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Abstract

Due to their in many cases large magnetic moments and large gmeetic anisotropies,
lanthanides play an important role in magnetism. These spied magnetic properties
can be traced back to their inner, unclosed 4f-shell [1]. $& the early stages of re-
search in single-molecular magnetism, these properties deathem appealing building
blocks for single-molecular magnets but their applicatiomwas hampered by their weak
exchange interactions. The key feature of single-molecul@agnets is their slow relax-
ation of the magnetization of purely molecular origin [2]. Terefore, a breakthrough
of lanthanides in the eld of single-molecular magnetism w&athe observation of slow
relaxation of the magnetization in a mononuclear terbium agoplex by Ishikawaet al.
in 2003 [3], the rst single-ion magnet. This discovery hasdosted the e orts put into
the research of lanthanide-based single-molecular magicemnaterials.

For the study of lanthanides in single-molecular magnetic aterials, various theoreti-
cal models like the crystal- eld Hamiltonian needed to be ampted from prior research
areas in lanthanides [4]. On the experimental side, the mostilized measurement
techniqgues are magnetometry, susceptometry, and electrggaramagnetic resonance
(EPR). If applied to single crystals, these techniques canivg detailed information
about the kind of anisotropy [5]. However, for the interpredtion of the relaxation
process the energy-levels of the crystal- eld split grounchultiplet are of special im-
portance. Due to the fact, that the thermally activated relaation regime in lanthanide
based single-ion magnets is attributed to an Orbach procesm excited states inside
the crystal- eld split ground multiplet [6, 7]. The energydevels can be extracted by
the former mentioned techniques, but only by an indirect tdmique. Therefore, the
measured data are tted to the crystal- eld Hamiltonian and with the acquired param-
eters the energy-levels can be reproduced. This techniqunde applied for complexes
with high-symmetry crystal elds, but as soon as the symmefr is low, the amount of
crystal- eld parameters increases, and the method gets ipplicable. Therefore, other
techniques need to be employed to obtain additional infornian like luminescence
or inelastic neutron scattering (INS) measurements [8, 9However, the most direct
technique o ers far-infrared spectroscopy, which was witleapplied for the determi-
nation of the energy-level structure of lanthanide ions inle 60s and 70s of the last
century [10, 11, 12, 13]. As the crystal- eld splitting is inthe range of a few hun-
dred wavenumbers, transitions between the energy-levelancbe directly observed by
absorption lines in the spectrum bearing in mind the selecin rules.



The aim of this thesis is to adopt the technique of transmissn-far-infrared spec-
troscopy to the study of lanthanide-based single-moleculanagnetic materials. Our
second aim is to gain deeper insight into the relaxation dymaics of the studied ma-
terials. Our applied experimental setups are: A quasi-omal setup using backward
wave oscillators (BWOs) that covers the frequency range frm4cm * to 43cm . And,
a far-infrared setup using a Bruker IFS 113v Fourier transfon infrared spectrometer
that covers the range from 20 cm! to 100 cm ®. Both setups are used inside a variable
magnetic eld generated in a Spectromag 4000 (Oxford Instrents). The mylar win-
dows of the Spectromag prevent measurements to frequenchégher than 100cm?.
The accessible frequency range limits our studies to the ldwing energy-levels. For-
tunately, the low lying energy-levels are the most importanones in the relaxation
process of single-molecular materials.

For our studies, we have chosen three complexes which coveremnt elds of
lanthanide-based single-molecular magnetism. All of themwere previously explored
by static and dynamic magnetization measurements. The rstomplex, known as
DyPhOPh, belongs to the class of single-chain magnets [14]he second one, known
as DyDOTA, acts as a single-ion magnet [15]. And the third oneDyPhOPh,, is a
building block of DyPhOPh and consists of a lanthanide ion ahtwo nitronyl nitrox-
ide radicals which are exchange coupled to each other [5]. &H of the complexes
the lanthanide ion is surrounded by a crystal- eld of low symmetry, hampering the
determination of the energy-level structure by other techiques. For comparison, also
isostructural compounds were studied in which the dysprasn ion was substituted
by another lanthanide ion. For DyPhOPh the terbium complex BPhOPh, for Dy-
DOTA the terbium complex TbDOTA, and for DyPhOPh, HoPhOPh,, TbPhOPh,
and DyPhOEt,, where in the latter one the nitronyl nitroxide radical was nodi ed.

For the single-chain magnet DyPhOPh a coherent picture of #hdynamic magnetic
behavior was lacking. A crossover at a temperature of 3.8K toeeen two di erent
regimes of the relaxation time - observed in temperature depdent AC-susceptibility
measurement - was attributed to the switching between the ite- and the in nite-size
regime of the Glauber model [14]. However, the di erence ohé relaxation barrier
at the crossover deviates from the predicted value given byé¢ Glauber model. Our
results of the energy-level structure obtained by far-infired spectroscopy suggest that
the crossover in the relaxation process is rather governeg & switching between two
relaxation pathways of the dysprosium ion than by a transitin between the in nite-
and nite-size regime of the Glauber dynamics. The switchip between two relaxation
pathways of a lanthanide ion was observed for single-ion mags before [16]. The
relaxation process was attributed to an Orbach process antlé switching to a change
of the relaxation pathway via which the Orbach process takeslace. An experimen-
tal determination of the energy-levels was missing. Thexak, it was not possible to
de nitely attribute the switching to the change between tworelaxation pathways via
di erent excited states.

Therefore, we not only propose an alternative interpretatin of the relaxation process



for the lanthanide-based single-chain magnet DyPhOPh thadli ers from transition
metal based single-chain magnets but also con rm the switolg of the Orbach relax-
ation pathway between two di erent excited levels in a lantlanide ion by experimental
evidence.

The aim of our study of DyDOTA was to identify the relaxation process responsible for
the thermally activated relaxation regime observed in AC+ssceptibility measurements
[15]. Our measurements revealed two close lying energy levat 44cm ! and 55cm L.
The observed energy of the rst excited states (Kramers doldt) (44 cm 1) is nearly
equal to the thermally activated relaxation barrier (42cm?). The resemblance sug-
gests that the underlying relaxation process can be desceith by an Orbach process
via the rst excited state. In the Orbach process the relaxabn process takes place
via a real excited state with the energy-barrier given by thenergy di erence between
the ground state and the excited state [6]. Furthermore, theehavior of the observed
absorption lines at 44 cm? (under the in uence of an applied magnetic eld) led us to
an explanation for the crossover observed in AC-susceptilyi measurements between
the direct process and the Orbach process when a magneticdek applied. As the
eld increases, our measurements suggest that the matrixezhent of the magnetic
moment along the easy-axis increases. The matrix elementtbe magnetic moment
is thought to be connected to the spin-phonon transition maix element [17]. There-
fore, this observation indicates that with increasing eldthe e ciency of the Orbach
process via the rst excited level increases leading to théserved crossover.

With the study of the complex DyPhOPh,, we aimed to shed light onto the exchange
interactions between the lanthanide ion and the nitronyl-itroxide radicals [5]. We

were able to identify several energy-levels of the compouby far-infrared spectroscopy.
However, due the complexity and the interplay of the interatons in the compound,

we were not able to nd an appropriate model for the interprettion of the energy-

level structure. Therefore, a reliable determination of te exchange coupling constant
and the crystal eld splitting was not possible. However, tle obtained results o er

the possibility for the comparison with more sophisticatedheoretical models in the

future.

Besides the summarized results of the studied compounds.etithesis presents new
methods for the analysis of far-infrared spectra of lanthade-based single-molecular
materials. The developed methods solve various issues witthich we were faced,
during the study of the complexes by far-infrared spectroepy. The presented methods
are:

Issue In addition to electronic absorption lines, in the frequeng range from
4cm ! to 100cm ! also phononic and intramolecular vibrational absorptionihes
occur [18, 19]. A theoretical prediction of the phononic anthtramolecular vi-
brational lines is hampered by the complex crystal structws of single-molecular
magnetic materials. Therefore, the distinction has to be ni® by experimental



evidence.

Method Far-infrared spectra are acquired at di erent magnetic etls. Only the
electronic absorption lines are in uenced by the magneticeld due to the Zeeman
term. The change of the lines in a magnetic eld allows for theinambiguous
identi cation of the electronic absorption lines. This mehod was adopted from
earlier infrared studies of lanthanides in the 60s and 70s tbfe last century [13].

Issue The electronic absorption lines are often masked by intengdononic and
intramolecular vibrational absorption lines. Instead of a individual line, they
are only recognizable as slight changes of the spectra at eient elds. This
issue raises the question how to extract characteristic pameters of speci cally
the electronic absorption lines.

Method To resolve this issue, the transmission spectra are convedlt to the
absorption cross section of one lanthanide ion. To eliminatthe contribution of
the phononic and intramolecular vibrational absorption Ines the spectra with and
without eld are subtracted. In addition, the cross sections divided by prefactors
and the frequency. This newly derived quantity (the normalied absorption cross
section) is then directly proportional to the change of the mectral weight in
units of the transition matrix element. Therefore, this praedure allows for direct
conclusions of the transition matrix element of the obserdetransitions.

Issue Our samples consisted of randomly oriented microcrystaie powders of
the complexes pressed to pellets. The strong magnetic arnispy of the com-
plexes leads to strong anisotropic spectroscopic g-factorinstead of an overall
Zeeman-shift of the lines in a magnetic eld, the change of &éhlines with magnetic
eld can have various, a priori unknown shapes. Detailed fanfrared investiga-
tions of microcrystalline powders of lanthanide-based matials have not been
previously reported in literature.

Method To qualitatively describe the e ect of a magnetic eld of vaying inten-
sity on the electronic absorption lines, a program was wrigén which simulates
the di erence of the normalized absorption cross sectionrfaicrocrystalline pow-
der samples. The program is based on the crystal- eld Hamdhian. The input
parameters are the crystal- eld parameters of the lanthadlie ion. The numerical
integration over the di erent directions of the microcrystllites was implemented
by the use of a Lebedev-Laikov grid [20].

The expected magnetic eld changes of the electronic absaign lines were cal-
culated for a variety of di erent parameter sets. The simultons yielded back-
ground information for the identi cation of the electronic absorption lines in the
studied compounds. As the crystal eld of the lanthanide ios in the studied
compounds are of low symmetry, the crystal- eld parameterpace is huge and
prevented the simulation of the acquired spectra with the gstal- eld Hamilto-
nian.



The presented methods give a scheme for the general analysigar-infrared spectra
of lanthanide-based materials.

In addition, the thesis includes a review of the magnetic rakation processes in lan-
thanide ions. The understanding of the relaxation processabled us to relate the
far-infrared measurements to previous relaxation measuments.

In conclusion, we have shown the applicability of far-infr@d spectroscopy for the study
of lanthanide-based single-molecular magnetic material§ he far-infrared studies of

three di erent kinds of single-molecular materials, a sing-ion magnet, a single-chain
magnet and an exchange coupled cluster, yielded a deeper erstanding of the com-
plexes. In particular, we were able to gain insight into thealaxation processes of the
compounds.






Zusammenfassung

Wegen ihrer, in vielen Fallen, groyen magnetischen Momentend starken magneti-
schen Anisotropie spielen Lanthanoide eine wichtige Rolle magnetischen Materialien.
Diese speziellen magnetischen Eigenschaften konnen auéiimnere, nicht voll besetzte
4f-Schale zurtickgefuhrt werden [1]. Seit den Anfangen deorSchung im Bereich des
Einzelmolekilmagnetismus machen diese Eigenschaften mieinteressanten Kandida-
ten fur Einzelmolekilmagnete. Allerdings wurde ihre Anwasung durch ihre schwache
Austauschwechselwirkung erschwert. Die charakteristise Eigenschaft von Einzelmo-
lekilmagneten ist die langsame Relaxation der Magnetisierg von rein molekularem
Ursprung [2]. Bahnbrechend fir die Nutzung von Lanthanoidein Einzelmolekilma-
gneten war die Beobachtung der langsamen Relaxation der Magisierung in einem
mononuklearen Terbium-Komplex von Ishikawaet al. im Jahr 2003 [3]. Diese Ent-
deckung verstarkte die Anstrengungen in die Erforschung molanthanoid-basierten
Einzelmolekilmagnetmaterialien.

Far die Untersuchung von lanthanoid-basierten Einzelmokéiimaterialien mussten ver-
schiedene theoretische Modelle, wie der Kristallfeld-Hahonian, von anderen For-
schungsgebieten, in denen Lanthanoide schon lange untetsuwerden, tbernommen
werden [4]. Auf der experimentellen Seite sind die meist baaten Messtechniken
Magnetometrie, Suszeptometrie und Elektronenspinresama (EPR). Werden diese
Techniken bei Einzelkristallen eingesetzt, kdnnen sie zwetillierten Aussagen Uber
die Art der Anisotropie fuhren [5]. Fur die Interpretation des Relaxationsprozesses
ist allerdings die Energieaufspaltung des Grundmultiplé$ von spezieller Bedeutung,
da das thermisch aktivierte Relaxationsregime in Einzellenmagneten einem Orbach-
Prozess, der die angeregten Energieniveaus nutzt, zugesghen wird [6, 7]. Die Ener-
gieaufspaltung kann aus den genannten Messtechniken bestit werden, allerdings
nur in indirekter Weise. Um dies zu erreichen, werden die gessenen Daten mit
einem entsprechenden Kristallfeld-Hamiltonian ange tte Mit den dabei bestimmten
Kristallfeld-Parameter kbnnen dann die Energieniveaus bechnet werden. Diese indi-
rekte Methode funktioniert - einigermayen - fur Kristallféder mit einer hohen Sym-
metrie, aber sobald die Symmetrie niedriger wird, steigt di Anzahl der Kristallfeld-
Parameter und die Methode wird unbrauchbar. Daraus resuért, dass andere Mess-
techniken angewandt werden missen, wie z. B. Messungen damnlineszenz oder der
inelastischen Neutronenstreuung (INS) [8, 9]. Die direks¢e Methode bietet jedoch
Ferninfrarotspektroskopie, diese wurde in den 1970er un®80er Jahren oft fur die
Bestimmung der Energieniveaus in Lanthanoidionen angewest [10, 11, 12, 13]. Da
die Energieaufspaltung normalerweise einige hundert Weizahlen betragt, kénnen



Ubergange zwischen den Energieniveaus unter Beruicksigoing der Auswahlregeln
direkt durch Absorptionslinien im Spektrum beobachtet weden.

Das Ziel dieser Arbeit ist es, die Methode der Transmissioerninfrarotspektroskopie
auf lanthanoid-basierte Einzelmolekilmaterialien anzuenden. Zuséatzlich wollen wir,
durch die dadurch bestimmten Energieniveaus, ein tieferégerstéandnis des Relaxa-
tionsprozess in den untersuchten Materialien erreichen.ndere angewandten expe-
rimentellen Aufbauten sind: Ein quasi-optischer Aufbau nti Backward-Wave Oszil-
latoren deckt den Frequenzbereich von 4cm bis 43cm?® ab. Und ein Ferninfra-
rotsetup mit einem Bruker IFS 113v Fourier-Transform-Infarot Spektrometer den
Bereich von 20cm? bis 100cm . Beide Setups werden mit einem variablen magne-
tischen Feld benutzt, das in einem Spectromag 4000 (Oxforadtruments) erzeugt
wird. Der zugéngliche Frequenzbereich in dem Fourier-Traform-Infrarot Spektrome-
ter ist durch die Mylar-Fenster des Spectromags auf Messug niedriger als 100 cm*
beschrankt. Der zugangliche Frequenzbereich grenzt unséfessungen auf die unteren
Energieniveaus ein. Glucklicherweise sind die unteren Hgeniveaus die wichtigsten
fur den Relaxationsprozess.

Fiar unsere Untersuchungen habe wir drei Komplexe, die velsedene Felder von
Einzelmoleklilmaterialien abdecken, ausgewahlt. Alle Merialien wurden schon vor-
her in statischen und dynamischen Magnetisierungsmessamguntersucht. Der erste
Komplex, DyPhOPh genannt, gehort zur Klasse der Einzelkethmagnete [14]. Der
zweite Komplex, DyDOTA genannt, ist ein Einzelionenmagnefl5]. Der dritte Kom-
plex, DyPhOPh,, ist ein Bestandteil von DyPhOPh und besteht aus einem Lantx
noidion und zwei Nitronyl-Nitroxid Radikalen, die durch Austauschwechelwirkungen
miteinander gekoppelt sind [5]. In allen Komplexen ist dasdnthanoidion umgeben
von einem Kristallfeld von niedriger Symmetrie, das die Bammung der Energiele-
vel bei magnetischen Messungen erschwert. Zum Vergleichrden jeweils auch noch
isostrukturelle Komplexe mit anderen Lanthanoidionen urdgrsucht; fir DyPhOPh der
Terbium-Komplex TbPhOPh, fir DyDOTA der Terbium-Komplex T bDOTA und fir
DyPhOPh, HoPhOPh,, TboPhOPh, und DyPhOEt,, bei dem Letzteren wurde das
Nitronyl-Nitroxide Radikal modi ziert.

FUr den Einzelkettenmagneten DyPhOPh fehlte eine eindegte Erklarung fir das
Verhalten in einem dynamischen Magnetfeld. Ein Wechsel zsehen zwei Regimen der
Relaxationszeit bei einer Temperatur von 3.8K - beobachteith AC-Suszeptibilitats-
Messungen - wurde dem Ubergang von einem endlichen zu einemendlichen Gréyen-
regime in der Glauber Dynamik zugeschrieben [14]. Allerdis weicht der Unterschied
der Relaxationsbarriere an dem Wechselpunkt von dem erwaten theoretischen Wert
ab. Die Ergebnisse unserer Ferninfrarotmessungen legerheadass der Wechsel zwi-
schen den beiden Relaxationsregimen eher einem WechselRiglsxationsmechanismus
innerhalb des Dysprosiumions als einem Wechsel zwischem d&r6yenregimen in der
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Glauber Dynamik zuzuschreiben ist. Der Wechsel zwischen aviRelaxationsmechanis-
men wurde schon vorher in Einzelionenmagneten beobacht&6]. Der Relaxationspro-
zess wurde dort einem Orbach Prozess zugeschrieben und deetgang einem Wechsel
des angeregten Zustands, tiber den der Orbach Prozess stattet. Eine experimentelle

Bestimmung der Energiniveaus wurde dort allerdings nichtegnacht. Dadurch war es

nicht méglich den Ubergang de nitiv dem Wechsel zwischen dezwei Relaxationswe-
gen zuzuschreiben.

Deshalb zeigen wir nicht nur eine andere Interpretation fiden lanthanoidbasierten

Einzelkettenmagneten DyPhOPh, die sich von den ubergangstallbasierten Einzel-

kettenmagneten unterscheidet, sondern bestéatigen auchrd@/echsel des Relaxations-
weges zwischen zwei verschiedenen angeregten Zustandegiriem Dysprosiumion.

Das Ziel der Untersuchung von DyDOTA war die Bestimmung der A des Rela-
xationsprozesses, der fur den thermisch aktivierten Relatonsbereich, der in AC-
Suszeptibilitatsmessungen beobachtet wurde, verantwéich ist [15]. Unsere Infrarot-
messungen zeigten zwei eng-beieinanderliegende Eneegilbei 44 cm?® und 55¢cm 2.
Die beobachtete Energie (44 cnt) des ersten angeregten Zustands (Kramers Duplet)
ist quasi gleich zu der Relaxationsbarriere des thermischtavierten Regimes (42 cm?).
Die Ahnlichkeit legt nahe, dass der Relaxationsprozess diweinen Orbach-Prozess via
dem ersten angeregten Zustand beschrieben werden kann. Bieiem Orbach-Prozess
ndet der Relaxationsprozess via einem angeregten Energieeau statt. Die Energieb-
arriere der Relaxation ist dabei durch die Energiedi erenzwischen dem Grundzu-
stand und dem angeregten Zustand gegeben [6]. Auyerdem gats Wdas Verhalten
der Absorptionslinie bei 44 cm? in einem Magnetfeld Hinweise fiir den Ubergang zwi-
schen dem direkten Prozess zum Orbach Prozess, der beim Aele eines Magnetfelds
in AC-Suszeptibilitatsmessungen beobachtet wurde. Und zwlegen unsere Messun-
gen nahe, dass in einem Magnetfeld das Ubergangsmatrixed@mindes magnetischen
Moments des Ubergangs parallel zu der Easy-Axis zu. Es wirdgenommen, dass das
Ubergangsmatrixelement des magnetischen Moments mit derpis-Phonon Ubergang-
matrixelement eng in Verbindung steht [17]. Diese Beobaalng legt daher nahe, dass
mit ansteigendem Magnetfeld die E zienz des Orbach Prozess via des ersten ange-
regten Zustand zunimmt und damit zu dem Ubergang zum OrbachrBzess fiihrt.

Die Untersuchung des Komplexes DyPhOBRMatte als Ziel neue Erkenntnisse Uber die
Austauschwechselwirkungen zwischen dem Lanthanoidiondiden Nitronyl Nitroxide
Radikalen zu gewinnen. Es war uns moglich mehrere Energigdein dem Komplex
durch Ferninfrarotspektroskopie zu bestimmen. Allerding war es uns duch die Kom-
plexitat und das Zusammenspiel der Wechselwirkungen nichhdglich, ein geeignetes
theoretisches Modell fir die Interpretation der Ergebnigszu nden. Dadurch konnten
wir die Groye der Austauschwechselwirkungen und die Kridtéeldaufspaltung nicht
bestimmen. Jedoch geben die Ergebnisse die Mdglichkeit fien Vergleich mit kom-
plizierteren theoretischen Modellen in der Zukunft.
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Neben - den soeben zusammengefassten Resultaten fir dieetsuchten Verbindun-
gen - prasentieren wir in dieser Arbeit neue Methoden fur di&nalyse von Ferninfra-
rotspektren von lantanoidbasierten Einzelmolekilmagngetaterialien. Die erarbeiteten
Methoden bieten die Moglichkeit fur die Bewaltigung von veschiedenen Problemen,
mit denen wir bei der Untersuchung der Verbindungen konfrdiert wurden. Die préa-
sentierten Methoden sind:

Problem: Zusétzlich zu den elektronischen Absorptionslinien tretein dem

untersuchten Frequenzbereich von 4cm bis 100cm?® auch phononische und
intramolekulare vibronische Absorptionslinien auf [18,9]. Eine theoretische Vor-
hersage dieser Linien ist durch die komplexe Kristallstrular in Einzelmolekil-

magnetmaterialien erschwert und nicht ohne weiteres mogh. Dadurch muss die
Unterscheidung experimentell erfolgen.

Methode: Die Ferninfrarotspektren werden bei verschiedenen Magiieldern

aufgenommen. Durch das Magnetfeld werden nur die elektreohen Absorpti-
onslinien durch den Zeeman-E ekt beein usst. Die Anderungm Magnetfeld ist

deshalb ein eindeutiger Hinweis flr die Identi kation der kktronischen Absorp-
tionslinien. Diese Methode wurde aus friheren Studien an h#nanoidionen tber-
nommen [13].

Problem: Die elektronischen Absorptionslinien sind oft von starkemhononi-

schen und intramolekularen vibronischen Absorptionslien tUberlagert. Anstatt

als individuelle Linie sind sie deshalb nur als leichte Andeng im Transmissionss-
pektrum bei einer Magnetfeldanderung sichtbar. Deshalb edtte sich die Frage,
wie man Zugang zu den charakteristischen Parametern von nden elektroni-
schen Absorptionslinie bekommen kann.

Methode: Um das Problem zu I6sen, rechnen wir die Transmissionsspekt in

den Absorptionswirkungsquerschnitt pro Lanthanoidion umUm die Anteile der

phononischen und intramolekularen vibronischen Absorpminslinien zu beseitigen,
werden von den Spektren im Feld die Spektren ohne Feld abggen. Zusatz-
lich wird der Absorptionswirkungsquerschnitt durch Vorf&toren und durch die

Frequenz geteilt. Die dadurch neu erhaltene Gréye (der noatisierte Absorp-
tionsquerschnitt) ist dann direkt proportional zu der Andeung des spektralen
Gewichts in Einheiten des Ubergangsmatrixelements.

Problem: Die untersuchten Proben bestanden anstatt aus Einzelkrislen aus
mikrokristallinem Pulver der Verbindungen, das zu Pelletgepresst wurde. Die
starke magnetische Anisotropie der Verbindungen fiihrt zutark anisotropen

spektroskopischen g-Faktoren. Anstatt einer Zeemannvelsebung der ganzen
Linie in einem Magnetfeld, fuhrt dies zu einer - a priori - niat vorhersehbaren
Veranderung der Linie. Detaillierte Ferninfrarotmessungn von Proben aus Pul-
ver fur lanthanoidbasierte Materialien wurden bis jetzt inder Literatur noch

nicht betrachtet.

Methode: Um qualitativ den E ekt des Magnetfeldes auf die elektronichen
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Absorptionslinien zu beschreiben, wurde ein Simulationspgramm geschrieben,
das die Di erenz des normalisierten Absorptionswirkungsgerschnitts zwischen
verschiedenen Magnetfeldern fur Pellets aus mikrokristalem Pulver beschreibt.
Die Input-Parameter des Programms sind die Kristallfeldp@ameter des entspre-
chenden Lanthanoids. Die numerische Integration Uber dieesschiedenen Rich-
tugnen der Mikrokristallite in dem Pellet wurde durch ein Léedev-Laikov Gitter
implementiert.

Die erwarteten Magnetfeldanderungen der elektronischenb8orptionslinien wur-
den fur verschiedene Parametersets berechnet. Die Simudaen geben Auskunft
dartiber, was fiir verschiedene Anderungen mdglich sind, uhélfen dadurch bei
der Identi kationen der elektronischen Absorptionslini@ in den verschiedenen
Proben. Da die Kristallfelder in den untersuchten Lanthanmlionen von niedri-
ger Symmetrie sind, ist der Kristallfeld-Parameterraum gvy und verhinderte die
Simulation der aufgenommen Spektren mit dem KristallfeldHamiltonian.

Die, in dieser Arbeit prasentierten Methoden, bieten ein $ema, das allgemein fur
die Analyse von Ferninfrarotspektren von lanthanoidbasréeen Materialien angewendet
werden kann.

Zusatzlich enthalt die Arbeit einen Uberblick iber die magetischen Relaxationsme-
chanismen, die in Lanthanoidionen beobachtet werden kérmeDas Verstandnis der
Relaxationsprozesses erlaubte es uns, die Ergebnisse rgrsEerninfrarotmessungen
mit vorherigen magnetischen Relaxationsmessungen in Vardung zu bringen.

Zusammenfasssend haben wir die Anwendbarkeit der Ferniafotspektroskopie fur

die Untersuchung von lanthanoidbasierten Einzelmolekilagnetmaterialien gezeigt.
Die Ferninfrarotstudien von drei verschiedenartigen Eirdmolekilmagnetmaterialien,

einem Einzelionenmagnet, einem Einzelkettenmagnet unches austauschgekoppelten
Clusters, fuhrten uns zu einem tieferen Verstandnis der je@nigen Komplexe. Insbe-
sondere erhielten wir einen tieferen Einblick in die jewgien Relaxationsprozesse.
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1 Introduction

1.1 Single-molecule magnets, single-ion magnets
and single-chain magnets

The fascinating discovery of slow relaxation of the magnettion and hysteresis in
the molecular material Mn,0,,(CH3C0OO),4(H,0)4 (abbreviated: Mn;,Ac) started
the eld of molecular magnetism in 1993 [21]. Hysteresis arglow relaxation of the
magnetization is a well known feature of bulk ferromagnetsit was astonishing to
observe these characteristics in a material, which shows ewidence of 3-dimensional
ordering. Instead it consists out of twelve-ion manganeséusters coupled by superex-
change through oxygen bridges. The four inner and eight outepins which point in
opposite directions lead to an e ective giant-spin of S=10talow temperatures (see
Figure 1.1).

