
(4.41)

The concentration x dependence of the entropy in Eq. (4.41) is taken
from Eq. (6) in [101]. The temperature T dependence of the entropy
is mainly due to the contribution of the optical phonons in PdHx .

The pressure-composition isotherms calculated, by using Eqs. (4.37)
and (4.39) to (4.41) together with Eq. (4.36), are shown in Fig. 4.14. They
are in excellent agreement with the measured desorption isotherms
of H in bulk Pd if one applies Maxwell’s construction to determine the
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Figure 4.14. Pressure-composition (P-C) isotherms of bulk Pd compared to
those calculated (colored lines) with the mean-�eld lattice gas model. The
experimental data (colored circles) taken from Manchester et al. [47] are for
hydrogen desorption.

incoherent desorption plateau pressures. This con�rms the early con-
clusions of Wicke and Blaurock [88], that the desorption isotherms
represent the true strain-free equilibrium; the absorption branches
represent instead, an equilibrium under mechanical constraints.

4.4.2 Quantitative Model for Nanoparticle Isotherms

To describe the behavior of PdHx nanoparticles one needs to in-
troduce several changes compared to the bulk model described in
Section 4.4.1. The basic assumptions are similar to that of Weissm-
üller and Lemier [96, 102] and Baldi et al. [70]. As proposed by Sachs
et al. [83], hydrogen can be accommodated at subsurface sites in a
surface-shell of thickness t and at sites in the core of a nanoparticle
(see Fig. 4.15). The volume fraction д of surface-shell sites is de�ned
as

д =
Vshell

Vshell +Vcore
= 1 −

(
1 −

2t
L

)3
(4.42)
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and the total concentration of hydrogen in the nanoparticle xtotal is
given by

xtotal =
(
1 −д

)
xcore +дxshell , (4.43)

where xshell is the H concentration in the surface-shell of volume
Vshell and xcore is the H concentration in the nanoparticle core of
volume Vcore .

L

Surface-shell

t

Core

ΔH  < Hshell bulkΔ

Figure 4.15. Nanocube con�guration used for the mean-�eld calculations of
the isotherms in Section 4.4.2.

During H absorption, the enthalpy of solution ∆H∞
shell for surface-

shell sites is more negative than∆H∞
core for core sites [99, 102, 103] and

the surface-shell H concentration xshell is larger than xcore . This leads
to H-dependent internal strains and, consequently, to H-dependent
enthalpies in addition to the usual elastic and electronic e�ective H-H
interactions, which are assumed to be the same as in bulk Pd. Surface
tension [99, 104] and clamping contributions [105] to the enthalpy of
hydride formation [106] are taken into account by the model, too.

The important additions to account for the size-dependence in the
enthalpies, are the following:
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• Adjustment of the enthalpy of H solution at the subsurface sites,
with

∆H∞sur f < ∆H∞core (4.44)

• A size-dependent surface tension enthalpy

Hsur f (L) =
u

L
(4.45)

with the energy u depending essentially on the surace tension
of Pd (see [105]).

• An adjusted elastic H-H interaction enthalpy, to allow for the in-
�uence of partial clamping by the substrate and/or an eventual
surface contaminant or surfactant layers, and for an eventual
di�erence of elastic properties between core and surface-shell.
Thus, the attractive elastic H-H interaction enthalpy is allowed
to be size dependent, such that

Helast (L) = Hbulk
elast ·

(
1 −

w

L

)
, (4.46)

where w is an e�ective clamping thickness.

The repulsive electronic H-H interaction enthalpy Hel is assumed to
be the same both for H in the core of the nanoparticle and in its
surface-shell. Additionally, Hel shall not depend on the size of the
nanoparticle. The same applies for the entropy.

4.4.3 Elastic Coupling between Surface-shell and Core of the Nanopart-
icle

As the enthalpy of H solutions at surface-shell sites is more negative
than at core sites, the resulting larger surface H concentration leads
to an expansion of the surface-shell, which expands also the inner
part (i.e., the core) of the particle. The problem of elastic coupling be-
tween surface-shell and core of a nanoparticle has repeatedly been
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considered in the past. Relevant is, here, the calculations of Pasquini
et al. [107]. They considered the e�ect of elastic constraint on the
thermodynamics of hydrogen absorption and desorption in composite
core-surface-shell nanoparticles, where the core is a hydride forming
metal and the surface-shell is made of a di�erent material that does
not absorb hydrogen. For a core containing a hydrogen concentration
xcore = H/Pd surrounded by a surface-shell without hydrogen they
�nd that

∆Vconstr
Vcore

= −
xcoreVH
VPd

×

2η
(
ρ3 − 1

)
2
(
1−2νshell
1−2νcore

)
+ ρ3

(
1+νshell
1−2νcore

)
+ 2η

(
ρ3 − 1

) , (4.47)

where ∆Vconstr /Vcore is the relative volume change of the hydride
due to elastic constraint of the non-hydrogen-absorbing surface-shell
and ρ is the ratio of the radius of the entire particle (i.e. core plus
surface-shell) and the radius of the core, given by:

ρ =
L/2

L/2 − t
=

1
1 − 2t/L

. (4.48)

η is the ratio of the surface-shell and core Young moduli

η =
Eshell
Ecore

, (4.49)

andνcore andνshell are the Poisson ratios of the core and surface-shell,
respectively.

For Pd nanoparticles, consisting of a core and a surface-shell, one
expects at �rst approximation that the elastic constants of the surface-
shell are the same as those of the core. This implies that η = 1 and
νcore = νshell and consequently

∆Vconstr
Vcore

= −
xcoreVH
VPd

2
(
ρ3 − 1

)
2 + ρ3

(
1+ν
1−2ν

)
+ 2

(
ρ3 − 1

) . (4.50)
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After a hydrogen concentration xcore has been added to the core,
the overall relative volume change of the core is

∆Vcore
Vcore

= −
xcoreVH
VPd

©«1 −
2
(
ρ3 − 1

)
2 + ρ3

(
1+ν
1−2ν

)
+ 2

(
ρ3 − 1

) ª®®®¬ . (4.51)

This relation takes a much simpler form, when expressed in terms
of the parameter д de�ned in Eq. (4.42), as

д = 1 −
(
1 −

2t
L

)3
= 1 −

1
ρ3

. (4.52)

Equation (4.51) reduces then simply to
∆Vcore
Vcore

= λxcore
(
1 −γд

)
. (4.53)

with λ = VH /VPd and

γ =
2
3

(
1 − 2ν
1 − ν

)
. (4.54)

The relation γ , including the Poission ratio ν , is well known from
linear elasticity theory of a spherical particle [79]. For Pd, ν = 0.39
and γ = 0.24. As discussed by Fukai [43] and Feenstra et al. [90], γ
is not necessarily given by Eq. (4.54) and can in practice be as large
as 1. For the model γ is considered as a free coupling parameter. The
value in Eq. (4.54) corresponds to a perfect elastic coupling. A vanis-
hing γ corresponds to a complete decoupling between surface-shell
and core, and γ = 1 corresponds to an elastic enthalpy which depends
essentially only on the total concentration xtotal .

In a composite particle consisting of an inner core surrounded by
a surface-shell, absorption of a hydrogen concentration xcore in the
core and xshell in the surface-shell leads to relative volume changes
of the core and surface-shell that depends both on xcore and xshell .

We denote these relative volume changes as
∆Vcore
Vcore

(
xcore ,xshell

)
(4.55)
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and

∆Vshell
Vshell

(
xcore ,xshell

)
. (4.56)

Hence, Eq. (4.53) corresponds to

∆Vcore
Vcore

(
xcore ,xshell = 0

)
= λxcore

(
1 −γд

)
(4.57)

and the relative dilation of the surface-shell is

∆Vshell
Vshell

(
xcore ,xshell = 0

)
= λxcoreγ

(
1 −д

)
. (4.58)

Following the same approach as Pasquini et al. [107] it is straig-
htforward to derive expressions for the case where hydrogen is only
absorbed by the surface-shell while keeping the core free of hydrogen.
Then, we have for the relative volume expansion of the core

∆Vcore
Vcore

(
xcore = 0,xshell

)
= λxshellγд, (4.59)

and for the surface-shell

∆Vshell
Vshell

(
xcore = 0,xshell

)
= λxshell

(
1 −γ

(
1 −д

) )
. (4.60)

In the general case with a hydrogen concentration xcore > 0 in the
core and xshell > 0 in the surface-shell we obtain

∆Vcore
Vcore

(
xcore ,xshell

)
= λ

(
xcore +

(
xshell − xcore

)
γд

)
(4.61)

for the core, and

∆Vshell
Vshell

(
xcore ,xshell

)
= λ

(
xshell +

(
xcore − xshell

)
γ

(
1 −д

) )
(4.62)

for the surface-shell.

Exactly the same relations can be derived from the work of Rocken-
berger et al. [108]. The authors consider a situation where the core and
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a surface-shell have di�erent lattice spacings. As a result of epitaxial
growth this lattice mismatch induces deformations of the core and the
surface-shell governed by the shrink-�t condition stated in Eq. (A2)
of Rockenberger et al. [108]. The isotropic strain inside the core of the
same publication states (Eq. (A4))

∆Vshr ink−f it

Vcore
=3

(
ashell − acore

a

)
2δ

(
3 + 3δ + δ 2

)
3
(
1 + δ

)3 (
1 − 2ν
1 − ν

) (4.63)

and the relative volume change in the surface-shell (Eqs. (A5) and
(A6))

∆Vshr ink−f it

Vshell
=

(
ashell − acore

a

)
·
2 (1 − 2ν )(
1 + δ

)3(−2 (
1 − 2ν − 3 (1 + ν ) ln

(
1 + δ

) )
3δ (1 − ν )

(
3 + 3δ + δ 2

) +

−2
(
2 − 4ν + 3 (1 + ν ) ln

(
1 + δ

) )
3δ (1 − ν )

(
3 + 3δ + δ 2

) )
(4.64)

∆Vshr ink−f it

Vshell
= −3

(
ashell − acore

a

)
2

3
(
1 + δ

)3 (
1 − 2ν
1 − ν

)
(4.65)

with δ being the ratio of surface-shell thickness t and the radius of
the core L/2 − t ,

δ =
t

L/2 − t
. (4.66)

These expressions take a much simpler form when expressed in
terms of our volume fraction parameter д as

д =
δ(

δ + 1
)3 (

3 + 3δ + δ 2
)

(4.67)
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and

1 −д =
1(

δ + 1
)3 . (4.68)

Introducing these two relations together in Eqs. (4.63) and (4.65)
gives

∆Vshr ink−f it

Vcore
= 3

(
ashell − acore

a

)
дγ (4.69)

and
∆Vshr ink−f it

Vshell
= −3

(
ashell − acore

a

) (
1 −д

)
γ . (4.70)

To relate this to the situation where both core and surface-shell
have di�erent lattice spacings as a result of di�erent hydrogen con-
centrations we need the following relations

∆Vcore
Vcore

(
xcore ,xshell

)
= λxcore +

∆Vshr ink−f it

Vcore
, (4.71)

∆Vshell
Vshell

(
xcore ,xshell

)
= λxshell +

∆Vshr ink−f it

Vshell
, (4.72)

and

3
ashell − acore

a
= λ

(
xshell − xcore

)
. (4.73)

Introduction of Eqs. (4.69), (4.70) and (4.73) into Eqs. (4.71) and (4.72)
leads exactly to the earlier derived Eqs. (4.61) and (4.62). These rela-
tions are mathematically simpler than those of Pasquini et al. [107]
and Rockenberger et al. [108], since the volume fraction parameter д
is restricted to [0, 1] while 0 ≤ ρ ≤ ∞ (see Eq. (4.48)) and 0 ≤ δ ≤ ∞
(see Eq. (4.66)) in their works. The relative volume change is, however,
always �nite.

The volume dependence of the enthalpy of hydride formation
is [109]

∂∆H

∂ lnV

����
T
= −BVH , (4.74)
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with B as the bulk modulus andVH , the partial molar volume of hydro-
gen in PdHx (see Eq. (4.38)). Therefore, the volume strains in Eqs. (4.61)
and (4.62) lead to

∆Hcore
(
xcore ,xshell

)
=∆H∞core −

BV 2
H

VPd
xcore

−
BV 2

H

VPd

(
xshell − xcore

)
γд

(4.75)

and

∆Hshell
(
xcore ,xshell

)
=∆H∞shell −

BV 2
H

VPd
xshell

−
BV 2

H

VPd

(
xcore − xshell

)
γ

(
1 −д

)
.

(4.76)

These two equations can be rewritten as

∆Hcore
(
xcore ,xshell

)
=∆H∞core

+
(
1 −γд

)
Helast

(
xcore ,L

)
+γдHelast

(
xshell ,L

) (4.77)

and

∆Hshell
(
xcore ,xshell

)
=∆H∞shell

+
(
1 −γд

)
Helast

(
xshell ,L

)
+γдHelast

(
xcore ,L

)
,

(4.78)

with Helast (x) de�ned as in Eq. (4.39).

4.4.4 Pressure-Composition Isotherms

Thermodynamic equilibrium between the surrounding hydrogen gas
and H dissolved in the Pd lattice requires that the chemical potentials
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in the core and surface-shell sites are equal to the one of gaseous hyd-
rogen. Combining the results of the elastic theory with the conditions
imposed in Section 4.4.2, we get

1
2
lnp = ln

(
xcore

1 − xcore

)
+
∆Hcore

(
xcore ,xshell

)
+Hel

(
xcore

)
+Hsur f

RT

−
∆S

(
xcore

)
R

(4.79)

for H at core sites and

1
2
lnp = ln

(
xshell

1 − xshell

)
+
∆Hshell

(
xcore ,xshell

)
+Hel

(
xshell

)
+Hsur f

RT

−
∆S

(
xshell

)
R

(4.80)

at surface-shell sites. All enthalpies and entropies are given per mol
H. The term Hsur f accounts for the surface tension contribution to
the enthalpy that depends only on the size L. To proceed, one needs
to specify the variables determining Hel and ∆S .

• In a non-local model, Hel and ∆S depend only on the total H
concentration xtot

xtot =
(
1 −д

)
xcore +дxshell (4.81)

and Eqs. (4.79) and (4.80) together with Eqs. (4.77) and (4.78)
lead to

Ncore
(
xcore

)
+
∆H∞core
RT

= Nshell
(
xshell

)
+
∆H∞shell
RT

(4.82)

with

Nj

(
x j

)
= ln

(
x j

1 − x j

)
+

(
1 −γ

)
Helast

(
x j

)
RT

(4.83)

and j = core or shell .
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• In a localmodel,Hel and∆S depend on the local concentrations
xshell or xcore . The implicit relation in Eq. (4.82) is then replaced
by

Mcore
(
xcore

)
+
∆H∞core
RT

= Mshell
(
xshell

)
+
∆H∞shell
RT

(4.84)

with

Mj

(
x j

)
= ln

(
x j

1 − x j

)

+

(
1 −γ

)
Helast

(
x j

)
+Hel

(
x j

)
RT

−

∆S
(
x j

)
R

(4.85)

and j = core or shell .

In both, the local and non-local cases, one obtains an implicit rela-
tion between the two concentrations xshell and xcore which can be
solved numerically.

4.4.5 Local versus Non-Local Model

All later results presented in Section 4.5 and all following sections are
obtained with the local model (see Eqs. (4.84) and (4.85)). This is reaso-
nable, as it is unlikely that the electronic term in Eqs. (4.79) and (4.80)
depends on the total hydrogen concentration in a system where two
spatially well separated regions (i.e., core and surface-shell) are pre-
sent. It is important to note that the electronic term depends on the
�lling of the d-band. A di�erence in the work functions of separa-
ted regions can also lead to an electron transfer that in�uences the
Fermi energy locally in addition to the band �lling associated with
hydrogen loading. This is in clear contrast with models for disorde-
red alloys [110] where interstitial sites with di�erent local chemical
composition coexist within sub-nanometer distances. In such cases
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the constancy of the Fermi energy together with a spatially averaged
work function implies that the electronic repulsive H-H interaction
would depend, essentially, on the average hydrogen concentration, le-
ading to a non-local con�guration.

4.5 applications of the nanoparticle mean-field mo-
del

To evaluate the input parameters of the mean-�eld model described in
the preceding sections (The enthalpy of solution of the surface-shell
∆H∞shell , the coupling parameter γ , the surface-shell thickness t„ the
surface tension energy u and the e�ective clamping thicknessw from
the adjusted elastic H-H interaction enthalpy), we use

• The pressure-composition isotherms of Bardhan et al. [69]

• The corresponding critical temperaturesTc , together with those
of Wadell [73] (see Fig. 4.11)

• The pressure-composition isotherms of Wadell [73]

• The absorption plateau pressures of Baldi et al. [70]

After a �tting procedure we �nd that all the essential features
of these experimental data are well reproduced with the values in
Eq. (4.86).

∆H∞shell = −18 000 J/molH

γ = 0.5

t = 1 nm

u = 10 000 nm × J/molH

w = 1.6 nm

(4.86)

All these values can be related to known results about paladium:
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• A surface-shell enthalpy of solution (i.e. −18 000 nm × J/molH)
that is more negative than the core value (given by Eq. (4.37)) is
consistent with the values obtained by Dong et al. [103] (∆H∞subs
= −18 330 nm × J/molH for Pd{111}; −17 370 nm × J/molH for
Pd{100} and −19 300 J/molH for Pd{110} surfaces).

• The coupling parameter γ = 0.5 falls within the interval 0.24 <
γ < 1 as mentioned in Section 4.4.3 [43].

• The surface-shell thickness t = 1 nm is intermediate between
the lattice spacing of Pd (0.389 nm) and 4 nm proposed by Wilde
et al. [111] on basis of their depth-resolved measurements of sub-
surface H on Pd{100}. However, it is important to point out that
t = 4 nm is incompatible with the isotherms in Fig. 4.20(a) and
(d) and Figs. 4.16 and 4.17. For the smaller cubes, it would lead to
fully shell dominated isotherms and therefore, a very di�erent
result that is not visible in the experimental data.

• For a particle of size L the surface enthalpy is [99]

Hsur f =
u

L
= 4σ

VH
L
. (4.87)

With a H partial molar volume VH ≈ 1.5 × 10−6 m3/molH and
a typical surface tension [112, 113] of σ ≈ 2 J/m2 we obtain
Hsur f = 12, 000/L with L expressed in nm. This would corre-
spond to u = 12 000 J × nm/molH, which is comparable to the
�tted value u = 10 000 J × nm/molH.

• The small e�ective clamping thicknessw = 1.6 nm implies that
even in the smallest nanocubes investigated by Bardthan et al.
and Baldi et al. [69, 70], i.e., 14 nm, the magnitude of the at-
tractive H-H interaction is lowered by only ∼ 11 %.