Fig. 1.1: View of Mn12015(CH3COO)6(H20)4. The four inner Mn3* ions, each have a
spin of S=3/2 and are pointing down (light pink). The eight outer Mn 4* ions, each have a
spin S=2 and are pointing up (red). The spins of the cluster couple bgether to the giant
spin S=10 (dark red) pointing in the direction of the Mn 4* ions.

The e ective spin has a strong negative-magnetic anisotrgpyielding an energy bar-

rier of U 43cm ! [21]. Each cluster is surrounded by acetate ligands suppsesy
interactions to the neighboring clusters. Therefore, the agnetic behavior originates
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1 Introduction

from an ensemble of identical manganese clusters, which &rea good approximation)
not interacting with each other. The observed hysteresis dnslow relaxation can be
attributed to the single molecules of the manganese clusserAs the molecules act as
tiny magnets at low temperatures, this class of materials vgatermed single-molecule
magnets (SMMs).

For technical applications they raised expectations to bebde to store information on
the molecular level. From a fundamental physical point of @w, they o er the great
possibility to observe quantum phenomena, i.e., quantum tuneling of the magnetiza-
tion and Berry-phase interference [22]. Nowadays, attemgptire made to attach SMMs
to surfaces [23] and to use them as molecular devices [24, 25]

Superparamagnets and SMMs

If a ferromagnetic material gets smaller and smaller, at a dain volume (critical size)
it exists solely out of one domain below a certain temperatar Instead of showing a
phase transition, these small ferromagnetic particles sloslow relaxation of the mag-
netization following a thermally activated mechanism at swiently low temperatures.
These nanoparticles - normally of a size of a few nanometes000-10000 atoms) -
are usually called superparamagnets. Many superparamagm@ossess an anisotropy
axis leading to an easy-axis for the magnetization. the magtization tends to align
preferably parallel to the easy-axis. The anisotropy can et from di erent origins,
like shape-, magneto-crystalline-, or magneto-elastic imotropie [26}. The a nity be-
tween superparamagnets and SMMs lies in the slow relaxatiaf the magnetization,
being a key feature of SMMs. Superparamagnets represent tttep-down™" and the
SMMs the "bottom-up" approach to nanoscale magnetism. SMMmly consist of a
few coupled metal ions surrounded by ligands. The ligandsnger a bulk magnetic
order, keeping them to what is often called "zero-dimensiali. The size ranges from
one metal ion to the largest single-molecular cluster madé 84 manganese ions [27].
SMMs composed of only one metal ion represent a special sassl - they are often
called single-ion magnets (SIMs).

Wide variety of SMMs

A wide variety of SMMs has been synthesized after the discoyeof slow relaxation
of the magnetization in Mn,Ac with partially aesthetically appealing structures. In
the beginning, they were primarily based on 3d-transition etal ions like manganese,
cobalt, iron, vanadium or copper. For an elaborate review otne wide range and char-
acteristics of 3d-transition metal ions, see Aromét al. [28]. The best studied family

! The relaxation rate follows an Arrhenius law =  exp(KV=kgT) with kg the Boltzmann
factor, in which the anisotropy barrier KV is proportional to the volume V. The magnitude of the
parameters are around o = 10 °s andK =1:5K=nm?3 (for iron oxide).
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1.1 Single-molecule magnets, single-ion magnets and smghain magnets
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Fig. 1.2: Periodic table of elements: 3d-, 4d-, 5d- transition metal ons.

of SMMs are the manganese clusters, with a wide range of constnt manganese ions,
ranging from 2 to 84 manganese ions, and embedded in di eremtganic ligand shells
[29]. In Mny,Ac the anisotropy is established by a vectorial addition offte single ion
anisotropies of the Jahn-Teller distorted octahedral codmation of the Mn(|||) ions.
The crystal eld yields together with the spin-orbit coupling a zero- eld anisotropy
[30]. Besides the archetypal SMM MpAc, the SMM [FesO,(OH)»(tacn)g]Brg [31]
was thoroughly investigated, because of its suitability fostudies of the quantum tun-
neling of the magnetization. A di erent road was taken by usig heavier transition
metal ions (4d- and 5d- elements, see Figure 1.2) charackex by more radially ex-
tended valence orbitals, stronger spin-orbit coupling, aaviety of oxidation states, and
stronger exchange interactions [32].

In 2003 lanthanides (4f-elements, see Figure 1.3) receivgawing interest in the eld
of molecular magnetism, because of the observation of sloglaxation in a single-ion
lanthanide compound, the lanthanide double-decker compl¢Pc,Tb] TBA™ [3]. This
discovery led to an extensive research of lanthanide and awtle based SMMs and SIMs
[7, 33]. The special magnetic properties of lanthanides (@rmactinides) lies in their in-
ner, unclosed 4f-shell (5f-shell). The shielding of the 4hkell leads to small crystal eld
perturbations and strong spin-orbit couplings. Lanthanig-based magnetic materials
are the subject of this thesis and will be further discusseah iChapter 2. In addition
to pure clusters of 3d-, 4d-, 5d-, 4f- and 5f-elements, cless were explored, in which
elements of di erent periods were mixed together into hetemetallic SMMs [34].

Features

The key feature of a SMM is the slow relaxation of the magneation. A "good"
SMM shows slow relaxation preferably at high temperaturesThis property, which
describes the somehow the quality of a SMM, can be describeddi erent ways. The
most widely used characteristic quantities are the blockqtemperature T, and the
anisotropy barrier U [2]. The blocking temperature can be de ned as the highest
temperature, at which a hysteresis in the magnetization calme observed. A drawback
in this de nition lies in the dependence of the blocking temerature on the sweeping
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1 Introduction

rate of the magnetic eld. The use of the anisotropy barrierdr the description of the
relaxation process implies that the relaxation time follow an Arrhenius law, in which
the relaxation time is given by: = o exp(U=T) with g the spin ip attempt rate, T
the temperature, andU the anisotropy barrier. The third, rarely used characterisc
quantity, is the temperature, at which the relaxation time exceeds 100s. Despite of its
somehow arbitrary character, it circumvents the drawbacksf the other de nitions: the
dependence of the blocking temperature on the sweeping rated that for the use of
the anisotropy barrier a certain model needs to be appliedn literature the anisotropy
barrier plays the most prominent role [7]. An issue of solelgeclaring the anisotropy
barrier is that the spin- ip attempt rate and mechanisms dueto quantum tunneling
are omitted, which also alter the relaxation time. Additiorally, slow relaxation is
often observed only, when a magnetic eld is applied. The magtic eld suppresses
the quantum tunneling of the magnetization: The claimed astropy barriers refers
than often to a case in which a static magnetic eld is appliedThereby it is neglected,
that for technical applications like information storage he zero- eld behavior plays
the crucial role.

The aim in the years after the discovery of MppAc was to achieve long relaxation of
the magnetization at preferably high temperatures. The rae taken was to increase
the size of the clusters. The idea was to increase the totalispf exchange coupled
clusters, as the anisotropy barrier scales approximatelyith S?jDj, with S the total
spin and D the axial zero eld splitting parameter. Unforturately, as the total spin
increases it became apparent that the anisotropy of the cligss decreased (for the
reasons see [2, 7, 35, 36]). Besides all the e orts to increabe anisotropy barrier,
up to date the highest anisotropy barrier (for clusters) islaimed asUg; = 60cm 1!
(with Ty = 4:5K) for MngO2(Et  saok(O,CPh(Me),).(EtOH) ¢ [37].

O Lanthanides

Actinides

" ssiism 3

e e A o g A

Ac ; Th : Pa ; ] "‘ Np : Pu { Am : Cm @ Bk Cf i Es ‘: Fm i Md @ No Lr

g o K
Fig. 1.3: Periodic table of elements. The rare earth elements: Scandim, Yttrium and
the lanthanides (4f-elements) from lanthanum to lutetium as well as the 5f-elements, the

actinides actinium to lawrencium.
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1.1 Single-molecule magnets, single-ion magnets and smghain magnets

The advent of single-molecule magnets on the single ion leve

In 2003, Ishikawaet al. [3] observed slow relaxation in a single lanthanide ion, the
lanthanide double-decker complex [Rdb] TBA* [3]. The discovery not only pro-
moted the research in lanthanide ions, it also was the stang point for the upcoming
approach to search for SMMs on the single-ion level. Insteadltrying to resemble nor-
mal 3-dimensional ferromagnets by the use of a cluster with&dimensional arrange-

for the reversal of magnetization, which leads to slow relakon of the magnetization.
The crystal eld together with the spin-orbit coupling plays the crucial role for the
existence of the energy-barrier. Nowadays, most known slegon based SMMs - often
called single-ion magnets (SIMs) - are based on lanthanidens. But also transition
metal based SIMs were discovered, based on e.g., cobalt onif38, 39, 40, 41, 42].
The special suitability of lanthanide ions for SIMs lies in heir unclosed and well
shielded 4f-shell. Thus, the interaction with the crystal eld is reduced compared to
3d-transition metal ions and the angular momentum is not queched. The spin-orbit
coupling has to be considered before the crystal eld intecéion. Therefore, the total
angular momentumJ results as a good quantum number. Furthermore, the crystal
eld only splits the ground J- manifold, resulting in energy splittings of around a few
hundred wavenumbers. Counterintuitively, the crystal- dd perturbation results in a
higher magnetic anisotropy for lanthanide ions than for 3dransition metal ions. The
smaller anisotropy of 3d-transition metal ions arises du@®tthe quenching of the orbital
momentum, the spin-orbit interaction is zero in rst order for most transition metal
ions [43]. Because of its high orbital momentum, especialtysprosium containing
materials are preferably investigated [44].

The anisotropy barriers of single lanthanide ions often lim the range of a few hundred
wavenumbers (with a record anisotropy ofle; = 652cm * in a heteroleptic bisph-
thalocyanine complex [7, 45]). In comparison, up to date theighest anisotropy barrier
for transition metal ions is claimed for the cobalt complexQo(hfpip).D2py.(TBA)] »
with an anisotropy barrier of 67cm?® [46] (and in a series of iron complexes with an
anisotropy barrier of 104-181cm' [7, 39]. The relaxation process of "cluster" SMMs
and SIMs dier in a fundamental way. In lanthanide-based SIM the relaxation bar-
rier, in the thermally activated regime, is considered to ban Orbach process in most
circumstances [3, 7, 16, 17, 47]. Without a magnetic eld, iKramers ions the ground
manifold is split into at least twofold degenerate crystal eld-levels. At most (2J+1)/2
di erent energy levels can be established. When a magnetield is applied, the crystal
eld split levels lose their twofold degeneracy. A scheme tfe Orbach process [6] via
the rst excited Kramers doublet in lanthanides is depictedin Figure 1.4 (b). The
Orbach process can in general also take place via other egditstates. The Orbach
process operates via the exchange of energy with the phonaitb The energy barrier
of the Arrhenius process is determined by the energy di eree of the ground and
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Fig. 1.4. (a) Sketch of the relaxation process and the relaxation barer in the cluster SMM

Mni2Ac in zero magnetic eld. (b) Sketch of the Orbach process andhe relaxation barrier

in lanthanide ions in zero magnetic eld for Kramers ions like dysprosium. For Kramers ions
every energy-value is two times degenerate leading to Krante doublets (KD). The Orbach

process depicted in (b) for lanthanides can also take placei& the other excited levels.

the excited crystal eld state via which the relaxtion takesplace. In di erence, for
"cluster" SMMs the energy barrier is determined by the heiglof the total anisotropy

barrier S?jDj depicted in Figure 1.4 (a).

Some important SMMs together with their characteristic prperties are shown in Ta-
ble 1.1.

Single-chain magnets

Another growing eld in molecular magnetism focuses on sitgtchain magnets (SCMs).
The rst explored SCM was the cobalt derivative Co(hfac)(NITPhOMe) [48]. In con-
trast to SMMs (zero-dimensional) the cobalt ions build an Himensional arrangement,
but still without 3-dimensional ordering. The underlying nechanism for the slow re-
laxation of the magnetization in SCMs is given by the Glaubedynamics, suggested by
Glauber in 1963 for the 1-dimensional Ising model [49]. Thegrequisites for Glauber
dynamics are a strong Ising anisotropy of the building blosk a strong intrachain
interaction with respect to the interchain interaction, ard a ferro- or antiferromag-
netic coupling between the building blocks along the chain.The original Glauber
model treats the individual spins with a constant spin-ip d@tempt rate, which is
temperature-independent. The origin of the slow relaxatiolies only in the exchange
coupling, which stabilizes ordered states. The Glauber meltrelies on statistical and
mathematical considerations, and not on a physical equatiocof motion. The physical
equilibrium is introduced by the Boltzmann population of sates.

The Glauber approach was extended to additionally take intaccount the intrin-
sic anisotropy barrier of the constituents, leading to a teperature dependent spin-
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1.2 Characteristics and applications of lanthanides/rarearths

0(S)  Uesr (cm 1) Tg (K)

Mn1,012(CH3CO0)16(H20)4[21] 21 107 43 3
MngO,(Et  saok(O,CPh(Me),),(EtOH)¢[37] 2 10 1© 60 45
[FesO2(OH) 1»(tacn)g]Brg[31] 2107 16 3
[Co(hfpip),D2py.(TBA)] 2[46] 14 10° 67 5
Co(hfac),(NITPhOMe)[48] 3 101 108 6
[Pc,Th] TBA*[3] 6 10 8 230

[Pc,Dy] TBA*[3] 6 10 © 28

Tab. 1.1: Some important SMMs together with their characteristic properties: The spin- ip
attempt rate o(s), the e ective anisotropy barrier Ugs; (cm 1), and the blocking temperature
Tg (K).

ip attempt rate for the constituents on its own [50]. A relaxation time of =
o exp((4J +) =kgT) (with coupling constant J and the energy barrier ) was pro-
posed for the in nite size regime and = , exp((2J + ) =kgT) for the nite-size
regime [50]. In the nite size regime the correlation length exceeds the chain length
L ( L), the relaxation process starts with the nucleation of a doain wall at the
chain end, with an energy cost of 2 due to the exchange interaction of the one resid-
ual neighbor. In the in nite-size regime the chain length idonger than the correlation
length (L ) and the relaxation process takes place primarily via a therally acti-
vated random walk of the domain walls. The chain length is determined by limiting
geometrical factors or the occurrence of impurities. The ndel was veri ed for several
single-chain magnets based on transition metal ions [50,]51

For the use as anisotropic building blocks lanthanide ionsre well suited. The rst
lanthanide-based SCM Dy(hfag)f NIT(C ¢H,OPh)g [14] will be studied by far-infrared
spectroscopy in this thesis.

1.2 Characteristics and applications of
lanthanides/rare earths

This thesis deals with the application of lanthanides in theeld of molecular mag-
netism. In this chapter, we will recall general characteries and applications of lan-
thanides outside of this eld. The research in molecular mamgtic materials not only
yields the opportunity of tuning the molecular magnetic prperties, but also reveals
properties of lanthanides on the fundamental level, e.g.rystal eld and exchange
interactions. The research in molecular magnetism, the®, makes a contribution
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to the basic research in lanthanides which is also importarior other elds, in which
lanthanides are used. Especially the opportunity to obseevlanthanide behavior on
the molecular or single ion level in a well described envirorent is a special advantage
of SMMs, SIMs and SCMs. Therefore, this chapter describesetlgeneral properties
and technical applications of lanthanides.

De nition of rare earths and lanthanides

The terms rare earths elements (REE) and lanthanides are eft used synonymously
in the eld of molecular magnetism. Following the Internatonal Union of Pure and
Applied Chemistry (IUPAC) de nition, the rare earth elements include the lanthanides
as well as scandium and yttrium (see Figure 1.3). All the rarearth elements share
similar chemical properties and can be found in the same orepbsits. The lanthanides
are the f-block elements of the periodic table from Lantham to Lutetium, in which
the 4f-shell is lled with electrons. Strictly speaking Luttium and Lanthanum are
d-block elements as isolated atoms. In the 3+ oxidation stat(most common) the
lanthanide reveal their character of lling the 4f-shell fom lanthanum to lutetetium.
For lanthanum and cerium, the two 6s-electrons and the one electron, and for the
other lanthanides the two 6s-electrons and one of the 4f-eleons are given away. The
electronic con guration is then given by the Xenon core pluthe 4f-shell ranging from
lanthanum with an empty 4f-shell ([Xe]f) to lutetium with a lled 4f-shell ([Xe]f 4).
In the eld of molecular magnetism the use of the term lanthaille seems more likely
as scandium and yttrium are not used, and additionally, thenteresting magnetic
properties arise from the electrons in the 4f-shell.

Production

China is the market leader of rare earths production holdin§6% of the overall market.
In order to escape the dependency from China, other countsi@specially the USA ex-
pand their abilities of obtaining REE resources. The probha of obtaining rare earths
lies in its low concentration in minerals seldom exceedingX®% and the di culty in
the separation of the chemically similar rare earth elemesit Therefore, the process of
obtaining separated rare earth elements is lengthy, costgnd more over it contains
strong risks of environmental pollution and for the health bthe workers. Rare earths
containing minerals for example are bastnasite and monaeif52, 53].

Applications

The main applications - containing over 90% of the producedare earths - are: 1.
Catalysts (mainly uid cracking catalysts), 2. Alloys, 3. Neodymium magnets, 4.
Polishing powder for screens, lenses, and windows, 5. Optiglasses for lenses and
lasers, and 6. Light converting phosphors for uorescent taps, LEDs, and displays
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Fig. 1.5: Distribution of rare earth oxide consumption by market sector in 2008 [52, 53].
The data is based on estimates from the Lynas Corporation LTDand the Industrial Minerals
Company of Australia Pty L.

[52, 54]. The most important chemical and physical propeds making rare earths
unique for applications are:

for uid catalytic cracking used in petroleum re neries, the oxygen storage
and release. (Lanthanum)

for data storage and hard magnets (e.g., for wind turbines dnelectric mo-
tors) , high coercivity, high magnetic anisotropy and large magniet moment.
(Neodymium, praesodymium, dysprosium, terbium)

for LCD and plasma screens and compact uorescent light butb, the high
uorescence. (Yttrium, cerium, lanthanum, europium, dysposium, gadolinium)

for metallurgical applications, the e cient hydrogen storage in rare earth alloys.
(Cerium, yttrium, lanthanum, neodymium, praesodymium)

and others.

An overview of the annual rare-earth consumption is given iRigure 1.5. For example
an iPhone (Apple Inc.) uses eight rare earth elements, nameyttrium, lanthanum,
praseodymium, neodymium, europium, gadolinium, terbiumand dysprosium for the
color screen, phone circuity, speakers, and the vibrationnit?>. Therefore, modern
technology is cannot be imagined without rare earths. Manypgplications of rare-earths
consist of doping only low concentrations into a host mateal changing the chemical
and physical properties of the host material in an intendedakhion, e.g. silica optical
bers are doped with Er,O3 [54].

2 Adapted from http://www.rareelementresources.com/
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1.3 Far-infrared spectroscopy of lanthanide ions

Importance of energy-level structure for the relaxation pcess

The energy-level structure of molecular materials like SM&) SIMs, and SCMs plays
a crucial role for the relaxation process. In lanthanide-ls®@d single-ion magnets
(SIMs) several relaxation pathways were found. For the rstlanthanide-based SIM
[Pc,Th] TBA™ three major relaxation mechanisms were observed [47]: théredt
process, the Raman process and the Orbach process. For atethprocesses the deter-
mination of the crystal- eld perturbation is important. Especially for the the Orbach
process, a thermally activated process, where the energyriver for the reversal of
the magnetization is determined by the splitting between th crystal- eld split states.
It was found that the determined energy separation of the cefal eld split states
is slightly higher than the energy-barrier [9, 16, 47]. Theidcrepancy is attributed
to under-barrier relaxation mechanisms. But still the roleof the crystal eld is not
completely clear. In lanthanide-based single-chain magsehe situation is much more
complicated and unknown. Both the anisotropy of single lahianide ions and the 1-
dimensional ordering have to be considered. This colleatibehavior which is already
di cult to describe in the static case gets very ambitious tounderstand for the dy-
namic case. The 1-dimensional ordering in SCMs leads to Ghker dynamics [49, 51,
55], with an additional dynamic contribution from the very anisotropic building blocks
(the lanthanide ions). Therefore the Glauber dynamics appach was extended to take
into account also the anisotropy of the building blocks [5G1]. The model works well
for transition metal ions [50, 51], but a veri cation for larthanide-based compounds
remained unclear, because an explicit determination of thenergy-level structure is
still missing.

Measurement techniques for lanthanide-based SIMs

Considering all these issues, the importance of the energyel structure for the de-
velopment of compounds with longer relaxation times has beeointed out [2, 7].
The theoretical modeling has to face issues of strong spirbit coupling and often
low-symmetry crystal elds [17, 43]. Recently, achievemés on this issue have been
made. First, by modeling the electrostatic crystal eld leding to the crystal eld
parameters [56] and second by advanced ab-initio CASSCF faplete active space
self-consistent eld) calculations [17, 57]. In order to vy and to enhance the quality
of the theoretical models, experimental data is necessaryo get access to the crys-
tal eld parameters and therefore the energy-level splithg, magnetic susceptibility
measurements, or more precisely angular dependent susdafity measruments and
EPR-measurements (Electron Paramagnetic Resonance) ca@ lbised. An appropriate
crystal eld Hamiltonian is assumed and the crystal eld paameters are varied to t
the susceptibility data. However, the parameters are not daite and unique, many
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1.3 Far-infrared spectroscopy of lanthanide ions

di erent sets of parameters t the data. Di erent experimental data are tted simul-
tanously to enhance the quality of the crystal eld parametg e.g., the combined use of
NMR-shifts and magnetic susceptibilty measurements [47Especially for lanthanides
at low-symmetry sites, with which we deal mostly in this theis, this approaches are
not feasible due to the huge set of crystal eld parameters. &te direct techniques
are optical absorption spectroscopy, luminescence [15],5& magnetic circular dichro-
ism measurements (MCD). But these techniques are not suitlbfor all compounds,
for example for [PeTh] TBA™ this spectroscopic techniques are not accessible due
to the strong optical absorption of the ligands. In luminesence measurements "hot"
transitions can complicate the interpretation of the data.Recently, to solve this issue,
inelastic neutron scattering (INS) measurements were estegshed [9, 59].

Far-infrared spectroscopy for lanthanides

More directly the crystal eld splitting (sometimes called Stark splitting) can be ob-
served by means of far-infrared spectroscopy. The crystatld splittings of the ground
manifold are typically between 0-600 cm' and directly observable in the far infrared
region [13]. The frequency, at which a transition can be obsed as an absorption
line in the far-infrared spectrum, is directly proportiond to the energy di erence of
the two participating states. The rst work to determine the crystal eld parameters
in this way has been performed for the rare-earth iron garnetby Sieverset al. in
1963 [10], followed by further research on rare earth ethylilphates [11], anhydrous
halides like LaCk [12]. Moreover in a review article by Bloor and Copland [13Esults
from other compounds are discussed. In general, in far infeal spectra of magnetic
materials several absorption mechanisms can appear [60fcleange resonance (in or-
dered magnetic materials), electronic absorption lines dnphonons (the terminology
phonons is used in the following also for inter- and intrametular excitations). To
distinguish between the di erent mechanisms and to identyf the electronic absorp-
tion lines, which are of crucial interest for this work, sewal methods can be applied.
The rst and most direct method is, to apply a magnetic eld ard to observe the
Zeeman shift of the electronic absorption lines. For singlaystals and Kramers ions
the electronic absorption should split and shift in frequety giving also the opportu-
nity to determine the spectroscopic g-value of the electramstate. This method is
more complicated for powders of anisotropic materials, baase the easy-axis of the
lanthanide ion is pointing in di erent directions with respect to the magnetic eld.
Therefore, in a magnetic eld the absorption line consistsfocontributions from all
the di erent directions, leading to a broadening of the absption line together with
a shift. Because of the di erent contributions, the shift ca be di erent for di erent
directions. The behavior depends strongly on the states ganipating in the transition.
This transitions are allowed by magnetic dipole selectionutes, but can also include
some parts of normally forbidden electric dipole transitios. For the identi cation of
the phonon lines one can make use of the fact that the rare elastform isomorphous

29
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compounds. The rare earth ions di er only slightly in their weight and this shift is

nearly compensated by the contraction of the ion altering th force constantly (lan-
thanide contraction rule). By acquiring spectra of di erert rare-earth ions in the same
compound the phonon lines should lie nearly at the same fregpucy. Often lanthanum

is taken as reference because electronic absorption lines aot present here, leading
to a clear identi cation of the phonons. The exchange resonae (namely antiferro-
magnetic and ferromagnetic) should only appear in orderedagnetic materials and
can be identi ed by its temperature dependence.

1.4 Motivation and outline of the thesis

Despite the suitability to obtain the energy-level structue by far-infrared spectroscopy,
the technique was not applied to lanthanide-based SIMS andC®s until now. Parallel
to this work also the rst lanthanide-based SIM family [PgLn] TBA™ was studied
by far-infrared spectroscopy and yielded strong hints thathe relaxation process takes
place in the thermally activated regime via the rst excitedcrystal eld level [9]. In
the eld of molecular magnetism a comparable technique (naea frequency domain
magnetic resonance (FDMRS)) was established for the energpectra of transition
based single-molecule magnets [61, 62, 63].

The aim of this thesis is to show and test the applicability ofar-infrared spectroscopy
for lanthanide-based SIMs and SCMs. Furthermore we want toagn insight into the
relaxation process of the studied compounds:

1. The single-chain magnet DyPhOPh (Dy(hfagf NIT(C ¢H;OPh)g) and the isostru-
cural terbium compound TobPhOPhH [14],

2. The single-ion magnet DyDOTA (Na[Dy(DOTA)(H,0)]s H,0) and the isostruc-
tural terbium compound TbDOTA [15, 58],

3. The molecular magnet Ln(PhOPh) (Ln(hfac)s(NIT  CgH4OPh),) (Ln=Dy, Th,
and Ho) and Dy(hfack(NIT CgH4OEt), (Dy(PhOEY) ,) [5, 64].

All of the compounds were previously explored by static andythamic magnetization
measurements and LnDOTA also by luminescence measuremeflis 8, 14, 15, 64].
The emphasis of the studies will lie for all compounds on theygprosium derivative.
The three compounds cover various issues of lanthanides lavely relaxing molecular
materials.

The rst compound Dy(PhOPh) and its isostructural terbium analogue show single-
chain-magnetic behavior. The relaxation dynamics of lantémide-based SCMs is still
under debate and the role of the anisotropic lanthanide bwling blocks in the Glauber
dynamics approach is not clear.