The pressure composition isotherms, calculated with these parame-
ters for the four nanocube sizes of Bardhan et al. [69], are shown in
Fig. 4.16. As the hydrogen concentrations are not accessible in the ex-
periment, one can only compare the shape of the isotherms as well
as the pressure values. In fact, the absorption plateau pressures are
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close to the calculated upper spinodal pressure pus while the desorp-
tion plateau pressures are close to the incoherent Maxwell pressure
pM (see Fig. 4.1).

The size dependence of absorption and desorption plateau pressu-
res at 246 K are shown in Fig. 4.17. The �t to the measured absorption
pressures is excellent. As expected, the measured desorption plateaus
are much higher than the calculated ones. This is a result of the experi-
mental di�culties with desorption measurements discussed by Baldi
et al. [70].

The calculated hysteresis disappears for nanocubes of ∼ 8 nm. In-
terestingly, the calculated pressures pM obtained with the Maxwell
construction are almost size independent and close to the lowest me-
asured desorption pressures. This can be regarded as further evidence
for the true desorption pressures being close to pM as is the case for
all isotherms in Fig. 4.16. For all the nanocubes the model demonstra-
tes that the ad hoc assumption in the model presented by Baldi et
al. [70], i.e., that the surface-shell hydrogen concentration is constant
and equal to 0.51 is reasonable for 0.05 < xcore < 0.5 for all their
nanocube sizes between 13 nm and 29 nm. This is explicitly shown in
Fig. 4.18 for 13 nm, 21 nm and 29 nm nanocubes.

The assumption of a constant xshell is, however, not well justi�ed.
Especially, since the applied H2 gas pressure is varying by several
orders of magnitude in their experiment. Besides, in a 15 nm Pd nano-
cube, xshell = 0.51 in a surface-shell of thickness 1 nm would imply
that ≈ 18 % of the hydrogen sits in this surface-shell.

As the isotherms in Fig. 4.20 do not exhibit the presence of this large
amounts of hydrogen, one must conclude that their experimental met-
hod, EELS, with a beam diameter of ≈ 7 nm does not sense H in the
surface-shell region for nanocubes with L > 13 nm. Although, Baldi
et al. [70] obtained a nice agreement between their absorption plateau
pressures and the calculated upper spinodal pressurespus , their model
predicts critical temperatures that are much higher than those deter-
mined from the data of Bardhan et al. [69]. This is explicitly shown
in Fig. 4.19(b) for a 14 nm nanocube. The critical isotherm would be
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Figure 4.16. Pressure composition isotherms for 14 nm, 32 nm, 65 nm and
110 nm Pd nanocubes in panels (a), (b), (c), and (d), respectively. They are cal-
culated with the parameters from Eq. (4.86) (coloured lines). that are also used
for Fig. 4.20a to d. As the concentration for the isotherms (squares) could not
be measured experimentally, Bardhan et al. [69] normalized it arbitrarily to
unity. For a better comparison, the relative concentrations of the loading and
unloading data of Bardhan et al. are rescaled by a constant factor, so that the
endpoint of every experimental loading curve coincides with the concentra-
tion H/Pd obtained by the model at the same pressure. The black lines corre-
spond to the models critical isotherms at 400 K, 487 K, 530 K and 550 K (see
Fig. 4.11a).
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Figure 4.17. Size dependence of absorption and desorption plateau pressures
at 246 K. Experimental absorption (green dots) and desorption (open green
circles) data are taken from Baldi et al. [70]. The pressures are calculated
using the parameters from Eq. (4.86), with the upper spinodal pressures (red
dots), lower spinodal pressures (red circles) and plateau pressures obtained
by means of the Maxwell construction (black squares).
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Figure 4.18. Surface-shell hydrogen concentration versus hydrogen concen-
tration in the core of 13 nm, 21 nm and 29 nm nanocubes calculated with the
parameters from Eq. (4.86). The size dependence is small and the three curves
overlap at almost all concentrations.
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Figure 4.19. (a), Pressure-composition isotherms at 246 K according to the
Baldi et al. model which is based only on Eq. (4.79) with д = 0.24 and
xshell = 0.51 in Eq. (4.81). In contrast with Fig. 4.20(c), the x-axis represents
the total hydrogen concentration xtot de�ned in Eq. (4.81). (b), Pressure com-
position isotherms of a 14 nm Pd nanocube as predicted by the Baldi et al.
model using the same parameters as in (a).

at 503 K instead of Tc ≈ 441 K, as found in Section 4.3.5. A common
feature of the calculated isotherms in Fig. 4.20(a) to (c) and Fig. 4.16 is
that the absorption plateau pressures are close to the upper spinodal
pressurepus while the desorption pressures are intermediate between
the incoherent (i.e. Maxwell pressure pM ) and coherent desorption
plateau pressures pls .

To conclude, Pd nanocubes of intermediate size (∼ 13 to ∼ 110 nm)
interact with hydrogen in a hybrid way.

• During H absorption the system remains in a supersaturated
single phase up to a pressure close to the upper spinodal pres-
sure is reached, after which it transforms coherently [80, 81] (i.e.
without formation of dislocations) to the concentrated β-PdHx

phase.

Hydrogen absorption can thus be described by the theory of
Schwarz and Khachaturyan [81].
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• Hydrogen desorption, occurs as if some of the coherency stres-
ses built up during absorption have been released.

Several hydrogen absorption-desorption scenarios are described in
more detail in Section 4.6. In particular, they show that if during ab-
sorption, surface-shell-core coherency is maintained and no mis�t dis-
locations are generated in the core, H desorption remains coherent
(see Fig. 4.25) and the hysteresis is close to a full spinodal hysteresis.

For particles smaller than 50 nm no dislocations are generated in
the core and a hysteresis smaller than the full spinodal hysteresis is
realized, if the surface-shell-core elastic coupling is modi�ed during
absorption (see Fig. 4.26). Such a scenario is consistent with the pre-
vervation crystallinity in the core of the nanocubes after several ab-
and desorption cycles, investigated by Baldi et al. [70]. Especially, near
the corners and edges of the nanocubes, we expect a stress release me-
chanism similar to that observed in epitaxial YHx �lms [114, 115].

One possible modi�cation might be that the larger lattice spacing
of the hydrogen loaded surface-shell (compared to that in the core) is
accommodated by allowing the surface-shell to generate protrusions
along the edges of the nanocube in a way similar to the reversible
edge generation observed in the already mentioned YHx �lms [114,
115]. This is more likely to happen at the surface of a cube than of a
sphere as the cube edges are clearly structurally di�erent from the fa-
ces. Considering symmetry, such a degree of freedom does not exist
on a sphere. It is important to note that these conclusions break down
as soon as dislocations can be generated in the core of the nanocube.
According to an estimate of Baldi et al. [70] this is expected to occur
in nanocubes larger than ∼ 35 nm. However, this estimate is probably
too low and the value is most likely temperature dependent, as we
discuss in Section 4.6.3. A nice con�rmation of the existence of a cri-
tical size follows from Fig. 4.22 in which the recent single nanocube
data of Syrenova et al. [74] at 333 K are compared to the hysteresis
calculated with our mean-�eld model.

Additionally, the model is consistent with the data of Wadell et
al. [72] for very small nanoparticles. The isotherms calculated for
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Figure 4.20. Model and experimental P-C isotherms of various Pd samples. (a)
and (b), Experimental isotherms of Bardhan et al. [69] for a 32 nm Pd nano-
cubes compared to the mean-�eld model. The x-axes is scaled so that the
endpoint of every experimental loading curve coincides with one obtained
by the model. The black lines are the calculated critical isotherm at 487 K. (c),
Three representative isotherms of Baldi et al. [70] compared to the calcula-
ted isotherms. For this the EELS energy shifts are converted to xcore as EELS
measures predominantly the core of the Pd nanocube. (d), Pressure compo-
sition isotherms calculated for a 4 nm Pd nanocube for 303 K and 353 K. All
calculations are performed wit the values from Eq. (4.86).

4 nm Pd nanoparticles at the temperatures investigated by Wadell et
al. do not exhibit plateaus as the calculated critical temperature is
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below the measurement temperature of 260 K (see Fig. 4.11(b)). This
explains why the enthalpies and entropies measured on 2.7 nm and
5.3 nm nanocubes are found to be essentially the same for hydrogen
absorption and desorption (see Fig. 4 in the publication of Wadell et
al. [72]).

4.5.1 Modeling Metal-Organic Framework coated Pd Nanocubes

Electron transfer was recently invoked by Li et al. [71] to explain the
enhanced hydrogen concentration in their HKUST-1 coated 10 nm Pd
nanocubes. Following this suggestion, one can calculate the pressure
composition isotherms of a 10 nm nanocube. To compensate for the
metal-organic framework (MOF) we use a larger ζ -parameter in the
lattice gas term of the model (see Eq. (4.40)) Instead of ζ = 1.0648
used for bulk Pd and for all other nanoparticle calculations presented
in this thesis, we assume ζ = 2.1 . The higher value of the parameter
ζ can be associated with a lowering of the Fermi energy in the core
of the Pd nanocube. This would happen when electrons are extracted
from Pd by the MOF coating.

This follows directly from the results of Feenstra et al. [90] on bulk
PdHx where it is shown that the repulsive electronic H-H interaction
is related to the Fermi energy EF

EF (x) − EF (0) =
1
αF

Helect (x) (4.88)

with the Fermi energy EF given in eV and Helect in J/mol(H). The
parameter ζ = 29.62 kJ/

(
mol (H) eV

)
is the same for all transition

metal hydrides [109]. A lowering of the Fermi energy by, for example,
the MOF layer, implies that more hydrogen atoms need to be added
to �ll the d-band of palladium.

With a surface-shell site enthalpy of −14 000 J/mol(H) the calcula-
ted p-c isotherms reproduce the observed in�uence of the MOF layer
on hydrogen absorption (see Fig. 4.21). As the reported value [71]
H/Pd = 0.87 determined volumetrically at 1 bar is quite di�erent from
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Figure 4.21. (a), Measured and (b) calculated pressure composition isotherms
at 300 K for a 10 nm Pd nanocube (green dots and orange solid line, see also
Fig. 4.24) and a 10 nm HKUST-1 coated Pd nanocube (red dots and orange
dashed line). For the uncoated Pd nanocube the parameters are taken from
Eq. (4.86). For the MOF coated nanocube the enthalpy of solution of the
surface-shell sites is −14 000 J/mol(H) and ζ = 2.1 in Eq. (4.40). This leads
to an increased hydrogen capacity.

H/Pd = 0.71 corresponding to the X-ray lattice spacing data an in-
termediate value, H/Pd = 0.8 at 1 bar is taken in the model pressure-
composition isotherms. The MOF coating is probably the origin of the
increase in the enthalpy of hydrogen solution at Pd surface-shell sites.
The fundamental question that arises is, through which mechanism
electrons can be extracted from the nanocube by the MOF coating.

4.5.2 Comparison to the Syrenova et al. Data for Single Pd Nanoparti-
cles

In Fig. 4.7 the data of Wadell [73] and Syrenova et al. [74] are plotted
by associating a critical temperature according to the empirical ex-
pressionTc = 566− 2831/L (see Eq. (4.35)). This is necessary, because
on the one hand, no accurate values for the critical temperature Tc
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could be derived from Wadell’s data. On the other hand, Syrenova
et al. measured absorption isotherms of 17 nm to 65 nm nanocubes
at temperatures between 303 K and 333 K while desorption isotherms
were only measured at 333 K.
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Figure 4.22. Comparison of experimental single particle hysteresis of Syre-
nove et al. [74] (black triangles) and hysteresis calculated with the mean-�eld
model using the parameters in Eq. (4.86). The temperature is 333 K.

We can, however, compare their hysteresis data directly with the
predictions of our mean-�eld model without need for Tc values. As
depicted in Fig. 4.22 the measured hysteresis for nanocubes smaller
than ≈ 35 nm is essentially equal to full-spinodal hysteresis while lar-
ger nanocubes have gradually smaller hystereses.

4.5.3 Robustness of the Nanoparticle Model to Light-induced Tempera-
ture Variations

Optical and EELS techniques used in recent works to measure hydro-
gen absorption in nanoparticles can induce local heating of the par-
ticles. Baldi et el. [70] discuss in great detail the impact of electron
beam heating on their measurements and conclude that their desorp-
tion data are upper bounds of the actual desorption pressures. The
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Wadell et al. directly compared isotherms measured by localized sur-
face plasmon resonance (LSPR) sensing using light, with isotherms
that ware measured gravimetrically by Quartz Crystal Microbalance
with Dissipation Monitoring (QCM-D) and no light. They conclude
that the e�ect of heating by light is negligible, since both methods
lead to the same results [116]. This is also con�rmed theoretically by
Zhdanov et al. [117]. Since, Wadell et al. [72, 73] and Syrenova et al. [74]
used the same experimental setup heating e�ects can be excluded in
all their data.
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Figure 4.23. (a), Pressure-composition isotherms calculated with the mean-
�eld model described in Section 4.4.2 for a 110 nm nanocube with a local he-
ating (∆T = 50 K, dashed lines) and without local heating (∆T = 0 K, so-
lid lines). The local heating decreases the critical temperature by 38 K. (b),
Scaling-laws with and without local heating. All calculations are done with
the parameters from Eq. (4.86).

For the Bardhan et al. [69] data the situation is less clear. The 5 mW
laser beam focussed to a 2.5 µm spot can, in principle, heat up the
nanocubes. A simple estimate using Eq. (2) in a publication by Ba�ou
and Quidant [118] and the scattering cross-section, calculated by ex-
tended Mie theory for a spherical plasmonic particle (Eq. (5.19) in the
book of Maier [32]) leads to an increase of about 50 K in a 110 nm nano-
particle. This would roughly decrease the critical temperature by 10 %.
However, theTc values of Bardhan et al. [69] are comparable to those
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of Wadell [73]. This indicates that heating e�ects are not that serious.
For the smaller nanocubes, the heating e�ects are small anyway. For
a 30 nm particle the heating e�ect is less than 2 K.

Even in cases of lager structures, where local heating can be sub-
stantial, it is straightforward to demonstrate that the presented sca-
ling law analysis and isotherm predictions still hold true. To prove the
robustness of the scaling law towards heating e�ects, we consider an
extreme case where a local heating e�ect (e.g. produced by a focused
laser beam as in Bardhan et al.’s experiment) increases the tempera-
ture of a 110 nm nanoparticle by 50 K, while keeping the surrounding
gas temperature constant. The calculated pressure-composition isot-
herms with and without local heating are depicted in Fig. 4.23(a). From
these isotherms one calculates the full spinodal hysteresis and com-
pares it to the one without local heating. Quite remarkably, the two
curves are very close to each other. The origin of the robustness of
the scaling-law is primarily that it depends on the ratio Tc/T which
is only weakly in�uenced by a temperature o�set, since the critical
temperature rises in a similar fashion as the local temperature.

4.5.4 Pressure-Composition Isotherms of very small Pd Clusters

In 10 nm Pd nanocubes, the volume fraction д of surface-shell sites is
as high as0.488. This implies that core and surface-shell contributions
are almost equal.

In Fig. 4.24, the calculated isotherms clearly exhibit a double struc-
ture. For the 4 nm nanocubes the isotherms are dominated by the
contribution of the surface-shell, while for 14 nm nanocubes the core
contribution is more important. This switch from a surface-shell-
dominated regime to a core-dominated regime at about 9.7 nm is re-
sponsible for the kink in the size dependence of the highest critical
temperature in Fig. 4.11.
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Figure 4.24. Pressure-composition isotherms at 200 K (blue), 250 K (green),
300 K (orange), and 350 K (red curves) for 4 nm (a) to 14 nm (f) nanocubes
calculated with the parameters from Eq. (4.86). The existence of two critical
temperatures in Fig. 4.11 is directly connected to the wavy shape of the isot-
herms.
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4.6 scenarios for hydrogen absorption and desorp-
tion in pd nanoparticles

The asymmetry between the absorption and desorption pressures in
Fig. 4.5 together with the fact that most of the data points in hystere-
sis plot of Fig. 4.7 lay between the full- and 45 %-spinodal hysteresis
indicate that, in nanocubes, the hydrogen absorption process can be
di�erent from the desorption process. Deviations from the full spino-
dal scaling curve are related to the generation of incoherency between
core and surface-shell and/or the generation of mis�t dislocations in
the core of the nanoparticles. In this section we want to have a closer
look on these two aspects and discuss possible scenarios for hydrogen
absorption-desorption cycles.

4.6.1 Scenario I: Fully coherent absorption-desorption cycle

A fully coherent cycle in which the core-to-surface-shell elastic cou-
pling remains intact and no mis�t dislocations are generated in the
core, can directly be calculated by means of our mean-�eld model
described in Section 4.3.1. The concentration di�erence xcore − xshell
is a measure of strains between surface-shell and core. Therefore, the
hydrogen pressure dependence of the core and surface-shell concen-
trations, as well as the total concentration and the concentration dif-
ferences are very interesting (see Fig. 4.25 for a nanocube of 32 nm at
295 K).

During hydrogen absorption starting at point A in Fig. 4.25(c) the
concentration di�erencexcore −xshell reaches a maximum value close
to 0.47 at the point C. However, it remains below 0.25 during the
entire desorption process. The maximum concentration di�erence is
only very weakly dependent on the nanocube size. For the PdHx sy-
stem xsur f − xcore = 0.47 corresponds to a lattice mismatch of 2.8 %.
This value is substantially smaller than the critical mismatch of about
5 % stated by Fan et al. [119] and Jinet al. [120]. They observed that epi-
taxial growth of heterogeneous core-surface-shell nanocrystals can
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Figure 4.25. (a), Pressure dependence at 295 K of the core (black), and surface-
shell (red) hydrogen concentrations in a 32 nm nanocube calculated with the
parameters of Eq. (4.86). (b), Total H concentration in the nanocube (green
curve). The green arrows indicate the upper (pus ) and lower (pls ) spinodal
pressures. (c), The concentration di�erence (blue curve). The blue arrows indi-
cate the path followed in a fully coherent absorption-desorption cycle during
which the core-surface-shell coupling remains intact and no mis�t dislocati-
ons are generated (see Section 4.6.1). The red points are: A, start of absorption,
C, maximum concentration di�erence, B, maximum di�erence, in incoherent
absorption-desorption cycle, and M the values coresponding to the Maxwell
plateaus.
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occur when the lattice mismatch between core and surface-shell is
smaller than about 5 %. On the basis of this argument one expects the
hysteresis to be comparable to the full spinodal hysteresis, as core-
surface-shell coherency is preserved during the entire cycle.

4.6.2 Scenario II: Incoherent absorption-desorption cycle without mi-
s�t dislocation generation in the core

Another scenario can occur if during hydrogen absorption a certain
critical value of strains is reached (at point B in Fig. 4.25(c). As an
extreme case, we assume that core and surface-shell are then fully
decoupled (γ = 0) and each of the subsystems continues to absorb
hydrogen as if it was isolated. At high pressures (for the Pd system
considered here, this occurs already at pressures above 1 bar), the hyd-
rogen concentration in the surface-shell is only slightly larger than in
the core. When the pressure is lowered, both core and surface-shell
desorb hydrogen individually until they, again, naturally �t together
at zero pressure.

The total concentration x incoherenttot during desorption is described
by the violet curve in Fig. 4.26. The surface-shell-core decoupling le-
ads to a desorption plateau that is higher than the lower spinodal
pressure. The net e�ect is a 20 % reduction of the hysteresis. This is
consistent with the data of Wadell [73], Syrenova et al. [74] and Ya-
mauchi et al. [68] in Fig. 4.7.

4.6.3 Scenario III: Absorption-desorption cycle with mis�t dislocation
generation in the core

In Section 4.6.1 we considered a situation where point C in Fig. 4.25(c)
has been reached without surface-shell-core decoupling, i.e. a si-
tuation in which the surface-shell-core coherency remains intact
(γ = 0.5). As soon as the upper spinodal pressure is exceeded the nano-
particle absorbs spontaneously more hydrogen and forms a hydride
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Figure 4.26. Simulation for a 32 nm Pd nanocube at 295 K of a scenario with
coherent core-surface-shell hydrogen loading (γ = 0.5) and incoherent core-
surface-shell unloading (γ = 0.5) but no mis�t dislocation generation (see
Section 4.6.2). The pressure dependence of the total concentration during co-
herent loading (green curve), xcoherenttot , is calculated with the mean-�eld mo-
del using the parameters from Eq. (4.86). During desorption (magenta curve)
all parameters are kept the same except for the elastic core-surface-shell para-
meter γ that is set equal to 0. The absorption curve is the same as in Fig. 4.25.

layer. Consequantly the sample consists out of three layers until the
whole particles is �lled with hydrogen. Outermost, th surface-shell
layer of thickness t , then a β-hydride layer of thickness ∆ and �nally
an inner sphere of essentially pure Pd. As explained by Schwarz and
Khachaturyan [81], during this process, there is no equilibrium coex-
istence between the hydride layer and the inner Pd sphere.

There are, however, large coherency strains. To circumvent the
corresponding large elastic energy, mis�t dislocations are generated.
Then the plateau pressure is e�ectively reduced to a value close to
the Maxwell plateau that corresponds to points M in Fig. 4.25(c) and
to the vertical dashed line in Fig. 4.27. The concentrations of the two
coexisting phases are xcoreα and xcoreβ .
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According to Baldi et al. [70], the overall energy associated with
the generation of a mis�t dislocation (their Eqs. (2)-(5) of the supple-
mentary information), is given by

∆Etotal = ∆W loop + ∆W strain

=
Gb3

2 (1 − ν )

[
l · ln

(
d
)
−d + 1

+
8
9
(1 + ν ) eT

(
l −d

)2 (
1 −

(
1 −

d

l

)3)] (4.89)

with G, the shear modulus of Pd,

eT =
VPd −VPdHx

VPdHx

(4.90)

the fractional change in volume between PdHx and Pd,

d =
∆

b
(4.91)

and

l =
L

2b
(4.92)

where b is the Burgers vector of the mis�t dislocation.

It is favorable to generate dislocations when ∆Etotal is negative.
By taking eT = −0.1062, which corresponds to the fractional volume
change between α- and β-phase in bulk Pd at room temperature, Baldi
et al. found that dislocations are not energetically favorable for parti-
cles smaller than 35 nm.

In fact, their upper size limit is likely to be too small since they
assumed that ∆x = xcoreβ − xcoreα = 0.6. From the calculated xcore
(black curve in Fig. 4.27b) one can estimate the concentrations xcoreα
and xcoreβ of the α-PdHx and β-PdHx phases that would form in the
core during an incoherent phase transition where a shell-structure
of thickness ∆ made of β-PdHx phase is surrounding the sphere of
α-PdHx .
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Figure 4.27. Pressure dependence of the calculated surface-shell and core
concentrations. (a), Schematic hydrogen distribution during the spontaneous
hydrogen absorption, which occurs when the applied hydrogen pressure ex-
ceeds the upper spinodal pressure. The core consists of a hydride layer of
thickness ∆ (blue shaded area) surrounding a sphere of essentially pure Pd
(yellow area). The whole core (of diameter (L − 2t)) is surrounded by a thin
surface-shell of thickness t . (b), Zoom into the pressure dependence of the cal-
culated surface-shell and core concentrations for a 65 nm cube at 400 K. The
surface-shell of thickness t = 1 nm is elastically coupled with the β-hydride
shell of thickness ∆ (inside the core). As the core concentration exhibits an
S-shape, it can separate in an α- and β-phase. The di�erence xcoreβ − xcoreα is

used in the evaluation of the lattice mismatch parameter eT of Baldi et al. [70]
(see Eq. (4.90).

These values can then be used to calculate the lattice mismatch
factor eT and consequently the normalised total energy change asso-
ciated with the generation of a mis�t dislocation ∆Etotal . For a 32 nm
nanocube we �nd at 295 K, ∆x = 0.496 and at 350 K, ∆x = 0.447. For
a 14 nm cube the temperature dependence is stronger and we �nd at
295 K, ∆x = 0.386 and at 350 K, ∆x = 0.27. These values are substanti-
ally smaller than the 0.6 assumed by Baldi et al. [70]. The normalized
energy di�erence for 14 nm, 32 nm, 45 nm, 65 nm and 110 nm nano-
cubes at 295 K and 350 K is shown in Fig. 4.28. The conclusion is that
14 nm and 32 nm nanocubes should remain coherent during an en-
tire absorption-desorption cycle for temperatures between 295 K and

125



thermodynamic model for pd and pdh nanoparticles

350 K. This is, not the case for the 65 nm and 110 nm nanocubes. The
45 nm nanocube is somewhere in between and can be seen as the li-
miting case.
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Figure 4.28. Normalized total energy change ∆Etotal associated with the ge-
neration of mis�t dislocations at 295 K and 350 K for various nanocube sizes.
The β-PdHx shell thickness ∆ is necessarily smaller than the full core of dia-
meter (L − 2t).

It is insightful to explore the temperature dependence of ∆Etotal
for a given nanocube size (or to be exact a spherical nanoparticle dia-
meter). As an example we take a particle with L = 65 nm (see Fig. 4.29).
Below approximately 425 K we �nd that it is energetically favorable
to generate a dislocation loop. However, above this temperature the
transition should remain coherent. This suggests that above 425 K the
hysteresis is large and equal to the full spinodal hysteresis while be-
low 425 K the nucleation of a dislocation introduces incoherence and,
consequently, stress release accompanied by a smaller hysteresis.

This explains the trend observed in the scaling-law plot in Fig. 4.7.
At temperatures closer to the critical temperature, i.e. when Tc/T ap-
proaches 1, the hysteresis tends towards the full spinodal hysteresis.
This tendency is even seen for bulk Pd where the deviation from a full
spinodal hysteresis close to Tc decreases drastically with decreasing

126



4.7 conclusions

temperature (see Fig. 4.10) and is also consistent with the suggestions
by Flanagan and Oates [121].
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Figure 4.29. Temperature dependence of the total energy change ∆Etotal as-
sociated with the presence of a mis�t dislocation loop for a 65 nm nanopart-
icle obtained from Eq. (4.89) and concentration calculations similar to those
presented in Fig. 4.26.

4.7 conclusions

We conclude, the model described in our work is able to reproduce all
the essential features of the thermodynamics of H in Pd nanoparticles
over a wide range of sizes (from a few nm up to hundreds of nm) as
long as no dislocations are generated in the core of the particles [122].

Finally, the results can be used to draw a technologically relevant
conclusion concerning hydrogen storage in palladium nanoparticles.
As palladium nanoparticles seem to yield higher absorption pressu-
res and smaller isotherm plateau widths than bulk palladium, one
needs to carefully consider whether the faster loading kinetics (due to
the shorter di�usion lengths) in nanoparticles is su�ciently attractive
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for hydrogen storage in such nano-geometries. The value of the pre-
sent investigation is primarily fundamental in the sense that it pro-
vides a consistent interpretation of the existing (and, hopefully, of
future) data on the thermodynamics of H in Pd nanoparticles in par-
ticular, and of hydrogen in nanoparticles in general. The theoretical
framework is also essential for the understanding of the role of hyd-
rogen in the newly discovered nanoparticle-systems (e.g., YHx [30],
MgHx [67]) with tunable and active plasmonics. In Chapter 5 the ther-
modynamic studies are extended to larger sized nano- and micropar-
ticles.
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5
P D A N D P D H N A N O PAT C H E S - A
S I Z E - D E P E N D E N T S T U D Y

In Chapter 3 we presented a theoretical model to determine the die-
lectric properties of nanosized materials, by only using the plasmonic
resonance and the nanoparticle dimensions. In Chapter 4 we have in-
vestigated, how palladium (Pd) nanopatricles can behave di�erently
than bulk material, when exposed to hydrogen. These changes alter
thermodynamic properties and in�uence the geometrical expansion
as well as the electronic and dielectric properties of Pd. In their expe-
riments, Baldi et al. [70], Bardhan et al. [69] and Syrenova et al. [74]
directly or indirectly used these changes to draw conclusions about
the thermodynamic properties. Here, we want to show that the opti-
cal signal, more accurately the plasmonic resonance, can be used to
learn more about the structural and dielectric changes that take place
in Pd nano- and microstructures during hydrogen ab- and desorption.
Of special interest is the size-dependent in-plane and out-of-plane ex-
pansion of Pd nanostructures that are placed on a substrate as well as
the size-dependent variation of the hydrogen loading isotherms.

5.1 introduction

Palladium-hydrogen is one of the best-studied metal-hydride systems
in literature [14, 16, 43]. Nevertheless, many aspects of the interaction
between palladium and hydrogen are either still unknown or strongly
debated. Especially, the changes of the materials behavior are highly
debated, going from bulk or thin �lms to structures that are truly
nanosized in all three dimensions [28]. The vastly altered surface to
volume ratio in�uences their thermodynamic behavior. Hydrogen is
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absorbed di�erently in surface- and subsurface sites of Pd, since the
enthalpy of solution at the surface sites is more negative than the one
in bulk Pd.

In general, hydrogen ab- and desorption is accompanied by a change
of the lattice parameter, leading to a molar volume increase of about
10.4 % when going from Pd to β-phase palladium hydride (PdH) [14].
The volume change is transferred to the macroscopic level anistropi-
cally, depending on the sample geometry. For extended thin �lms the
volume expansion is directed almost exclusively out-of-plane, whe-
reas small nanoparticles and nanocubes of sizes up to 100 nm expand
isotropically [75].

Since direct measurements of nano- and microparticle volume-
expansion are a challenging task, we developed an indirect optical
method, using plasmonic resonances as a measure for geometrical
changes in metal nanostructures. By the use of a model developed
for metal square-patches of various sizes, we are able to separate op-
tical changes induced by geometrical expansion and optical changes
induced by changes in the the dielectric function. With this separa-
tion, it is possible to determine both the dielectric properties and the
geometric expansion of Pd square-patches independently from each
other.

An additional bene�t of the plasmonic model is the possibility to
obtain the dielectric properties of β-phase PdH (when not stated ot-
herwise, from now on PdH is used as a synonym for β-phase PdH).
Even though the dielectric properties of Pd and most other metal are
unambiguously known and well measured [61], there is no complete
and trusted picture for PdH, or metal hydrides in general. Several
attempts have been made by Van Rottkay et al. [49], Isidorsson et
al. [123] and Vargas et al. [124, 125] to measure the dielectric function
of hydrogenated Pd �lms of various thickness (10 nm to 30 nm). Howe-
ver, comparing their results, no clear size-dependent trend is visible.
Additionally, the measurement range covered by these groups only ex-
tends from about 200 nm to 1100 nm. Therefore, the extrapolation of
their dielectric function models to the near- and mid-infrared comes
at the expense of huge uncertainties (see Figs. 5.6 and 5.7).
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We are using Pd square-patches with sizes between 200 nm and
3000 nm, covering a wavelength range between 900 nm and 8000 nm
to directly determine the expansion behavior and the dielectric function
in the infrared wavelength range.

5.2 plasmonic resonance model for the pd to pdh tran-
sition

The main result of the model developed in Chapter 3 is the relation
between the plasmonic resonance wavelength λr es and the dielectric
function parameter E, stated in Eq. (3.53) for square-nanopatches:

E
(
λ,m, S , t ,n

)
= 19.717tS1.14

(
mn

λ

)2.14
−N (S , t) . (5.1)

Here, S and t are the side-length and height of the square-patch, n
is the surrounding refractive index, m the geometric conversion fac-
tor relating the square-patch dimensions to an oblate spheroid (see
Sections 3.3 and 3.3.2) and N the depolarization factor determined in
Section 3.3.1.

The factor E can also be expressed as a combination of the sur-
rounding refractive index n and the real and imaginary part of the
dielectric function ε = ε1 + iε2 (see Eq. (3.12)):

E
(
λ
)
=

n2
(
ε1 −n

2
)

(
ε1 −n2

)2
+ ε22

. (5.2)

Therefore, it is independent of the particles geometry and thus, a gene-
ral parameter describing the wavelength-dependent behavior of the
material itself.
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5.2.1 Model for the In- and Out-of-Plane Expansion

With help of the factor E, we �rst develop a model to determine the
in- and out-of-plane expansion of Pd square-patches during hydrogen
loading.

Similarly to the procedure to calculatem in Section 3.3.2, we choose
a �xed λPdHres for two di�erent thicknesses tPdHi and tPdHj . As the pa-
rameter m is only related to geometry, we assume that it is the same
for samples of Pd and PdH. Then

E
(
λPdHres ,mSPdHi ,mtPdHi

)
= E

(
λPdHres ,mSPdHj ,mtPdHj

)
, (5.3)

with

E
(
λPdHres ,mSPdHi ,mtPdHi

)
= 19.717tPdHi

(
SPdHi

)1.14 (
mn

λPdHres

)2.14
−N PdH

i

= 19.717tPdHi

(
SPdHi

)1.14 (
mn

λPdHres

)2.14
−

1

1.1 S
PdH
i
tPdHi

+ 0.3
.

(5.4)

It is important to note here that the actual sizes SPdH and tPdH of
the hydrogen-loaded Pd samples are not accessible during the expe-
riment. Therefore, we need a way to relate the measured PdH reso-
nance wavelengths λPdHres with the known sizes of the unloaded sam-
ples

(
SPdi , tPdi

)
, hence a function h so that

λPdHres = h
(
SPdi , tPdi

)
. (5.5)

For a chosen couple SPdi , tPdi we determine DPd
j and DPd

k , as shown
in Fig. 5.1 that obey the condition

λPdHres = h
(
SPdi = DPd

i , tPdi
)
= h

(
DPd
j , tPdj

)
= h

(
DPd
k , tPdk

)
. (5.6)
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Figure 5.1. Construction of DPd
i , DPd

j , and DPd
k for PdH. The same technique

as in Section 3.5.3 is applied, using the resonance wavelengths λPdHres and one
nominal Pd size (SPdi = SPd50 = DPd

50 ), to calculate the other two nominal Pd
sizes DPd

30 and DPd
100 at the same wavelength.

This is the same technique as in Section 3.5.3, but with the resonance
wavelength data of the PdH samples. Important to note is that the
DPd
j and DPd

k are di�erent from the calculated SPdj and SPdk for the
pure Pd samples, since they are determined from a di�erent set of
wavelengths λPdHres , λPdres .

During hydrogenation the in-plane as well as the out-of-plane di-
mensions of the Pd square-nanopatches will change. So we can write

SPdHi = DPd
i

(
= SPdi

)
× (1 + σ ) , (5.7)

SPdHj = DPd
j × (1 + σ ) , (5.8)

SPdHk = DPd
k × (1 + σ ) , (5.9)

and

tPdHi ,j ,k = tPdi ,j ,k × (1 + τ ) . (5.10)
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The factors σ and τ are the in- and out-of-plane expansion factors
that are related to the relative volume expansion ∆VPdH of Pd through

∆VPdH =
(
VPdH −VPd

)
/VPd = 2σ + τ +O

(
σ 2,στ

)
= 0.104

(5.11)

The relative volume expansion from Pd to β-phase PdH (at atmosp-
heric pressures and room temperature) is 0.104 [14]. It originates in
the lattice expansion of the Pd (fcc) lattice from 0.3890 nm for pure
Pd to 0.4025 nm for β-phase PdH in the β-phase [91]. It has been re-
peatedly shown in literature that the relative volume expansion is
independent of the sample, no matter if it is bulk Pd [13], an exten-
ded thin �lm [126] or nanoscale Pd [127]. Thus, we assume that for
all square-patches the overall relative volume expansion is constant,
even though σ and τ are allowed to be size dependent.

Introducing Eq. (5.11) into Eq. (5.10) we obtain

tPdH = tPd ×
(
1 + ∆VPdH − 2σ

)
= tPd × (1.104 − 2σ ) . (5.12)

and, hence, eliminate τ from the above equation.

With the depolarization factor

Ni
(
SPdH , tPdH

)
=

1

1.1 S
PdH
i
tPdHi

+ 0.3
=

Ni
(
DPd , tPd ,σ

)
=

1

1.1 DPd
i (1+σ )

tPdi (1.104−2σ )
+ 0.3

(5.13)

and the size de�ning Eqs. (5.7) to (5.9) and (5.12), we can reformulate
the condition Eq. (5.3) to obtain the general relation

E
(
λPdHres ,mDPd

i (1 + σ ) ,mtPdi (1.104 − 2σ )
)

= E
(
λPdHres ,mDPd

j (1 + σ ) ,mtPdj (1.104 − 2σ )
)
.

(5.14)
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As all the parameters λPdHres ,m,DPd
i , tPdi ,DPd

j and tPdj in Eq. (5.14)
are known, this equation determines the in-plane expansion parame-
ter σ (and thus also the out-of-plane expansion factor τ = 1.104− 2σ )
for square-patches with a certain resonance wavelength λPdHres .

This method for determining σ (and with it the dielectric factor E)
requires that σ

(
SPdHi

)
' σ

(
SPdHj

)
if λPdHres

(
SPdHi

)
= λPdHres

(
SPdHj

)
.

Thus, it is only valid if σ is slowly varying with S and t .

Using Eq. (5.1) for E we explicitly have:

E
(
PdH

)
'19.717 (mn)2.14 tPdi (1.104 − 2σ )

(
DPd
i

)1.14
×

(1 + σ )1.14
(

1
λPdHres

)2.14
−

1

1.1 DPd
i (1+σ )

tPdi (1.104−2σ )
+ 0.3

.
(5.15)

5.3 experimental realization

We use di�erent Pd samples with thicknesses t1 = 30 nm, t2 = 50 nm,
t3 = 100 nm to perform continuous hydrogen loading measurements.
The square-patch �elds of the samples are measured with a Fourier-
transform infrared spectrometer (FTIR). With a square aperture of
50 µm × 50 µm and averaging over 24 scans each, we have a measu-
rement time of about 10 s per �eld. The samples are placed in a tita-
nium vacuum-tight gas-�ow cell that is hooked up to a computerized
gas-mixing system consisting of Bronkhorst mass-�ow controllers for
hydrogen (H2) and argon (Ar). An Ar 5.0 bottle (99.999 % pure Ar) and
an Ar W5 (5 vol % H2 in 95 % Ar) bottle are connected to the measu-
rement setup. The gas-�ow cell has two broadly transparent calcium
�uoride (CaF2) windows to perform the FTIR transmission measure-
ments over the full spectral range. One side of the cell is connected to
the gas mixing system , while the other is open to ensure atmospheric
pressure in the cell (approx. 1013 mbar).
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For proper normalization and to minimize in�uences due to mo-
lecular vibrations of the surrounding atmosphere every 10 measure-
ments a reference measurement is performed (same conditions as the
measurements on the �elds, but using the pure CaF2 substrate).