The second compound DyDOTA belongs to the class of singlerianagnets. The
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1.4 Motivation and outline of the thesis

isostructural terbium analogue TbDOTA shows no slow relaxgon of the magnetiza-
tion and is studied for comparison. Studies on the energyvig structure can reveal the
origin of the relaxation dynamics, which follows an Arrhenis behavior in an applied
eld (for DyDOTA), and is normally attributed to an Orbach re laxation mechanism
[15].

The last two compounds Ln(PhOPh) and Ln(PhOEt), consist of a lanthanide ion
coupled to two organic nitronyl nitroxide radicals. The twocompounds di er only
in the nitronyl-nitroxide radical. From a theoretical point of view, one is faced with
the orbitally degenerate ground state of the lanthanide igrthe exchange interactions
between the orbitally degenerate lanthanide ion and the rachls, and the exchange
interaction between the radicals. Such compounds (one ldnatnide ion coupled to
two nitronyl nitroxides) were widely studied twenty years @o [65] and received new
interest in the eld of molecular magnetism.

For the interpretation of the far-infrared spectra of thes&eompounds, new tools needed
to be developed, because the electronic absorption lineshexe strongly overlapped
with phononic or intramolecular vibrational excitations. In addition, all our samples
were pellets pressed out of microcrystalline powder. We gent a general scheme
for the analysis of far-infrared data, which includes the deulation of the normalized
absorption cross section. This approach gives direct acsés the transition matrix ele-
ment of the magnetic dipole transition. In this thesis, theefore, a simulation program
for the simulation of the magnetic eld dependence of the at&ronic absorption lines
is presented (based on MATLAB). The program calculates outfdhe crystal eld pa-
rameters the di erence of the normalized absorption crosestion between in- eld and
zero- eld spectra, which can be extracted out of the far-im&red transmission spectra.
To take into account the random orientation of the microcryiallites, a Lebedev-Laikov
grid was implemented.

The thesis is divided as follows: First, the fundamental stac and dynamic properties
of lanthanides faced to a crystal eld are reviewed in Chapte2. Second, the measure-
ment techniques and an approach for the analysis of the datg lthe dielectric and
magnetic permeabilities are presented in Chapter 3. In Chtgy 4 a di erent approach
for the analysis of the far-infrared data which uses the noratized absorption cross
section is introduced. In addition, the simulation program developed in this thesis
- for the magnetic eld dependence of the electronic absoipnh lines of lanthanide
ions is described. The results of the studied compounds areepented in Chapter 5
for Ln(PhOPh); , in Chapter 6 for LnDOTA, and in Chapter 7 for Ln(PhOPh), and
Ln(PhOEt) ,.
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2 Theoretical background of
lanthanides in slowly relaxing
molecular materials

The structure of this section is as follows: First, the stati (magnetic) properties of
lanthanides in crystal elds are described. This is esseatias the focus of this thesis
lies on the determination of the crystal- eld splitting by far-infrared spectroscopy. As
the second aim of this thesis is the better understanding ohé relaxation process in
lanthanide-based single-molecular magnetic materialsn this thesis, previous results
of the dynamic magnetic properties of the compounds by AC-rgaetic susceptibility
measurements are used. Therefore, the second part desaithee basic relaxation mech-
anisms observed in AC-magnetic susceptibility measurenierand its relation to the
energy-level structure. The magnetic relaxation mechamss of lanthanides in a crystal
eld are reviewed, especially the work done by Orbach [6]. 8sequently, the similar-
ities and di erences in the description of lanthanides andlaster SMMs are outlined.
Finally, for the study of the single-chain magnet family Lnffac)sf NIT(C ¢H,OPh)g
[14] (Ln=Dy, Th, and Ho) a short review of the theoretical desription of the static
and magnetic properties of single-chain magnets will be g.

2.1 Lanthanides in static crystal elds

In the lanthanide series the 4f-shell is partly lled with eectrons. The predominant
valence state of the lanthanides in crystals is the trivaldérone. A few exceptions are
made by the divalent and tetravalent valence state. In thishesis, we will only deal with
the trivalent valence state which has then the electronic eoguration 4f N 585p°. The

series starts with lanthanum (empty 4f-shell) and ends witHutetetium (completely

lled 4f-shell). The 4f-shell is well shielded from the envonment by the 5s- and 5p-
electrons. A sketch of the electron density of the di erent fsells with respect to the
distance to the nucleus is shown in Figure 2.1 with the Bohr dius ay.
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2 Theoretical background of lanthanides in slowly relaxingholecular materials
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Fig. 2.1. Radial electron density distribution calculated as an approximation with Slater-
type-orbitals and approximated orbital exponents [66] for Dysprosium (the Hartree-Fock
method can also be applied [67])

2.1.1 The Hamiltonian of the 4f-electrons

As a good approximation the energy levels of isolated, trilent lanthanide are deter-
mined only by the interactions between the electrons of thef4hell themselves. All
other electronic shells are spherically symmetric (the iram ones and the outer ones).
The Hamiltonian for the electrons in the 4f-shell can then beritten as follows [68]:

2 W XN X X
= % i —Zr-e2+ 'ji+ (ri)si Ii; (2.1)
— 2 e ey R
fbkin af Cn Ili?c4f *bso

with N=1,....,14 the number of electrons in the 4f-shellZ e the screened charge of
the nucleus (screened by the electrons in the closed sphatidnner shells) and (r;)
the spin-orbit coupling function. The rst term My, 4 describes the kinetic energy
of the 4f-electrons. The second terrfilc, describes the Coulomb interaction with the
nucleus, where the real charge of the nucleus is replaced bycaeened charge, because
the closed inner shells modify only the magnitude of the intaction, but not its sym-
metry. The rst two terms are spherically symmetric and do no remove any of the
degeneracies of the 4f-shell.

The third term F¢, represents the Coulomb interaction between the 4f-electie

and the fourth Aso their spin-orbit interaction. The energy-level structureof the
4f-electrons results from the interplay of the spin-orbit ad Coulomb interaction. In
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2.1 Lanthanides in static crystal elds

lanthanides this two terms are of the same order of magnitudeading to an inter-
mediate coupling scheme, where neither the pure Russellu8ders coupling scheme
(see Section 2.1.2) nor the j-j coupling scheme can be apglig8]. Therefore, the
Hamiltonian of both interactions together needs to be diagalized.

For lanthanide ions in a crystal an additional contributionin the Hamiltonian stems
from the electric eld created by the other crystal constitents. Therefore, an ad-
ditional term A has to be added to the Hamiltonian. The energy of the crystal
eld is much smaller than the other contributions and can, tlerefore, be treated as a
perturbation for the lowest multiplet yielded by the other interactions (see next Sec-
tion 2.1.2). As the crystal eld splitting of special interest in this thesis a detailed
discussion is given in Section 2.1.3.

2.1.2 Russell-Saunders coupling scheme

If the Coulomb interaction is much stronger than the spin-duit interaction and the
crystal eld, the Russell-Saunders coupling scheme with éhmultiplet terms 25*1 L [69,
70] can be applied. In the Russell-Saunders coupling schethe spin and the angular
momentum of all electrons couple rst separately. This redts in a total spin quantum
number S and the total angular momentum number L of the eleabtns. S and L couple
then to the total angular momentum J. The Russell-Saundersoapling scheme can be
taken as a rst approximation for the lanthanides, but they ae better described by an
intermediate coupling scheme resulting in non-pure Rusk&8aunders wave functions
(in which states with the same J but di erent L and S are mixed)out rather in a linear
combination of them. However, the ground multiplets are tyjzally 95% pure Russell-
Saunders states. The mixing depends strongly on the energietdence between the
ground multiplet and the rst excited multiplet. The results for the intermediate
coupling scheme can be found in the textbook of Dieke [71]. &kenergy levels are
still labeled within the Russell-Saunders scheme denotintpe wave-functions with
the strongest in uence. Using this scheme and taking into aount the spin-orbit
interaction the multiplets split into the levels labelled ty 2L ;. This leaves only J
as a good quantum number.

The ground state of the Russell-Saunders coupling schemegisen by Hund's rule:
The total spin angular momentum takes the maximum possiblealue, if there are
di erent possibilities, the total angular momentum is maximized and for less than half
lled shells J=|L-S| and for more than half lled shells J=|L +S].
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2 Theoretical background of lanthanides in slowly relaxingholecular materials

2.1.3 Crystal eld parametrization and the Stevens operato rs

The charge distribution of the surrounding crystal createsn electric eld, which acts
on the electrons of the aspheric 4f-shell. The crystal eldreaks the degeneracy of the
J-manifolds given by Hund's rule for di erent compositionsof the magnetic quantum
numbersM;. The number of sublevels in which the manifold splits depesdon the
symmetry of the crystal eld [72]. The following describtim of the crystal eld with
the derivation of the Stevens operators follows Referencds 73, 74, 75].

Parametrization of the Crystal-Field

The charges of the surrounding crystal create an electrosimpotential at the place of
the 4f-electrons:

z
(R)
jR 1

Ve = d R- (22)

At rst we only deal with one electron of the 4f-con guration. The potential energy
for a certain charge distribution of the crystal (R) is given by:

(2.3)

whereR is the position of the charge density and the position of the 4f-electron. The
origin of the coordinate system is located at the core of thamthanide ion. We can
developﬁ into:

z Xk
(R) dpg= (%)Pk(cos(! ) (2.4)

Her= e 9
R 1+(r=R)?2 2(r=R)cos! k=0 T

with ! the angle betweerR and +, Py(cos( )) the Legendre polynomialsy. the smaller
value of R and + and r. the larger value. The Legendre polynomials can be written
as a sum of spherical harmonics:

Xk
Px(cos( )) = ( 1IC( ;) CeGs ) (2.5)
g= Kk
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2.1 Lanthanides in static crystal elds

where ; are the spherical coordinates of the charge distribution ad ; the spher-
ical coordinates of the 4f-electron. The spherical harmars Yq"( ;) appear in the C

coe cients (Racah Tensors)CK(; )= 557 Ys(; ). The crystal eld Hamiltonian
reads then:
*oxk z ‘ rk
Mcr = Ca(5 ) o 1) (RCY( ) 557 gs (2.6)
k=0 g= k rs

where the last part only consists of parameters of the charg#stribution and can
be evalua%ed for a certainkcharge distribution and written n the parameter form
( e( 1) (R)qu( ;) rL—:ld = = B{. The parameter k runs for an electron with
a quantum number | from 2 over even integers up to 2l1+1 and g renfrom -k to k.
For the f-electrons I=3 and k=2,4,6 and q=-6,-5....+6. With this parameters we can
write the crystal eld Hamiltonian in the Wybourne formalism as:

Flcr = BICK(; ): (2.7)

There are also some di erent notations, for example, if ondasts from a point charge
model assuming that the charge distribution of the crystal des not enter the one of
the 4f-electrons, one gets:

2o (1) 29

X
(BY) = i

with chargesi located at a distanceR; with a chargeZ;e. This formalism will be used
in the next section. In this formalism the expectation valuef hr*i is independent of
the point charges and one can also writeB) = hrkiB} and use 8¢) as the crys-
tal eld parameter. This notation is useful as in experimersg only the (B{) can be
determined. In literature all of the described di erent nottions are used. They are
connected by some prefactors which are given in tables, fotample in References [1,
73, 75].

To obtain the crystal eld parameters the rst step is to apply symmetry arguments,
which give the non-zero crystal eld parameters (see Table®. The determination of
the magnitude of the crystal eld parameters is a much more diult task. Initially,
the point charge model was used (Equation2.8), which assusnthat the neighboring
atoms or ions act like point charges, creating the potentiat the lanthanide ion. But
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2 Theoretical background of lanthanides in slowly relaxingholecular materials

the calculated parameters did not re ect the magnitude coectly [73]. The reason is
that the crystal in reality consists out of spatially extenad cloud charges, which can
penetrate each other as described by the model in the begingiof this chapter. To
make this model more applicable, the charge density of di ent ions in the crystal
are summed up, leading to the superposition model [70]. Thesults obtained from
the superposition model yield reasonable results [76]. & important to note that the
crystal eld parameters above can also be taken independefnibom any model and one
can use them to compare di erent experimental results withach another.

Stevens formalism

In molecular magnetism the Stevens formalism [77] is widelysed. The Stevens op-
erator equivalents use the fact that the spherical harmonsi;chk( ;) transform under
rotation like an irreducible presentation of the rotation goup.

To get the Stevens equivalents the crystal eld potential isrst expressed in cartesian
coordinates. To expand the potential in cartesian coordqu?s rst the spherical har-
monics (used here instead of the Racah- Tenscﬁg( et ( )) expansion
has to be changed into a tesseral harmonics expansmn, be;mlmnly these ones give
real functions. The tesseral harmonics are de ned as:

1 1 i
z§ = p—éYok Z§ = p—é(qu+( 19Y) Zf = 19—2(\((4k ( DY) (29

That yields for example for k=2 and gq=0 without some prefactcs:

Vee(r; ;) (@+cos3)! Vee(xy;z) (322 r?): (2.10)

And for k=2 and g=2:

2 sin2 ! Vee(Xy;z) % (2.11)

Ver(r 5 ) sin (2

For the lanthanides the interesting magnetic properties @e from the 4f-electron sys-
tem subspace of the (2J+1)-dimensional total angular momé&mm J eigenspace given
by Hund's Rule. For the J-eigenspace the potential operatof, is equivalent to an
angular momentum operator when replacing X, y, z by, Jy, J, and symmetrizing the
J operators. For the equivalence, the equivalent operatorsust transform under sym-
metry operations in exactly the same way. The J operators havto be symmetrized,
because for example x and y commute bul, and Jy, do not. The symmetrization
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2.1 Lanthanides in static crystal elds

yields forxy ! sym(JyJy) = (IxJy + JyJx). With the use of Equation 2.10 with k=2
and g=0, we obtain:

(322 91 (332 JJ+1)= 30 (2.12)
and for 2.11 with k=2 and g=2:

X .
r—Z! 2(3xdy + Jydy) = S OZ: (2.13)

The Stevens operator is introduced a®,. The factor  is the operator equivalent
factor, which is di erent for di erent k and J values. The procedure is the same for the
other k's and g's. Note that the Hamiltonian using the Steves operators acts on the
states of one manifold, for example on the ground manifold deed by Hund's rule. A
basis set is given by4f " : LSJ; M;i with L, S, and J of the manifold and the magnetic
total angular momentum quantum numberM;. The crystal eld Hamiltonian in the
Stevens formalism reads:

X
Flce = « Alrkiold): (2.14)

With Alhrki the crystal eld parameter, which also takes into account te radial inte-
gralsirki. The Stevens operators for k=2, 4 and 6 are depicted in Table22
Important to note is that the Stevens operators are also valifor more than one elec-
tron states: For the lanthanides they can be used for the J guod state given by
Hund's rule. The multiplying factor  depends not only on the total angular mo-
mentum. The multiplying factor  is attributed to the charge density distribution of
the electrons in the 4f-shell. If , is negative the shape is oblate, if it is positive it is
prolate [78]. The multiplying factors for the the di erent lanthanides can be found in
Table 2.1.

The Stevens operator crystal eld parameter are related tohte previously obtained
Wybourne-parameters by some multiplying factors. We refeto the tables in Refer-
ences [1, 73, 75].

Often the crystal eld parameter Alhrki and the operator equivalent factor , are
combined to one parameteB/, which is also called Stevens crystal eld parameter.
The crystal eld Hamiltonian is then simpli ed to:

X XK
Fice = BYOY(P): (2.15)
k=2;4,609= k
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Th3* Dy3* Ho®* Er3t
3 4 5 6
9 2 3 2 5
1 2 1 22
2 3211 3257 232 52 32527
2 23 1 2
4 35112 3¥571113 23571113 32571113
1 22 5 28

6 3711713 3F 7112132 3P 7112 13 3P 7112 13

Tab. 2.1: Ground state constants  used in the Stevens crystal eld operator equivalent
notation described in equation 2.14 [68].

k=2 O9=3F2 J(@J+1)
Oz = 1(J2 + ?)
k=4 Q9= 35nj‘;l 300 (J + 1) J2 + 2552 6J(J +1)+3J2(J +1)?2
Gi=1 782 JQ+1) 5I2+I?) .
6= 1(J¢ + )
k=6 Of=231J% 3153(J +1)J*+10532(J +1)2J2 5251(J +1)J?
+%94J‘22 5J%(J +1)°+40J2(J +1)° 60 (J +1)
Of=1 182 Ju+1) 38+ M)
08 = 3(J2 + J°)
A B\US is the shorthand notation for 2(AB + BA)

Tab. 2.2: Stevens equivalent operators folkk = 2;4 and 6 and g even [1].

Unfortunately B is also used - in literature and in the beginning of this seath - for the
crystal eld parameters of the Wybourne approach. Both are ot identical. Therefore,
care has to be taken, if the crystal eld parameteB, appears in the context of the
Wybourne or Stevens formalism.

Symmetry considerations

In a crystal eld of a certain symmetry, some of the crystal dd parameters are zero.
Therefore, any symmetry simplies the crystal eld Hamiltonian considerably. In
Table 2.3 the crystal eld parameters, which have to be cordered, are presented for
di erent crystal eld symmetries.
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Tab. 2.3: Scheme of crystal eld parameters for di erent crystal eld symmetries [79].

2.1.4 J-mixing, non-pure Russell-Saunders wave functions,
and con guration interaction

In the above treatment, several e ects namely thd -mixing, non-pure Russell-Saunders
wave functions, and con guration interaction were negleetd. They can be described
in terms of higher order perturbations to the above treatmen In the following, the
e ects and their origin are shortly described for a deeper werstanding, it is then
referred to the literature.

Non-pure Russell-Saunders wave functions

The issue of non-pure Russell-Saunders wave functions wasmioned in Section 2.1.2
and is a result of the intermediate coupling scheme. The sporbit interaction mixes
states with the sameJ but dierent L and S quantum numbers [68]. As described
above, the ground multiplets are typically 95% pure Russe$aunders state [11]. The
mixing does not a ect the Stevens operator equivalents, buthanges the operator
equivalent factors . Therefore, it can be considered by a rescaling of the crykta
parametersB, [11].

J-mixing

J-mixing describes that, in lanthanides, multiplets with dierent J can be admixed
by the crystal eld Hamiltonian. Therefore, the J-mixing removesJ and J, as good
quantum number. For this casel, can be replaced by a weaker quantum number, the
crystal quantum number, which corresponds to the irreduclb representation of the
symmetry group of the crystal eld [69]. However, in many cass, especially when the
energy di erences between multiplets with di erentJ are considerable, the J-mixing
can be neglected. But, e.g., for the case of dysprosium etlsyilphate the consideration
of the J-mixing leads to a change of the energy-levels in theogind multiplet of around
2.5cm 1 [11].
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2 Theoretical background of lanthanides in slowly relaxingholecular materials

Con guration interaction

Con guration interaction describes the interaction betwen the 4 " electron con gura-
tion to other con gurations, e.g. closed 4d-shell or un lld 5d-shell. The con guration
interaction is caused by Coulomb interaction [68]. Again,hte e ect is small and pri-
marily leads (in one multiplet) to a pure scaling of the crysdl eld parameters [80].

2.1.5 Analysis of experimental data

Working with the Stevens operators for the analysis of expienental data requires
three preliminary steps:

the determination of the total angular momentum J of the marfold in question.
For most experimental data like magnetization measuremesitand far infrared
measurements at low temperatures, the total angular momeunn of the ground
manifold is given by Hund's rule as described previously.

the derivation of the symmetry of the surrounding crystal dd. Due to symmetry
considerations often many of the crystal eld parameters cabe set to zero [72].

the Hamiltonian matrix can be set up.

After these steps the crystal eld parameters can be tted ad compared to theoreti-
cally determined parameters or parameters derived from oth experiments.

2.1.6 Low symmetry crystal elds and ab-initio calculation S

In all compounds studied in this thesis the crystal eld is olow symmetry. In a low
symmetry environment the described crystal eld model is dtult to use. For a cer-
tain crystal environment it can not be assumed that any of therystal eld parameters
are zero. This leads for comparison with experimental datata large overparametriza-
tion of the system. Another way of obtaining the splitting ofthe energy-levels is given
by ab-initio calculations. The ab-initio technique used folanthanides in low symme-
try environments in the last years is the CASSCF/RASSI-SO (@mplete Active Space
Self Consistent Field) technique. The large spin-orbit cqaling and the large number
of electrons in the systems makes this technique very timestsuming and complicated
[4].

For molecular magnetism, it was shown that many dysprosiumompounds embed-
ded in a low symmetry environment show single-molecule magfic behavior, namely
slow relaxation of the magnetization. Ab-initio calculatons showed a strong Ising-like
anisotropy of the ground Kramers-doublet with the maximum pojection of nearly
jM;j =15=2[5, 17, 57, 81].
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2.2 Magnetic relaxation

2.2 Magnetic relaxation

Magnetic relaxation lies at the heart of single-molecular agnetic materials. In the

eld of lanthanide-based single-molecular magnetic mateds there are many open
issues, e.g. di erent relaxation mechanisms often coexist one material at the same

temperature and complicate the interpretation. For the compounds studied in this

thesis, we will discuss di erent possible relaxation mech&ms. Therefore, this section
presents a general introduction into magnetic relaxatiorthe master-equation approach
and the properties of the phonon bath, which takes part in theelaxation process. In

addition, we will give a short summary, how the magnetic rebation time is measured.
After that, we will summarize in Section 2.3 and 2.4 the podde relaxation processes,
which can occur in lanthanides and single-chain magnets.

Relaxation includes a coupling between the relaxing systelmnd the environment.
Therefore, it is not su cient to set up only a Hamiltonian for the system itself, but
in addition, to describe also the coupling to the environmeén In single-molecular
magnetic materials the relaxation of the magnetization ta&s place mainly by the in-
teraction with the crystal lattice by the exchange of phonos. The process of relaxation
describes that, if a system is in a non-equilibrium state, vill relax into its equilibrium
with the relaxation time . In molecular magnetism the crystal under study is thought
to consist out of individual non-interacting magnetic moleules. The return to equilib-
rium can be described by an exponential functioM (t) = Mg+ (Mo Mg exp(t=)
with the relaxation time , the equilibrium magnetization My, and the starting non-
equilibrium magnetizationM,. For real systems the process is sometimes slowed down
due to correlation like dipolar coupling between the indidual molecules. Furthermore,
di erent relaxation times can occur [2]. In single-ion lanbanide compounds two or
more di erent relaxation times can be observed (even at theame temperature).

2.2.1 Measurement techniques

There are three di erent measurement techniques used to aetnine the relaxation
time. First the most obvious technique: The crystal of the mgnetic material is mag-
netized inside a magnetic eld, the magnetic eld is then swiched o , and the magnetic
moment of the sample is monitored over time. The resulting ngaetization curve can
then be tted with the exponential function and the relaxation time is derived.
Because this procedure can be time consuming for slow refaximaterials, the second
technique, called AC-susceptibility, is more widely usedA small (few Oersted) oscil-
lating magnetic eld is applied and the in- and out-of phase mgnetic signal of the
sample is measured. In simple terms the relaxation time camelgdetermined by the max-
imum of the out-of phase signal viewed over frequency withéformula n.x = 1= [2].
The relaxation time can also be determined by EPR-measurents. In
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2 Theoretical background of lanthanides in slowly relaxingholecular materials
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Fig. 2.2: Scheme of the relaxation process in MpAc for two di erent magnetic elds on
the left B =0T and on the right B =1:22T.

EPR-measurements a static magnetic eld is applied and theansition between the
two lowest states (for Kramers ions the ground doublet spliby the magnetic eld)
is monitored and the relaxation timeT; (spin-lattice) and T, (spin-spin) can be de-
termined. In general, the spin-lattice relaxation timeT,; can be dierent from the
relaxation time of the magnetization determined by AC-susptibility measurements

2].

2.2.2 Magnetic relaxation in cluster SMMs

As an example of the relaxation process of single-molecuhaagnetic materials, Mn,Ac

is discussed in this chapter. The processes leading to matimeelaxation in cluster

SMMs are well explored, especially for MpAc [2, 82, 83]. At low temperatures,
the spins of the manganese-ions couple together to form aneetive spin with S=10,
which is rigid at low temperatures. The system can then be dasbed by a giant-spin

Hamiltonian, which reads due to the tetragonal symmetry oflie molecule:

B = Dézz Aé§+ A0+ F‘s ph

A (2.16)
Ho= E(SZ+ S2)+ g sSB

where the D-term describes the axial anisotropy, the A-ternthe next higher order
longitudinal term, the E-term the second order transverse rasotropy and the last
term the Zeeman-energy due to an applied magnetic eld. Theestms di er strongly
in their weight with D A E. H ph describes the coupling to the phonon bath.
The axial anisotropy splits the states of thes = 10 ground state into (2S+1) =2 twofold
degenerate states withms = 10, 9, ..., 1 only thems = 0 is non-degenerate, leading
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2.2 Magnetic relaxation

to an energy barrier structure. The degenerate pairs can gnbe split by a magnetic
eld. At low temperatures, only the two ground statesms = 10 are noteworthy
populated. If the system is forced into a non equilibrium st& by the application of
an applied magnetic eld, the relaxation of the magnetizatin consists mainly out of
restoring the equilibrium population of thems = 10 states after the eld is switched
0. The giant-spin Hamiltonian without the disturbing H° commutes with the S,
operator. Therefore, the magnetization in z-direction is aonserved quantity and the
ms = 109;:::1 sublevels are eigenstates of the Hamiltonian. Without adénal
terms the magnetization can not relax. First we will discusshe spin-phonon term.
The spin-phonon coupling can induce transitions between states dieringinm= 1
and m = 2. This results in the observed behavior that the relaxatiortime follows
an Arrhenius law with an activation barrier of = DS?. To relax frommg = 10
to ms = +10 the spin has to climb up the barrier by the absorption of gonons
because states on di erent sides of the barrier are not corsted. The term F° does
not commute with §, can give rise to tunneling, if two states of di erent sides of
the energy barrier have the same energy. For example, the BAtn allows quantum
tunneling between the ground states. However, E is small armbnnectsms = 10
and ms = +10 only by higher orders in perturbation. At low temperatures, where
the relaxation by spin-phonon interaction is negligible, aonstant relaxation time is
observed which can be attributed to the quantum tunneling beveen the two ground
states. If a magnetic eld is applied, states at di erent sieés of the barrier can coincide
in energy, and quantum tunneling can be observed due to an aipt decrease in the
relaxation time (see Figure 2.2). This thermally activatedunneling process includes
both the spin-phonon coupling to climb up to the state, in whih tunneling can occur,
and then tunneling to the other side of the barrier. The secahorder transverse
anisotropy term E(éf + éyz) only connects states di ering in its m value bym = 4k
with k = 0;1;2; ::.. Therefore, tunneling should only be observed if states di¢ same
energy also dier bym = 4k. In contrast experimental data revealed that quantum
tunneling can be observed between all states with nearly treame amplitude, if they
are of same energy. This was explained by isomer disorder oh{yAc. The di erent
relaxation pathways are summarized in Figure 2.2.