Wavelength (nm)

Size SPd

PdH

Model

Figure 5.2. Extinction spectra for t = 50 nm and varying S , in the pure Pd
state (grey curves) and the β-phase state (colored curves). For comparison the
�tted model results (later used to determine F ) are plotted as dashed colored
lines.

All samples are measured consecutively with all three detectors
(see Section 3.5.2) with an overall measurement time of 900 s for a
full set of resonance data. Parallel to the FTIR measurements, the sam-
ple is exposed to a controlled gas-�ow cycle. The cycle is designed to
have a constant gas �ow of 1 nl/min (1 norm-liter per minute) over the
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sample, while the gas mixture is changed over time. Since, the measu-
rement time for covering all �elds is 900 s, all partial pressure steps
are �tted to a multiple of this measurement time.

After the measurements, the dataset is processed to extract the im-
portant parameters, like the center-wavelengths and the loading and
unloading times. The raw transmission spectra, that were recorded
over a linear wavenumber scale, are cleaned, stitched and analyzed
(see Section 3.5.2) and afterwards converted to a wavelengths scale.
Figure 5.2 shows the resulting spectra for t = 50 nm and varying S ,
in the pure Pd state (grey curves) and the β-phase PdH state (colored
curves).

5.3.1 In- and Out-of-Plane Expansion of PdH Samples

To reduce the large amount of data, we �rst analyze the measurement
results for the two extreme states, the pure Pd and β-phase PdH sam-
ples. considering that we declare the median value of all measure-
ments at 0 vol % H2 in Ar as pure Pd and the median of all measure-
ments at 5 vol % H2 in Ar as PdH (knowing that we do not have fully
loaded PdH0.71. However, Fig. 5.9 shows that we are well in β-phase
PdH).

Using the equality Ei
(
λ
)
= Ej

(
λ
)

(see Eq. (5.14)) and the de�nition
of E in Eq. (5.15), we can determine the in-plane-expansion going from
Pd to PdH for the three combination E30 = E50,E30 = E100,E50 = E100.
Here the subscripts indicate the sample thickness t . The in-plane ex-
pansion coe�cients, for all three combinations, are shown in Fig. 5.3.

Figure 5.3 depicts that σ decreases weakly from σ ∼ 0.08 to ∼ 0.02
when the patch size increases from 250 to 2500 nm. Isotropic expan-
sion would correspond to σ ' 0.104/3 ' 0.035. This weak size de-
pendence is fully consistent with the weak dependence of the plateau
pressures shown in Fig. 5.9(d). The data suggest a further peak around
450 nm that is best visible in the blue line. From the measurements it
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Figure 5.3. Calculated in-plane-expansion σ from Pd to PdH square-patches,
using Eq. (5.14). The dots are calculated using the technique described in
Section 3.5.3, whereas the lines are calculated using a 4th order polynomial
�t through the resonance wavelengths λPdHres (S). There are clear di�erences
in value between σ from E30 = E50 (blue line/dots) and E50 = E100 (green
line/dots), probably originating from the very di�erent aspect ratios for the
t = 30 nm and t = 100 nm samples. However, the general monotonic decre-
ase with size is visible for all samples. For better comparison the upper x-axis
shows the corresponding approximate mean square-patch size for the wave-
lengths λPdHres (S).

is no fully clear, whether it is a real e�ect or just a numerical arti-
fact. Nevertheless, if it is real, the data suggests that for very small
sqaure-nanopatches the expansion tends towards an isotropic expan-
sion. These �ndings are consistent with the data of Baldi et al. [70]
on 13 nm to 29 nm sized Pd nanocubes that remain crystalline after
repeated hydrogen loading and unloading.

It is, however, intriguing to see that the expansion coe�cient σ is
higher than ∆VPhD/2 = 0.104/2 = 0.052, and therefore correspond
to τ < 0. Wetting would lead to such a behavior. In analogy to water
droplets, the nanoparticles seem to get �atter when their size incre-
ases due to hydrogen incorporation. In water droplets gravitational
energies are responsible for the surface wetting. For Pd nanopatches
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gravitation does not a role. However, for reducing the overall energy
it seems that it still wants to wet the surface of the substrate. Only
for very large patches the sticking to the substrate prevents in-plane
expansion, leading to σ → 0.

The resulting in-plane expansion of the smaller size patches is con-
tradictory to the known results of small scale single crystalline nano-
cubes expanding isotropically in all directions. Especially, the larger
patches with about 3 µm side length should behave very similar to ex-
tended thin �lms with negligible in-plane expansion and thus σ ≈ 0.
This and the large quantitative di�erence between the three data sets
hints that the initial condition that σ should be the same for all pat-
ches that have the same resonance wavelength was too simple. The
blue line in Fig. 5.3 (E30 = E50) is showing the smallest (and therefore
most reasonable) values of σ . It also represents the smallest di�erence
in t (with both thicknesses being in the range of only having one cry-
stallite in z-direction). Therefore, the general trend of larger values
for σ for the smaller patches and the decrease towards a constant
(near-zero) value for larger patches, should be reliable and valid, even
though the absolute values have large margins of error. If one sub-
tracts a constant value of about 0.02 from the mean data-set (or just
takes the σ30−50 values) the expected behavior is recovered.

Besides, it is important that SPdH = (1 + σ ) SPd is evaluated by
using wavelength di�erences of the plasmonic resonances and, there-
fore, only accounts for the size di�erences relevant for the plasmonic
resonance. If, for example, the hydrogenation is leading to some non-
isotropic expansion in the x-y-plane or generates special edge (or
shell) states with a di�erent plasmonic behavior, our model averages
over these e�ects and generates some kind of e�ective side length
SPdHef f . The results presented in Chapter 4 strongly suggest the assump-
tion of such edge e�ects.
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Figure 5.4. Calculated results for the dielectric factor E for Pd and PdH. The
dark and light blue dots are calculated from our Pd nanosquare plasmonic
measurements of two di�erent sets of samples. The golden line is the E value
calculated from literature values of ε [49, 61]. The red squares are calculated
using the data from the fully hydrogenated Pd samples. For comparison, the
best available literature values for εPdH are plotted, too (green line).

5.3.2 Dielectric Function of Pd and PdH

Even though, the calculated σ
(
λ
)

and τ
(
λ
)

might not give the full pic-
ture concerning the in- and out-of-plane expansion of the Pd square
patches, the basic assumption of having an equation separating size
and electronic e�ects in plasmonic resonances still holds true. By
using the calculated ’e�ective expansion factors’ σ and τ we can calcu-
late the dielectric factor E for the hydrogen loaded Pd samples.

Figure 5.4 displays the calculated results both for Pd (blue dots) and
PdH (red dots) measured for two di�erent sets of samples (lighter and
darker colors). The pure Pd data shows very good agreement with the
corresponding literature values (golden line) as already discussed in
Chapter 3. For PdH, there are only very limited literature data availa-
ble. The green line in Fig. 5.4 represents the largest and mostly used
set of dielectric data from Von Rottkay et al. [49, 124]. Unfortunately,
it only covers wavelengths between 200 nm and 2000 nm and it is not
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clear whether or not the authors corrected for the hydrogen induced
lattice expansion when calculating the dielectric function from their
ellipsometric measurements. Nevertheless, it shows the same quali-
tative behavior as our data, even though, the absolute agreement in
the region between 1.5 and 2 µm is poor. In this region, the literature
PdH data approaches the values for non-hydrogenated pure Pd whe-
reas our data for E are markedly lower. Von Rottkay et al.s setup [49]
approaches the edge of their measurement setup in this wavelength
region. This could result in a strongly reduced signal-to-noise ratio
and thus lead to a noise-phenomenon with all data approaching the
same values. A similar issue can be observed in our setup at wave-
lengths above 10 µm (or below 1000 cm−1).

Apart from the E-factor, we can also calculate the F factor from
�tting the extinction model described in Section 3.3 to the experimen-
tal extinction data (see dashed lines in Fig. 5.2), by using the proce-
dure described in Section 3.4.1. Figure 5.5 shows the wavelength de-
pendent F factor for both Pd and β-phase PdH nanopatches toget-
her with the respective literature values. Both Pd and PdH are very
close to each other with the tendency of F

(
Pd

)
< F

(
PdH

)
below

2000 nm and F
(
Pd

)
> F

(
PdH

)
for higher wavelength (especially be-

tween 2000 nm and 4000 nm). These results agree with the limited
data available for PdH (grey dashed lines representing data of Vargas
et al. [128] and Isidorsson et al. [123], see below for more details) in
the way of showing very little di�erence to the Pd data. In fact, it is
intriguing how diverse the literature curves measured on similar �lm
systems are. This holds even true in the region below 1000 nm, where
data were experimentally obtained. This veri�es that it is of great im-
portance to get broader and more accurate dielectric data of hydrided
Pd samples.

The combination of E and F form the dielectric function ε
(
λ
)

(using
Eqs. (3.79) to (3.81)). Figures 5.6 to 5.8 depict the resulting ε1 = Re (ε)
and ε2 = Im (ε). Since both, ε1 and ε2, involve quotients of E and F it
is not surprising that the values are more scattered than the original
values for E and F in Figs. 5.4 and 5.5. The graphs show a wide spread
of the PdH literature dielectric functions from Vargas et al. [128] and
Isidorsson et al. [123]. The real parts of the dielectric function of the
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Figure 5.5. F factor for Pd and PdH nanopatches, derived from a �tting pro-
cedure of the experimental extinction spectra to Eq. (3.82). The blue squares
are for the Pd data (light blue for t = 30 nm, blue for 50 nm and dark blue for
100 nm). The errorbars depict the standard deviation con�dence interval from
the �t, and the solid black line is the literaure value calculated from Rakic et
al. [61]. The red dots depict the PdH data (bright to dark colors as for Pd). The
comparison to the literature values (dashed lines) indicate a strong similarity
between Pd and PdH values.

loaded (with 1 bar H2) 10 nm �lm from Vargas et al. (solid green line)
and the partially loaded (at 40 mbar H2) 12 nm thick �lm from Isidors-
son et al. (dashed yellow line) are very close to the literature value
for pure Pd. Whereas the thicker Vargas et al. �lms (long and short
dashed green lines) and the fully loaded Isidorsson et al. �lm (solid
yellow line) show a qualitatively di�erent behavior with markedly
smaller absolute values for ε1. This spread does not necessarily have
anything to do with di�erent behavior of thicker or thinner �lms, but
could simply arise from the fact that the curves are generated using
model parameters (Brendel-Bormann model for Vargas et al. and a
Drude-Lorentz model for Isidorsson et al.) that were �tted in a di�e-
rent wavelength region (aprrox. 200 nm to 1100 nm).

Looking at the resulting ε1 calculated from our experimental data,
it seems that the larger negative literature values are closer to reality
or at least to the behavior of our evaporated thin �lms (see red squares
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Figure 5.6. Real part of the dielectric function for Pd and PdH. The lines are
literature dielectric data for pure Pd from Rakic et al. [61] (black line), for a
12 nm PdH �lm from Isidorsson et al. [123] (40 mbar H2 yellow dashed line,
1 bar H2 yellow solid line) and for PdH �lms of Vargas et al. [128] (10 nm �lm
green solid line, 15 nm �lm green long dashed line, 30 nm �lm green short
dashed line). The circles are the experimentally obtained values of Pd (blue)
and β-phase PdH (red) using Eq. (3.79). The squares are calculated assuming
F ≈ 0 (Eq. (3.81)).

in Fig. 5.6). As discussed in Chapter 3 and also shown in Fig. 5.5, in the
wavelength region above 5000 nm, F becomes very noisy. This leads
to unrealistic values of ε1 (and ε2) when factored into the calculations
(see blue and red circles in Fig. 5.6). Therefore, for wavelengths above
5000 nm one should use the approximate formula Eq. (3.81), setting
F = 0 to obtain ε1

(
λ
)
.

Taking these �ndings into account, one can say that the real part
of εPdH is less negative than that of Pd. Otherwise it follows a similar
curvature (as shown in Fig. 5.8). Since, the absolute value of ε1 (when
negative) is a measure for the conductance of a metal, the smaller
absolute values of ε1

(
PdH

)
compared to ε1

(
Pd

)
con�rm the literature

knowledge about PdH, of being a worse conductor compared to Pd [14,
43]. The available literature dielectric functions show the same trend
(except the 10 nm Vargas et al. �lm, where other e�ects as for example
percolation could play a role).
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Figure 5.7. Imaginary part of the dielectric function for Pd and PdH. The lines
are literature dielectric data for pure Pd from Rakic et al. [61] (black line), for
a 12 nm PdH �lm from Isidorsson et al. [123] (40 mbar H2 yellow dashed line,
1 bar H2 yellow solid line) and for PdH �lms of Vargas et al. [128] (10 nm �lm
green solid line, 15 nm �lm green long dashed line, 30 nm �lm green short
dashed line). The circles are the experimentally obtained values of Pd (blue)
and β-phase PdH (red) using Eq. (3.80).
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Figure 5.8. Dielectric functions of Pd (blue squares for ε1 and dots for ε2) and
PdH (red squares for ε1 and dots for ε2) together with a higher order Drude-
Lorentz �t using Eq. (5.16) with the �tting parameters stated in Table 5.1.
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Interestingly, we see an opposite behavior in the imaginary part of
the dielectric function (see Fig. 5.7 and dots in Fig. 5.8). Here, ε2

(
PdH

)
is showing a lower value than Pd (for wavelengths below 5000 nm).
This e�ect can be translated to a lower damping, which is di�erent
from (most of) the calculated literature values. However, we need to
stress, that the functions are �tted to wavelengths below 1000 nm.
In this area our PdH and Pd values for ε2 are very similar to each
other (and even overlap between 900 nm and 1800 nm), similarly to
the literature data. Between 2000 nm and 4000 nm the PdH data show
the same qualitative behavior as the Pd data (almost linear increase till
2300 nm, then a bump with constant or decreasing values till 3100 nm
and then again a monotonous increase). A similar behavior can be
seen in the literature Pd data (black line) and the Vargas et al. 10 nm
�lm, only shifted higher values of ε2.

To be able to use the results for any further research, one needs to
�t a generic Kramers-Kronig relations obeying model to these data
sets [129]. One typical model, containing sums of real and complex
pole functions (1st and 2nd order) that represents basically sums of
Drude and Lorentz oscillators has the following form:

ε (ω) = ε∞ +
∑
n

βn
αn + iω

+
∑
n

γ0,n + iωγ1,n
δ0,n + iωδ1,n −ω2 . (5.16)

Using a standard least square �tting algorithm one obtains a 8th order
model for Pd and 4th order model for PdH (see Table 5.1), displayed
in Fig. 5.8.

These values provide further proof that distinct di�erences in die-
lectric properties between Pd and PdH exist (generally less negative
ε1 and smaller positive ε2 values for PdH compared to Pd square-
patches). Together with the size-dependent geometrical expansion
shown in Section 5.3.1, we get a comprehensive picture of the pro-
cesses in�uencing the optical properties in hydrogenated Pd nano-
structures. These results can be used to predict the behavior of more
complex nanoparticles geometries, since the obtained dielectric pro-
perties, together with the geometrical expansion factors, are sole va-
riables of the wavelength, but do not depend on the particular geome-
try.
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Pd dielectric data
ε∞ = 70.0155
α1 = 1.22 × 1014 Hz; β1 = 2.28 × 1018 Hz
α2 = 3.27 × 1013 Hz; β2 = 3.44 × 1018 Hz
α3 = 2.13 × 1015 Hz; β3 = −6.51 × 1016 Hz
α4 = 8.66 × 1013 Hz; β4 = −5.61 × 1018 Hz
γ0,1 = −1.92 × 1031 Hz2; δ0,1 = 3.75 × 1028 Hz2

γ1,1 = −4.37 × 1016 Hz; δ1,1 = 1.30 × 1014 Hz
γ0,2 = −1.55 × 1031 Hz2; δ0,2 = 4.50 × 1030 Hz2

γ1,2 = −5.43 × 1015 Hz; δ1,2 = 4.73 × 1014 Hz

PdH dielectric data
ε∞ = 1
α1 = 2.42 × 1015 Hz; β1 = −6.35 × 1015 Hz
α2 = 1.35 × 1010 Hz; β2 = 4.43 × 1017 Hz
γ0,1 = −1.98 × 1032 Hz2; δ0,1 = 9.03 × 1028 Hz2

γ1,1 = −3.98 × 1017 Hz; δ1,1 = 5.89 × 1014 Hz

Table 5.1. Model values for Pd and PdH dielectric data, calculated using the
complex model of Eq. (5.16).

5.4 continuous loading experiments

To gain more insight on the dynamic behavior of the hydrogenation
process of the Pd square-patches, we investigate in detail the loading
isotherms of the di�erent samples. Since all samples are measured si-
multaneously and under exactly the same conditions, it is possible
to correlate the results quantitatively. The absolute accuracy concer-
ning hydrogen pressure and H/Pd composition, using optical mea-
surements together with a gas-�ow cell, is not comparable with the
one obtained by volumetric measurements in pressure-cells [68]. Ho-
wever, the used equipment together with the simultaneous measure-
ments allow for a high relative accuracy.
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5.4 continuous loading experiments

First, the plasmonic resonance positions are correlated to the corre-
sponding gas concentration. Since, the sample needs a certain concen-
tration dependent timespan to reach equilibrium, all concentration
steps span over at least two full measurement runs (in the α- and β-
phase equilibrium is reached very fast, whereas, in the miscibility gap
where α- and β-phase coexist, the response time till equilibrium is re-
ached, can be quite long). In the analysis, the measurement data per
concentration step are averaged through a weighted average, depen-
ding on the time di�erence to the closest past concentration change
(to account for the loading times of the samples, the �rst run per con-
centration step (900 s) is always thrown away). The resulting loading
and unloading isotherms are then converted from wavenumber to wa-
velength and normalized by setting the median of all measurements
at 0 vol % H2 in Ar to 0 and the median value of all measurements at
5 vol % H2 to 1. To determine the plateau loading concentrations for
the di�erent �elds and samples, the loading isotherms are interpola-
ted to match the same x-axis (wavelength axis ∝ H/Pd-axis). After-
wards, the pressure value at the x-value of the minimal slope is taken
to be the plateau loading pressure.

Figure 5.9 shows the resulting loading isotherms and plateau pres-
sures for three di�erent sample thicknesses t and square-patch sizes
S between 200 nm and 2500 nm. The plateau pressure of all samples
is between 16 mbar and 22 mbar, which is in good agreement to the
literature results for Pd thin �lms (see Chapter 4). The isotherms and
especially the plateau pressures seem to be independent of the sample
thickness. The slightly enhanced values of the 50 nm thick sample are
most probably due to slight di�erences in the measurement condition,
namely slight temperature or overal pressure variation.

Since the conditions during the measrements are accurately con-
troled, there is no doubt that the in-plane dimensions play a signif-
cant role, regarding the isotherm slope as well es the plateau pres-
sures. Figures Fig. 5.9(a)-(d) show that the isotherm slope increases
with particle size. It has been repeatedly shown in literature that the
�atness and width of the isotherm plateau region strongly depend on
defects [14, 130] and �lm clamping [131, 132]. Our Pd �lms are evapora-
ted using electron gun evaporation (with a rate of 2 Å/s at a vacuum of
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Figure 5.9. Loading isotherms of Pd square-patch samples. (a), Loading isot-
herms for a Pd sample with t = 30 nm varying S from 200 (lightest blue line)
to 2500 nm (black line). (b), Loading isotherms for a sample with t = 50 nm
and S varying from 250 (lightest red line) to 2500 nm (black line). (c), Same as
in (b) with tPd = 100 nm. (d), Plateau pressures extracted from the measure-
ments of (a)-(c), showing a small but characteristic increase with increasing
square-patch size S , whereas there does not seem to be a signi�cant depen-
dence on the sample thickness t .

148



5.5 conclusion

about 10−7 mbar), the metal forms a poly-crystalline �lm with crystal-
lites sizes of about 20 nm to 50 nm. Therefore, larger square-patches
that contain more crystallites and defects might show a higher loa-
ding pressure and sloping plateaus. The size-dependence of the loa-
ding pressures should be visible down to sizes of about 50 nm, where
only one crystallite would form. Another explanation for the sloping
plateaus is that large patches undergo drastic atomic displacements
in order to expand predominantly out-of-plane. The increasingly slo-
ping plateaus are therefore in agreement with the data for σ in Fig. 5.3,
which show that σ decreases with increasing size S .

Additionally, the clamping to the substrate increases with patch-
size. Even though, highly debated [133, 134], clamping of thin �lms to
the substrate can increase the loading pressure compared to a bulk of
freely movable Pd [77]. The clamping, in our case, can be supported
additionally, by lattice spacing matching of the substrate. The used
CaF2 substrates form a basic cubic lattice and are cleaved along the
111 surface and thus have a molecular spacing of x = aCaF2 ×

√
2 =

5.462Å ×
√
2 = 7.724Å [135]. The unhydrogenated Pd forms a fcc lat-

tice with lattice parameter aPd = 3.889Å [14]. When taking two unit
cells (2 × aPd = 7.778Å), the Pd lattice almost perfectly �ts onto the
{111} CaF2 surface with xCaF2 = 7.724Å. This �t enhances the surface
adhesion of the Pd, leading to an extra energy, necessary to form PdH
with a markedly di�erent lattice parameter (aPdH = 4.025Å). Such a
theory is also supported by the analysis of the in- and out-of-plane
expansion in Fig. 5.3. It shows that the larger squares expand more
out-of plane as the smaller squares, what could be supported by sub-
strate adhesion e�ects. Here, our data proves the same trend of incre-
asing plateau pressure (∆p = 6mbar), when going from S = 250 nm
to S = 2500 nm.

5.5 conclusion

The extensive PdH square-patch studies show that even though po-
lycrystalline and fairly large structures of sizes between 200 nm and
3000 nm were used, there are clear di�erences from bulk or thin �lm
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behavior. We demonstrate for the �rst time that the in- and out-of-
plane expansion of Pd square-patches change with size. Even though,
the absolute values need to be con�rmed using more direct methods,
as for example, in-situ atomic force microscopy (AFM) or scanning
near-�eld optical microscopy (SNOM) measurements, the trend going
from in-plane to mostly out-of-plane expansion for increasing patch
size, is well identi�ed.

Besides the size-expansion, the change in the electronic properties
of the Pd is the second large factor in�uencing the optical properties.
We employed an analytical model for plasmon resonances of square
patches to deduce these electronic properties, namely the dielectric
function for hydrogenated Pd. One great advantage of our method
is, that is does not rely on any assumptions about the form of the
dielectric function. As a result we obtain, for the �rst time, reliable
values for the optical properties of PdH in the infrared wavelength
range going from 900 nm to 8000 nm.

The great advantage of our optical method is that it makes it pos-
sible to measure simultaneously room temperature isotherms for all
the di�erently sized samples. These isotherms showed that the pla-
teau loading pressure is situated between 16 mbar and 22 mbar with
an almost linear increase with increasing side-lengths of the square
patches. This interesting behavior shows that the energy necessary
to overcome the miscibility gap and form the β-phase increases with
increasing patch size. Such a size-dependent (partial) clamping of the
Pd to the substrate is in agreement with the enhanced out-of-plane
expansion observed for our larger squares.

Existing literature about palladium and hydrogen, deals with bulk
and thin �lms on one hand, and with (mostly single crystalline) nanpo-
articles of sizes between 2 nm and 100 nm one the other hand. For the
intermediate region, our investigations are the �rst systematic appro-
ach to close the gap between nanocrystal and bulk behavior. To get a
complete picture, more studies of this system are necessary. Tempera-
ture dependent loading and unloading measurements would provide
a complete thermodynamic picture and in-situ AFM could verify the
geometrical changes on the nanoscale.
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6
H Y B R I D M E TA L N A N O PA R T I C L E P L A S M O N I C
S Y S T E M S

In recent years, plasmonic hydrogen sensing schemes using complex
hybrid Pd-Au nanostructures have attracted signi�cant attention. Ho-
wever, most studies have focused on investigating the sensing perfor-
mance of nanosensor geometries where the constituent materials are
laterally coupled. In contrast to such planar hybrid systems, which of-
ten require complex multi-step fabrication approaches, devices where
the materials are stacked directly on top of each other can be fabrica-
ted in a single step, enabling straightforward high-throughput proces-
sing. In this chapter, that was adapted from our publication in ref. [29],
we introduce a novel hydrogen sensing scheme which incorporates
complex hybrid plasmonic nanostructures consisting of stacked gold
and palladium nanodisks. In particular, the in�uence of stacking order
and geometry will be studied, experimentally and numerically, to �nd
an optimal arrangement for a hydrogen sensor device. With an opti-
mized sensing geometry - a stack of gold as lower and palladium as
upper disk - spectral shifts as large as 30 nm at 4 vol % H2 were obtai-
ned, which is a strong improvement compared to previous indirect
sensing designs. The samples yield large signals and are fabricated by
low-cost hole-mask colloidal lithography and therefore yield sample
sizes over areas of 1 cm2.

6.1 introduction

Over the last decade, the concept of a hydrogen economy has emerged
as a topical and highly debated candidate for replacing fossil fuels in
large-scale energy production. However, this important development
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is still hampered by a lack of cheap, reliable, safe and compact hydro-
gen sensors that can be used for monitoring all process steps of the
hydrogen production and consumption chain, from energy plants to
hydrogen-fueled cars.

Upto now, a variety of possible sensing concepts have been propo-
sed and evaluated [22, 72]. Initial experiments focused mainly on plas-
monic structures with large nanostructured areas, by employing geo-
metries such as nanodisks, hole arrays, and perfect absorbers [19, 42,
136]. Moving from extended systems towards progressively lower de-
tection volumes, single particle nanosensor geometries, such as nano-
structured antennas [104] and chemically synthesized ’smart dust’
nano-probes [23, 25, 137, 138], were investigated. One important con-
cept for high sensitivity palladium-based plasmonic hydrogen sensors
is the integration of multiple materials into a single hybrid nanosen-
sor geometry. Here, gold or silver nanostructures are commonly used
to enhance the changes in other chemically reactive materials, since
they yield the highest �eld enhancement and the narrowest plasmonic
resonances in the visible and near-infrared wavelength region. There
are some concepts involving alloyed nanostructures [139, 140] and
also core-shell pillars forming a metasurface [24] that are used as plas-
monic hydrogen detectors. However, most hybrid hydrogen sensing
geometries investigated so far involve the lateral placement of pal-
ladium and gold antennas with surface-to-surface distances around
10 nm [41, 141, 142], the placement of gold and palladium disks on the
sides of a nano-pyramiede [143], or the stacking of a palladium disk
on top of a gold antenna with a dielectric spacer in between [144–146].

In all these geometries, one key unifying design goal is to place
the two constituent materials at very close surface-to-surface distan-
ces while preventing direct contact. This is usually achieved either by
complex two-layer lithography steps [41] or by introducing a spacer
layer between the two materials [104]. In many earlier approaches,
direct contact between the noble metal used for the antenna and the
highly reactive but often strongly damped functional material, is as-
sumed to be detrimental for the sensitivity of the full structure. There-
fore, only very recently palladium on top of silver triangles have been
studied in comparison to palladium-silver heterodimers [147].
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6.1 introduction

SiO2

H2

Pd

Au

Figure 6.1. Schematic view of the di�erent palladium-gold nanodisk systems
under investigation. The stacking sequence of gold and palladium is varied.

Here, the sensing performance of hybrid plasmonic nanosensor ge-
ometries consisting of stacked gold and palladium nanodisks in di-
rect contact is investigated. It is realized, by employing colloidal hole-
mask lithography to fabricate the nanostacks [148], and performing
hydrogen-dependent time-resolved transmittance measurements to
investigate geometries with di�erent material placement and number
of constituent disks. Especially, we �nd that the order of materials in
the nanostacks plays a crucial role for both, the sensitivity and the
response time of the structures.

The resulting insight should ease the way to fabricate reliable,
highly sensitive, low-cost hydrogen sensors with good temporal re-
sponse that are ideally suited for technological applications.
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6.2 the pd-au / au-pd / au-pd-au nanostack systems

To conduct a thorough study on direct contact palladium gold nano-
disk stacks, three alternating vertical arrangements of two or three
nanodisks are investigated. Figure 6.1 shows a schematic view of
the investigated designs. Each geometry was experimentally realized
using hole-mask colloidal lithography, which produces disk stacks
with high density, random placement and large-area coverage [149].
Therefore, this method is ideally suited for studying the plasmonic
e�ects of such nanodisk stacks without the disturbance of grating ef-
fects [22] such as the Wood-anomaly [64]. An additional advantage
of hole-mask colloidal lithography is the absence of any residual die-
lectric Poly(methyl methacrylate) (PMMA) resist from the fabrication
process in contact with the disks.

Samples with di�erent stacking geometries are characterized with
a SEM as shown in the left column in Fig. 6.2, together with schematic
views of the respective structures. All the Pd and Au disks have the
same basic geometry, with a diameter of about 150 nm (lowest disk)
and a thickness of about 20 nm. The cobweb-like structures around
the disks in the SEM images arise from very small amounts of residual
PMMA left over from the fabrication process. Still, the PMMA is su�-
ciently separated from the disk stacks to have no signi�cant in�uence
on their optical properties.

In the center column of Fig. 6.2, we show single particle scatte-
ring FEM simulations of the studied structures using tabulated con-
stants for Au, Pd (blue curves) and PdH (red curves) [33, 49]. All sy-
stems exhibit a redshift and broadening of the plasmonic resonance,
when using PdH dielectric data compared to Pd. The ensemble ex-
tinction spectra of fabricated large-area samples, which are measured
in pure nitrogen atmosphere (blue curves) and with 4 vol % hydrogen
in nitrogen carrier gas (red curves) using a white light transmission
spectroscopy system, are shown in the right column in Fig. 6.2. The
experimental results agree very well with the simulations, both con-
sidering the resonance width and position as well as the hydrogen
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Figure 6.2. Simulated and measured spectra of the nanostack systems with
(red curves) and without hydrogen (blue curves). (a), Exemplary scanning
electron microscope (SEM) image of the Pd-Au system. (b), Single particle
scattering �nite element method (FEM) simulation of the Pd-Au system using
tabulated Pd and PdH data. The spectra display a redshift and broadening
when going from Pd to PdH. (c), Extinction measurements of the fabricated
system showing the same qualitative behavior as the simulations. (d) - (i) SEM
images, simulation and measurement data for the other two nanostack sys-
tems.
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sensing performance, which manifests as a red-shift and broadening
of the plasmonic resonance upon hydrogen exposure.

However, there are some visible di�erences between experiment
and simulation. Particularly, in the case of the Pd-Au nanostack, the
fabricated structures exhibit a plasmonic resonance at lower wave-
lengths when compared to the simulated structures. This can mostly
be attributed to material defects or fabrication tolerances, which may
result in a smaller gold disk in the second layer, compared to the de-
sign in simulation (due to the clogging e�ect from the hole-masks).
It is challenging to determine the size di�erence, since SEM measure-
ments cannot distinguish between palladium and gold, and element-
resolved transmission electron microscope (TEM) methods cannot be
easily applied to samples fabricated using hole-mask colloidal litho-
graphy.

The di�erence between the measured and numerically predicted re-
sonance shifts in the Pd-Au system can be attributed in part to mate-
rial defects and palladium-gold alloying, which are more signi�cant
when the palladium is placed below the gold disk. Apart from the
resonance shift, all other properties such as the predicted hydrogen-
induced changes in resonance amplitude and width are well reprodu-
ced in the experiment.

When focusing on the hydrogen sensing performance of our na-
nostack geometries, we �nd a clear di�erence between the �st (Pd-Au)
and the remaining two systems (Au-Pd, Au-Pd-Au).

• The Pd-Au stack shows a relatively broad resonance which is
blue-shifted compared to the other systems. However, the re-
sonance change upon hydrogen exposure is relatively large
(65 nm in simulation and about 34 nm in experiment). Thus, this
system can be considered ’palladium-like’, due to the strong in-
�uence of the palladium disk on the overall plasmon resonance.

• The second category systems (Au-Pd, Au-Pd-Au) exhibit a rela-
tively narrow resonance more similar to the one of a sole gold
disk. Upon hydrogen exposure, there is a resonance red-shift
with a relatively small decrease in resonance amplitude. Thus,
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in contrast to the palladium-like stack, the gold disk is the main
driver of the plasmonic resonance, rendering the whole system
more ’gold-like’. This becomes obvious when considering that
the Au-Pd-Au system (which includes two gold disks, coupled
through the palladium disk) exhibits the narrowest resonance
with virtually no change in resonance amplitude upon H2 ex-
posure.

Synopsizing, the Au-Pd-Au system shows the strongest and narro-
west resonance with a full width at half maximum (FWHM) of approx.
210 nm, but only a small wavelength shift of 16 nm upon hydrogena-
tion. The Au-Pd stack with a somewhat larger FWHM of about 235 nm
in the unhydrogenated state and 255 nm as Au-PdH, exhibits twice the
hydrogen-induced wavelength shift of almost 30 nm. For the Pd-Au
system we have a signi�cantly larger resonance width, with a FWHM
of about 310 nm. Nevertheless, in exchange, the system yields larger
wavelength shifts upon hydrogenation.

6.3 temporal response of the systems

To evaluate the performance of a plasmonic geometry for hydrogen
sensing applications, it is not only important to look at the �nal op-
tical response at various hydrogen concentrations, but also to study
the temporal behavior of such a device. For example, in the context
of industrial hydrogen sensing, detector geometries with a large op-
tical change upon hydrogen exposure are only useful if the change
happens within a reasonable timescale. As a consequence, the hydro-
gen loading and unloading dynamics for various concentrations in all
previously discussed stacking geometries have been investigated.

In the experiments, ensemble extinction spectra were recorded
every 5 s while the samples were exposed to sequences of di�erent
hydrogen concentrations in nitrogen carrier gas at a constant gas
�ow-rate of 1 l/min. The concentration sequence starts with 200 s of
0.5 vol % H2 in N2, followed by 200 s of pure nitrogen, then 200 s at
1 vol % H2 and so on, until a maximum H2 concentration of 5 vol % H2
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Figure 6.3. (a), Exemplary time trace of the centroid wavelength shifts upon a
sequence of hydrogen gas exposure, going from 0.5 to 5 vol % H2 in N2 for the
Au-Pd system. (b), Extracted loading times for di�erent hydrogen concentra-
tions for all three sensing geometries. Note, the exceptionally high loading
time for 2 vol % H2 observed in all systems is related to a phase transition
from α- to β-phase in PdHx . (c), Extracted unloading times for the same con-
centration steps as in (b) for all three sensing geometries. All systems show
a distinct reaction to the di�erent hydrogen concentrations, where the Au-
Pd system performs the fastest in both loading and unloading times (< 100 s,
except at 2 vol % H2).

in N2 is reached. Figure 6.3 shows the resulting time-dynamics of the
plasmon-peak wavelength for the three geometries exposed to such
a hydrogen sequence. The plasmon peak positions for the di�erent
stacks (exemplary shown for the Au-Pd stack in Fig. 6.3(a) and for
the other systems in Fig. 6.4) are obtained by employing a centroid
method that calculates the center of mass of the extinction peak. This
method o�ers a very robust and reliable way of detecting even small
peak-shifts independent of the peak shape and noise in the spectral
data [138, 150]. As already mentioned, the two-layer stack with gold as
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Figure 6.4. Time traces of the centroid wavelength shifts upon a representa-
tive cycle of hydrogen gas exposure, changing from 0.5 – 5 vol % hydrogen in
nitrogen for (a) the Pd-Au system, (b) the Au-Pd system, and (c) the Au-Pd-Au
system. All three systems exhibit a distinct reaction to the di�erent hydrogen
concentrations, where the Au-Pd system performs the fastest and exhibits the
strongest reaction with a 30 nm redshift.

a lower disk gives a strong shift of about 30 nm. However, this geome-
try not only exhibits a large plasmon resonance shift, but also shows
the fastest loading and unloading behavior with about 50 s to reach
the maximum response for 5 vol % H2 (see Fig. 6.3(a) and green lines
in Fig. 6.3(b) and (c)).

The other two geometries with the palladium disk placed below the
gold disk (Pd-Au, Au Pd Au) both show dramatically longer loading
and unloading times (blue and red lines in Fig. 6.3(b) and (c)). At 5 vol %
H2, for example, unloading times above 200 s are observed for both ca-
ses as well as loading times of about 100 s (Au-Pd-Au) and even above
200 s for the Pd-Au case. Since, all samples were measured directly af-
ter fabrication and manufactured using the same materials under the
same conditions, the strong di�erences in the temporal behavior can-
not be attributed to material di�erences or sample degradation [21].
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Since the open surface area of the palladium plays a crucial role
for both the loading and unloading process, it is easy to understand
that the geometry with the palladium disk on top and hence the hig-
hest relative open surface area, exhibits the fastest hydrogen ab- and
desorption processes. In the other two systems (Pd-Au, Au-Pd-Au),
the Pd disk is e�ectively buried between a gold disk and either anot-
her disk or the substrate. Therefore, only the sidewalls of the disks
provide the needed catalytic surface for splitting and absorbing hyd-
rogen molecules or in case of unloading the available surface area for
hydrogen recombination. This leads to a strong increase in both lo-
ading and unloading times, since all hydrogen ions have to ab- and
desorb through the bottleneck of the sidewalls. Concerning loading
times, the three-disk Au-Pd-Au stack is still reacting slightly faster
than the Pd-Au system. This is probably due to the fabrication pro-
cess, which leads to strongly decreasing disk diameters for increasing
stack heights. Therefore, the third disk is disproportionately smaller
than the lower two disks, leading to a higher open surface for the
middle disk and a accelerated reaction process.