2.2.3 Master equation

For the description of the relaxation of the magnetizationn single-molecular mag-
netic materials, it is useful, to introduce some general egtions of non-equilibrium
statistical mechanics, to describe how a system reaches équilibrium state. The
results will then be used in Section 2.3.1 for the derivatioof the relaxation of the
magnetization in lanthanides.The description follows in mst parts Reference [84] and
makes use of the master-equation approach. The master eqoatcan be derived from
the von-Neumann equation for the whole system (system + ba}tby tracing over the
degrees of freedom of the bath. Additionally, it is assumedhat: rst, system and bath
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2 Theoretical background of lanthanides in slowly relaxingholecular materials

are uncorrelated at a timet = 0, second, system and bath are weakly coupled (Born
approximation), third, the time-evolution at a time t only depends on the system state
at the time t (Markov approximation).

In a non-equilibrium state the population numbers are charegl, by e.g. an external
force, from their equilibrium population. In general the sgtem will then relax to its
equilibrium state by transitions between the states. The fowing considerations are
not limited to magnetic systems. They are in general applitde to non-equilibrium
problems. Our system should consist out af di erent states, which have a population
according top; for the jth state. In statistical quantum mechanics the population b
states is given by the diagonal elements of the density matri The time evolution
of the system can be described by a phenomenological set o$t-order di erential
equations, which can be set up in a so-called master equation

d =
P = W)

X
= w;p(t):
j

(2.17)

The vector p(t) contains the populations of the stategy. The entries of the matrix
W are the transition probabilities wi,-Pfor the transition from the j th to the ith state.
The diagonal elements arev; = isi Wji . Thereby, it is ensured that the total
population number is constant. We assume that the probabiles w; itself are time
independent. In general also o -diagonal elements of the dsgity matrix have to be
taken into account, and more complex quantum master equatis need to be used
[82]. As for example, the here introduced master equation €e not describe quantum
tunneling of the magnetization.

In thermal equilibrium the population p; of the states is given by the Boltzmann
distribution

Ei=kg T
_equi_ e -1e

B = PW; (2.18)

with the energy of the stateE; and the temperatureT. In addition, the system should
obey the detailed balance condition:

Wij pei = Wi pjeq“i: (2.19)
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2.2 Magnetic relaxation

Therefore,

Vv_peqm =0: (2.20)

Decomposition of the master equation into its eigenvectoend eigenvalues, yields the
relaxation times together with the di erent relaxing modesgiven by the eigenvectors
Br. The relaxation times |, for the di erent modes (eigenvectors) are:

n= —; (2.21)

with , the eigenvalue of thath eigenvector.

With this consider%tions the solution of Equation 2.17 is bysing the spectral decom-
position [85]W =, m B :

X
A= me'(m Y
X
= o + me "(m ' p°):

néng

(2.22)

with p° the population at the time t = 0 and by using normalized vectorsg(t)8t.
m' denotes the left eigenvector oW which is dened by WTg'" = .pm'. The
eigenvectorp®d of the equilibrium population corresponds to an eigenvalug = O.
The non-relaxing equilibrium mode leads to the above simpiations.

Finally, we are interested in the decay of the magnetizatioonver time. Therefore, the
next step is to relate the population of the states to the maggtization. In statistical
quantum mechanics the magnetization (in z-direction) is gen by M = Trf AS,g. We
get M,(t) = m:ft), where m contains the magnetization (m-quantum numbers) of
the di erent states. Therefore, the magnetization is giverby:

X
m:me (' 7);
n
X
m:peavi + m:pe (g p0):
néng

M (t)
(2.23)

Depending on the starting con guration, the system can be dided into n di erent
modes given by the eigenvectors with the weighting factqs, ' :p°. Each of this modes
reaches equilibrium independent from each other with a redation time , = 1=,
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2 Theoretical background of lanthanides in slowly relaxingholecular materials

whereas the mode with ,, corresponds to the equilibrium con guration, which does

not decay. To every mode also belongs a part of the total magimation di erence
Mn=Mon Mequ=(m:p) (g% mpei which decays with , = 1= ,.

In the following we are often faced with two-level system, lsause only the two lowest

states are of importance at low temperatures. Following thimtroduced approach, the

master equation is given by a two-by-two matrix:

0 1 0 10 1
d Py _ g W Wiz y gPi(t), : (2.24)
dt  p,(t) Wor Wi po(t)
The rst eigenvalue of this equation is zero and belongs to ¢hequilibrium con gura-
tion. The second eigenvalue represents the relaxation tinoé the system:

1 1
! 1 Wi+ Wy ( )

2.2.4 Phonon bath

For the considerations of the magnetic relaxation in lanth@des in Section 2.3.1, the
properties of the phonon bath are of crucial importance. Theensity of states of a
phonon bath of temperatureT is given by for the wave-vector rangé& + dk and the

frequency rangd + d!:

4V 4M
wdk = ———3k?dk = 3k>dk
ph;k
(21)3 %2 )° (2.26)
prowd! = 55331 %),

where we have used the volum¥, the massM, the mass density% and the velocity
of soundv of the crystal, the factor 3 arises from the three polarisatn directions
(two transversal and one longitudinal) which are assumed tbave the same veloc-
ity. The two equations are connected by = !=v. The Debye-model introduces a
cuto -frequency ! p (cuto -wavenumber kp that there are no phonons above a certain
frequency).

The Bose-Einstein statistics yields for the statistical asrage of the occupation of one
mode:

i = (2.27)

e~!:kT 1

48



2.3 Magnetic relaxation of lanthanides in crystal elds

Combining the two Equations 2.26 and 2.27 yields the energyensity:

_ | 3
epw d! = 3 :
' 2 2v3 e~!:kT 1

dr: (2.28)

In second quantization creation and annihilation operata can be used to create and
annihilate phonons acting on an abstract Hilbert space. Thelementsny of the Hilbert
space represent the occupation number of a state with the wawectorK. It can be
shown that:

jnk 1 = pi:ayjnki
X (2.29)

. ) 1 L.
N +1i ———AjNgl :
JNk pmlk

The above considerations are used in the next Section 2.3 the description of the
relaxation mechanisms in lanthanides.

2.3 Magnetic relaxation of lanthanides in crystal
elds

For slowly relaxing magnetic materials (SMMs, SIMs, SCMs)hie relaxation proper-
ties are of vital importance. From a theoretical point of viev the description of the
magnetic relaxation is much more challenging than the statimagnetic properties.
For lanthanide based single-ion magnets, primarily the desption of the relaxation
process is based on works done on lanthanides on other makyiin the 1950s and
1960s of the last century [6]. The relaxation mechanisms avged for lanthanide ions
are:

1. the direct process (one phonon process),
2. the Orbach process using acoustical phonons (two phonoropess),
3. the Raman process (two phonon process),

4. the Orbach and Raman process using optical phonons,
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2 Theoretical background of lanthanides in slowly relaxingholecular materials
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2.3 Magnetic relaxation of lanthanides in crystal elds

The processes take place by interactions with lattice vibteons (see Figure 2.3 and
Figure 2.4 for a scheme of the processes). In addition to thpsocesses also quantum
tunneling e.g. between the ground states can take place whican alter the relaxation
properties especially in zero magnetic eld. A priori, it isdi cult to judge, which

of the above relaxation processes dominates in a certain qooond. In addition, the
direct calculation of the magnitudes of the above processes complex or even im-
practicable - even when the static properties of the compodrare known. Therefore,
the relaxation process is determined by experimental evidees. As the dierent re-
laxation mechanisms follow di erent magnetic eld- and tenperature dependencies,
the relaxation mechanism can be identi ed by best- t method. For Kramers-ions the
relaxation time can be summarized as [6, 16, 86, 87, 88]

1 1 1 1 1 1 1
exp ~  direct + Orbach + Raman + optical + QTM + TA QTM

_ _ 2.30
on(TiB)= AH'T + Be T+ CTH?T")+ De o™ +constqrm (2.30)

with . the energy di erence to the excited doublet via which the Orlach process
operates and ,, the energy of the optical phonon mode active in the relaxatio
process. A, B, C, D, and E give the contribution of the di erehrelaxation processes.
And for non-Kramers-ions the relaxation time can be writteras:

+ 1 1

1 1 1
Raman + optical + +

— + 1 1
exp — direct Orbach QTM TA QTM

2.31
ex;l)(Ti B)= AH?T+Be T+ CT’+ De o +constgry : (2.:31)

For the direct process and the optical phonon process, thelagation time follows a
temperature dependence including a thermal activation. Ténexponential dependence
on temperature can be described by an Arrhenius law, wheredhbenergy barrier is
given for the Orbach process by the energy of the excited ddab . and for the op-
tical phonon process by the energy of the optical phonofl 5. To avoid confusion, it
should be mentioned that the Raman process and the direct press, also include the
thermal properties of the lattice, but normally the splitting of the ground doublet is
lower in energy than the thermal energkT. Therefore, the di erent dependencies on
temperature are a consequence of the usually measured tengpere range. At lower
temperatures, also the direct process could lead to an exponial temperature depen-
dence. Depending on the energy-level structure the Ramangmess for Kramers-ion
can scale ag® or H?T’ [6]. It has to be mentioned that in general also other terms
can be found caused by the spin-phonon interaction, which rébe found for exam-
ple in the work of Shrivastava [86]. A detailed descriptionfahe relaxation processes
and a derivation of the di erent relaxation times is presentd in the following Sections.
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2 Theoretical background of lanthanides in slowly relaxingholecular materials

2.3.1 Detailed description of spin-lattice interactions

A fundamental issue is the type of interaction, which coupkethe "spin" (total angular
momentum) to the thermal bath (the lattice). First attempts! were made by Waller
(1932) [89] to model the coupling by modulation of the spinpin interaction caused
by the phonons. In this picture, the spins on one side are swajt to an alternat-
ing magnetic eld by spins on other sides, which uctuate undr the action of the
lattice vibrations. But, the results were in striking contrast with experimental data.
The obtained relaxation times were orders of magnitude high than the experimental
ones. Works done by Heitler and Teller (1936) [90], Kronig €B9) [91] and Van Vleck
(1940) [92] considered the modulation of the crystal eld athe driving causes for the
relaxation process. Their results are of the correct ordef snagnitude. In our days
this process is considered to be the most important one [3, A detailed overview is
given by Orbach "Spin-lattice relaxation in rare-earth sa" [6] published 1961. This
description often leads to the right temperature and magnet eld dependence. But,
only seldom (and up to date not at all in molecular magnetismyjuantitive results are
obtained due to the di culty of expanding the crystal eld parameters in the dynamic
case.

In the following, we will describe in detail the relaxation pocess caused by the mod-
ulation of the crystal eld. The spin-lattice interaction is caused by the dynamic
crystalline eld e ect: Deformations - due to phonons - of tke equilibrium con gu-
ration of the surrounding ions change the crystalline elegt eld of the lanthanide
ion. The approach follows the framework which Stevens [77$ed to explain the static
crystal eld e ects. Therefore, the orbit-lattice interaction is expanded in powers of
the strain ,m (fy). In rst order it reads:

Vol(j) Vnm(fj“) nm(ﬁ’)

n,m
Arhrihdjjxajjdi OF () nm(f5);

n;m

(2.32)

where A' is a constant as in the Stevens approachy the radius vector to the jth
lanthanide ion, O]'(j ) the Stevens operators, andJjjx,jjJi = ; or according as
n = 2,4 or 6, respectively. The strain tensor components, (f;) transform according
to an irreducible representation of the lattice. The rotaton vectors are linear in the
phonon annihilation and creation operators. In the followig an averaged strain
will be used neglecting all directional properties.

A more intuitive expansion of the crystal eld is given by, eg., Shrivastava [86]. There,

! The historical survey follows the textbook of Abragam and Bleaney [1].
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2.3 Magnetic relaxation of lanthanides in crystal elds

the spin lattice interaction is expanded by the normal coordates into a Taylor series:

X 1
Vol:alternative = Vlﬁ Ri (2.33)
i |
where
X X @
Vi= R =V 2.34
@R (2.34)

are the derivatives of the crystal potential, the coordinats of theith neighbor of
displacement R j, which is given by:

Ri = ( )(aw+ak)e'm' (2.35)

2M!

with the wave-vector K and the frequency! of the lattice wave. If there is a cen-
ter of symmetry, the exponential function reduces to the sefunction sinkKR;). At
low temperatures, the long-wave length approximatio&kR; 1 can be applied. The
sine-function then reduces to sifkR;) KR;. In general, the long-wave length ap-
proximation is not necessary and the anisotropy of the latte waves can be taken into
account by using Bessel-functions. A description of this pcedure is given by Shri-
vastava [86]. Inserting Equation 2.35 into Equation 2.33 # spin lattice interaction
Hamiltonian can be derived:

Vo= ) @ + 80 SIN(RR); (2.36)

k

here we restricted ourselves to the rst order of the Taylor xpansion for acoustical
phonons. Both expansions of the expansions - the rst with epect to the strain pn
used by Orbach [6] and the second with respect to the normal @ainates used by
Shrivastava [86] - are equivalent and lead to the same resailt

The relaxation process caused by the described interact®nan lead to di erent mech-
anisms which can be more or less pronounced depending on thesthcrystal, the
temperature, and the magnetic eld. The direct process is ofst order in pertur-
bation theory, the spin-lattice interaction operatorV, acts once. The Raman- and
Orbach process are of second order in perturbation theorf)e spin-lattice interaction
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2 Theoretical background of lanthanides in slowly relaxingholecular materials

operator V,, acts twice. In di erence to the Raman process, the Orbach poess is a
resonant process, like the direct process. In general it hiisbe mentioned that there
can also be additional contributions by higher orders of peirbation. For example a
two phonon process is also possible in rst order of perturlian, if the spin-lattice
interaction is expanded up to second order in the Taylor expaion. Here, we will only
discuss one of the additional processes: the Orbach proessssing optical phonons.
In general, all of the previously discussed mechanisms calscabe driven by optical
phonons. Later on, another relaxation process will be disssed belonging to the quan-
tum tunneling of the magnetization which is not directly in uenced by the phonon
bath.

2.3.1.1 Direct process

In the direct process a transition between the two lowest stes jai and jbi takes
place by the absorption or emission of one phonon. The derii@an assumes that the
external magnetic eld is much larger than the dipolar eld between the spins. An
extension for smaller elds is given by Orbach [93]. If a peutbation acts on a system,
the probability per unit time to make a transition between two states is given by
rst-order time dependent perturbation theory as (using tre notation by Shrivastava
[86]):

PN 1 and= —jhoin  1Vanja; nidj “%E) (2.37)

where (E) is the density of nal states andja; ng; ng1;:::; ngDi the Born-Oppenheimer
products of the spin states. Inserting the spin-lattice ir¢raction (Equation 2.36), the
matrix element for the annihilation of an phononjhn,  1j&jnij 2 = ny (see Equation
2.29), the density of phonon states (see Equation 2.26), ngi the long-wavelength
approximation, and integrating over the k-space results in

~ 4V
2 ~

2 Fha
P(b a)= — jhgVyjaij? 3k2dk (2.38)
~ 0

where the Dirac -function ensures the conservation of energy, the notatidh, Ep=
ab IS Used, and the integration runs from zero to the Debye cut-evave-vector Kp.
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2.3 Magnetic relaxation of lanthanides in crystal elds

Using that k = I=v (dk = d!=v) with v the velocity of sound and = M=V, the
equation becomes:

2 Tta o, 4~ ] 1
P(b a)=— jhgVosjaij’5—5=33—sn ( a ~'i)=d!
~ 0 22 ) v % (2.39)
_ 3j htjvolljaij2 ab\3 . .
- 2 ~V5 ( - ) n( ab),

where we have used in the last step tha‘t?f (a) (a x)dx = f(a), if ais part of

the integration. This is the case because o, is small and, therefore,! = = lies

between zero and the Debye cut-o frequencyyp.

The probability for the inverse process - going from statga to state jai - is equivalent
to the former. In this process a phonon is created and the matrelement changes
fromjhne  2j&jngij? = ny to jhne + 1jajnij? = ny + 1. Therefore, we derive:

_ 3hhVanjaij>
2 ~vy>°

Pa b (—2)(n( a)+1); (2.40)

with the transition matrix element jhigVyijaij? = jhajVyjbij2. Using the master
equation approach of Section 2.2.3, the relaxation time ohé two-level system is
given by Equation 1:

_ 3j hyVysjaij 2
2 ~v5

1=,=P(a Db+ P(b a ( jb)3(2n( ap) +1): (2.41)

The occupation of one mode@( ) is given by the Bose-Einstein statistics (Equation
2.27). Using the de nition of the cotangens hyperbolicus to(x) =1 + 62—21 the last
parentheses simplies to A( 4,) + 1 = coth( ~!=2KT).

Non-Kramers ions

For non-Kramers ions Equation 2.41 can directly be applieddzause the electric eld
of the spin-lattice interaction can connect stategai and jh:

U
1=,= 3 hg\f"\l/‘?” (—2)3 coth(~!= 2kT): (2.42)
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2 Theoretical background of lanthanides in slowly relaxingholecular materials

To obtain a simple temperature and magnetic eld dependencehe result can be
further simplied: 1. Under the assumption that the two levds are degenerate at
zero magnetic eld, we obtain for the energy dierence o, = ~! = g gH. 2. If

furthermore the applied magnetic eld is small, so that~! 2kT, the cotangens
hyperbolicus can be approximated by coth{!= 2kT) Zf—,T which results in:

3j htjVeyajai j
1= , = FhaVonjaij® b’j'\lljsl (g sH)KT .43

H2T:
Kramers ions

For Kramers ions the calculation is complicated by the facthat jhgVyqjaij? = 0, if
jai and jb are the time conjugated states of the lowest Kramers doublefhe direct
process is only possible if a magnetic eld is present that mes excited states into
the ground doublet. Instead of an external magnetic eld, tk hyper ne eld or the
dipolar eld can produce the mixing [1]. A rather lengthy catulation (see Reference
[6]) yields (using the notation %p for the ground Kramers doublet, %q for the rst
excited Kramers doublet, and  for the energy di erence between the ground and
rst excited Kramers doublet):

124 HAT. 1 .o 1., 1. 1,
1=, = I jh:h éqjj'] SPiZh SpiVonj 5] (2.44)

where 4, = g p,H with g> = gZcog + g¢5sin® and the angle between the

z-axis (crystallographic symmetry axis) and the unit vecto of the magnetic eld .
Further the Landé g-factor = hJjj jjJi was introduced. As a result we obtain the
temperature and magnetic eld dependence for the direct poess:

1=, H*T: (2.45)

The relaxation has a strong anisotropy with respect to the déction of the applied
magnetic eld. Here, we have only treated the interaction wh the rst excited doublet.
In general, the treatment is the same, if higher excited doldts are considered.
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2.3 Magnetic relaxation of lanthanides in crystal elds

2.3.1.2 Two-Phonon Orbach process

The two-phonon Orbach process between the two lowest stateperates via an third
real excited statejci. Therefore, one phonon is absorbed and another one is emnikte
The easiest way is to treat this process as a two step directquess. Using the results
obtained for the direct process (Equation 2.40), the rst sp includes the absorption
of a phonon to go fromjh to jci:

3j g Voiajcij 2
2 ~v?®
Bi(n( 1d));

P(c b (—2)3(n( bo)

(2.46)

where B, is introduced as a prefactor. Second a phonon needs to be d¢adtto go
from jci to jh:

_ 3j hVyisjcij 2
2 ~v>5

Pa o (—2)3(n( b)) +1)

= Ba(n( no);

(2.47)

whereB; is introduced as another prefactor. The reverse process to fyjomjai to jhi
via jci is equivalent. If we assume thajai and jbi have approximately the same energy
(low magnetic eld), it follows that 4 be= ¢ If ¢  2KT the population of
the phonon modes can be approximated bg( ) = e <*T. Solving the resulting
system of di erential equations with the assumption that the population of statejci
does not change in rst order, we get [94, 95]:

2B1B2 o,

1=, =2t°2
1 B1+B2

(2.48)

In the limit that B; = B, = B, it reduces to & ; Be <T. In the limit that
one of the transition matrix elements is considerably smalt than the otherB; B,
1=, B;e <, so that the smaller transition probability governs the rehxation
process.

Kramers ions

For Kramers ions, it is more appropriate to assume that a rekation process takes
place via the two levels of the excited Kramers level. Due tdhé Kramers theorem,
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2 Theoretical background of lanthanides in slowly relaxingholecular materials

there are only two di erent transition probabilities jhgVy1jcij? = jhajVy.jdij? B;
and jhbjV,jdij2 = jhajVonjdj2  B,, which lead to[94, 95]:

4BlBZ ¢=kT.

1=, —-°2
1 B1+B2

(2.49)

This reduces in the two extremal cases againto: f@;, = B, = Btol=,; 2Be T
and forB; B,tol=,; 2B;e T,

Throughout the discussion about the Orbach process, we hasssumed that the en-
ergies of the excited levelgci and jdi are lower than the Debye cut o frequency! p.
If the energy ofjci and jdi is higher than! p, the Orbach process using accoustical
phonons is not possible.

2.3.1.3 Raman process

The Raman process arises due to a non-resonant, two-phonamgess and operates
via a virtual excited state. The energy di erence of the absbed and the emitted
photon corresponds to the level-separation of the two grodnstatesjai to jbi. We
will not discuss the derivation of the Raman-process in data The derivation can
be found in Orbach[6] for the case that the spin lattice intexction expanded to rst
order in the Taylor expansion acts twice. The derivation fothe case that the spin
lattice interaction is expanded up to the second order in th&aylor expansion and acts
once, can be found in Shrivastava[86]. The last case is onlggsible for non-Kramers
ions. Both processes yield the same temperature dependendtout a magnetic eld
dependence and are additive.

Non-Kramers ions

For non-Kramers ions the temperature dependence reads:

1=, T" (2.50)
Kramers ions

And for Kramers ions it reads:

=, T9: (251)
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2.3 Magnetic relaxation of lanthanides in crystal elds

In the presence of an applied eld the time conjugation of th&ramers ions can be
lifted due to the admixture with excited levels. If the energ splitting between the
rst two excited doublets is small, the relaxation time can bange to [6]:

1=, H?T" (2.52)

2.3.1.4 Orbach and Raman process using optical phonons

Huang [87] introduced a spin-lattice relaxation process rfdramers ions, which uses
optical phonons instead of acoustical phonons. He shows thd the optical phonon
energy is low, the bandwidth of the optical phonon is narrowand the lattice vibration

is even, the optical phonon process can dominate over the astical phonon process.
Interestingly, for the case of optical phonons the temperate-dependence of the relax-
ation time of the Raman- and the Orbach process are equal. Thieermal activation
energy is given by the frequency of the optical phonon:

1=, e -~o=<T: (2.53)

with the phonon frequency! o.
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2 Theoretical background of lanthanides in slowly relaxingholecular materials

2.3.2 Magnetic relaxation of lanthanides in molecular
magnetism: Discussion of literature

Most of the above discussed di erent relaxation times werebgerved experimentally.
Here, we want to review the observed relaxation processes of three well studied com
pounds: the lanthanide double decker compound [Ptb] TBA™ [3], the polymetallic
lanthanide alkoxide complex DyK, [16], and the DyDOTA compound [15]:

1. Ishikawaet al. [47] observed in the two lanthanide double-decker complexe

[Pc, Th] TBA™ and [Pc,Dy] TBA™ contributions due to the direct process, the Raman-
process and the Orbach-process, where the Orbach procesdaminant above 25K.
Later on they studied the terbium compound in the low tempertre range in detail
up to 20K in di erent magnetic elds and in a diluted sample. Gontributions from
both the direct process and ground state quantum tunneling eve claimed to be ob-
served. They point out that often the direct process and thewgantum tunneling are
mixed up in literature, and only detailed investigations ca distinguish between them.
In this temperature range contributions of the Raman procesthought to be absent.
A detailed hysteresis-study [96] of the two compounds sheigiit on the mechanism
leading to ground state tunneling. It was shown that the coujng of the electron and
nuclear spin system leads to coherent quantum tunneling. Faoerbium the nuclear
spin | = 3=2 has a natural abundance of 100 %, the hysteresis loops shostarcase
structure, the steps occur at magnetic elds, at which the avided level crossings of the
entangledJ,l, are expected. Hysteresis measurements for the dysprosiuampound
were more di cult to interpret. Dysprosium occurs in di ere nt isotopes with di erent
nuclear spins, 44 % have a nuclear spin 6f= 5=2 and the othersl = 0. No clear
staircase structure of the hysteresis loops were observelieth could be attributed to
two reasons: rst, that only the dysprosium ions withl = 5=2 contribute to the stair-
case structure and second that the tunnel splittings are srier than in the terbium
compound. The only clear "step” is observed & = 0, where the dysprosium ions
with | =5=2 are allowed to quantum tunnel, but the dysprosium ions with =0 are
not because of the Kramers theorem. It is unclear, why the gieobserved atB = 0
is larger than expected, assuming that only dysprosium ionsith non-zero nuclear
spins contribute. It can be summarized the quantum tunnelig in lanthanides occurs
between the coupled electron and nuclear spin system.

2. The key feature of the relaxation study by Blagget al. [16] of the polymetallic lan-
thanide alkoxide complex DyK, is the preferential relaxation via the second excited
Kramers doublet by a thermally activated relaxation proces The two observed relax-
ation barriers have an energy of ¢ = 316K, which is associated with a relaxation
process via the rst excited doublet, and = 692K, which is associated with a
relaxation process via the second excited doublet. Intetewgly, the relaxation barriers

lie above the Debye cut-o frequency for acoustical phonong herefore, they propose

2 We only summarize the results and interpretations made by tre authors.
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Fig. 2.5: Lowest three Kramers doublets of DyK, and possible relaxation paths. The green
dashed lines belongs to ground state quantum tunneling andhe solid red lines to thermally
activated quantum tunneling. Dashed red and blue lines showpossible Orbach processes.
The Figure is adopted from Ref. [16].

a process taking place via optical phonons.

The thermally activated relaxation process observed is mfed to as an thermally
assisted quantum tunneling process, which means that rsthe spin is excited by a
phonon to the excited state, then tunnels to the other side dahe barrier, and then
relaxes to the ground state of that side of the barrier. A scimee of the proposed
processes is depicted in Figure 2.5.

3. Relaxation studies of the compound DyDOTA in a wide tempeature and magnetic
eld range revealed the competition between two relaxatiopathways [15]: the direct
and the Orbach process. As a consequence of magnetic dilatithe direct process is
slowed down, whereas the barrier of the Orbach-process id mcected. The e ective
energy barrier of the thermally activated regime was deterimed as o = 42cm L.
The energy of the rst excited doublet was found as «y =53 cm * from luminescence
spectra [8]. For more details of the relaxation process seec8on 6.1.1. DyDOTA is
also one of the complexes studied in this thesis by far-infied spectroscopy (Chapter
6).
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2 Theoretical background of lanthanides in slowly relaxingholecular materials

2.4 Magnetic relaxation in single-chain magnets

Theoretically, single-chain magnets are treated as isokt one-dimensional magnetic
systems. For real systems, this implies that the magnetic gpling between con-
stituents of the chains are much larger than the coupling togighboring chains Jinya
Jinter ). Experimentally of course, the coupling between neighbiog chains (e.g. due
to dipolar coupling) cannot be entirely suppressed. Howevef the coupling is small
enough, e ects should only be expected at low temperatureshereJ  k,T.