All recorded time-traces show that no matter how fast any of the
sensors reacts, the maximum centroid shift is only concentration de-
pendent up to a value of about 3 vol % H2 in N2 (see Fig. 6.3(a)). For hig-
her concentrations, only the reaction time changes, but not the shift
amplitude. Additionally, the maximum shift per concentration shows
a strong rise at about 2 vol % from less than 5 nm for lower concentra-
tion to over 10 nm shift for higher H2 concentrations, accompanied
with a strongly enlarged loading time at 2 vol % H2 (see maxima in
Fig. 6.3(b)).

This is a typical behavior for palladium nanostructures and rela-
tes to the occurrence of a phase transition between the so-called α-
and β-phases in palladium hydride, where hydrogen ions are either
interstitial (α-phase) or build in chemically as PdHx (β-phase, with
0.2 < x < 0.7)[14]. For bulk palladium, this phase transition sets in
at about 15 to 20 mbar H2 partial pressure (approx. 2 vol % H2 in N2 at
room temperature and ambient pressures), leading to a saturation be-
havior for higher concentrations. As we have seen in Chapters 4 and 5,
nanostructured Pd can have increased transition pressures compared
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to bulk [28, 69, 70, 72]. To avoid the saturation e�ect in sensing appli-
cations at high partial hydrogen pressures, palladium can be alloyed
with other metals such as Au, Ni, or Ag [21].

The time-resolved measurements in Fig. 6.3 clearly show that it is
not only important to study the maximum optical response of any na-
noplasmonic sensing scheme, but also take into account the relative
’free surface area’ of the system, which strongly alters its temporal re-
sponse. Depending on the target application, both systems have spe-
ci�c advantages. If large wavelength shifts upon hydrogen exposure
(hence large sensitivities) are required, palladium-like system such as
the Pd-Au nanostacks are ideally suited. However, if the main focus
is on fast reaction times, a system with a large Pd open surface area
is advantageous, leading to fast loading and unloading times at the
expense of smaller hydrogen-induced spectral shifts.

6.4 single particle simulations

To further explore the origin of the strong di�erences in sensing per-
formance for the various stacked hydrogen-sensing geometries, it is
instructive to also examine the electric �elds and current densities of
the respective geometries in addition to the spectral shifts. Due to the
challenges associated with mapping plasmonic near-�elds experimen-
tally, we concentrate on FEM simulations of our system.

To accurately represent the experimental geometries, we modeled
truncated Au and Pd cones with a bottom diameter of 150 nm and a ta-
pering angle of about 8.5°. The simulations were performed using the
CST Microwave Studio (CST) 2014 FEM solver with single structures
placed on an in�nite SiO2 substrate. Single particle simulations are re-
quired, since ensemble simulations using randomly placed structures
are not possible with our simulation tool and any periodic assembly
would give rise to grating e�ects [64].

The calculated single particle scattering spectra for the two two-
disk stacks are shown in Fig. 6.5(a) (green and red curves), together
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Figure 6.5. (a), Calculated single particle scattering spectra for the Au-Pd
(green) and Pd-Au system (red) in the hydrogenated (dashed lines) and un-
hydrogenated states (solid lines). The Au-Pd system exhibits a stronger reso-
nance and is blue-shifted compared to the Pd-Au system. Nevertheless, both
systems show a red-shift and broadening of the resonance when going from
Pd to PdH. Additional spectra for a sole Au (dark yellow shaded) and Pd disk
(light blue shaded area) are included for comparison. (b), Calculated current
densities for the Pd-Au system at the resonance frequency showing strong
optical currents in the palladium nanodisk. (c), Calculated absolute electric
�elds together with the �eld vectors for the same geometry and frequency as
in (b), depicting the strongest �eld at the bottom edge of the structure and
in-phase oscillations in the Au and Pd disks. (d), Current densities and (e).
Electric �elds of the Au-Pd system which exhibit notably enhanced �elds and
currents in the Au disk, compared to the geometry in (b) and (c).
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with the respective spectra for single Au and Pd disks on SiO2 (yel-
low and blue shaded areas). Figure 6.5, panels (b) - (e) show the lo-
garithmically plotted current densities and absolute values for the
electric �eld on a cut-plane through the middle of the structures at
the respective resonance frequencies. When considering the electric
�elds in the two- and three-disk stack geometries (Fig. 6.5(c), (e) and
Fig. 6.6(b)), we observe a clear dipolar pattern for all systems. Impor-
tantly, the electric �elds inside the disks are oriented in phase, indica-
ting that the sandwich system can actually be considered as a single
plasmonic resonator. This is mainly due to the fact that all disks are
in direct conductive contact. Additionally, both the Au and Pd disk
exhibit plasmonic resonances between 600 nm and 800 nm, resulting
in spectral overlap and consequently similar resonant properties (see
yellow and blue shaded areas in Fig. 6.5(a)).

For the Pd-Au structures (red curve in Fig. 6.5(a) and Fig. 6.5(b) and
(c)) the plasmon resonance is broadened compared to the Au-Pd sy-
stem. The reason for this can be understood again by examining the
current densities in the metal nanodisks (Fig. 6.5(b) and (d)). Nearly
all of the oscillating optical currents are located in the Pd-part of the
disk-stack. This is for two reasons.

• First, palladium has a higher intrinsic electronic damping than
gold (ε2Pd > ε2Au ), which leads to higher Ohmic losses in the
material and consequently higher optical currents in the rele-
vant wavelength region (σopt ∝ ε2). Therefore, in that spectral
region, the palladium structures always exhibit a higher current
density than the gold, independent of the geometrical arrange-
ment.

• Second, and more relevant for understanding the di�erences
between the two systems in Fig. 6.5, the palladium disk is in
contact with the substrate and hence to a material with a sig-
ni�cantly higher refractive index compared to the air surroun-
ding the upper gold disk. For nanostructures, contact to high re-
fractive index materials leads to a concentration of energy close
to the interface. The main reason for the di�erent behavior of
the Au-Pd and Pd-Au systems with- and without substrate is the
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Figure 6.6. (a), Calculated single particle scattering spectra of the Au-Pd-Au
disk stack in the unhydrogenated (blue solid line) and hydrogenated state
(blue dashed line), demonstrating that the structure exhibits a blue-shift and
signal increase compared to the respective two disk structure (Au-Pd). The
spectra of the two disk stacks and single disks are also plotted (green and red
lines) for comparison. (b), Calculated absolute electric �elds together with the
�eld vectors for the Au-Pd-Au structure on SiO2. The �eld vectors show that,
at resonance, the electric �eld oscillates in phase in all three disks, resulting
in a collective resonance for all the particles. (c), Calculated current densities
for the same structure.

break of symmetry. Otherwise, both systems would essentially
give the same �eld and spectral results (see Fig. 6.7).

Taking into account the substrate e�ect and the fact that the disk-
stack can be treated as one resonator, we �nd that the collective elec-
tron oscillations in the Pd-Au stack lead to a more damped resonance
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in the blue wavelength region that can be seen as more palladium-
like. However, in the Au-Pd case, we have a narrower, stronger and
red-shifted resonance that acts more gold-like. This is supported by
the stronger electric �elds and the higher optical currents in the gold
disk (see Fig. 6.5(b) and (d)).

When moving from the two-disk stacks to the more complex Au-
Pd-Au sandwiches, which are displayed in Fig. 6.6, further insight can
be gained. The two gold antennas enhance the oscillator strength to
induce the strongest resonance of all systems, as shown in the un-
hydrogenated spectra (blue solid line in Fig. 6.6(a)). The spectra are
blue-shifted, with higher scattering amplitudes, compared to the Au-
Pd two-disk stack (green line). However, the resonances of both sy-
stems are still very similar, since the addition of another (gold) disk
on top (and therefore farther away from the substrate) has little e�ect
on the Au-Pd-Au system that exhibits a gold-like resonance similar to
the Au-Pd stack. The �eld-plot in Fig. 6.6(b) and the current densities
in Fig. 6.6(c), draw further evidence for the collective oscillations of
all three disks. The strongest �elds occur at the edges of the lowest
disk while the strongest currents are situated in the gold.
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Figure 6.7. Comparison between the calculated scattering spectra for nano-
disk stacks with substrate (colored dashed lines) and without substrate (green
and red solid line). Without substrate the two systems Au-Pd and Pd-Au only
di�er slightly, due to the di�erences in disk-size between upper and lower
disk. Only the introduction of a substrate renders the Au-Pd system gold-like
and the Pd-Au system palladium-like.
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The blue-shifted resonance wavelength of the Au-Pd-Au system
compared to the Au-Pd stack results from the increase in total height
of the combined system, which leads to a blue-shift of the plasmonic
resonance as long as the other dimensions remain constant [151]. In-
tuitively, an additional gold-disk should produce increased oscilla-
tor strength, near-�eld enhancement, and consequently the largest
hydrogen-induced changes. However, the Au-PdH-Au spectra plotted
in Fig. 6.6(a) exhibit the smallest wavelength shifts of all investigated
geometries.

These results become obvious, when examining the electric near-
�elds in Fig. 6.6(b). In fact, the addition of a top Au disk moves the
hotspots of the electric �eld away from the Pd disk, resulting in lower
sensitivity. This is supported by the current densities in the Pd disk
(Fig. 6.6(c)), which are signi�cantly lower than in the two-disk cases.

6.5 conclusions

I have shown - theoretically and experimentally – the plasmonic beha-
vior as well as the hydrogen sensing performance of di�erent stacked
direct contact palladium and gold nanodisks. Moving towards a di�e-
rent direction in comparison to the majority of indirect sensing sche-
mes in the literature, where direct contact between materials was con-
sidered detrimental, we �nd that the direct-contact palladium-gold
disk nanostacks show very good sensing results and are easily imple-
mented.

One intriguing aspect of the direct contact scheme is that, despite
the stacks being comprised of individual gold and palladium nano-
structures, they form one collective plasmonic mode. This mode can
behave more gold- or palladium-like, depending on the stacking order.
We �nd that the material directly adjacent to the substrate determines
the character of plasmonic response of the complete system. Conse-
quently, if one is looking for the system that shows the best sensitivity
while being less demanding concerning the reaction times, it is best to
use a palladium-like structure. In case, the application focuses mainly
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on the temporal sensing performance, it is most useful to consider a
direct contact scheme with palladium on top, such as the investigated
Au-Pd stack.

Overall, the investigations show a promising path towards low-
cost, large-area, easy to fabricate direct contact hydrogen sensors. Va-
riations in size and form of the antennas can be considered to further
optimize the resonance quality and sensing performance of the sys-
tems. Our geometries can easily be implemented in many of the opti-
cal sensing devices that have been developed [11, 21], since the nano-
structures yield high signal modulation over large areas and have no
restrictive demands on the substrate materials.
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7
S W I T C H A B L E P L A S M O N I C S U S I N G Y T T R I U M
N A N O A N T E N N A S

A key challenge for the development of active plasmonic nanodevices
is the lack of materials with fully controllable plasmonic properties.
In this chapter that was adapted from our publication in ref. [30], we
show that plasmonic resonances in top-down nanofabricated yttrium
antennas can be completely and reversibly turned on and o� using
hydrogen exposure. We fabricated arrays of yttrium nanorods and op-
tically observed the hydrogen-induced phase transition between the
metallic yttrium dihydride and the insulating trihydride. Whereas the
yttrium dihydride nanostructures exhibit a pronounced particle plas-
mon resonance, the transition to yttrium trihydride leads to a com-
plete vanishing of the resonant behavior. The plasmonic resonance
in the dihydride state can be tuned over a wide wavelength range by
simply varying the size of the nanostructures. Furthermore, an analy-
tical di�usion model is developed, that is able to explain the temporal
behaviour of the hydrogen loading and unloading process observed
in experiments and gain information about the thermodynamics of
the device. Thus, the investigated nanorod system serves as a versa-
tile basic building block for active plasmonic devices ranging from
switchable perfect absorbers to active local heating control elements.

7.1 introduction

Plasmonics has evolved into a broad and important �eld of nanooptics
that enables a variety of new applications [32, 152, 153]. By creating
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local hotspots of the electric �eld on the nanometer scale, it is pos-
sible to develop very sensitive chemical and biological sensor devi-
ces and locally initiate and control chemical processes [154, 155]. In
recent years, plasmonics has expanded towards active nanophotonic
devices, that can be recon�gured using external stimuli such as laser
pulses [156], mechanical strain [157–160], heat [161], or electrical cur-
rents [162, 163]. Furthermore, the realization of active plasmonic devi-
ces requires a move from widely used but passive metals such as silver
or gold towards novel materials systems [164]. This allows additional
degrees of freedom in device design and enables external control over
the optical response of a plasmonic nanostructure without having to
directly modify its geometry [165, 166].

Phase change materials provide an ideal toolkit for the realiza-
tion of active nanodevices. Several materials with heating- or laser-
induced switching behavior, such as vanadium-dioxide (VO2) [161,
167–169], gallium lanthanum sulphide (GLS) [170] or germanium anti-
mony telluride (GST) [171–173] have already been investigated in the
context of plasmonics.

In 1996, Huiberts et al. [174] discovered a switchable mirror e�ect
in thin �lms of yttrium when exposed to hydrogen gas. They demon-
strated that a fully re�ecting metallic yttrium mirror becomes dielec-
tric and almost completely transparent after absorbing a su�cient
amount of hydrogen. This work was expanded to the �eld of nano-
particles by Stepanov et al. [175, 176], who showed that hydrogenated
spherical yttrium nanoparticles under ultrahigh vacuum conditions
can have switchable Mie resonances.

Here, recon�gurable YHx nanoantennas are introduced. They are
fabricated via electron beam lithography and exhibit a pronounced
plasmonic resonance in their metallic YH2 state. The resonance wa-
velength and width can be widely tuned by variation of the antenna
dimensions. Compared to the very small, bottom-up produced nano-
particles from Stepanov, Bour, and Gartz et al. [175, 176], we demon-
strate antennas and antenna assemblies with large oscillator strength
and varying size, showing custom-designed plasmonic properties in
the near- and mid-IR spectral regions. The transition between metallic

170
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and dielectric yttrium hydride antennas is induced by simple hydro-
gen exposure from the gas phase or from electrolysis under ambient
atmospheric conditions and shows a drastic change of the spectral
response.

Compared to other promising phase change materials used in plas-
monic devices, yttrium dihydride has the advantage of comparatively
low intrinsic damping and can therefore support plasmonic resonan-
ces itself. Whereas, the metallic phases of VO2, GST, or GLS are known
to exhibit only a weak plasmonic response, if any. Despite the advan-
tage of much faster switching times, they can often be only used in hy-
brid plasmonic systems, i.e., in combination with gold or other good
plasmonic metals. However, the use of hybrid systems drastically lo-
wers the switching contrast, since only the dielectric environment of
the resonant material changes but not the antenna itself.

Therefore, yttrium dihydride is a highly relevant and very promi-
sing alternative for plasmonic applications that require a high swit-
ching contrast and are less dependent on ultrashort switching times.
Furthermore, as a metal, yttrium and its hydrides can be structured
easily using standard nanofabrication techniques.

During hydrogen absorption, metallic yttrium (Y) transforms �rst
into yttrium dihydride (YH2, Fig. 7.1a), which even has a higher elec-
trical conductivity than pure yttrium. This phase change from a metal
in hcp con�guration into a fcc metal is non-reversible under normal
conditions. Through further exposure to hydrogen, it undergoes a se-
cond, reversible, phase change into yttrium trihydride (YH3,Fig. 7.1b),
a transparent semiconductor with hcp structure. However, it is impor-
tant to note that under normal hydrogen partial pressures (i.e., less
than 1 bar near room temperature) full stoichiometric YH3 cannot be
realized [177], and the �nal state of the system reaches only YH3−δ ,
where δ is in the range of 0.1 to 0.3 (Under very high pressure δ = 0.01
can be reached [178]). For simplicity, we will refer to this �nal state as
yttrium trihydride (YH3).

The transition from YH2 to YH3 induces strong and reversible chan-
ges in the dielectric properties that can be triggered at low partial
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Figure 7.1. Schematic drawing of (a), a metallic yttrium dihydride (YH2) nano-
rod array on a fused silica substrate in hydrogen-free environment and (b),
the formation of dielectric yttrium trihydride (YH3) nanorods under hydro-
gen exposure.

pressures of hydrogen. Even though yttrium hydride thin �lms exhi-
bit a large hysteresis e�ect [179], the ability to switch reversibly (in
the sense that after a full hysteresis loop it returns to the original
dihydride phase) from metal to a transparent semiconductor upon
hydrogen absorption makes yttrium an attractive candidate for active
plasmonic applications. Moreover, due to the drastic change from me-
tal to insulator, the plasmonic response vanishes completely when the
yttrium is in the trihydride phase and recovers when switched back
into the yttrium dihydride phase.

7.2 spectral changes switching from yttrium dihydride
to yttrium trihydride nanoparticles

To demonstrate the functionality of such a switchable plasmonic sy-
stem, we fabricate arrays of yttrium nanorods (Fig. 7.2). We choose
nanorods as a model system because they exhibit a strong plasmonic
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SEM 1µm

Figure 7.2. Exemplary (colored) SEM image of the fabricated YH2 nanorods.

response and approximately dipole-like behavior. Therefore they con-
stitute an ideal development platform for new plasmonic materials
such as yttrium dihydride.

For the experimental realization, we prepare PMMA masks on a fu-
sed silica substrates using a standard electron beam lithography pro-
cess [180]. Afterwards, yttrium and platinum are evaporated onto the
developed PMMA mask via electron beam assisted evaporation. Pla-
tinum on top of the yttrium rods serves as catalytic layer to dissoci-
ate the H2 molecules into atomic hydrogen. Hydrogen can then be
incorporated into the yttrium lattice to form the hydride states. Ca-
talytic materials such as platinum or palladium next to yttrium are
necessary because yttrium itself is not able to catalytically dissociate
H2 molecules into atomic hydrogen. Additionally, the platinum cover
prevents oxidation at the top surface of the yttrium rods. Such oxida-
tion is common in transition metals like yttrium, which easily form
an oxide layer (Y2O3) of several nanometers when exposed to oxy-
gen [176]. This impedes hydrogen from penetrating into the particle
volume. Although the thin layer of platinum introduces some additi-
onal damping to our system, the overall in�uence on the plasmonic
response is weak.
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Figure 7.3. Extinction spectra of yttrium, YH2 and YH3 nanorods. The metal-
lic YH2 rods (red line) show a distinct particle plasmon resonance at 1720 nm.
In contrast, the YH3 rods (blue line) are almost transparent in the same
spectral region. The increased extinction in Y nanorods (grey dotted line) to-
wards lower wavelengths can be attributed to the tail of a broad electronic
transition in yttrium occurring at around 400 nm what makes them unsuita-
ble for plasmonic applications.

Figure 7.3 shows typical extinction spectra of the di�erent hydro-
genation states of yttrium nanoantennas measured with a commer-
cial Fourier transform infrared spectroscopy system (Bruker Vertex
80 FTIR + Bruker Hyperion). The incident light is focused using a
Cassegrain objective (15x) with numerical aperture NA = 0.4, and
the transmitted intensities are detected with both, a Si and a InGaAs
diode. The incident polarization is set along the long axis of the nano-
rods with infrared polarizers. The measured transmittance spectra IT
are normalized with respect to the substrate signal IS and converted
into extinction values via Iext = − ln

(
IT /IS

)
. The displayed rods in

Fig. 7.3 have lateral dimensions of 385 nm × 160 nm and a height of
50 nm yttrium plus 6 nm platinum.

Pure yttrium is a metal with relatively low electrical conducti-
vity [181, 182]. Therefore, Y nanoantennas do not exhibit a distinct
plasmonic response in the visible and near-IR spectral region (grey

174



7.2 spectral changes in yttrium hydrides

dotted line in Fig. 7.3). The decrease in extinction towards longer wa-
velengths can be attributed to the tail of a very strong and broad elec-
tronic resonance at about 3.1 eV (400 nm) [183]. In contrast to Y, YH2
is a good metal with a markedly di�erent atomic and electronic struc-
ture [176, 184, 185]. To transform the yttrium into YH2, we expose our
sample to 4 vol.% hydrogen in nitrogen for 10 min. According to litera-
ture, this is more than su�cient to reach the dihydride and even the
trihydride state [186]. However, the transition between yttrium and
YH2 is non-reversible at room temperature, whereas the second tran-
sition between YH2 and YH3 is fully reversible. Therefore, the rods
automatically settle in the YH2 state after the hydrogen is turned o�
and equilibrium is reached.

The red line in Fig. 7.3 shows an extinction spectrum of such a hyd-
rogenated rod array in the YH2 state. The YH2 rods have a clear ex-
tinction maximum at approximately 1720 nm that can be attributed
to a localized surface plasmon resonance. This YH2 state can be seen
as the ground state of our switchable plasmonic structure, because
the system will not return to the unhydrided state without extremely
harsh and destructive measures such as strong heating and ultra-high
vacuum. Therefore the yttrium nanostructure can only be switched
reversibly between the dihydride and trihydride phase. This is not a
disadvantage, as there is a large contrast in extinction between YH2
and YH3 (see Fig. 7.3).

When continuously exposed to hydrogen (in this case 5 vol.% H2
in N2 at room temperature), the yttrium nanostructures switch into
the trihydride phase within seconds. This dramatic change from a
metal to a Mott-insulator leads to a drastic change in the extinction
spectrum. In fact, yttrium hydride is one of the few strongly correla-
ted systems with a continuous Mott-Hubbard metal-insulator transi-
tion [187, 188].

The particle plasmon resonance fully vanishes and the extinction
spectrum becomes almost �at, as shown by the blue line in Fig. 7.3.
This proves that it is possible to turn o� the plasmon resonance com-
pletely, by introducing only small and safe amounts of hydrogen into
the system. The switching results in a relative extinction change at
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Figure 7.4. (a), YH2 extinction spectra for various rod lengths l and constant
width w = 160 nm and height h = 50 nm, showing a red-shift and increase
in amplitude of the resonance for increasing rod lengths. (b), the extracted
particle plasmon peak positions (colored dots) that scale linearly with rod
length (λr es = 4.2 · l + 115 nm), as indicated by the black dashed line.

the peak wavelength (1720 nm) of almost 70 %, which translates to an
absolute change in transmittance of 23 % that can easily be observed
by the naked eye.

To incorporate yttrium nanostructures into switchable plasmonic
devices, the ability to tune the plasmon resonance over a wide spectral
range is needed. Here, the simplest approach is to vary the length of
the plasmonic nanorods while leaving width and height constant.

Consequently, we fabricated yttrium rod arrays with constant width
w of 160 nm and height h of 50 nm yttrium covered with 6 nm pla-
tinum, while varying the length from 290 nm to 385 nm. Figure 7.4
shows the change of the plasmon resonance for increasing rod length.
For longer rods, we observe an enhanced extinction as well as a red-
shift of the resonance wavelength. The increasing extinction can be
attributed to the enhanced dipole strength that is caused by the incre-
ase in nanoparticle volume. Furthermore, the increased �lling factor
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of the arrays adds to the enlarged extinction, since the periodicity
(px = 700 nm and py = 400 nm) was keept unchanged, for all rod
lengths. The red-shift of about 400 nm is a clear indication of a par-
ticle plasmon resonance that is highly correlated with particles di-
mension and shape.We �nd a linear relation between rod length l and
plasmon resonance wavelength λr es , shown in the inset of Fig. 7.4,
which is in excellent agreement with theoretical and experimental
knowledge about plasmon resonances in metal nanoantennas [189,
190]. The tuning range of our recon�gurable antennas is mainly li-
mited at lower wavelengths due to a broad electronic transition at
around 400 nm. At longer wavelengths, the YH2 dielectric function
follows a Drude-like behaviour and thus enables full tunability of the
plasmonic resonance.

7.3 switching behavior

To investigate the switching behaviour in our nanoantenna system
in more detail, we study the temporal behavior of the extinction du-
ring hydrogen exposure. Figures 7.5 and 7.6 show the H2 loading and
the unloading process of an yttrium rod array with rod parameters
l = 290 nm, w = 160 nm, hY = 50 nm, hPt = 6 nm and a periodicity
p(x ,y) = 400 nm, measured at room temperature. We start in the YH2
phase and a strong resonance at 1580 nm (red line, Fig. 7.5(a)). After ex-
posing the system to hydrogen (5 vol.% H2 in N2), the resonance imme-
diately �attens and continuously approaches the YH3 spectrum where
it saturates after approximately 50 seconds (blue line). The spectra in
Fig. 7.5(a) show a typical set of FTIR measurements recorded during
hydrogen uptake with one measurement every 4 seconds. In Fig. 7.5(b)
the extinction time trace at 1580 nm (position of the YH2 plasmon re-
sonance) is displayed (green line), demonstrating an almost instanta-
neous reaction to hydrogen exposure. Within a few seconds, the ex-
tinction starts to drop from 0.62 with an almost constant slope of 2 %
per second. This large change together with the reasonable response
time makes the system well suited for active plasmonic devices. Mo-
reover, the switching time from the dihydride to the trihydride phase
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Figure 7.5. In situ hydrogenation loading dynamics of the yttrium nanorods
at room temperature. (a), Extinction spectra taken every 4 s during hydrogen
exposure. The phase transition from the metallic YH2 (red lines) to the dielec-
tric YH3 (blue lines) can be clearly observed. (b), Full time trace of the measu-
red extinction at a wavelength of 1580 nm. After 100 s the sample is exposed to
5 vol % hydrogen in nitrogen at constant pressure of 1 bar. The system almost
instantly reacts and switches to the dielectric YH3 state. The complete phase
transition is completed within less than 50 s. The black dashed line shows the
�t to our di�usion model.

increases monotonically with the hydrogen pressure as shown and
explained by the di�usion model below.

Figure 7.6(b) shows the back reaction, moving from YH3 to YH2.
This takes approximately 3 hours, which is signi�cantly slower than
the absorption reaction. There are several factors that lead to this slow
transition. The key reason is the reduced out-di�usion of hydrogen
due to the platinum capping layer and the oxidized sidewalls of the
nanoantennas.
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Figure 7.6. In situ hydrogenation unloading dynamics of the yttrium nano-
rods at room temperature. (a), Full unloading time trace of the measured ex-
tinction at a wavelength of 1580 nm. After the sample was exposed to 5 vol %
hydrogen in nitrogen the system relaxes back into the metallic YH2 state
(orange line) being kept in a nitrogen atmosphere. The black dashed line
shows the �t to our di�usion model. (b), Time trace of (a) renormalized to
a range between 0 and 1 (named c for concentration) and then plotted as
time versus

(
c − 1 − ln c

)
(orange line). The resulting straight line demonstra-

tes the validity of our analytical di�usion model. The slope (5100 s) of the
best �t straight line (black dashed line) yields the �tting parameter τ/f (see
Eq. (7.23)).

7.4 analytical diffusion model

In order to explain this asymmetry in the behavior of our system we
developed an analytical one-dimensional di�usion model, following
the ideas of Pasturel et al. [191]. The assumption of a 1D system is valid,
since the oxidized side-walls of the nanorods channel the hydrogen
�ow through the platinum capping layer in and out of the yttrium-
hydride nanostructures. The model incorporates the di�usion of ato-
mic hydrogen through the caplayer and into the Y nanoantenna (see
Fig. 7.7). Soon after exposition to hydrogen gas at pressure pH2 , a stati-
onary state is established with a linear concentration gradient in the
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Figure 7.7. Sketch of a cut through an yttrium antenna, illustrating the im-
portant quantities of the one-dimensional di�usion model.

caplayer. The H current through the caplayer is then equal to the dif-
fusion current jdif f into the Y antennas and we have

jdif f =
DPt

VPt
· cs − ci

LPt
=

LY
VY

· dcY
dt

, (7.1)

where LPt is the thickness of the Pt caplayer, DPt the di�usion coe�-
cient of H in Pt, LY the thickness of Y, and VPt and VY the molar vo-
lumes of Pt and Y, respectively. The H concentrations in the Pt layer
are cs at the surface and ci at the Pt-Y interface. The H concentration
in Y is cY .

To be able to solve Eq. (7.1),one needs to link the hydrogen concen-
trations at the surface of the caplayer cs and at the interface ci to the
concentration in the Yttrium/YHx layer cY . At the surface, thermo-
dynamic equilibrium implies that the chemical potential of molecular
H2 is related to the chemical potential of H in Pt, through

1
2
µH2 = µPt , (7.2)
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as hydrogen dissolves atomically into Pt. The chemical potential of
gaseous H2 can be written as

µH2 = RT lnpH2 +HH2 −TSH2 (7.3)

with SH2 = 130.77 J/(K mol(H2)), the standard molar entropy at 1 bar.
The enthalpy HH2 is essentially given by 7/2 · RT where R is the ideal
gas constant. The chemical potential of H at the surface of the cap-
layer is

µPt
��
z=0 = RT ln cs +HPt −TSPt (7.4)

The solubility of H in Pt is very low due to the positive enthalpy of H
solution in Pt (cs � 1).

Substituting Eqs. (7.3) and (7.4) into Eq. (7.2), we obtain

1
2
RT lnpH2 = RT ln cs + ∆HPt −T∆SPt , (7.5)

where

∆HPt = HPt −
1
2
HH2 (7.6)

and

∆SPt = SPt −
1
2
SH2 � −

1
2
SH2 (7.7)

are the enthalpy and entropy of hydride formation. The approxima-
tion on the right-hand-side of Eq. (7.7) is valid, as the entropy of hyd-
rogen in a metal lattice is small compared to the one of gaseous hyd-
rogen.

Solving Eq. (7.5) for cs leads to

cs = д ·
√
pH2 (7.8)

with

д = exp

(
−
∆HPt + 1/2T∆SH2

RT

)
. (7.9)
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To obtain a relation between the hydrogen concentration cY in the
Y layer and the concentration ci at the Pt-Y interface, we use the con-
tinuity of the chemical potential at the interface between the two lay-
ers. Thus, with

µPt
��
z=LPt

= RT ln ci +HPt −TSPt (7.10)

at the Pt-Y interface, and

µY = RT ln
cY

1 − cY
+HY −TSY (7.11)

for the chemical potential of H in the Y layer. The continuity of the
chemical potentials at the Pt-Y interface

µPt
��
z=LPt

= µY
��
z=LPt

(7.12)

leads to

ci = f ·
cY

1 − cY
(7.13)

width

f = exp
(
∆HY − ∆HPt

RT

)
(7.14)

as SH2 is much larger than SY and SPt .

Substituting Eqs. (7.8) and (7.13) into Eq. (7.1) leads to a di�erential
equation describing both the di�usion in and out of our system

dcY
dt
=
m

τ

(
д
√
pH2 − f

cY
1 − cY

)
, (7.15)

width

τ =
LPtLY
DPt

(7.16)

and

m =
VY
VPt

(7.17)
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During hydrogen loading at a given pressure pH2 , we need to solve
the full di�erential equation. This can be carried out by integrating
the inverse function

t
(
cY

)
=

τ

mf

©« cY
k + 1

+
1(

k + 1
)2 · ln 1

1 − cY
(
1 + 1/k

) ª®¬ (7.18)

with

k =
д

f

√
pH2 . (7.19)

In the case of hydrogen loading and low concentrations cY , Eq. (7.18)
can be approximated by a simple straight line

cY (t) �
mд

τ

√
pH2 · t (7.20)

with slope

dcY
dt
=
mд
√
pH2

τ
(7.21)

as shown in Fig. 7.8(a).

The measured loading curve in Fig. 7.6b resembles this linear be-
havior very well. By normalizing the measured extinction values to
the interval [0, 1], one �nds mд√pH2/τ ≈ 1/46.Since, pH2 = 0.05 bar
during the loading process, we havemд/τ = 0.097/bar.

To validate the assumptions of a square root pressure dependency
for the loading process, we performed loading measurements with
various partial pressures of hydrogen on a new nanorod array sam-
ple. We used loading pressures of 0.05 bar, 0.1 bar and 0.2 bar H2 gas
(in nitrogen gas) and performed extinction measurements, taking a
spectrum every 2 seconds. The time traces of the extinction max-
ima (particle plasmon resonance) for the three loading pressures are
renormalized to the interval [0, 1] and plotted in Fig. 7.8(b). By �t-
ting straight lines to the three curves, we can extract the slope from
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Figure 7.8. (a), Comparison between full solution of the di�usion model and
a straight line with slope

(
mд
√
p
)
/τ . (b), Time trace of hydrogen loading

measurements with hydrogen pressures of 0.05 bar, 0.1 bar and 0.2 bar H2,
extracted from extinction measurements and renormalized to [0, 1]. (c), The
slopes of the three curves with the expected hydrogen pressure dependence
of √p derived in the model.
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Eq. (7.21) for all three pressures pH2 . These values nicely resemble the
square root dependency on the pressure as predicted by the model
(see the log-log plot in the inset of Fig. 7.8b). The deviations between
the slopes from Fig. 7.5(b) and Fig. 7.8(b) can be explained by fabrica-
tion di�erences between the two samples and the di�erent age and
quality of the platinum caplayer.

For the hydrogen unloading process the derived di�erential equa-
tion Eq. (7.15) reduces to

dcY
dt
= −

mf

τ

(
cY

1 − cY

)
. (7.22)

As the external hydrogen pressure pH2 is zero, this equation can be
solved again using the inverse function and subsequent integration
to give

t
(
cY

)
= −

τ

mf

(
cY − c∞ + ln

c∞
cY

)
. (7.23)

Under the chosen experimental conditions we expect c∞ to be close
to unity. A plot of time versus

(
cY − ln cY − 1

)
, thus, is a straight line

with slope τ/
(
mf

)
. Figure 7.6(b) shows the measured unloading data

from Fig. 7.6(a) normalized to the range from 1 to 0 (orange line) plot-
ted over

(
c − ln c − 1

)
. The measured data points follow a straight line

with slope τ/
(
mf

)
= 5100 s. Deviations at higher times (for c close to

0) are merely due to noise in the measurement data. The excellent
agreement between model and experimental data for both hydrogen
loading and unloading, strongly supports the validity of the assump-
tions made in its derivation. As

m =
VY
VPt
=

19.88
9.09

= 2.19 (7.24)

we �nd f /τ = 9 × 10−5 s−1.

With DPt = 3 × 10−7 cm2/s derived from an extrapolation of Kat-
suta and McLellan di�usity data [192] to room temperature, we �nd

τ =
LPtLY
DPt

= 1 × 10−5 s (7.25)

185



switchable plasmonics using yttrium nanoantennas

0 200 400 600 800 1000

0.0

0.2

0.4

0.6

0.8

1.0

R
e

l. 
H

 c
o

n
ce

n
tr

a
ti
o

n
 i
n

 l
a

ye
r 

A

Time (arb. units)

 Hydrogen absorption

 Hydrogen desorption

A
DA

εA

L  = 50A L  = 6B

B
DB

εB

Figure 7.9. Di�usion time trace calculated at 30 nm distance from the sub-
strate (red dotted line) for both the absorption (green line) and desorption
process (yellow line) of hydrogen, using the numerical di�usion model of
Pasturel et al [191]. The inputs used for the simulation were the di�usion para-
meters DA = 50, DB = 20 and the dimensionless energy parameters εA = 8.2
and εB = −4.6.

and thus f = 9 × 10−10.

From the de�nition of f and ∆HY � −40 kJ/mol (H) from van
Gogh et al. [181] we �nd ∆HPt � 8 kJ/mol (H) for the enthalpy of
hydrogen solution for the platinum layer. The value is smaller than
∆HPt � 35 kJ/mol (H) for bulk Pt [92]. This might be due to partial
alloying of platinum with the underlying yttrium rod (supported by
the fact that the enthalpy of a Y-Pt alloy is very negative ∆HY−Pt =
−247 kJ/mol (H) [193]). Additionally, the surface roughness of the thin
caplayer (LPt = 6 nm) could play an important role, especially if ta-
king into account the large lattice expansions occurred during the
initial loading of the antenna from pure Y to dihydride YH2.

At this point it is worth investigating whether the large asymmetry
between loading and unloading times is due to a particular choice
of parameters. It is in fact easy to show that it is a robust property
only related to the low solubility of H in the caplayer. From Eq. (7.1)
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follows that, at half loading, i.e. when cY = 0.5, (ci = f according to
Eq. (7.13)) the H particle current is proportional to

(
cs − ci

)
. During

unloading the driving gradient is
(
cs − ci

)
= −ci = −f as the surface

concentration is at best 0. During loading, however, relatively large
values of the surface concentration can be set up so that

(
cs − f

)
� f .

For metals with a low solubility f is very small (for Pt, f = 2 × 10−9,
see above) and cs � 2f is already satis�ed at relatively low pressures
(in our case, for p > 0.01 bar).