Here, we will discuss only SCMs which can be treated in the mgj-limit. This is justi-
ed by the reason, that we are dealing with lanthanide ions viin strong anisotropies.
Our following description of the static and dynamic propeiies of the Ising-model fol-
lows the works of Cleracet al. [51], Miyasakaet al. [97], and a review article written
by Vindigni [50].

2.4.1 Static magnetic properties

In the Ising-model the spinS of the system is assumed to point parallel or anti-parallel
to a certain direction. The two directions are representedyb ( = +1 parallel and
= 1 anti-parallel). As an example for an anisotropic dysprasim total angular
momentum with a value of J=15/2 with a low lying Kramers doubkt of m;= 15/2.
The Kramers doublet can be described to be oriented parallet anti-parallel to the
anisotropy axis (z-axis) with = 1.
The Ising chain consists out of Ising spins in an one-dimensal arrangement. Only the
nearest-neighbor coupling is nonzero with a coupling costt J; for J > 0 the coupling
is ferromagnetic and forJ < 0 antiferromagnetic. AtJ = 0 the system behaves like a
system consisting of individual paramagnetic ions. The Isg-Hamiltonian reads (see
also Figure 2.6):

X X
H= 2] S,;Ss.= 2IS* | ia: (2.54)

In general, for a one dimensional system the magnetic susthbitity is strongly con-
nected with the correlation length. The correlation lengthis given by: hs(i)s(j )i =
e' 117 | and describes, how fast the correlation function of two spé at sites i and j
decreases in dependence of the distance between them. Thenedic susceptibility in
terms of the correlation length is:

— = 2; (2.55)
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Infinite-size regime
Domain wall

L

Finite-size regime
Impurity

vryol Tititeftithey

Fig. 2.6: Scheme of the one-dimensional Ising chain in the in nite- an nite-size regime.
The nearest neighbor coupling is given byJ and the nite-chain length in the nite-size
regime by L. The domain walls are marked as red lines and the impurities a red circles.

with C = g? 2S(S + 1)=(3kg) the Curie temperature of the chain. The correlation

length is given by: = m with = kgT. Forlow T, can be approximated
by:

= exp(4d) (2.56)

hence the correlation length diverges exponentially at lotemperatures.

2.4.2 Dynamic magnetic properties

Glauber model

In the 1960s Glauber [49] introduced a stochastic extensiaf the Ising model to
describe the dynamic properties of the Ising chain. The Glaer dynamics approach
is widely applied for SCMs [50, 51, 55]. Glauber introducedgbabilities for the single-
spin ips of spin i, which depend only on the state of the rst neighbon + 1. The
spins are represented by stochastic functionsg(t). The probability for a spin ip per
unit time is given by:

Wi( i) = 2—10(1 5 iCit i) (2.57)
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2 Theoretical background of lanthanides in slowly relaxingholecular materials

where ¢ is the intrinsic probability for a spin ip in absence of interaction and is
determined by the detailed balance condition to be = tanh(2J=kT). The choice of
the transition probability ful lls the detailed balance criterium de ned in Equation

2.19. The relaxation time for the Glauber model yields:

0 :
1 tanh(4JS2=ksT)’

(2.58)

At low temperatures, 41S? kg T and the hyperbolic tangens can be approximated
by tanh(4JS%=ke T) =1 o 4J522=kBT)+1 1 2exp( 8)S?=kgT). This gives:

Eo exp( 8JS%=kgT): (2.59)

Comparing Equation 2.59 for the relaxation time with the corelation length of the
Ising model Equation 2.56, we can also write = 2 5 2. Therefore, the relaxation
times scales as ? at low temperatures. The Ising-chain consists out of domasnof
average size separated by domain walls. At low temperatures, the relaxain occurs
primarily by random motion of the domain walls, similar to the random walk in sta-
tistical physics. The time to travel a distance is proportional to 2 for a random
walk. The prefactor  gives the time scale of the problem. In general also colles
spin- ips can occur. For details see, e.g., Cleragt al.[51] and references therein.

Extended Glauber model

As described in Section 2.2 and 2.3 the building blocks of SGMhow thermally ac-
tivated temperature dependencies. In the Glauber model, ¢htime scale of the con-
stituent chain units are included in the prefactor 4. Therefore, for real materials the
prefactor g in itself becomes temperature dependent. For lanthanide bad SCMs, the
constituents are lanthanide ions, which can in itself folle di erent relaxation mech-

anisms described in Section 2.3, like the Orbach process betdirect process. Since
most of the work done on SCMs deals with building blocks, whicshow a thermally

activated relaxation mechanism, the time scale for a singhpin ip in absence of cou-
pling is introduced by taking o exp( a=(kgT)) with A the energy barrier for

relaxation. Introducing this in Equation 2.59:

= 2 oxp( a=ksT)exp( 81S2%=ksT): (2.60)
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2.4 Magnetic relaxation in single-chain magnets

The relaxation process has two distinguishable contribuins, the last part coming
from the random walk process at low temperatures, whereasethrst part changes the
spin ip attempt rate for every step in this random walk.

Finite-size regime

In the following, we will focus on the results obtained for th nite size regime; details
of the derivation can be found in the review article by Cleraet al. [51]. In real
compounds, the chain length is limited by the geometry andfodefects, leading to
a nite chain length L in the compound (see also Figure 2.6). To study the nite
size behavior, it is often desired to introduce a certain ctiollable amount of defects.
Therefore, the compound is often doped with diamagnetic inypities. In lanthanide
based SCMs for example, the magnetic lanthanide ions are stituted by the dia-
magnetic lanthanide ion Yttrium. As the correlation length grows exponentially by
lowering the temperatures, the correlation length can exed the chain length at low
temperatures. Below a certain temperature (crossover) thaite chains behave as
independent magnetic units with a spin ohS (with n the number of spins and S the
value of the spin quantum number of each spin). This crossovs often called the su-
perparamagnetic limit. The simplest approach assumes thail chains have the same
nite chain length (monodisperse approximation). Below tle crossover temperature,
the nite chains behave independently of each other as supgmramagnetic units. At
su ciently low temperatures, the magnetic susceptibility can be approximated as:

1 exp( 2nexp( 4kgTJS?)
2nexp( 4kg TJS?)

E:T = exp(4ks TIS?)(1 (2.61)

The crossover occurs whennZxp( 4ks TJS?) 1. Using the expression of the

correlation length for the in nite size regime (Equation 259) this leads ton =a.
Below the crossover the the susceptibility behaves agT=C n.
In the nite size regime, also the relaxation time changes.f | L the relaxation

time can be approximated as:

L
= % exp(dkyT JS?): (2.62)

The relaxation time still shows an exponential behavior atdw temperatures.
Taking into account that defects or induced defects occur nr@omly in the compound,
the description has to be extended to a stochastic model with distribution of chain
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2 Theoretical background of lanthanides in slowly relaxingholecular materials

lengths, called polydisperse approximation. The suscepliity in this case can be
approximated by:

hiT 2 .
C c+2exp( 4kgTJIS?)’

(2.63)

with c the probability of nding a defect and h i the average magnetic susceptibility
per site. The crossover is now smeared out and can be found winei T=C h ni. At
the crossover the relaxation time still follows approximaly Equation 2.62, only by
changing the chain length L to the average chain lengthmi. But, the discussion of
the relaxation time is hampered by the fact, that the relaxabn loses its exponential
behavior. Instead the relaxation of the magnetizatioom(t) is now given by:

mit)= t=; 2 t=: (2.64)
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3 Methods and Materials

3.1 Experimental setup

In this thesis, two di erent experimental techniques are usd to record transmission
spectra: Fourier-Transform-Infrared-Spectroscopy (FTR) and a quasioptical setup
using Backward-Wave-Oscillators (BWO). In contrast to Eletron Paramagnetic Res-
onance (EPR), in both techniques the frequency is swept irestd of the magnetic eld

to achieve the resonance condition between the electrontates and the incident light

[62, 98, 99].

In both techniques the sample is placed in a cryostat with a §pcoil superconduct-
ing magnet (Oxford Instruments Spectromag 4000). In this nmer, we are able to
monitor the change of the spectra with temperature (down to R) and with magnetic

elds (up to 7T). In all measurements presented in this thesi the magnetic eld is

applied in Voigt geometry (magnetic eld is perpendicular © the wave vector of the
radiation).

Each spectrum was normalized by a reference spectrum takdmwdugh an empty aper-
ture with a size equal to the sample.

3.1.1 Terahertz-Spectroscopy using backward-wave-oscil lators

For the frequency range from 1-48 cnt backward wave oscillators (BWO) are used
as radiation sources [100]. BWOs are vacuum electron tubeghich are placed in a
magnetic eld and are supplied with a high voltage. The fregency can be swept by
changing the high voltage. The generated light is highly marchromatic, polarized
and coherent. In our experiments, the magnetic eld vectorfahe radiation is perpen-
dicular to the static magnetic eld. The quasi-optical setyp is depicted in Figure 3.1.
The generated electromagnetic wave leaves the BWO and is trsollimated by lens 1,
then focused by lens 2 to the sample, and then again collimdtby lens 3 and focused
to the detector by lens 4 to acquire the signal. For low frequeies 1-30 cm?, a Golay-
cell is used to detect the signal and for higher frequencie8-88 cm * a pumped liquid
helium bolometer (Infrared Laboratories HDL5). The lenseare made of fused-silica
or te on. For the general use of backward-wave-oscillatorffor spectroscopic measure-
ments in the submillimeter range, we refer to Volkov et al. [11]. For the application
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3 Methods and Materials

of this technique for single-molecule magnets see the PhBbesis of Vongtragool [102]
and References [61, 63].

; q Bext, Voigt

Bext, Voigt

BWO —4< - iwﬂ - Detector

Cryostat

Fig. 3.1: Scheme of the beam path of the quasi-optical setup using BWQs Upper left:
Orientation of the external magnetic eld Bey in Voigt geometry, the polarization vector of
the submillimeter light h, and the vector of propagation of light g

3.1.2 Fourier-Transform-Infrared-Spectroscopy

To record a wider spectral range a Fourier-Transform-Infrad-Spectrometer (Bruker
IFS 113v) is used. The Bruker IFS 113v in general covers theesypral range from
10-10000 cm!. However, the current Mylar windows of the Oxford Instrumets Spec-
tromag 4000 only allow measurements from 10-100 ctn The light source for this far
infrared range is a mercury (Hg)-arc lamp, and the detectog pumped liquid helium
bolometer (Infrared Laboratories HDL5). A scheme of the b@a path in the Bruker
IFS 113v spectrometer connected to the Spectromag 4000 ipideed in Figure 3.2.
For the application and general considerations of the Fouwi-Transform-Infrared spec-
troscopy exists a large number of literature; we refer her® the textbook of Grith
and de Haseth [103].
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Fig. 3.2: Scheme of the beam path in the Bruker IFS 113v connected to thé&pectromag

4000. Upper left: Orientation of the external magnetic eld Bey in Voigt geometry, the
polarization vectors of the light h; and h,, and the vector of propagation of light q*.

3.2 Analysis of the data

3.2.1 Fresnel equations for a plane-parallel slab

The optical properties of a sample are described by their caiex dielectric permittiv-
ity (" = 1+1i ;) and the complex magnetic permeability ("= 1+i ). The Fresnel
equations lead to the following equations for the transmigs through a plane-parallel
slab at normal incidence [98, 99, 102]:

(1 R)2+4Rsin?

)= B REZ+arESPQ+ ) (3.1)

Q and E are obtained by the real part of the refractive indexn, the imaginary part
of the refractive indexk, the frequency! and thickness of the plane-parallel slah:

! Figure based on drawings by Conrad Clauy [104] and David Neuduer.
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With this equations the transmission of light through a plae-parallel slab can be
calculated for arbitrary dielectric permittivities and magnetic permeabilities. In Fig-
ure 3.3 the transmission spectrum of a plane-parallel pdileith a constant and real
dielectric permittivity without magnetic contributions i s shown. The oscillating pat-
tern observed is created by the interference of transmittedeams (Figure 3.3). The
phase-shift of the transmitted beams depends on the numbef k@ ections inside of
the sample, before the beams are transmitted. The sample eesbles a Fabry-Pérot
interferometer. The Fabry-Pérot like pattern provides inbrmation about the real and
imaginary part of the refractive index function. The positon of the maxima are re-
lated to the real part of the refractive index function and tre height of the oscillations

to the imaginary part.
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Fig. 3.3: a) Scheme of the Fabry-Pérot like resonances in a plane-paltal slab. b) Resulting

oscillating pattern for a dielectric medium with =3 and =1 (resulting refractive index

of n=1.73) and thickness 1 mm

3.2.2 Modeling of the dielectric permittivity and magnetic
permeability

For non-conducting and magnetic materials, the transmissn spectra (in the frequency
range from 4-100cm?') are normally governed by the appearance of several electri
and magnetic absorption lines. Therefore, the dielectricgomittivity and magnetic
permeability functions can be reproduced by the introductin of several electric and
magnetic oscillators:

X
()= 1()+i20)= ot i R(!); (3.14)
j
. X
()= 1()+i 2()=1+ i R(Y); (3.15)
j
with the strength of the magnetic oscillators, the strength of the electric

oscillators, andR(! ) the lineshape function, which can either be of Lorentzianro
Gaussian type. ( represents the electric permittivity at the lowest measumrkfrequency.
Most of the electric oscillators originate from phononic ovibrational excitations, and

the lineshape function can be best described by a Lorentzidineshape. The electric
permittivity is, therefore, given by:

()= 1O+ 2)= ot i (3.16)
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with the resonance frequency;; and the damping factor ;; . For the magnetic oscil-
lators both Gaussian and Lorentzian lineshapes can appe&or a Gaussian lineshape,
the magnetic permeability reads:

z
_ 251 19,(1)
(M)=1+ — , md!
ro _ 2 2 (3.17)
Y= if ( L) + (+ ).
and for the Lorentzian lineshape:
X 12
1) = . I .
()=1+ if ,f!if TS (3.18)

Magnetic permeability of molecular magnets

For molecular magnets, the quantity of interest is the magrnie permeability. The
electric permittivity is treated as a background. The elecic oscillators (caused by
phononic and vibronational excitations) are treated by fre tting parameters, to re-
produce the spectrum outside of the magnetic oscillators.

The contribution of the magnetic permeability to the transmssion spectrum can then
be tted with several magnetic oscillators. The interestiig quantities in the tting
process are the center frequency of the resonance lines ahe strengths of the mag-
netic resonance lines. In molecular magnets, the origin dig magnetic oscillators are
allowed transitions between di erent electronic energyelvels. Therefore, they contain
information about the underlying spin-Hamiltonian. For a gven spin-Hamiltonian, the
magnetic oscillators can be derived by theoretical argumisn The resonance frequency
is given by the energy di erence between the initial and nalstate of the transition.
The strength of the transition (contribution of the transition to the static magnetic
permeability) can be obtained by time-dependent perturbabn theory as described in
Kirchner et al. [62]. The strength depends on the the population di erencefdhe
two states determined by the Boltzmann distribution, the tansition matrix element
obtained by Fermi's golden rule, the number density of moletes in the sample and
the g-factor. In addition for a powder pellet the random oristation of the crystals in
the sample has to be taken into account. Then the contributioto the static magnetic
permeability reads:

=xyiz I Jé jiij > (exp( ki—fT) exp( "E—IT)
~1 i Z

it = §N092 2 (3.19)
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with N density of magnetic molecules, g the Bohr magneton,~ the Planck constant,
kg the Boltzmann constant, E;; the energy of the initial or nal state, ! i the tran-
sition frequency, and Z the partition function.

This modeling method was applied to molecular magnets, e.¢in;,Ac [61, 98, 105].
For the molecular magnets studied by this model, the magnetiresonance lines, were
well separated from phononic lines. Therefore, the eleatrpermittivity was tted out-
side of the magnetic resonance lines, and kept constant, the tting of the magnetic
resonance line.

3.3 Investigated samples

All samples investigated by far-infrared spectroscopy irhis thesis are pressed pellets
out of microcrystalline powder with a diameter of 1 cm. The tltkness of the samples
ranges from 0.5mm to 4 mm.

The investigated samples are:

1. The single-chain magnet DyPhOPh (Dy(hfagf NIT(C ¢H,OPh)g) and the isostru-
cural terbium compound TbPhOPh [14] (synthesized by Lapo Byani (University of
Stuttgart)),

2. The single-ion magnet DyDOTA (Na[Dy(DOTA)(H,0)], H,O0) and the isostruc-
tural terbium compound TbDOTA [15, 58] (synthesized in the goup of R. Sessoli
(University of Florence)),

3. The molecular magnet Ln(PhOPh) (Ln(hfac)s(NIT  CgH4OPh),) (Ln=Dy, Tb,
and Ho) and Dy(hfack(NIT  CgH4OEt), (Dy(PhOEY) ,) [5, 64] (synthesized by Lapo
Bogani and Alexa Paretzki (University of Stuttgart)).

Details of the sample properties are given in the respecti@hapters.
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4 New methods for the analysis of
far-infrared spectra of lanthanide
lons

4.1 Introduction

The method for the analysis of the far-infrared spectra desbed in the previous Chap-
ter requires that the distinction between electronic and pbnonic or intramolecular
vibrational absorption lines is de nite, either by theoreical calculations or through
experimental evidence. Especially at low frequencies, bel around 20cm?, phonon

and intramolecular vibrational lines are rare in most compands. If, in this case, at
low temperatures an absorption line appears in the spectrynit can be assigned to
an electronic transition. This assignment can be validatetty the application of a
magnetic eld. For these cases the formerly described (Sewt 3.2) modeling method
was widely used [61, 63, 99].

Unfortunately, when working with lanthanide containing canpounds this distinction

evolves into a complex task. Transitions between crystal ld split energy-levels of
the lowest Russel-Saunders multiplet lie in the frequencyange up to a few hundred
wavenumbers [10, 11, 13, 60, 106]. This primarily magnetidgptble active* absorption

lines are embedded and overlapped in many compounds withrerfed active phonons
and intramolecular vibrons and a distinction can not be easi achieved. This issue
is well known from far-infrared measurements which where rducted on lanthanide
based materials in the 60s and 70s of the last century [10, IR, 13]. To resolve this
issue their are in general two possibilities, to identify ta phononic and intramolecular-
vibrational absorption lines or to identify the electronic absorption lines. For the
compounds studied in this thesis a combination of both appaches is applied.

1 The electronic transitions can also contain electric dipoé contributions. Electric dipole transitions
are normally forbidden inside the multiplet by the parity selection rule. However, in the case of
low symmetry, the Dy®" ion can be shifted from the center of symmetry, leading to a ming
with excited 4f " 15d! states into the 4f con guration. As both are of opposite parity, this allows
electric dipole transitions [107],[108] (see also Sectiof.6).
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4 New methods for the analysis of far-infrared spectra of lranide ions

Identi cation of the phononic and intramolecular vibrational absorption lines

Because of their de nite valence state, lanthanides oftelfm isomorphous compounds
throughout the series. The phonon spectra of compounds withi erent lanthanides
are similar. Since the mass change throughout the series madl, and nearly com-
pensated by the ion contraction (lanthanide contraction &), which alters the force
constant [13], the resonance frequency changes only sllghiy the substitution of the
lanthanide ion. Normally, it is favorable, to use for the corparison, a lanthanide with-
out any electronic resonances in the far-infrared regionhen all resonance lines can be
directly identi ed to be of phononic or vibrational origin. Lanthanum, lutetium, and
yttrium are well suited for this task because no electronicransitions are expected in
the measured frequency range.

Identi cation of the electronic absorption lines

De nite identi cation of the electronic absorption lines can be achieved by the ob-
servation of the Zeeman e ect. In a magnetic eldB, the Zeeman e ect shifts the
energy levels according to the Zeeman term in the Hamiltomad = g g3B with the
g-factorg, g the Bohr magneton andd the total angular momentum operator. The
manifestation of the Zeeman splitting in powder samples -ki¢ the ones used in this
thesis - is more complex, because the direction of the magieetld vector is pointing
in a di erent direction for every crystallite and only a few fudies of powder samples
can be found in literature, e.g. References [60, 106]. Esdyg at low symmetry sites,
the spectroscopiag-factor is di erent for all directions that leads to a broadeaing of
the lines instead of an overall shift. If the electronic absption lines are in addition
of low intensity compared with the phononic and vibrationalines they are only recog-
nizable as slight changes of the spectra at di erent elds. bder these circumstances,
the easiest way to identify electronic absorption lines isotcalculate the ratio of the
spectra in eld and without eld. Small changes of the specta get visible and the
lines can be identied. The disadvantage of this approachds in the fact that the
ratio spectra are dependent on the sample parameters, used & speci ¢ experiment,
like the thickness and weight. Instead, a quantity is prefable, which only depends
on material parameters.

Therefore, we will use in many cases a di erent and new apprdafor the analysis of
the data, than the approach presented in Section 3.2. The neapproach includes the
following steps (see below for a detailed description):

the absorption cross section is extracted from the transns®n spectra,
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4.2 Analysis of the magnetic eld-dependent spectra

the phononic background is "removed" by subtracting the abgption cross section
in zero- eld from the one in an applied eld.

the absorption cross section is converted to a quantity dicdly proportional to
the transtition matrix element.

4.2 Analysis of the magnetic eld-dependent
spectra

Extraction of the absorption cross section from the transmsion measurements

The absorption cross section can be calculated by using the®&-Lambert law, which
connects the transmission to the absorption coe cient and to the absorption cross
section :

1(~)

=exp M=exp NI (4.1)
lo(~)

T(~)=

with the frequency ~and the distanced which the light travels through the material
(path length). We then gain for the absorption cross section

()= In(T(=))=(dN); (4.2)

with the number density N. The limits of the Beer-Lambert law for bulk samples are
discussed in Section A.1.

"Removing" the phononic background

In the absorption spectra, the phononic and the electronicgst of the spectrum are
additive. To eliminate the phononic background, spectra atli erent magnetic elds

are acquired. In a magnetic eld, the phononic background ds not changé By
subtracting the absorption cross section in zero- eld fronthe one in an applied eld,
the phononic background is canceled out:

B o= 8(~) o(=): (4.3)

2 For a strong spin-phonon coupling, also the phonon lines caonhange in a magnetic eld. We assume
her that this is not the case.
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4 New methods for the analysis of far-infrared spectra of lranide ions

Unfortunately, in this step, information about the electraic spectrum is lost, too.
Only the di erence of the electronic spectra, caused by theegman-term, are left.
8 o(~) only contains information about the electronic spectrum.

Absorption cross section for magnetic dipole transitions

The integrated absorption cross section for a magnetic difotransition is given by
[109]:

VA 2
8
(d~ = ¢

jh ¢ 8o iij? Nig(T); (4.4)

with  the refractive index of the crystal, the polarization direction of the incident
light, Ni; (T) the population di erence between the initial and nal state calculated
by the Boltzmann distribution,  the resonance frequency in [cnt], g. the Lande
g-factor of the multiplet, jh j sg.J'j iij?2 the magnetic dipole transition matrix ele-
ment, the absorption coe cient, d~the variable of integration given in wavenumbers.
The physical constants are in CGS-units. It is often conveeant, to factor out the Bohr
magneton in the transition matrix element, which leads to:

z _e%h

= 2mec !

~

h ocdj iij2 Nig (T): (4.5)

The new transition matrix elementjh ¢jg. J'j iij2is then, for allowed magnetic dipole
transitions, of the order of unity, in units of ~. Absorption lines in spectra can either
be of Lorentzian or Gaussian (or more complex) shape. Thevet, we can express the
absorption cross section for one magnetic dipole transitias:

eh~ I
(~)= m]h docd' i i Ny (Mg, () (4.6)
with g(~) the lineshape function. For a normalized Lorentzian lindmpeg. (~)reads:

1

g9; (~)_2 (~ )2+ E2

4.7)

with  the resonance frequency and the linewidth, and for the normalized Gaussian
lineshape:

1(C ))2_

9. ()= —Pl?exp (2 (4.8)
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4.2 Analysis of the magnetic eld-dependent spectra

with 2 the variance.

The terms of Equation 4.6 can be arranged in the following way

2m3cd
ezh~ -’

{h qdi i '{\y;f (MY (j = (4.9)

)

The left side of the equation, only contains characteristielements of the transition,
and de nes the new quantity (~), which we call normalized absorption cross sec-
tion. The right side, contains quantities derived by the expriment ( (~)), physical
constants, and the frequency ~ In general, the absorption cross section can contain
transitions between all of the crystal eld split states. Trerefore, a sum has to be
taken over all the possible transitions inside the multiple

X - - - .. 2
(== jh {43 ii? Ng (Mg, ., O (4.10)
i.f
The normalized absorption cross section can be calculated the crystal eld Hamilto-
nian of the lanthanide ion with the use of Equation 4.15. Thisvill be done in Section
4.3. As stated above due to the phononic background, expeemtally we have only

access to the di erence of the normalized absorption crosscsion between in- eld and
zero- eld measurements.

In summary, to obtain the di erence of the normalized absorion cross section out
of the transmission spectra measured in- eldg (~) and zero- eld Ty(~), the following
equation can be applied:

In(Tg (~)) +In( To(~)) 2m?c |
Nd e2h ~

B ol™) = (4.11)

Apart from of the refractive index , the equation only contains sample parameters (the
number densityN of lanthanide ions and the thicknessl), which can be calculated from
the formula weight of the sample and the sample dimensionspd physical constants
given in CGS-units. The refractive index can not be determad by simple arguments
for a certain compound. As an approximation of the refracti index, we use a t of
the far-infrared transmission spectra with multiple eleaic oscillators (as described in
Section 3.2.2), and calculate out of the electric permittity the refractive index of the
material. As the refractive index depends on frequency, wake the average value of
the refractive index over the measured frequency interval.
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4 New methods for the analysis of far-infrared spectra of lranide ions

Advantages of evaluating the normalized absorption crosigon

To present the measured spectra in terms of the di erence dfi¢ normalized absorption
cross section has several advantages:

the normalized absorption cross section is independent dfet sample properties,
like weight and thickness. Therefore di erent measuremestare directly compa-
rable.

a direct estimate of the transition matrix element of the obsrved magnetic dipole
transition can be made. In a magnetic eld of 6 T the spectral ®ight of an ab-
sorption line has partially moved away from the zero- eld psition and a peak is
visible at the position of the zero- eld line in the di erence of the normalized ab-
sorption cross section. The peak area can be estimated by tiplying the height
of the peak by the FWHM (and by multiplying it for a Lorentpzian lineshape with
the factor 5~ and for a Gaussian lineshape with the factogp—).

4.3 Simulation program for far-infrared spectra of
lanthanide ions

During the course of this thesis, a simulation program was wten for the evaluation

of far-infrared spectra of lanthanides by using Matlab. As ekcribed in the previous
Section 4.2 the experimentally accessible quantity is tha drence of the normalized
absorption cross section between spectra in- eld and zereld (see Equation 4.11).

The aim of the simulation is to calculate the di erence of thenormalized absorption
cross section out of the crystal eld parameters of a certailanthanide ion. The input
parameters of our simulation program are, therefore, the ystal eld parameters, the
total angular momentum J and the Landé factorg of the ground manifold of the
lanthanide ion. For the simulation of the experimental sitation, also the temperature
and the magnetic eld have to be introduced. The output is gign in form of the nor-
malized absorption cross section. The experimentally agstble quantity g 4(~)
can the be easily calculated by taking the di erence betweeng (~) in-eld and g (~)
zero- eld.