We see that the asymmetry between the loading and unloading ti-
mes can be explained by the high (and in this case even positive) solu-
tion enthalpy of platinum. This conclusion is also supported by a sim-
ple 1D di�usion calculation using the numerical model of Pasturel et
al. [191] and typical parameters for yttrium and platinum (see Fig. 7.9
that shows how di�erences in solution enthalpies lead to a strong
asymmetry between absorption and desorption times, e.g. with the
choosen realistic parameters, the desorption is 10 times slower than
the absorption).

Since the enthalpy of solution depends on the nanoscale structure
and thickness of the platinum, it will be of interest to conduct further
studies on the optimal thickness and material of the capping layer in
order to obtain shorter switching times without interfering with the
plasmonic properties of the system. Even without such optimizations
both the di�usion limited absorption and desorption process can be
accelerated by heating the sample.

7.5 numerical simulations

Good agreement between experimental results and theoretical/nume-
rical predictions is crucial for the e�cient and robust design of swit-
chable devices. To verify this for our yttrium nanoantenna system,
we perform numerical simulations of the optical response using a
commercial FEM solver (CST® Microwave Studio) and periodic boun-
dary conditions (unit cell 700 × 400 nm2). The optical constants of yt-
trium and the di�erent hydrides are taken from literature [181, 194].
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Figure 7.10. Calculated extinction spectra, using tabulated dielectric data
from van Gogh et al. [181]. The metallic yttrium dihydride exhibits a plas-
monic resonance at 1800 nm (red line) whereas the dielectric trihydride has a
negligible extinction signal (blue line).

Here, the dielectric functions of YH1.8 and YH2.9 from van Gogh et
al. [181] provide the closest match to the yttrium hydride states that
were investigated in our measurements and identi�ed as YH2 and YH3,
respectively. The numerical results for such YH1.8 and YH2.9 nano-
rod arrays rod antenna dimensions 380 × 160 × 50 nm3 on a glass sub-
strate (nSiO2 = 1.5) are shown in Fig. 7.10.

Whereas the YH2.9 results are in good agreement with the measu-
red data (almost �at response), the YH1.8 spectra require closer atten-
tion. Figure 7.11 shows the numerical results for a YH2 + Pt nanorod
array on a fused silica substrate as a green dotted line. In this simula-
tion we use the complex dielectric function of YH1.8 from van Gogh
et al. [181], and Pt from Weaver [195], respectively. The rods are as-
sumed to have dimensions of 380 × 160 × 56 nm3 and periodicities of
700 × 400 nm2 in accordance with SEM measurements on the fabri-
cated structures. The measured spectrum is shown as a solid black
line in Fig. 7.11. Comparing the black solid and green dotted line, we
can observe signi�cant di�erences. The numerical extinction peak is
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Figure 7.11. Comparing the experiment to FEM simulations of the yttrium rod
system. The black line shows the experimental spectrum of a YH2 nanorod
array with parameters l = 380 nm; w = 160 nm; hYH2 = 50 nm; hPt = 6 nm.
The green lines show simulated data for the same system using tabulated
dielectric data. However, the simulated spectra for YH2 rods with platinum
cover (green dotted line) show a resonance, which is much narrower and slig-
htly red-shifted compared to the experimental data. This mismatch cannot be
compensated by simply introducing a surrounding yttrium oxide shell (das-
hed green line) into the simulation. Only an additional increase of the free
electron damping γf e in the YH2 dielectric function by a factor of three is
able to fully reproduce the experimental data (red line).

much narrower, higher in amplitude and red-shifted compared to the
measured one.

Since, both experiment and simulation, return absolute values for
the extinction, the reason for the signi�cant quantitative deviation
has to be found in the modeling of the simulated nanorod system it-
self. One major deviation between the model and the experimental
system is the yttrium oxide (Y2O3) layer that forms at all yttrium sur-
faces, which are not protected from oxygen. This layer has a thickness
of a few nanometers [176, 182] and forms at the side walls of the yt-
trium rods, since, they are not protected by either the substrate or the
platinum cover layer. If we assume an oxide thickness of 3 nm and
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replace the outermost 3 nm in our model’s sidewalls with dielectric
Y2O3, using a constant refractive index of n = 1.93 [196], we obtain
the dashed green line in Fig. 7.11. Even though the discrepancy bet-
ween simulation and experiment is slightly reduced, there is still a
key ingredient missing to match the experimental data. In our previ-
ous calculations, we have used a dielectric function of YH1.8 measured
on extended thin �lms with thicknesses in the 300 nm range, prepa-
red and characterized under ultra-high vacuum conditions [181]. Ho-
wever, the nano-structuring process (PMMA masking, electron-beam
assisted evaporation) can introduce impurities and defects into our
nanorod system. Combined with the higher reactivity of yttrium and
its desire to form yttrium oxide, this leads to a deterioration of the plas-
monic properties. The e�ect becomes especially pronounced, when
moving from extended �lms to nanoparticle structures. One way of
measuring the impact of the nanostructuring on the yttrium dielectric
function quantitatively would be to perform ellipsometry on such a
nanorod array. However, this is not feasible due to the low re�ectance
of the arrays at glancing angles.

In general, surface modi�cations as well as impurities in a plas-
monic material lead to a decreased free electron life timeτf e compared
to the �lm that was used in [181]. Therefore, there is an enhanced free
electron damping γf e = 1/τf e in our system.

To modify the dielectric function of yttrium dihydride with this
assumption, we �rst �t a Drude model together with a harmonic os-
cillator to the YH2 dielectric data following the approach of Gartz et
al. for unhydrided yttrium [183].

Gartz et al. [183] have shown that it is possible to describe the die-
lectric function of yttrium by

ε (ω) = ε∞ +
Sosc ·ω

2
osc

ω2
osc −ω2 − iωγosc

−
ω2
p

ω2 + iωγf e
. (7.26)
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Figure 7.12. Dielectric function of YH2 in the visible and NIR range. The black
dashed lines shows the measured dielectric function (YH1.8) by van Gogh et
al. [181] on a continuous yttrium �lm. The green lines represent the best �t
to the van Gogh et al. data using a combined harmonic oscillator and Drude
(HO+D) model. The blue and the red curve show the real (ε1) and imaginary
part (ε2) of the modi�ed dielectric function that describes well the present
nanoantenna data. The dielectric function is calculated with the HO+D model
and a 3 times enhanced γ ∗f e = 3 · γf e compared to the green line.

Here, the �rst part represents a standard harmonic oscillator with
oscillator strength Sosc , oscillator frequency ωosc and a damping con-
stant γosc . The second term represents the Drude theory for metals
including the plasma frequencyωp and the free electron damping γf e .

The model is quite general and can be used to describe many me-
tals [62]. Therefore, we used it as basis to �t the dielectric function of
YH2 (see Fig. 7.12) and found the following parameters:

Sosc = 3.41
ωosc = 4.2 × 1015 s−1

γosc = 1.4 × 1015 s−1

ωp = 6.7 × 1015 s−1

γf e = 2.4 × 1014 s−1

(7.27)
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Except for some small deviations, the model reproduces the expe-
rimental values of van Gogh et al. [181]. The harmonic oscillator part
is only signi�cant between 500 nm and 1000 nm (Fig. 7.12). Therefore,
changing the oscillator damping will not a�ect the plasmonic reso-
nance situated around 2 µm. Hence, the Drude part of the model and
in particular the free electron damping needs to be adjusted to explain
our experimental data. The red and blue lines in Fig. 7.12 show how
changing the free electron damping a�ects the real and imaginary
part of the dielectric function.

If we want to incorporate the previously discussed impurities and
defects into our simulation, we can increase the free electron dam-
ping in the dielectric function without changing other parameters.
Increasing the damping constant γf e by a factor of three is reasona-
ble, since the nanofabrication process strongly alters the structure of
the yttrium compared to yttrium �lms used for ellipsometry measu-
rements in literature. Hence, we get

γ ∗f e = 3 · γf e = 7.2 × 1014 s−1. (7.28)

With all in�uences included (platinum cover, yttrium oxide layer,
enhanced intrinsic damping), we obtain excellent agreement with the
measured data, as exempli�ed by the red line in Fig. 7.11, verifying the
hypothesis of an increased intrinsic damping in our samples.

7.6 conclusions

It was shown that yttrium nanostructures o�er an exciting new pathway
for the design of active plasmonic devices by utilizing hydrogen-
induced metal insulator transitions. I have demonstrated that YH2
nanorods exhibit a pronounced particle plasmon resonance in the
NIR spectra region which can be tuned over a wide spectral range.
The resonance can be switched o� within several seconds by introdu-
cing hydrogen into the system, transforming the nanorods into die-
lectric YH3. After the hydrogen exposure is stopped, the plasmonic
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resonance slowly returns to its original form, demonstrating the full
reversibility of the transition.

In addition, we found a way to model the corresponding di�usion
process analytically and gain knowledge about the thermodynamic
quantities of our system. The model gives us the ability to further
improve the material system in the future, aiming for a fast and reli-
able switching device. Consequently, we also modeled the dielectric
properties and the plasmonic behavior of our YH2 nanoantennas. The
resulting adjustments provide a powerful tool to predict the behavior
of any yttrium based plasmonic nanodevice. They even allow us to
make quantitative predictions about the resonance width and posi-
tion of more complex nanostructures.

In the future, yttrium nanostructures can form a crucial building
block in the realization of a variety of plasmonic switching schemes.
Possible applications include switchable plasmonic EIT [197] or swit-
chable plasmonic perfect absorber devices [19], where the hydrogen
concentration can be adjusted by changing the voltage in a simple
electrochemical cell setup [198]. Furthermore, the system can be used
as a hydrogen detector through monitoring the slope of the YH2 to
YH3 phase transition. Another interesting application could be the lo-
cal control over chemical processes that require a certain activation
energy. This energy can then be provided by the enhanced local elec-
tric �elds, generated by the plasmonic resonance. Throug adjusting
the surrounding hydrogen/proton concentration one can in�ucene
the amount of energy provided.

Due to its high refractive index, YH3 can even act as high-index
nanophotonic material (n ≈ 2.8 at 600 nm [181, 199]), which sup-
ports electric and magnetic Mie resonances [200, 201] that can be
switched on and o� using hydrogen. Other transition metals, such
as vanadium [202] or scandium, and also transition metal alloys like
Mg-Y, Mg-La, Mg-Sc, and Mg-Gd, may provide even faster response
times [203–206]. Complete blackness and thus highest switching con-
trast is expected using nickel-metal-hydrides (such as Mg2MeHx , with
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Me = Ni, Co, Fe) [207]. Finally, studies of the Mott-Hubbard metal-to-
insulator phase transition in rare earth and lanthanide hydride nano-
structures as function of structure size, morphology, etc., can enable
a whole family of intriguing experiments.
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8
C O N C L U S I O N S A N D O U T L O O K

8.1 conclusions

This thesis covered many di�erent aspects of metal hydrogen inte-
raction. Through the use of plasmonics, the knowledge about the
interplay between hydrogen, palladium and yttrium nanostructures
was extended and new routes to applications have been shown.

In Chapter 2, we �rst reviewed the basic principles plasmonics. Plas-
mons are electron gas oscillation in metal nanostructures. Their reso-
nances depend on the electronic properties of the material, the geo-
metry of the nanostructure and on the dielectric environment. These
properties render it a powerful metrology tool for measuring intrinsic
and extrinsic properties of nanomaterials.

In Chapter 3 we developed an analytical description of plasmonic
resonances in oblate spheroidal nanoparticle. We demonstrated using
some reasonable simpli�cations and assumption that it is possible to
separate the geometrical contributions from the dielectric contributi-
ons and linking both to the plasmon resonance frequency. In doing
so, we determine the dielectric properties of a nanosized material (to
be exact the factor E that is a combination of the real and imaginary
part of the dielectric function, see Section 3.4), when knowing the
size, dielectric environment and plasmonic resonance frequency of a
nanoparticle. Analyzing the shape of the resonance, the additional fac-
tor F could be retrieved, too, enabling us to restore the full dielectric
functions for gold and palladium nanosquares. The developed model
and experimental setting was used in Chapter 5 to study the transi-
tion from palladium to palladium hydride and calculate the dielectric
function of palladium hydride over a wavelength range of 800 nm to
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8000 nm. These calculations are of special interest, since determining
the dielectric properties of (three dimensionally) nanostructured ma-
terials over a large wavelength range have not been demonstrated so
far.

The transition from palladium to palladium hydride was also the
main topic in Chapter 4. In this chapter, a model for the ab- and desorp-
tion dynamics in palladium nanostructures based on literature expe-
rimental data was developed. The model reveals that the hydrogen
absorption process in Pd nanoparticles can occur coherently, whereas
the desorption process is happening incoherently. In a fully coherent
process the whole particle is loaded in the α-phase and then trans-
forms coherently into the β-phase. It involves elevated loading pla-
teau pressures, since not stress-releasing dislocations can be formed.
A fully incoherent process implies that the particles can form domains
of β-phase early on, lowering the loading plateau pressure and leading
to a small loading-unloading hysteresis. In bulk palladium both the
ab- and desorption process are realized incoherently. Therefore, the
possibility of coherent loading thermodynamically distinguishes na-
noparticles from bulk. The fully coherent absorption process is only
obeyed by nanoparticles small enough to withstand the coherency
stress induced by loading the full particle in α-phase without forming
stress-releasing dislocations and β-phase domains. The critical size is
temperature dependent and seems to be somewhere around 35 nm at
room temperature.

The thermodynamical and optical models of the two previous chap-
ters were used to study palladium square patches in Chapter 5.We
gained information about the size-dependent loading pressures, the
in- and out-of-plane nanoparticle expansion and the dielectric pro-
perties of palladium hydride. The results that were obtained through
experimentally measured plasmon resonances of various sized square
patches. We could demonstrate that polycrystalline palladium nano-
structures followed an almost linear increase in loading plateau pres-
sures from 16 mbar to 22 mbar, when increasing the in-plane size of
the square-patches from 200 nm to 2500 nm. This increase in loading
pressure is probably closely related to the decreasing in-plane expan-
sion that was observed at the same time. Surface energy reduction
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mechanisms and partial clamping to the substrate and are found to be
responsible for these e�ects. These results locate the measured square
patches in the intermediate region between the single crystalline na-
noparticles studied in Chapter 4 and bulk palladium.

We have seen that plasmonics can assist in retrieving thermodyn-
amic and dielectric properties of metal hydride nanostructures. Ho-
wever, it can also be employed to monitor the hydrogen pressures
impinging on the nanostructures. The search for the optimal sensing
geometry was the topic of Chapter 6. Here, the known method of
combining palladium sturctures with gold nanoantennas was used to
introduce a new and easy-to-produces Au+Pd disk stack hydrogen
sensor. By comparing the sensitivity and temporal response of Au-Pd,
Pd-Au, and Au-Pd-Au nanostacks, it was possible to identify the op-
timal system for a given application. Interestingly, all three systems
plasmonically act as one "super"-disk with in phase current oscillati-
ons spanning over the whole stack. The fastest sensor was an Au-Pd
stack that has the largest free surface area, accelerating the hydrogen
uptake and release. However, due to the substrate, the largest part of
the oscillating currents are located in the disk closest to the substrate.
Therefore, the Pd-Au nanostack o�ers the highest sensitivity to hyd-
rogen with resonance wavelength shifts up to 34 nm.

Palladium is a great hydrogen sensor material, due to the reversi-
ble and monotonous change in dielectric and geometric properties.
Nevertheless, other metals, like lanthanum, magnesium or yttrium
show more dramatic reactions to hydrogen, rendering them more sui-
ted for other hydrogen-related applications. Yttrium, for example, was
already used in the mid 90’s as a switchable mirror and as base ma-
terial for hydrogenography. These applications are based on the fact
that yttrium (after being converted to yttrium dihydride) undergoes a
huge phase change from metal to transparent dielectric, when expo-
sed to hydrogen. This reversible phase change is the base of the stu-
dies conducted in Chapter 7. We used the yttrium material system to
realize, for the �rst time, a plasmonic switch, with plasmonic resonan-
ces (extinction maxima) that can be fully switched o� (and on again)
through controlled hydrogen exposure. By electron beam lithography
and evaporation, we fabricated yttrium nanorods of various sizes and
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demonstrated their size-dependent plasmonic resonances spanning
over the full near-infrared wavelength range. These resonances were
fully switches o� using small hydrogen pressures below 50 mbar, re-
alizing a wavelength-speci�c optical switch. The dynamic switching
behavior was studied experimentally and perfectly modeled using an
analytical one-dimensional two-layer di�usion model. A fast hydro-
gen loading (∼ 20 s for on→ o� ) and slow unloading (∼ 10 × 103 s for
o� → on) was observed and explained with the limiting bottleneck of
the necessary platinum cover layer. However, further optimization of
the geometry and the use of thinner palladium cover layers promises
unloading times in the range of seconds, opening up applications as
switching devices in telecommunications or radar technology.

8.2 outlook

In the future, energy storage and the related research will be even
more important. Therefore, unanswered questions on how hystere-
sis and defect formation in battery materials like nickel metal hydri-
des (NiMeHx ), other metal hydrides or even lithium (for lithium ion
batteries) will still trigger a lot of research. Even though, our model
for palladium nanoparticles hints �rst answers on how nanostruc-
tures of such hydrides behave, there are still many open questions
left, from the in�uences of nanoparticle packing to the role of crystal-
linity. When going from palladium to other more complex materials
and alloys, a whole new category of research topics opens up. We have
already done a �rst step into this direction, by studying magnesium
nanoparticles and their hydrogenisation [67]. We have seen that, simi-
lar to yttrium, magnesium undergoes a phase transition from a metal
to a dielectric (MgH2). However, the transition back to pure magne-
sium requires the use of oxygen (if performed at room temperature)
and is not yet fully understood. The need of oxygen (and in some ge-
ometries even elevated temperatures) can also be used to ’freeze’ the
particles in a particular state. Therefore, it is possible to do snapshots
of the hydrogensiation and dehydrogenisation of magnesium parti-
cles using scanning near-�eld optical microscopy (SNOM) with sub
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50 nm spacial resolution and the ability to see single domains deve-
loping inside a particle [208]. Further steps are the investigation of
thermodynamic properties, like the the critical temperature, the ab-
sorption isotherms and the size-dependent transition pressure. Stu-
dying these properties is inevitable if one wants to �nd better hydro-
gen storage solutions. To perform these tasks new technologies have
been established, enabling the direct observation and visualization
of hydrogen absorption, di�usion and desorption processes. Narayan
et al. [76] showed that an environmental transmission electron mi-
croscope (TEM) can be employed to visualize the dynamics of α- and
β-phase domains in palladium (Pd) nanocubes. Ulvestad et al. [209]
employed coherent X-ray di�raction imaging to investigate and vi-
sualize hydrogen induced strain formation in Pd nanocubes. These
techniques, together with atomic force microscopy (AFM), SNOM and
plasmonics are great ways to investigate and improve metal hydride
nanoparticles on the nanometer level. Especially plasmonics is able to
transfer microscopic optical, electronic and structural properties into
the far�eld, allowing for non-invasive in-situ studies of active metal
hydrogen systems.
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