4.3.1 Single crystal and one polarization direction

First we will describe the simulation process for a single ystal, where the external
magnetic eld direction, and the polarization direction are given in the molecular
reference frame. Our simulation program consists of the lolving steps:
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4.3 Simulation program for far-infrared spectra of lanthaide ions

The matrix of the crystal eld Hamiltonian 2 is set up. For the crystal eld
Hamiltonian of the ground manifold the Stevens operator edvalent method is
used here. With a magnetic eld, the Hamiltonian reads (comgre Equation
2.15):

X K
Flcr = BlOJ(J)+ g g3B: (4.12)
k=2;4,6 = k

with By the crystal eld parameters, g the Landé factor of the ground multiplet,
and O/(J) the Stevens operators listed in Table 2.2.

The eigenvectors and eigenvalues of the Hamiltonian are callated:

HCF jCF,I = E,jCF,I . (413)

For all transitions between eigenstategCF;i and JCFi the resonance frequency,
the magnetic dipole transition matrix elementj hCF;jgJ* jCFiij 2, and the popu-
lation di erence between the two states is calculated.

For the simulation of the absorption cross section, the reling absorption line
is calculated by

(-) = jhCFjgd JCFij? Nifs (T)g,, ., (O; (4.14)

with the appropriate lineshape functiong ,, . ., (~) being either of Lorentzian or
Gaussian type. The width ;; is estimated from the experimental data and also
the lineshape (Lorentzian or Gaussian) is decided by experental evidence.

The absorption lines from all transitions are summed up:

(5= jh ¢gdj iij® Nu (Mg, : . O (4.15)

i.f

The result is the normalized absorption cross section caukséy the electronic
transitions inside the crystal eld split ground multiplet for one polarization
direction.

3 In addition also the spin Hamiltonian presented in Section A4 Equation A.5 was implemented.

81



4 New methods for the analysis of far-infrared spectra of lranide ions

4.3.2 Averaging over the di erent directions of a powder

In this thesis, all the samples were pressed pellets, whicbnsist out of small crystal-
lites. To mimic the experimental situation by a simulation,it has to be summed over
the di erent crystallite directions with respect to the laboratory reference frame. The
laboratory reference frame for the far-infrared setup, caeists out of the direction of
the applied magnetic eld and the polarization direction. fer the far-infrared mea-
surements unpolarized light was used. In this situation, t polarization directions of
the light are parallel and perpendicular to the applied eld(in Voigt geometry). The
laboratory reference frame is shown in Figure 3.2. In the labatory frame, the molec-
ular reference frame points in di erent directions and can & expressed in terms of the
Euler angles , and . For the powder averaging process in our simulations, the
laboratory reference frame is rotated instead of the moleleu reference frame. Since
the problem is a relative one, this is legitimate.

There are di erent schemes for obtaining orientational avage sets. Here we will use
a Gaussian Spherical quadrature scheme derived by Lebedewdd aikov [20]. The
orientations and weights are taken from a li$tof M. Eden with an extension for the
third Euler angle ; the procedure for obtaining these schemes are given in REf10,
111]. A numerical approximation of the averaging process rgecessary, because an
analytical calculation is not possible. Therefore, to minai the experimental situation,
a weighted sum of the absorption cross section over the Eubeargles has to be taken. As
the absorption cross section for one crystallite o o o (~) in one laboratory reference
frame, can be simulated by the scheme given in 4.3.1; the susads:

0 1
(DA (4.16)

- S
powder(~) - 2 i oo os

wherej labels the two di erent polarization directions, and the Ldedev set is given
by S=fwS; ®; &; ®gof NS dierent orientations with the respective weight.

4.4 Example simulations for di erent crystal eld
Hamiltonians

The di erence of the normalized absorption cross section maake on many di erent
patterns depending on the crystal eld Hamiltonian. To get & idea of the expected
patterns, we calculated the di erence of the normalized alosption cross section for

4 The lists were downloaded from http://www.mmk.su.se/ matt ias/Orientational Averaging/
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4.4 Example simulations for di erent crystal eld Hamiltonians
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Fig. 4.1: Simulated normalized absorption cross section and the di eence of the normalized
absorption cross section between in- eld and zero- eld atT =2 K.

di erent crystal eld parameters. The simulations were conlucted for samples of mi-
crocrystalline powder (see Section 4.3.2).

For every simulation a Lorentzian lineshape with a linewidt of =2cm ! and a Lebe-
dev grid with NS = 95964 di erent sets of Euler angles were used. The lanthate ion

is in all simulations dysprosium with the ground multipletJ = 15=2 and the Landé
factor g = 4=3.

Magnetic eld dependence at T=2K

As a rst example, we have assumed a crystal eld Hamiltonianvith axial symmetry,
where the only non-zero crystal eld parameter i83 and has the valueB9 = 200cm 1.
The results of the simulation for magnetic elds from 0-6 T ata temperature of X are
shown in Figure 4.1 (a). The crystal- eld Hamiltonian splits the J = 15=2 multiplet
into Kramers doublets, leaving only the Kramers degeneracyhe rst absorption line
at 53 cm ! originates from the transition between the ground Kramersalbletj 15=2i
and the rst excited Kramers doubletj 13=2i. The second transition at 100 cm! can
be attributed to the transtion between the ground Kramers dablet j 15=2i and the
second excited Kramers doubletf 11=2i. Whereas the rst transition is allowed in
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4 New methods for the analysis of far-infrared spectra of lranide ions

O

Fig. 4.2: Simulated normalized absorption cross section and the di @ence of the normalized
absorption cross section between in-eld and zero- eld fordysprosium ethyl sulphate at

T=2K.
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4.4 Example simulations for di erent crystal eld Hamiltonians
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Fig. 4.3: Simulated temperature dependence of the normalized absotion cross section and
the di erence of the normalized absorption cross section bsveen B=2T and zero- eld.

zero- eld and shifts by the application of a magnetic eld tohigher frequencies, the
second transition is forbidden in zero- eld and gains intesity with increasing eld.
The second example assumes a crystal eld Hamiltonian witrhe parametersB9 =
200cm ! andB? = 400cm !, all other other parameters are zero. The result of the
simulation for magnetic elds from 0-6 T at a temperature of X are shown in Figure
4.1 (b). The rst absorption line at 66 cm * can be attributed to the transition between
the ground Kramers doubletj 11=2i and the rst excited Kramers doubletj 9=2i,
the second at 140 cm' to the transition between the ground Kramers doublej 11=2i
and the second excited Kramers doublgt 13=2i. Whereas, the rst absorption lines
moves to higher frequencies with increasing eld, the seadsplits and moves to both
lower and higher frequencies.

The third example uses the crystal- eld Hamiltonian derive for dysprosium ethyl
sulphate by Hill et al. [11] by the use of far-infrared spectroscopy on single crat.
The low frequency part is shown in Figure 4.2 (a) and the higlréquency part in 4.2

(b).
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4 New methods for the analysis of far-infrared spectra of lranide ions

O*
oO*

(@) Low frequencies (b) High frequencies

Fig. 4.4: Simulated temperature dependence of the normalized absotion cross section and
the di erence of the normalized absorption cross section bveen B=2T and zero- eld of
dysprosium ethyl sulphate.
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4.5 Evaluation by the use of the spectrosopic g-factors

Temperature dependence

In addition, in Figure 4.3 and 4.4 the simulated temperaturalependence of the nor-
malized absorption cross section is shown for the three exples. It can be observed
that the absorption lines caused by transitions from the gnand state, the only ones ob-
servable at a temperature of 2 K, lose intensity with increasg temperature, according

to the Boltzmann population of the states.

4.5 Evaluation by the use of the spectrosopic
g-factors

If a simulation of the spectra is hampered by, e.g. too many ystal eld parameters,

the normalized absorption cross section can also be used kract the spectroscopic
g-factor of the transition. In powder samples, the spectrespic g-factorg® of the

transition between the statesi and f is dierent for all directions of the magnetic

eld and the observed absorption line is the sum over all dic¢ions. We will describe
the spectroscopic g-factor in the laboratory reference free (frame of the magnetic
eld B) with Xx; y; z axes . The spectroscopic g-factor has to be determined foreey
direction (index j) of the magnetic eld relative to the molecular frame on its an.

Experimentally the spectroscopic g-factor is de ned for arainsition between the states
i andf as [68]:

if
it _ deI

g 5 dB; ,

(4.17)

where dW)" is the splitting energy (measured by the resonance frequefdn a mag-
netic eld B = (0;0;B,). Theoretically the spectroscopic g-factor for a transitn
between eigenstates and f of the crystal eld Hamiltonian is given by:

it — Bgzj t(B2)i(Bz+ Bz) o Bgzj i(B2)i (B2)
z 5 dB, ,

(4.18)

where the eigenstates of the transition ;(By)i need to be derived in the labora-
tory reference frame (frame of the magnetic eldB). Therefore, the crystal eld

Hamiltonian needs to be transformed into the laboratory refrence frame by a ten-
sorial trgnsformgtion, leading to the crystal eld Hamiltonian in the formulation

FAce = k=6 & By Of (). The intensity of the transition i and f depends
on the transition matrix element of the polarization directon. As the measurements
are performed with unpolarized light, the polarization diection of the light is paral-
lel, as well as perpendicular, to the applied eld. The labatory reference frame is
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4 New methods for the analysis of far-infrared spectra of lranide ions

shown in Figure 3.2. For the perpendicular polarized lighthe intensity of the line is
determined by the transition matrix elementh ;(B,)jSkyj f(B;)i multiplied by the
population di erence between the two statedN;s (T); and for parallel polarized light
by the transition matrix element h {(B,)jS;] (B,)i.

The spectroscopic g-factog® depends on the composition of the magnetic quantum
numbersM ; of the eigenstates involved in the observed transition. Thefore, it yields
additional information about the crystal- eld Hamiltonia n.

4.6 Distinction between electric and magnetic
dipole transitions

Both modeling methods described in Sections 3.2.1 and 4.2ase that the transitions
inside the ground multiplet of lanthanides are caused by magtic dipole transition.
In the standard treatment electric dipole transitions are drbidden due to the parity
selection rule, which states that the electric dipole opetar can not connect states of
the same parity. However, in non-centrosymmetric ligand lels mixing (of the 4f* 1d?-
con guration with opposite parity into the 4f "-con guration of the ground state) can
take place [11, 112]. In addition, to odd-parity terms can benixed into the ground
state by coupling with odd-parity phonons or vibrons [11]. Te origin of transitions in
the ground manifold is strongly related to the "puzzle of rar earth spectra” which was
raised in the beginning of the last century by Van Vleck and dters [113], referring to
the appearance of normally forbidden transitions betweemter-manifold states. The
puzzle was solved by the Judd-Ofelt theory in the 1960s [107{ was also there, that
the occurence of normally forbidden transitions was attrilted to the mixing with
excited odd-parity states [107].

Experimental evidence that electric dipole transitions a also possible between states
of the same manifold were found, e.g., for the rare-earth gaats Dy;FesO,, by Rogers
et al.[114], in the multiferroic compound HoMrOs by Sirenko et al. [115], and also
mentioned by Komandinet al. [112] for DyScQ. But, up to date they are not men-
tioned in the eld of lanthanide based SMMs. Instead it is on implicitly assumed
that only magnetic dipole transitions are possible, e.g., hgur et al. [17] and Blagget
al. [16].

In the following, we will discuss how it is possible to distiguish experimentally by
means of far-infrared spectroscopy between electric and gmetic dipole transitions.
Revisiting the Fresnel-equations for a plane-aarallel dtain Section 3.2.1, we notice

that the transmission depends on a quantity !) ~(!) and the re ectivity on

q_—
N)="(1). It follows that in re ectivity measurements the shape of he resonance
(for example Lorentz) is inverted for magnetic resonancesmpared with electric res-

onances, as can be seen in Figure 4.5.
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4.6 Distinction between electric and magnetic dipole tramsons

(&) Transmission (b) Re ection

Fig. 4.5: Transmission and re ectivity spectra of a slab with a thickness of 1mm and
1 = 4. The red circle marks an electric dipole transitions and the green one a magnetic
dipole transition.

In general a transition can be of both electric and magnetidglole character, leading to
a hybrid mode. In transmission both contributions add up anda stronger absorption
is be observed. On the other hand, in re ectivity spectra thdine intensities of electric
and magnetic dipole transitions are subtractive and can lelato a complete canceling
of the feature [114].

We can summarize that both re ectivity and transmission spetra are necessary for
an experimental distinction between electric and magnetidipole transitions.

Re ectivity measurements are di cult to conduct with powdered samples because a
inhomogeneous interface distorts the spectrum considetabTherefore, no re ectivity
measurements were conducted in this thesis due to the abseraf single crystals. In
addition, for the compounds studied in this thesis, the re etivity is small in the order
of 3-7 % hampering re ectivity measurements.
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5 Dy(PhOPh): A lanthanide-based
single-chain magnet

5.1 Introduction

Some results of this Chapter have been already published irelRrence [116]. A key
issue for the investigation of the magnetic relaxation pr@ss in molecular materials
is the determination of their energy levels. In single-iorahthanide magnets the re-
laxation process is proposed to take place by a thermally ésed mechanism via an
excited real state with additional contributions due to unekr barrier processes (com-
pare Section 2.3). For the Orbach relaxation process, the ective energy barrier is
comparable to the energy of the excited state lowered by themtribution of under
barrier mechanisms.

For single-chain magnets with anisotropic building blockshe Glauber dynamics ap-
proach was extended to additionally take into account the tninsic anisotropy barrier
of the constituents (compare Section 2.4). A relaxation timof =  exp((4jJjS?+

) =ks T) (with coupling constant J and the energy barrier ) was proposed for the
in nite-size regime and = , exp((2jJjS?+ ) =kgT) for the nite-size regime [50].
In the nite size regime the correlation length exceeds the chain length. ( L).
The relaxation process starts with a spin ip at the chain endwith an energy cost
of 2J due to the exchange interaction of the one residual neighboin the in nite
size regime the chain length is longer than the correlatioregth (L ) and the
relaxation process takes place via a thermally activated nlom walk of the domain
walls. The chain lengthL is determined by limiting geometrical factors or the pres-
ence of impurities. The model was veri ed for several singghain magnets based on
transition metal ions [50, 51].

In this study we will focus on two members (the terbium and dysrosium derivatives)
of the lanthanide based isostructural single-chain-magn&mily

[Ln(hfac)sf NIT(C sH4OPh)g] (LnPhOPh with Ln=Dy, Tb) in which the Ln ** ions are
coupled by nitronyl-nitroxide radicals leading to a polymec one dimensional arrange-
ment [14, 117]. The crystal structure is shown in Figure 5.1The main emphasis
will lie on the dysprosium derivative. The static magnetic ehavior of DyPhOPh was
explored by angle-dependent susceptibility measuremenend was modeled by using
theoretical results (CASSCF-calculations) for the anisobpy of the Dy** spins and a
classical Hamiltonian for the coupling between the spins1Z]. In contrast to the static
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Fig. 5.1. View of the Crystal structure of Dy(NITPhOPh) [14] along the a-axis, showing
the chain structure together with the unit cell. Color Scheme: Dy! green, Q red, C! gray,
N! blue.

case, a coherent picture of the dynamic behavior is still leing. Slow relaxation of the
magnetization was observed in these compounds by alternadi current susceptibility
measurements. In DyPhOPh a crossover between to di erentlsxation regimes was
observed, which was assigned to the crossover between amite-size regime and a
nite-size regime [14]. The di erence of the relaxation baier at the crossover deviates
from the predicted value given by the extended Glauber modef the parameters ex-
tracted from the static magnetic susceptibility are used. Tis discrepancy was related
to the neglected contribution of the radicals, which can cdnbute to the dynamic be-
havior, even if they are negligible for the static propertie [57]. To shed light onto the
relaxation dynamics, the aim of this study is to determine th energy level structure of
the Dy** ion which plays a crucial role in the relaxation process. Ouesults suggest
that the crossover in the relaxation process is rather govezd by a switching between
two relaxation pathways of the lanthanide ion than by Glaubedynamics.

In a low-symmetry environment, like in the compound LnPhOPhstudied here, the
experimental determination of the crystal- eld split enegy levels is complicated be-
cause none of the parameters in the crystal eld Hamiltoniacan be neglected a priori
by the use of symmetry arguments [4, 43]. This makes techniggi like the combined
analysis of NMR-paramagnetic shifts and magnetic suscepility data [47] di cult

or inapplicable. Recently, the theoretical determinatiorof the crystal eld split lan-
thanide states by complete active space self-consistentlde(CASSCF) calculations
was provided, and applied to LA* ions in LNnPhOPh but an experimental veri cation
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Fig. 5.2: Sketch of the spin alignment in DyPhOPh in the ab-plane detemined in Bernot
et al. [57] with bold arrows Dy3* spins and thin arrows the radical spins. The magnetic
interactions are labeled with FM=ferromagnetic and AFM=an tiferromagnetic coupling.

is still missing [43, 81, 118].
Here we will use far-infrared spectroscopy to study the lowihg energy levels of Dy
and Tb*®" in the single-chain-magnet LnPhOPh.

The lanthanide-based single-chain magnet DyPhOPh has beafready well characer-
ized by AC and DC magnetic susceptibility measurements [14,7, 117]. The single-
chain magnet consists of alternating DY ions and the organic nitronyl nitroxide radi-
cals. Along the alternating units, ferromagnetic nearesteighbor couplings were found
between the radicals and the DY/ spins, antiferromagnetic next-nearest-neighbor cou-
pling between the Dy* spins, and antiferromagnetic next-nearest-neighbor colipgs
between the radicals (see Figure 5.2). The DC magnetic belaw could be satis-
factorily modeled at low temperatures by neglecting the rdadal contribution to the
magnetization and taking into account only the Dy* spins. Angle-dependent mag-
netic measurements revealed that the By spins act at low temperatures as Ising
spins. The local easy axis is tilted 75from the crystallographic b-axis (along the
chain), leading to weak ferromagnetism along thb-axis. At 9K, an inversion of the
anisotropy axis was found which was explained by a change tietDy** magnetism.
Above 9K the Dy** spin only acts as paramagnetic spin center along the localsya
axis (tited 75 from the crystallographic b-axis). Below 9K, the antiferromagnetic
coupling between the Dy" spins starts to play a signi cant role, leading to an uncom-
pensated moment along thd>-axes. The next nearest neighbor coupling constant was
determiped asJ=24K with Dy ** taken as%ff =1/2 with the classical Hamiltonian
H= " fJS(i) S(i+1)+ D[S,())*°+ o , H g S()g

5.2 Methods and materials

The transmission spectra were acquired with a Bruker IFS 113 Fourier Transform
spectrometer connected to a Oxford Spectromag 4000 SpliiCMagnet with Mylar
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5 Dy(PhOPh): A lanthanide-based single-chain magnet

windows in the frequency range from 20-80 crh with a resolution of 0.5cm* using
unpolarized light. For a detailed describtion of the setupgee Section 3.1.2). For lower
frequencies the quasi-optical setup with BWO was used (seecBon 3.1.1). Magnetic
elds were applied up to 6 T in Voigt geometry. Each spectrum as normalized by a
reference spectrum taken through an empty aperture with az@ equal to the sample.
The sample itself is a pressed pellet out of microcrystalenpowder. The DyPhOPh
pellet used for the far-infrared measurements has a weight ®1.3 mg and a thickness
of 0.54 mm, for the BWO measurements 300 mg and 1.98 mm. The Th®Ph pellet
has a weight of 52.6 mg and a thickness of 0.40 mm. The composaridyPhOPh and
TbPhOPh were synthesized according to the procedure presed in Boganiet al. [14]
at the University of Stuttgart by Lapo Bogani.

The acquired transmission spectra were tted using the freel formulas for a plane
parallel layer [62] presented in Section 3.2.1.

The vibrational and phononic absorption lines, which showachange with magnetic
eld are modeled with the electric oscillator model. The elgronic transitions inside
the ®H 15—, multiplet are modeled by the magnetic oscillator model, in hich the con-
tribution to the static magnetic permeability is given by  ; [62, 98]:

P DA
=x;y;zg B thjé J“JZ

~l i

E¢ E;

exp( 1) exp( F
z

(5.1)

with the matrix element of the magnetic momgnt between the tav participating states
averaged over the three polarizations of light _,.., g sjhf jS jiij 2=3, the popula-

Es E.
, . exp( o) exp( o)
tion di erence between the two states——&———&~

of (Ln®*") ions.

, and the number densityNg

5.3 Results

Spectra in zero eld: Overview

To identify the electronic absorption lines, the most apprpriate way is to rst exclude
the phonon absorption lines. In Figure 5.3 b), a comparisonebween the transmission
spectra of the DyPhOPh and the TbPhOPh compound is shown.
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5.3 Results

Fig. 5.3: a) Transmission spectra acquired for a powder pellet of DyPBPh (thickness
0.54mm) in the temperature range from 2K-141K without magnedic eld. The phonon
lines are labelled with P1-P12 and the electronic absorptia lines with the CF0! CF1 and
CF0! CF2 for the corresponding transitions inside the dysprosim ®H;s-, multiplet. b) Com-
parison between the transmission spectra of DyPhOPh (thickiess 0.54 mm) and TbPhOPh
(thickness 0.40mm) atT=5K and B=0T.
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5 Dy(PhOPh): A lanthanide-based single-chain magnet

Fig. 5.4: Transmission spectra of DyPhOPh (thickness 1.98 mm) at 5 K masured with the
BWO quasi-optical setup.

Both spectra reveal absorption lines at essentially the safrequencies (labeled P1-
P12) (with partially di erent intensities). This behavior is characteristic for isostruc-
tural lanthanide compounds where one lanthanide ion is suiiisted by another lan-
thanide ion (like Dy** by Tb3"). In this case, the substitution in uences the far-
infrared phonon spectrum only slightly, because both ionsale nearly the same mass
and, in addition, the mass change is compensated by a changedhe ionic radius [13].
The temperature dependence shown in Figure 5.3 a) of the alstion lines con rms
that they belong to phononic or vibrational excitations: They shift to slightly lower
frequencies with increasing temperature due to the thermaxpansion of the lattice.
In addition, the damping factor increases with temperaturgleading to a broadening
of the lines.

The transmission spectra at lower frequencies were acquirgiith the BWO quasi-
optical setup (see Section 3.1.1) and are shown in Figure 5@ne additional absorp-
tion line can be identied at 12.5cm 1. The line shows a blue-shift with increasing
temperature which is pretty uncommon for phononic or vibroit excitation. The origin
of this line is unclear.

Identi cation of electronic absorption lines

DyPhOPh The free Dy** ion ground state®His-, has half integral angular momen-
tum. The low-symmetry crystal eld will raise the degenerag of the half integral
J multiplet except for the Kramers degeneracy resulting inJ+1/2)=8 doublets [1].
In the 1-dimensional chain short-ranged correlations appe upon cooling, having a
considerable in uence below 10 K with no phase transition. Xhese temperatures the
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chain will be split into several short segments, in which th®y** spins are antiferro-
magnetically aligned, which can be schemetically depictdny "#". By measuring the
far-infrared spectra the obtained energy-levels of the BY also resemble the antifer-
romagnetically arrangement, and are in general di erent tdhe energy levels in the
paramagnetic state at higher temperatures.

The magnetic eld dependence of the transmission spectra atk is shown in Figure
5.5 a). Normalizing the transmission spectra in zero eld tahe spectra in eld (Fig-
ure 5.5 b)) reveals two absorption lines at (402)cm ! and (68 2)cm !, which can
be assigned to electronic transitions experiencing a Zeemsplitting in the applied
magnetic eld.

The features at 45 and 55 cm' coincide with the resonance frequency of two phonon
lines (P8 and P10) and are artefacts of the magnetic eld ch@e of the strong elec-
tronic absorption line at 68cm 1.
At low temperatures, only the lowest Kramers doublet will hae an appreciable pop-
ulation. Thus transitions in the far-infrared spectrum areonly expected from the
ground doublet. The rst absorption line at (40 2)cm ! is therefore identied as
a transition from the ground Kramers doublet CFO to the rst excited doublet CF1.
The inset of Figure 5.5 c¢) shows the temperature dependenct tbe ratio spectra
with and without eld, as the temperature increases, the etl dependence becomes
very weak and vanishes completely at 20K. This behavior rdssl from the Boltz-
mann population of the states. The zero- eld spectrum was ted with the method
presented in Section 5.2, yielding at 5K a contribution to tk static magnetic perme-
ability o1 = 0:0005 0:0004. Using equation 5.1, this results in an averaged matrix
element of the magnetic moment of ( -, g jhfjS jiij?)=3=(3 2) 3.
The second absorption line lies at (682)cm ! and is more pronounced. Even in
the zero- eld spectra (see Figure 5.3) it is clearly visiblen DyPhOPh, but not in
TbPhOPh. The identi cation as an electronic absorption lire is veri ed by its mag-
netic eld dependence (see Figure 5.5 a) and b)) and is assgghto the transition from
CFO to the second excited doublet CF2. This absorption revesaa splitting into two
lines at 67.5 and 68.5cmt, which can not be explained by the crystal eld splitting
(this conserves the Kramers degeneracy of the two doubletsJhe splitting is an di-
rect evidence for an anisotropic exchange coupling actingy the Dy** spins, which
can raise the Kramers degeneracy [13]. At 5K, the contribuins to the static mag-
netic permeability was determined for the two parts of the dited absorption line as
%, =0:004 0001and = 0:0008 0:0005 resulting in an averaged matrix
element of the magnetic moment of ( -y, g jhfjS jiij)=3 = (47 14) % (both
parts are added).
At 20K, the appearance of a third absorption line at (602)cm * can be observed.
We assign this absorption also to a transition from the CFO tdhe second excited
doublet CF2. But, in di erence to the absorption line at 68cm? the line originates
from dysprosium ions in a paramagnetic arrangement'# ) as the 1-dimensional chain
short range correlations decrease with increasing temparee. For the rst absorp-
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5 Dy(PhOPh): A lanthanide-based single-chain magnet

Fig. 5.5: a) Transmission spectra of DyPhOPh (thickness 0.54 mm) at 2 Kb) Ratios of
the transmission spectra of DyPhOPh atB=0T normalized to spectra with an applied eld
(B=1T-6T) at 2K. b) Ratios of the transmission spectra for DyPh OPh of the spectra at

B=0T normalized to spectra with an applied eld of B=6T at temperatures from 2 K-80 K.
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tion line at (40 2)cm ! the observation of the line associated to the paramagnetic
arrangement is hampered by the small intensity of the line. Ae energy of the transi-
tion CFO! CF2 in the paramagnetic arrangement of (602)cm ! compares well with
previously reported CASSCF-calculations for the crystal eld splitting without any
coupling, which resulted in energy levels at 40.5 and 58.8 cinfor the two lowest
states [117]. The energy of the transition CRO CF1 found at low temperatures in the
antiferromagnetically arrangement at (40 2)cm ! can not be directly compared with
the CASSCF-calculation for the pure dysprosium. |p powderagnples, the determina-
tion of the matrix element of the magnetic moment _,. ., g sjhf j$ jiij 2 contains
a strong inaccuracy, resulting from the scattering of the diation inside the sample
and can be strongly overestimated. However, the scatterirghould a ect both lines
equally. Therefore, we conclude that the transition matrixelement of the transition
CFO! CF2 is sixteen times greater than that of the transition CF0 CF1.

TbPhOPh In contrast to Dy**, Th3" is a non Kramers ion with the ground multi-
plet 'Fg with J=6. In principal, low-symmetry crystal elds can lift the degeneracy
completely, leading to (J+1)=13 crystal eld levels. However, at low temperatures
the Tb®* ion is often modeled as a S=1 spin [117] with a non-Kramers gnad state
doublet. The spectra at 5K with and without magnetic eld arecompared in Figure
5.6. The comparison reveals one electronic absorption line (45 2)cm ! at the low
frequency shoulder of phonon P8, which shows eventually aligng into a line at
(43 2)cm ! and (46 2)cm 1. The other features visible in the relative spectra (at
55 2cm tand (70 2)cm 1) can not be clearly identi ed as caused by an electronic
transition, because they coincide with strong phonon abgation lines which can lead
to artifacts.
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5 Dy(PhOPh): A lanthanide-based single-chain magnet

Fig. 5.6: Ratios of the transmission spectra of TbPhOPh (thickness ®0mm) at B=0T
normalized to spectra with an applied magnetic eld (B=1T-6T) at T=5K

5.4 Discussion: Relation to the relaxation
dynamics

Previously reported results on the relaxation behavior stlied by alternating cur-
rent susceptibility revealed for DyPhOPh two distinguishéle temperature regimes:
At low temperatures, an Arrhenius behavior was found with aelaxation barrier of
9=(30 0:7)cm 1. Above 3.8K a crossover to an Arrhenius behavior with a relax
ation barrier of %= (49 0:3)cm ! was observed [14]. The crossover was attributed
to a transition from the nite-size regime to the in nite-size regime. In the following
we will reassess this attribution and discuss, whether thielaxation behavior can be
better explained by a switching between two relaxation pathays of the lanthanide
ion or within the framework of the extended Glauber model fosingle-chain magnets
with an additional anisotropy barrier.
For the extended Glauber model, the relaxation time is promed to be = o
exp((4iJjS?+ ) =kgT) in the in nite size regime and = , exp((2jJjS*+ ) =ksT)
for the nite size regime. For the crossover in the AC-suscépility data, the di er-
ence for the relaxation barrier yields °©  °=2jJjS2 = 19cm 1. Using the coupling
constantJ = 24 K given for the Dy**  Dy** interaction [57] (with a tilting angle be-
tween the two local easy axes of 2= 150 ), the value of the extended Glauber model
2jJjS? can be estimated asjdj%S? = 2S%J cos(2)j = 7:4cm ! with an e ective
spin of 1/2. The comparison of both results reveals a strong érence. The coupling
is too weak to account for the measured value. This di erenceas attributed to the
neglected contribution of the radical coupling to the model
Our far-infrared results suggest a di erent reason for therossover: the di erent re-
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Fig. 5.7: Scheme of the proposed switching of the relaxation procesea DyPhOPh. Only the
arrangement of the dysprosium spins is shown, the radical sps are neglected. Left: Orbach
process via the the rst excited Kramers doublet CF1 proposel to be active at temperatures
below the crossover atT = 3:8 K. Right: Orbach process via the the second excited Kramers
doublet CF2 proposed to be active at temperatures above therossover atT = 3:8K. In
addition, also the direct process is included which can leado under-barrier relaxation.

laxation barriers are caused by di erent relaxation pathwgs - one via the rst and
one via the second excited Kramers doublet. The energy-léwplitting of Dy ** was
determined at low temperatures as (402)cm ! for the rst, and (68 2)cm ! for
the second excited doublet. Assigning the low temperatureelaxation barrier of
= (30 0:7)cm ! to the rst excited doublet and the high temperature barrier
of 9= (49 0:3)cm ! with the energy of the second excited doublet. The relaxatio
barrier and the corresponding value of the excited state der by a factor of around
1.3-1.4. A factor of 1.3-1.4 agrees with relations found feihe di erence of the relax-
ation barrier to the energy of the excited doublet in other sigle-ion magnets caused
by under barrier processes like the direct process [16, 47].
The proposed relaxation mechanism is di erent to the relax#on process described for
transition-metal based single-chain magnets as presentedSection 2.4.2 and in Ref-
erence [50]. There the relaxation process takes place viatmovement of the domain
walls and the observed relaxation barrier is therefore gimeby = o exp((4JjS? +
) =kgT) in the in nite-size regime. The relaxation barrier consits of the factor
exp( =kg T) coming from the single-ion anisotropy barrier at a spin néxo a domain
wall and the factor exp(4JjS2=kg T) which considers the random walk, as the random
walk needs atime of 2= exp(4JjS?>=ksT) (with o = gexp( =kgT)) to reverse
one domain with the correlation length = exp(2jJjS?=kg T). In contrast, we propose
in our model that the relaxation in DyPhOPh takes place main} by spin- ips inside
of the domain walls, in the beginning of the relaxation pross. The energy barrier
to overcome is in this case the energy di erence between theognd Kramers doublet
and the excited doublet via which the Orbach relaxation proess of the dysprosium
can take place. This energy di erence is directly measured bhe far-infrared measure-
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ment, as at low temperatures the spins are arranged in an af@giromagnetic alignment.
A scheme of the proposed relaxation process for the two redddon regimes is depicted
in Figure 5.7.

The described picture of the switching of the relaxation preess is also in agree-
ment with unpublished AC-susceptibility measurements conducted on samples of
DyPhOPh where parts of the dysprosium ions were doped with @inagnetic yttrium
ions in order to arti cially reproduce the naturally occuring defects. Thereby, in the
Glauber model approach, a transition to the nite-size regne is arti cially reproduced
which should lead to an decrease of the relaxation barrier ad an acceleration of
the relaxation process [119]. However, the opposite trendigrobserved, the relaxation
barrier increased slightly in the yttrium-doped sample. As the doping with yttrium
does not change the relaxation dynamics in the way proposeaf the nite-size e ect,
this observation is an indication that the Glauber dynamicglays a subordinate role in
the relaxation process as re ected in the above described measingle-ion like picture.
We want to stress that also in this picture the barrier of the elaxation of one of the
dysprosium ions depends on the neighboring dysprosium spinBut, the relaxation
barrier di ers only slightly for the di erent spin arrangements. For the transition
CFO! CF2 the transition frequencies can be determined for the aférromagnetically
arrangement (‘#") at low temperatures (2K) as (68 2)cm * and for the paramagnetic
arrangement ("#) at higher temperatures (20K) as (60 2)cm 1.

In ToPhOPh the rst excited energy level is located at (45 2)cm 1. The relaxation
barrier was determined as =(32:1 0:7)cm ! [117]) without any crossover between
di erent relaxation regime. When comparing for ToDOTA, the rst excited level with
the relaxation barrier, we again nd a factor of 1.4.

The single-ion relaxation mechanism presents a coherencpire for both LnPhOPh
single chain magnets.

5.5 Conclusion

We have shown that far-infrared transmission spectroscoman be used as an e cient
tool to study the energy levels of low symmetry lanthanide its inside single-chain
magnets. For DyPhOPh at temperatures below 10 K, the energyf the lowest energy-
levels was determined as (402) cm ! and as (68 2)cm . This results give important
information for the relaxation mechanism of lanthanide basd single-chain magnets.
The value of the energy-levels suggest that the relaxatiorf the magnetization takes
place by an Orbach process via the rst excited doublet (at o temperatures) and the
second excited level (at higher temperatures) of the dysmioim ion with additional
under barrier mechanisms. The crossover observed in theavehtion measurements is,

! Private communication with Roberta Sessoli (University of Florence) and the PhD-thesis of Kevin
Bernot [64]
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therefore, given by a switching of the relaxation pathwaynside the dysprosium ion
rather than by the change from the nite- to the in nite-size regime of the extended
Glauber model.
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6 DyDOTA: A single-ion
lanthanide compound showing
slow relaxation of the
magnetization

6.1 Introduction

Lanthanides coordinated by the DOTA ligand (HLDOTA = 1,4,7,10-
tetraazacyclododecane-N,N',N ,N '-tetraacetic acid) ae well known as functioning as
contrast agents in magnetic resonance imaging [120]. Thevitemperature magnetic
behavior of Na[Dy(DOTA)(H,0)] 4H,O (DyDOTA) was studied by Car et al. [15]
and revealed that it acts as a single-ion magnet, showing slaelaxation of the mag-
netization. In the following the lanthanide family Na[Ln(DOTA)(H ,0O)] 4H,O with
Ln=Dy, Tb, Ho, Er, Tm, Yb was investigated in depth by means ofAC-susceptibility,
angle-resolved susceptibility, and luminescence measuents [8, 15, 58]. The symme-
try of the rst coordination sphere of the Ln-ion is nearly tdragonal, but the tetragonal

Fig. 6.1: Left: View of the quasi-tetragonal coordination sphere of ByYDOTA [15]. Right:
Crystal packing in the triclinic cell [15]. Color scheme: Dyl green, Nd yellow, O! red,
C! gray, N! blue.
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symmetry is absent when considering the wider coordinatiageometry (see Figure 6.1).
The overall spacegroup of the crystal is triclinic (P-1). Tle crystal eld at the dypro-
sium ion has a low symmetry and calculations with the crystaleld Hamiltonian are
hampered by the absence of symmetry. The theoretical treatmt, therefore, included
sophisticated ab-initio CASSCF calculations. In the follewing the previously obtained
results will be summarized.

6.1.1 Magnetic relaxation

AC-susceptibility measurements revealed the presence tdvg relaxation in the three
Kramers-ion based compounds DyDOTA, ErDOTA, and YbDOTA (se for charac-
teristic parameters Table 6.1) and an absence of slow reldin in the non-Kramers
ion compounds TbDOTA, HODOTA, and TmDOTA [15]. Solely, for the Kramers ion
DyDOTA slow relaxation was observed without a magnetic eld The absence of slow
relaxation in the non-Kramers ions was related to the largaunneling splitting between
the two lowest energy eigenstates. Neither the applicatioof a static magnetic eld,
nor magnetic dilution with yttrium ion resulted in any obsewable slow relaxation.
We will focus here on the relaxation process of DyDOTA. In dail, in DyDOTA two
relaxation processes were observed: A fast process, whiomehates in zero eld, and
a slower process, which was enhanced with respect to the &asprocess by the ap-
plication of a static magnetic eld (see Figure 6.2). The fasprocess was identi ed
by its magnetic and temperature dependence to originate frothe direct process (see
Section 2.3.1.1). The slow relaxation process showed an Benius behavior and was,

Fig. 6.2: Magnetic eld dependence of the relaxation time extracted fom AC-susceptibility
measurementes. Blue circles: fast process (direct procgs®Red circles: slow process (Or-
bach).The dimensions of the symbols represent the percentg of the isothermal suscepti-
bility involved in the process. The grey line is a guide to the eye, while the black line
represents theH “ dependence expected for a direct process. Reproduced fromeR [15]
with permission from The Royal Society of Chemistry.
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therefore, identi ed as an Orbach process (see Section 2.2). Magnetic dilution with
Yttrium ions slowed down the fast process, but left the slownpcess una ected. For
ErDOTA and YbDOTA only the Orbach-process was observed. Haver, the Arrhe-
nius behavior = gexp( E=kg T) was only apparent in a small temperature window.
Outside this range it deviated signi cantly from the Arrhenius law. Therefore, for a
better estimation of the energy barrier of the Orbach-proas a t with an additional
T" contribution was conducted. The results of the energy baet E of the Arrhenius
law for the three compounds are summarized in Table 6.1.

E(cm ') Hpc(Oe) (D2 Dil)(em ) ( D3 D1)(cm 1)

DyDOTA 42 900 64 112
ErDOTA 35 1000 20 63
YbDOTA 25 1000 197 379

Tab. 6.1: Characteristic values of the three LnDOTA compounds showirg slow relaxation.

The rst value E(cm 1) is the energy barrier of the Orbach process derived by AC-
Susceptibility measurements with a static magnetic eld Hpc (Oe). The last two rows:

( D2 D1)(em YHand ( D3 D1)cm 1) show the energy di erence between the ground
and rst excited energy state and the ground and second excitd energy state derived by
CASSCF-calculations [58].

6.1.2 Luminescence and CASSCF-calculations

The energy level structure of all of the compounds was obtad by CASSCF ab-initio
calculations [8, 58]. Experimentally, the energy level sicture was measured by lumi-
nescence for DyDOTA and TbDOTA. For DyDOTA a well resolved mitiline emission
spectrum was observed for transitions between the follovgmultiplets with an excita-
tion wavelength of 365 Nm:*Fgy | SHis0, *Fos | ®Hiz, and *Fg, | ®Hyy-p. The
experiments were conducted on powder samples at room temgigire. In luminescence
experiments the crystal eld splitting of the multiplets leads to a multiline structure
in the emission spectrum, caused by the di erent energy lelgeof the ground state.
In general also "hot-bands" due to transitions starting frm excited crystal- eld states
of the excited multiplet (here “Fq¢-,) can be present. Analysis of théFo, ! ®His
transitions revealed an overall-splitting of the ground mitiplet by the crystal eld
comparable to the results obtained theoretically by the CASCF-calculations. Also,
the energy-level structure obtained by the luminescenceegtra was well reproduced by
the ab-initio calculations. For the relaxation process eggially the di erence between
the ground and rst excited crystal- eld level of the ground multiplet is of interest,
which was evaluated to be 53 8cm . For TbDOTA with an excitation wavelength
of 380 nm well resolved multiline emission spectra were obtad for the transitions
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5Dy ! "Fg,°Ds! 'Fs,°Dy! “F4, and®D4 ! “Fs. The overall crystal- eld splitting
of the "Fg ground multiplet was again well reproduced by the CASSCF callations.
The agreement of the individual energy-levels was not as gbas for DyDOTA.

6.1.3 Motivation of far-infrared spectroscopy
6.1.3.1 Crystal- eld splitting

In general, far-infrared spectroscopy in the study of lan#mide based SIMs has the
same aim as luminescence spectroscopy. Both can give infation on the crystal eld
splitting of the lowest multiplet. Therefore, the rst aim of the far-infrared study is to
provide an independent method to verify the energy levelsrsicture revealed by the
luminescence spectra.

In addition, it is assumed that the Orbach relaxation proces operates via the rst
excited crystal- eld doublet. Therefore, an accurate and qgcise determination of the
energy-level structure is crucial to gain a deeper insightto the relaxation dynamics
of lanthanides. Compared to luminescence spectroscopy,-fiafrared spectroscopy has
four main advantages. 1. The measurements can be performeitiva higher spectral
resolution and therefore a more precise determination of éhenergy-level structure is
possible. 2. The determined energies at which absorptiomdis appear are directly
connected to the energy-levels of the crystal- eld split gund multiplet. 3. The issue
of hot-bands, which hamper the interpretation of luminescee spectra is absent in
far-infrared spectra. 4. By applying a magnetic eld, the spctroscopic g-factors of
the transitions can be determined.

For DyDOTA, the energy dierence between the lowest two doulets obtained by
the CASSCF-calculations and luminescence spectra is slighhigher than the energy-
barrier for the reversal of the magnetization determined bthe AC-susceptibility mea-
surements. For DyDOTA the CASSCF-calculation revealed amergy-level at 64 cm*!
(measured by luminescence at 53 8cm 1) and an energy-barrier for the reversal of
the magnetization of 42 cm?. This observation is in agreement with previous results,
where the energy-barrier for the reversal of the magnetizah is lowered compared to
the energy of the rst excited crystal- eld doublet [7]. The reason for this discrep-
ancy is still under debate. In the eld of molecular magnetis the di erence is often
attributed to under-barrier mechanisms like quantum tunnéng or the direct process
[16]. Whereas, in early studies of lanthanides the lowerirgf the energy-barrier was
suggested to originate from a nite-level width of the rst excited state. Younget al.
[121] discussed the case that the linewidth originates fromctuations in the local
crystalline elds. In contrast, Lyo [122] related the linewdth to the natural linewidth
due to the nite lifetime of the excited levels.

A special issue of the relaxation process of DyDOTA is the swehing between the
direct process and the Orbach process when the magnetic eklincreased. To shed
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light onto this issue, our aim of the far-infrared study is tadetermine the spectroscopic
g-factor and the (magnetic eld dependent) transition matix element of the transition
between the two lowest Kramers doublets. Especially, thednsition matrix element
is assumed to be relevant for the appearance of the Orbach pess [16].

In addition to the magnetic properties of the ground multipét, far-infrared spec-
troscopy o ers the opportunity to study also the dielectricand optical phonon proper-
ties of the compound. In lanthanides based molecular magsetoptical phonons can
take part in the relaxation process (see Section 2.3). A deteination of the resonance
frequencies is crucial to get a deeper understanding of thelaxation process. As opti-
cal phonons have a at dispersion relation, they can only bective in a small energy
window.

In addition, far-infrared spectroscopy o ers the opportuiity to study the frequency-
dependent dielectric properties of the sample. With respeto the electronic transi-
tions inside the ground multiplet, they are of crucial impotance. As for magnetic
dipole transitions the spectral weight k d (integrated over the absorption line) is
proportional to the refractive index ( ) in that frequency range ( k d () A
high refractive index enhances the absorption caused by a gmeetic dipole transition.
Therefore, for a quantitative analysis of the intensities fomagnetic dipole transitions,
the determination of the refractive index is necessary.

6.1.3.2 Terahertz vibrations in hydrogen bonded networks

Compounds that contain water are well known to exhibit a richvariety of resonances
in the frequency range from 3 to 100 cnt [19]. The resonances are indications of the
formation of weak intermolecular hydrogen bonds. The fornti@n of hydrogen bonds
is still an active eld of research due its importance in manyi erent elds e.g. bio-
logical systems and pharmacology (see Ref. [19] and refeesntherein).
Na[Dy(DOTA)(H ,0)] 4H,O contains ve water molecules which are situated at dif-
ferent lattice sites. A view along the b-axis of the crystalsi shown in Figure 6.3 (a).
Na[Dy(DOTA)(H ,0)] H,O forms a linear coordination polymeric structure along the
b-axis. Hexameric, nearly planar water clusters (OW2, OW3)WS5) join these linear
chains. The water hexamers are attached to the chain netwolly hydrogen bonds to
the oxygen atoms.

The two residual water molecules are coordinated in the chmstructure
Na[Dy(DOTA)(H ,0)] H,O: one to the dysprosium ion (OW1) and the other to the
natrium ion. Both form hydrogen bonds with two nearby oxyges.

Therefore, Na[Dy(DOTA)(H,0)] 4H,O o ers the opportunity to study the low-energy
excitations of hydrogen-bonded water molecules.
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(@)

(b) (©

Fig. 6.3: (a) Crystal structure of DyDOTA [15] viewed along the b-axis. (b) Water molecules
(OW2, OW3, OWS5) connecting the molecular chains by forming hexamers. (c) Water
molecules coordinated to the dysprosium ion (OW1) and the n&ium ion (OW4)
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6.2 Methods and materials

Transmission spectra of DyDOTA and TbDOTA were acquired wit a Bruker IFS 113
v Fourier Transform spectrometer connected to an Oxford Spgomag 4000 Split-Coil
Magnet with Mylar windows in the frequency range of 20-100 cm with a resolution
of 0.5cm . The experimental setup is presented in Section: 3.1.2. Magfic elds
were applied up to 6 T in Voigt geometry.

The samples Na[Dy(DOTA)(H,0)]s H»0 and Na[Tb(DOTA)(H ,0)], H»O were syn-
thesized in the group of R. Sessoli (University of Florence)rhe synthesis procedure
is described in the supplementary material of Caet al. [15]. For the far-infrared mea-
surements microcrystalline Na[Ln(DOTA)(H.O)]s H,O were pressed in a pellet. Due
to strong phonon absorption of LnDOTA, dilution of the micracrystalline LnDOTA
compound with eicosane was necessary. For the infrared pespes of eicosane see
Section: A.2.

The measurements were extended to the low frequency range3@cm 1) by the use
of a coherent source THz spectrometer (compare Section: .2)1

The sample compositions and characteristics are summauize Table 6.2.

Compound Composition Thickness Formula  Number density
weight

FTIR DyDOTA 1 7.0mg DyDOTA 0.045cm 676g/mol 8 10”°1/cm3
+ 65.5mg eicosane

TbDOTA 1 13.2mg TbDOTA 0.030cm 672g/mol % 10°°1/cm3
+ 22.2mg eicosane

THz DyDOTA2 46.8mg DyDOTA 0.040cm 676g/mol B 102 1/cm3
TbDOTA 2 48.7mg TbDOTA 0.036cm 672 g/mol 5 10*1/cm?
DyDOTA3 1.7mg DyDOTA  0.015cm 676g/mol ¥4 10?*1/cm3
TbDOTA3 1.8mg TobDOTA  0.016cm 672g/mol 14 10*'1/cm3

Tab. 6.2: Composition and characteristics of the samples used for thdar-infrared and
terahertz measurements of LnDOTA. The pellets of compoundd.nDOTA 1 and LnDOTA 2
has a diameter of 1 cm, whereas LnDOTA only have a diameter of 0.3cm

6.3 Results and Discussion

This section is divided into four parts: 1. The dielectric poperties are determined and
the optical phonon spectrum is discussed. 2. The far-infradl spectra of DyDOTA
are analyzed with respect to electronic transitions insidthe crystal- eld split ®His-,
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ground multiplet of the dysprosium ion. 3. The spectra of TO@TA are analyzed
with respect to electronic transitions inside the crystaleld split “Fg ground multiplet
of the terbium ion. 4. The impact of the results for the interpetation of the magnetic
relaxation process is discussed.

6.3.1 Dielectric and optical phonon properties

Optical phonons of DyDOTA and TbDOTA

The temperature dependence of the far-infrared spectrum 8yDOTA 1 is shown in
Figure 6.4 (a). For the identi cation of the lattice- and vibrational modes in Figure 6.4
(b) the spectra of TODOTAL1 and DyDOTA1 are compared. Both reveal absorption
lines at nearly the same frequencies. As TbDOTA and DyDOTA arisostructural, all
local and lattice vibrations of molecules or ions which do nanclude the lanthanide
ion should stay the same. For vibrations, which include the otion of the lanthanide
ion, the substitution of one lanthanide ion by another (her®y-Tb) changes the lattice-
and vibrational modes only slightly, because they have sitar masses and, in addition,
the mass change is compensated by a change in the ionic radiL&3]. Therefore, all ab-
sorption lines in the far-infrared spectrum, which are laded P1-P8, can be identi ed
as lattice- and molecular vibrational modes. Further evidee for their phononic and
vibrational character stems from the magnetic eld dependee of the spectra. Figure
6.4 (c) shows the spectra of DyDOTA at 2K in a magnetic eld of 6 T and without
a eld. All lines show no change under the in uence of a magneet eld, excluding
them to stem from electronic transitions. The absorption he E1 can be attributed to
a phonon mode of eicosane which was used as a diluent (compaeetion: A.2).
In the following we will try to assign the di erent modes to cetain vibrations of molec-
ular units of ions in the crystal. For the complex crystal stucture of DyDOTA this
evolves into a complex task. As theoretical calculations arbeyond the scope of this
thesis, we will try to assign the phonons by their temperatwe dependence and by
comparison with previous results obtained for similar motilar clusters.
In general FIR-spectra from 3-100 cm* contain vibrations which contain ions or molec-
ular units of high mass, or low energy bonds. As the resonantequency is propor-
f

tional t0  resonance m-

The water molecules in LnDOTA are connected by hydrogen boado neighboring

ions and the stretching and bending modes of the water moldes along the hydrogen
bonds should occur in the measured frequency range [19]. &mthanide containing

compounds, also lattice phonon modes can be observed in tlaeng frequency range
due to the high mass of the lanthanide ions [123].
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(©

Fig. 6.4: (a) Far-infrared transmission spectra of DyDOTA1 in the temperature range from
2K to 141 K at zero magnetic eld. (b) Comparison of the transmission spectra of DyDOTA1
and TbDOTA 1 at T=5K and B=0T. (c) Magnetic eld dependence of the DyDOTA trans-
mission spectra at T=2K. The arrows indicate the phonon resonance frequencies. The
phonons are labeled P1-P8.
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P1-1 P1-2 P2 P3-1 P3-2 P41 P4-2 P5 P6 P7 P8

0
(cm 1) 356 395 422 457 477 56.2 583 742 774 810 911

f
(cm 2 58 119 182 79 101 324 384 616 143 158 56.5

(cm?l) 102 37 28 24 30 35 63 55 24 22 64

Tab. 6.3: Parameters of the phononic absorption lines in DyDOTAL obtained by tting
the transmission spectrum at 5K and OT with the Fresnel equatons introducing electric
oscillators (compare Section 3.2.1). ¢ - eigenfrequency,f - oscillator strength (intensity),
and - damping. The labeling is according to Figure 6.3. For P1, P3 and P4 revealed a
ne structure. The di erent contributions are labeled Px-1 and Px-2.

Characteristic of all of the absorption lines is the stronglarpening of the lines with
decreasing temperature, except the width of the P2 phononaihchanges only gradually
(see Figure 6.4 (a)). The parameters (the eigenfrequency, the oscillator strengthf ,

and the damping ) of a multiple dielectric oscillator t of the lines using the Fresnel
equations (compare Section 3.2.1) are presented in Table8Gor DyDOTA1 at 5K

and OT. The multiple oscillator t of the transmission spectum at 5K showed the
lines P1, P3, and P4 are best tted by using two Lorentian-shaed electric oscillators
(Table 6.3). Therefore, they either consist of two lines orut of one line which is highly
asymmetric.

The temperature dependence of the resonance frequenciesheftwo di erent modes
of P4 are depicted in Figure 6.5. The two lines show a di erenbehavior, as the
lower frequency line P4-1 undergoes a red-shift by increagitemperature, the higher
frequency line P4-2 undergoes a blue-shift. The blue-shigtunusual for intermolecular
vibration or bending modes.

The second line we want to discuss in more detail is the line B242cm 1. In contrast
to the others lines, as the temperature is raised the linewtu stays nearly constant.
As the change of the linewidth is related to the anharmonigitof the force eld and the
lifetime of the excited state, it follows that the force eldis near to harmonic and that
the phonon lifetime of the excited state is long. Furtherma, the resonance frequency
of the mode only shows a small shift depicted in Figure 6.5. €hshift occurs at 40K
where the rst excited energy-level of the mode gets thermglpopulated according to
the Boltzmann population of states for a state of 42 cnt. As the nature and physical
extent of the interatomic forces decides the symmetry of thpotential function, the
low anharmonicity of the force eld of P4 indicates that the nodes have a di erent
origin than the other modes. Figure 6.6 shows a comparisontveen the mode in
DyDOTA and TbDOTA. The spectra were acquired with the BWO-THz setup with
high resolution. The resonance frequency of the mode chaageom 42.2cm? for
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Fig. 6.5: Temperature dependence of the resonance frequencies of theonons P2 and P4.

DyDOTA to 42.7cm ! for TODOTA. The shift indicates that the lanthanide ion takes
part in the motion underlying the P4-mode.

Without detailed theoretical calculations or a modi ed exgeriment, e.g. deuteration
or removing the water molecules by heating, a de nite assigment of the lines is not
possible. However, there are hints that some of the lines che caused by bending or
stretching modes of the water molecules (OW1, OW2, OW3, OWHWS5) inside the
crystal structure: First, the strong sharpening of the line except P2 with decreasing
temperature. The sharpening of the lines for modes of wateralecules are connected
to anharmonic force elds [19]. Whereas, intramolecularrdies sharpen also, the e ect
is often not as pronounced, as the stronger bonds inside of lexules are less anhar-
monic and less in uenced by temperature changes.

Second, the intensities (taking into account the dilution bDyDOTA 1 with eicosane)
of the lines are high. Absorption lines caused by lattice wviations without water in
lanthanide ions are often less intense [9, 11, 124, 125]. Wwes, the intensities are
comparable to the ones observed in water molecules bond torydewhere the water
molecule is hosted within i.e. cages of inorganic mineraldhform one-dimensional
hollow cylinders [126].

Third, a line at 53cm 1! in far-infrared measurements and at 60 cnt in Raman mea-
surements was observed in liquid water [19, 127, 128, 129f.wlas attributed to a
torsional vibration mode originating from the bending moton of the intermolecular
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Fig. 6.6: BWO-THz-Transmission of DyDOTA 3 and TbDOTA 3 at 2K and 0 T. Comparison
of the P4 phonon in DyDOTA and TbDOTA.

hydrogen bond [127], but the attribution is still under debge [130]. Recently a reso-
nance frequency around 50 cnt was also observed for water molecules bond to beryl
[126]. It is possible that the resonance line P4 in DyDOTA hathe same origin as
the previously discussed ones. The blue-shift (observed tbe mode P4-2) was also
observed for an intermolecular vibration mode of sucroseoalg a hydrogen bond in
the far-infrared by Walther et al. [131]. They attributed the blue-shift to a scenario
where weak noncovelent forces such as van der Waals forceakea the hydrogen bond
modes. However, also there no de nite explanation was pdsi&.

Dielectric properties of DyDOTA and TbDOTA

For the determination of the low frequency dielectric propies, the Fabry-Perot res-
onances of the transmission spectrum were tted using the &snel equations for a
planparallel pellet. The ts are shown in Figure 6.7. The relapart of the refractive
index was determined to be around 3.9 for DyDOTA2, 4.0 for ToDOTA2, and 2.5
for DyDOTA 1. The di erence of the refractive index of DyDOTAL and DyDOTA?2
is attributed to the dilution of DyDOTA with eicosane in the sample DyDOTAL. In
the following section for the calculation of the normalize@dbsorption cross section of
the electronic absorption lines in DyDOTA the refractive imex of DyDOTAL 2.5 is
used. As the refractive index does not change noticeably Wwitemperature and mag-
netic eld it is considered constant for all elds and tempeatures. The same value is
also taken for TODOTA, because the real part of the refracte index is only slightly
in uenced by the substitution of the lanthanide ion.
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Fig. 6.7: Fit of the BWO-THz-Transmission spectrum of DyDOTA 2 (a) and TbDOTA 2 (b)
at 2K and OT. (c) Fit of the far-infrared transmission spectrum of DyDOTA 1 at 2K and
OT.
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6.3.2 Electronic transition inside the crystal- eld split ®H 15—
ground multiplet of dysprosium in DyDOTA

As described in the previous Section 6.3.1 none of the stroafsorption lines in Th-
DOTA or DyDOTA are connected to an electronic absorption lie. However, by ap-
plying a magnetic eld the transmission spectra of DyDOTA sbw slight changes in
the frequency range from 40cm' to 65cm ! (see Figure 6.4 (c)). To resolve small
changes, the di erence of the normalized absorption crosscsion (de nition see Chap-
ter 4) between spectra in a magnetic eld and without eld is siown in Figure 6.8.
We use the di erence of the normalized absorption cross (deed in Section 4.2) to
resolve small changes of the spectra when a magnetic eld igpdied. It allows direct
conclusions about the strength of magnetic dipole transans in terms of the transition
matrix element j hf jgJjf ij 2. We can identify two features, one between 42 crh and
55cm 1, and the second between 55cm and 60cm 1. The third feature at 85cm *?
is attributed to an instability of the spectrometer at that frequency.

A dip observed in the di erence of the absorption cross seot appears when spectral
weight is shifted away by the application of the magnetic el. Therefore, we identify

T T I T I T T T T T

T T T T
——A(05T-0T) ——AIT-0T) |

A (1.5T-0T) A 2T-0T)
AQ5T-0T) ——ABT-0T)
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—
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Fig. 6.8: Di erence of the normalized absorption cross section of Dy[DTA 1 at 2K between
spectra in- eld and without eld (=  In(Tr(xT)) +In(Tr(0T)) = & 3h§! 1inf jodifij2).
The feature assigned to the electronic absorption line fromthe ground Kramers doublet
(KD1) to the rst excited Kramers doublet (KD2) is marked wit h a grey background. The
feature assigned to the line from the ground Kramers doubletKD1) to the second excited
Kramers doublet (KD3) is marked with a blue background.
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the zero- eld position of the rst absorption line at 44cm *. Through the application
of the magnetic eld, spectral weight is transferred to lowefrequencies appearing as an
upward peak in the di erence spectra at 43 cmt. In addition, on the high-frequency
shoulder of the dip, an upward peak appears which increasesdashifts two higher
frequencies with increasing magnetic eld. The interpretigon of this unusual shape is
the following: As described in Section 4.5 the spectroscop-factor for a sample made
of powder is di erent for every crystallite direction, as the magnetic eld points for
every crystallite in a di erent direction relative to the molecular frame. We propose
that the direction of the magnetic eld results for most crysallites into a small negative
spectroscopic g-factor, leading to a shift to lower frequeies. The direction of the
magnetic eld results for other crystallites in a positive pectroscopic g-factor, but for
these crystallites the transition matrix element is zero irzero- eld, and the transition
only gains intensity by the application of a magnetic eld, eading to the feature on the
left shoulder of the dip. We propose that crystallites with a easy axis parallel to the
magnetic eld are responsible for this shift to higher fregencies (see Figure 6.9 (a)).
A zoom-in of the feature is depicted in Figure 6.9 (c). A podsie energy-level diagram
along the easy-axis direction is shown in Figure 6.9 (b). Inigure 6.9 (d), a tto the
normalized absorption cross section is shown. The t was cdacted by assuming an
absorption line of Lorentzian shape at 44cnt at zero-magnetic eld; for the t the
absorption line was shifted to lower frequencies with incasing magnetic eld with a

spectroscopic g-factor ofspec = 0:5= g % " (with g the Bohr magneton in units of

T l). An additional absorption line of Lorentzian shape was imbduced with a zero-

eld position at 44cm ! which shifts to higher frequencies in a magnetic eld with a

spectroscopic g-factor ofspec = 3= & “F - (for the projection of the magnetic eld to

the easy-axis a sine function was used), and gains intensityth increasing magnetic
eld. The feature which shifts with a spectroscopic g-factoof gspec = 3= 5 <% - (grey
background in Figure 6.9 (d)) to higher frequencies is attouted to crystallites with

an easy-axis parallel to the direction of the magnetic eld.

The second feature between 55crh and 60cm ! reveals a dip at 55cm?! and the
spectral weight shifts to higher frequencies when the magie eld is increased. By
the application of the magnetic eld the dip is overlapped fom the high frequency
shoulder of the rst transition.

Our assignment of the two electronic absorption lines is ftirer con rmed by the
temperature dependence of the normalized absorption crassction (see Figure 6.10):
when the temperature increases, the features decrease anperatures from 2K to
40K and then vanish at 60K, as expected from the Boltzmann drsbution for the
population of states. The decrease with temperature indites that both transitions
originate from the ground state. Therefore, we assign the st absorption line at
44cm ! to the transition from the ground Kramers doublet to the rst excited dou-
blet in the dysprosium ground multiplet ®H,s-, and the second absorption line to the
transition from the ground Kramers doublet to the second exied Kramers doublet.
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Fig. 6.9: (a) Relative direction of the easy-axis in the crystallites of DyDOTA in the labora-

tory reference frame @ magnetic eld and the polarization direction) which we propose to
be responsible for the feature (marked with a grey backgroud) shown in (c). (b) Schematic
view of a possible energy-level diagram for the magnetic al parallel to the easy-axis. The
green arrows indicate the possible transitions induced by lte oscillating magnetic eld in

the direction of the easy-axis. The thickness of the arrowsridicate the magnitude of the
transition matrix element. (c) Experimental normalized ab sorption cross section at 2K of
DyDOTA 1. (d) Fit to the normalized absorption cross section. Details of the t are de-
scribed in the main text.
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Fig. 6.10: Dierence of the normalized absorption cross section of Dy[DTA 1 between
spectra in a eld of 2T and without a eld at di erent temperat ures. The feature assigned
to the electronic absorption line from the ground Kramers daublet (KD1) to the rst excited
Kramers doublet (KD2) is marked with a grey background. The feature assigned to the line
from the ground Kramers doublet (KD1) to the second excited Kramers doublet (KD3) is
marked with a blue background.

We were not able to nd crystal eld parameters which re ect the measured spectra
using the simulation program presented in Section 4.3. Asrf@yDOTA no reduction
of the crystal eld parameters due to symmetry consideratias is possible, there are
27 crystal eld parameters.

The measurements were also extended to lower frequenciesyddo 4 cm ! by the use
of the coherent source THz spectrometer described in Secti®.1.1. The transmission
spectra are shown in Figure 6.11 (a) without eld and in an apieed eld of 6.
No additional absorption line and no dependence on magnetield is visible in the
frequency range from 4-20 cnt.

The experimentally determined energy levels at 42 crh and 55c¢m * do not compare
well with the CASSCF-calculation [8], where the two lowest reergy-levels were cal-
culated at 64cm?! and 112cm?. In addition, they are also not in agreement with
previous luminescence measurements, where the two lowestiblets where determined
to lie at 53cm ! and 110cm®. A comparison of the results of the luminescence mea-
surements [8], the CASSCF-calculations [8], and the farfrared measurements are
shown in Figure 6.12. However, reconsidering the raw lumseence data [8], the peak
assigned to the energy of the rst doublet at 53 cm! has a small ne-structure, which
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(a) DyDOTA (b) TbDOTA

Fig. 6.11: THz-transmission spectra of DyDOTA (a) and TbDOTA (b) for B=0T and
B=6T at T=2K.

Fig. 6.12: Comparison of the results of energies of the low lying Krames doublets of
DyDOTA obtained by luminescence measurements [8], CASSCEalculations [8], and far-
infrared measurements. The dashed line indicates the limibf the accessible frequency range
for the conducted far-infrared measurements.
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Fig. 6.13: Left: Transmission spectra of TODOTA at T=5K in magnetic elds of 0T and
6 T. Right: Di erence between the in- eld and zero- eld norm alized absorption cross section
at T=5K.

can also be indicative of two close lying peaks. If the lumiseence data are interpreted
in this way, the two close lying peaks at 53 cmt are in agreement with our far-infrared
results.

Far-infrared spectra acquired with the Bruker 113 are knowmo contain small, mag-
netic eld-dependent changes of the spectra when a magnet&ld is applied also with
no sample in the beampath. The source of the induced systentaerror is unknown.
To check, if the results of the magnetic eld-dependent chayes observed in the Dy-
DOTA compound are caused by the sample or by a systematic errave conducted
additional experiments (compare Appendix A.2). We are coment that the results
are not caused by a systematic error, but are instead a matatiproperty as discussed
before. In addition, the far-infrared measurements were peated several times with
di erent sample thicknesses and the results stayed qualtiaely the same.

6.3.3 Electronic transition inside the crystal- eld split Fe
multiplet of terbium in TOoDOTA

In Figure 6.13 (left) the far-infrared spectra of TODOTA at T=5K in zero magnetic
eld and in a eld of 6 T are shown. We are not able to observe angbsorption line
associated to an electronic transition inside théFg multiplet of terbium. Also the

di erence in the normalized absorption cross section show® feature which shifts in
magnetic eld. The small deviations of the di erence of the nrmalized absorption
cross section are of the same order of magnitude as for DyDOTAowever, the noise
of the TbDOTA data is higher than for DyDOTA due to the use of a d erent sample
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holder.

For terbium an electronic energy level inside théFg multiplet is proposed at 25cm?!
and 30cm ! by CASSCF-calculations [58]. Note that for terbium a non-Kamers ion
the degeneracy of the ground multiplet with J=6 can be liftedtotally by the crys-
tal eld, leading to 13 crystal eld levels. The proposed en@y-levels at 25cm?
and 30cm ! are located at the low frequency border of our far-infraredpgctrometer.
Therefore, the measurements were extended to cover also dovirequencies down to
4cm ! by the use of a coherent source THz spectrometer describedSaction 3.1.1.
The transmission spectra are shown in Figure 6.11 (b) withoueld and for the high-
est applied eld of 6 T. No additional absorption line and no @épendence on magnetic
eld is visible in the frequency range of 4-20 cm'. Therefore, we can conclude that for
TbDOTA no electronic transition can be observed by the use aiptical spectroscopy
in the range of 4-100cm?.

6.3.4 Discussion: Relation of the results to the relaxation
behavior

For DyDOTA, the electronic transition observed at 44 cm?! from the ground state to
the rst excited state suggests, that the thermally activatd relaxation mechanism in
DyDOTA is caused by an Orbach-relaxation mechanism (see $ea 2.3.1.2). The
energy of the rst excited Kramers doublet (44 cm?) agrees well with the measured
relaxation barrier in AC-susceptibility measurements at Z2cm ! [15]. In addition, the
far-infrared results give a hint for the switching of the redxation pathway in DyDOTA
from the direct process to the Orbach process [15]: the switng can be caused by
an increase of the transition matrix element between the stas of the lowest Kramers
doublet and the rst excited Kramers doublet in a magnetic dd (depicted in Figure
6.9). The matrix element of the magnetic momentis an indicator of the relevance of
the Orbach process via that state [17]. Therefore, the inase of the Orbach process
with respect to the direct process with a magnetic eld in DyODTA can be caused
by the magnetic eld induced increase of the matrix elementfahe magnetic moment
along the easy-axis. A de nite answer to this problem can bebtained by single crystal
measurements. In single-crystal measurement it can be tedtif the shift to higher
frequencies of the absorption line at 42,cm is connected to the proposed e ect along
the easy-axis (compare Figure 6.9).

The second aim our far-infrared measurements was to studyetoptical phonon proper-
ties of DyDOTA and its possible in uence on the relaxation mehanism. Unfortunately,

N
LIn our de nition the transition matrix element jhf jgJjfij? is directly proportional to the matrix
N
element of the magnetic momentj hf jg g Jjf ij 2.
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6.4 Conclusion

a de nite assignment of the observed optical phonon modes svaot possible. There-
fore, we are not able to decide if the observed phonons play @e in the magnetic
relaxation process.

6.4 Conclusion

In conclusion, we have studied the energy-level structurd ByDOTA and TbDOTA
by means of far-infrared spectroscopy in the frequency ram@f 4-100 cm?.

A drawback of the study of LnDOTA by far-infrared spectroscpy was caused by the
strong phonon absorption of LnDOTA. Presumably, the reasofor the stronger phonon
absorption is given by the water molecules in the crystal sicture of LnDOTA. Studies

of the far-infrared absorptions of water are in itself an acte eld of research, but are
a drawback for the study of electronic absorption lines. Ashe electronic absorption
lines are superimposed by phonon lines, the de nite idenitation of the electronic
lines was hampered. Therefore, we conclude that water coimteng single-molecular
materials are not well suited for far-infrared spectroscgp

However, for DyDOTA, the energy of the two lowest Kramers ddulets were identi-
ed at 44cm ! and 55cm ! by their behavior in a magnetic eld. The energy of the
rst excited Kramers doublet (44 cm 1) suggests that the thermally activated relax-
ation mechanism with a relaxation barrier of 42cm' observed in DyDOTA can be
attributed to an Orbach relaxation mechanism. The splittirg of the electronic ab-
sorption line in a magnetic eld gives a possible explanatiofor the switching of the
relaxation pathway in DyDOTA: The increase of the matrix elenent of the magnetic
moment with increasing magnetic eld can raise the probabtly of the Orbach process
with respect to the direct process.

For TOoDOTA, no electronic absorption line was visible in thefar-infrared spectra.
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7/ Ln(NITPhOPh) »: One
lanthanide 1on coupled to two
NIT-radicals

7.1 Introduction

The study of the compound Ln(NITPhOPh), faces di erent issues of lanthanide based
single-molecular magnetic materials.

First, from a magnetic point of view, the complex consists dhree interacting, mag-
netic centers: A lanthanide ion with strong spin-orbit couping and two NIT-radicals
with an isotropic spin. The exchange coupling between an iomth an orbitally degen-
erate ground state (like most of the lanthanides) to only spi carriers is complicated,
because the spin Hamiltonian fails to describe the situatio In addition both the crys-
tal eld e ect and the exchange interaction are relevant in he same temperature range
that makes the disentanglement of both in magnetization maarements challenging.
A sketch of the interactions (nearest and next nearest neighbr) is depicted in Figure
7.1 on the right side. Both nearest-neighbor coupling betwa the lanthanide spin and
the radical spin, and next-nearest neighbor interaction ansmitted by the lanthanide
ion between the two radical spins are of the same order of maiyle [5].

The second reason to study the complex stems from the obsdiwa that
Tb(NITPhOPh) , and Dy(NITPhOPh) , in its own show slow relaxation of the magne-
tization - Tb(NITPhOPh) , without an applied magnetic eld and Dy(NITPhOPh),
in an applied eld [5].

In addition Ln(NITPhOPh) , can be viewed as a building block of the SCM
Ln(NITPhOPh) and can, therefore, shed light on the complexealaxation dynamics of
the single-chain magnets.

In the past, studies on several compounds using lanthanidbsund to stable organic
radicals like the nitronyl nitroxide were conducted [132, 33, 134]. The nitronyl ni-
troxide acts as a weak ligand and can only interact with relately strong Lewis acids.
Therefore, hexa uoroacetylacetonates (hfac) are used taortal the metal to the nitronyl

nitroxide radicals. Through magnetic measurements of thewlied compounds, anti-
ferromagnetic interactions between the two radicals medied by the lanthanide ion
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7 Ln(NITPhOPh) ,: One lanthanide ion coupled to two NIT-radicals
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Fig. 7.1: Left: Crystal structure of Dy(NITPhOEt) , [57]. Color Scheme: DYy green,
O! red, C! gray, N! blue, F! yellow. Right: Scheme of the magnetic coupling of
Dy(NITPhOELt) , and Ln(NITPhoPh) ».

were found. For the heavy lanthanides (namely Gd, Tb, Dy, Hg)a ferromagnetic in-
teraction was found between the lanthanide and the radical]65, 132]. The challenge is
to disentangle contributions of the magnetization from thali erent crystal- eld levels
and the exchange interactions [65, 133]. Dierent approaels are used to gain useful
insight into the magnetic interactions in these compounds.

The contribution of the lanthanide ion itself (crystal- eld e ects) can be stud-
ied by substituting the nitronyl nitroxide radical by diamagnetic nitrone, which
should give the same crystal surrounding like the nitronyl itroxide radical.

The exchange interaction between the radicals mediated byé lanthanide can
be obtained using a diamagnetic lanthanide ion like lanthamm or Yttrium.

Gadolinium as an S-state ion is often used to circumvent thesues arising from
the strong spin-orbit coupling of the lanthanide with an orlital momentum. For
gadolinium a spin Hamiltonian approach can be used to t the ragnetization
data and the exchange couplings can be extracted.

The mechanisms leading to the antiferromagnetic nature ohé coupling between the
radicals, and especially the ferromagnetic coupling betee the radical and the lan-
thanide ion, are non-trivial and not predictable from theoetical considerations. It is
proposed that the lanthanides are involved in the superexahge pathway between the
two radicals [135]. It is assumed that a fraction of unpaire@lectrons is transferred
from the radicals into the empty 5d- and 6s-orbitals of the lathanide ion. The e ectis
proposed to be twofold [135]: First, the unpaired radical ithe empty shell will polar-
ize the electron of the other radical, leading to an antifeamagnetic coupling. Second,
the 4f-electrons of the lanthanide ion will be kept paralleto the electron spin of the
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7.2 Motivation of far-infrared spectroscopy

radical by Hund's rule, now in the empty shell of the lantharde ion. This mechanism
results in a ferromagnetic coupling between the radical spiand the lanthanide spin
[135].

In a previous work [5] the magnetization behavior of Dy(NITROEt), was studied.
Due to the strong anisotropy of the lanthanide ions in a lowysnmetry environment and
the di erent exchange couplings, the magnetic modeling ohe compound is di cult
and strongly overparametrizised for powder samples. Dy(WNPhOPh), crystallizes in
a monoclinic space-group with the dysprosium ion in a gené@osition, hampering the
use of angle-resolved measurements. Therefore, the commbDy(NITPhOELt) , was
synthesized, which crystallizes in a triclinic space-grgu allowing for angle-resolved
magnetic measurements, which then yield the anisotropy ofy®*. The crystal eld
e ects and the exchange couplings are thought to be very sitar in both compounds.
Angle-resolved measurements were used to determine theyeasis of Dy*", which
compares well with CASSCF-calculations. Magnetic measumnents along the easy-
axis then allowed for the determination of the exchange intactions by tting of the
measurements with the spin-Hamiltonian:

B = Junn SriSr2+ Inn (Sriz* Sraz) + Or12Sk1z 8Hz+ OR2:Sr2 8Hz+ oy 8Hyi
(7.1)

where Dy** is treated as an Ising-Spin with = 1. In the tting process Jynn
and Jyn are strongly dependent on each other. Therefordynn was determined by
magnetization measurements of ¥ in the same compound, which yieldedyyy =
15cm . Under the assumption that the exchange coupling of the rachls is equally
transmitted by Dy3* and Y3* the best t for Dysprosium-radical coupling yielded
Juwn = 135cm i The obtained values give an overall splitting of the Ising @und
state of 22cm !, where the ground state is given by the singlet state (S=0) ahe
two radicals, the rst excited by the triplet state (S=1) wit h mg = 1 parallel to
the direction of the respective Ising ground state at an engy of 8cm ?, the second
excited by the triplet state mg = 0 state, and the third excited state by the triplet
statemg = 1at22cm?®.

7.2 Motivation of far-infrared spectroscopy

Due to the complicated interpretation of magnetization mesurements, other measure-
ment techniques like EPR-studies are desirable. But Dy(NIFhOPh), like most Dy®*
derivatives is EPR-silent, because of fast electronic redation that broadens the EPR
signal [5].
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7 Ln(NITPhOPh) ,: One lanthanide ion coupled to two NIT-radicals

Far-infrared spectroscopy could o er the possibility to ase this gap. Especially, be-
cause it can yield precise determination of the energy-ldw&ructure which is di cult

to extract from magnetization measurements. To our knowlepk, we present the rst
far-infrared study on a compound containing lanthanides cpled to nitronyl nitroxide
radicals.

7.3 Methods and materials

Transmission spectra of Dy(NITPhOPh}, Tb(NITPhOPh) ,, Ho(NITPhOPh), and
Dy(NITPhOEt) , were acquired with a Bruker IFS 113 v Fourier Transform speim-
eter connected to a Oxford Spectromag 4000 Split-Coil Magnsith Mylar windows in
the frequency range from 15-85 cnt with a resolution of 0.5cm®. The experimental
setup is presented in Section 3.1.2. Magnetic elds were dgal up to 6 T in Voigt
geometry. The sample is a pellet pressed out of microcrydiaé powder.

The measurements were extended to the low frequency range Ry(NITPhOPh) ,
from 4-35cm ! by the use of a coherent source THz spectrometer (compare B8t
3.1.1).

The sample compositions and characteristics are summaiizan Table 7.1. The com-
pounds were synthesized according to the procedure preshtin the PhD-thesis of
Kevin Bernot [117] at the University of Stuttgart by Lapo Bogani and Alexa Paretzki.

Compound Weight Thickness Formula  Number density
weight

FTIR Dy(NITPhOPh) , 108.6mg 0.090cm 1434g/mol 6 102 1/cm3
Dy(NITPhOEt) , 65.0mg 0.058cm 1338g/mol :8 10°°1/cm?
Tb(NITPhOPh) , 145.6mg 0.125cm 1431g/mol :B 10?°°1/cm3
Ho(NITPhOPh), 156.3mg 0.130cm 1437g/mol :4 10°1/cm3

THz Dy(NITPhOPh), 300mg 0.246cm 1434g/mol 6 107°1/cm3

Tab. 7.1: Composition and characteristics of the samples used for thdar-infrared and
terahertz measurements of Ln(NITPhOPh), and Dy(NITPhOEt) ».
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7.4 Results and discussion

7.4 Results and discussion

7.4.1 Dy(NITPhOPh)

The results of the far infrared spectroscopy of Dy(NITPhOP)y, are shown in Figure
7.3. In the transmission spectra (top left) a change with maggtic eld can be observed
in nearly the entire frequency range at a temperature of 2K (gure 7.3 top left). The
normalized absorption cross section between spectra inldeand without eld (Figure
7.3 bottom left) reveals three magnetic eld dependent feates at 27cm?, 42cm 2,
and 70cm (). The two latter features reveal a ne structure which can bean indica-
tion that the features consist of two resonance lines. To sl this issue, we compared
the spectra with spectra obtained for a di erent sample of DgNITPhOPh) , with a
di erent thickness (see Appendix A.3). The comparison lealus to the assumption
that only one transition is observed in each of the three feates.

The temperature dependence of the normalized absorptionosss section (Figure 7.3
bottom right) shows that the three magnetic features decre with increasing temper-
ature. The observed temperature dependence implies thatdhransitions causing the
absorption lines originate from the ground state due to the &tzmann statistics.

The energy-level structure of Dy(NITPhOPh), results of the interplay of the dyspro-
sium crystal- eld split ground multiplet ®H;s-, and the dysprosium-radical as well as
the radical-radical exchange coupling (coupling schemeastn in Figure 7.1). In the
following, we will try to assign if the transitions observedare primarily caused by
transitions between the radical state or if they originate rom transitions inside the
dysprosium ground multiplet. To cut the upcoming story shar, we will get to the
conclusion that this aim is not possible. However, we will dcuss in the following
di erent models and which impact they have on the interpretéion of the analysis of
the far-infrared spectra.

As a rst model, we will assume that the radical-radicallyyy coupling is antiferromag-
netic and isotropic and the coupling dy-radicallyy is ferromagnetic, isotropic, and
equal for the two radicals. The assumptions of the antiferrand ferromagnetic nature
of the coupling are based on the observations on other lanthide-nitronyl nitroxide
radical compounds [133, 134] and on the angle-resolved #&ngrystal magnetization
measurements conducted on Dy(NITPhOEt) as presented in the introduction. About
the kind of isotropy or anisotropy no detailed studies existor lanthanides with a rst
order angular momentum.

In general, the modeling of lanthanides with a rst order oridal momentum, which
are exchanged coupled to other spin carriers, is severelynmggicated by the strong
spin-orbit coupling of the lanthanide ion. Thus, the use ofisiple spin Hamiltonians

! The real part of the refractive index of = 1:6 was determined by a t to the low frequency
measurements using the BWO quasi-optical setup. The data ad the t are shwon in Appendix
A3
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7 Ln(NITPhOPh) ,: One lanthanide ion coupled to two NIT-radicals
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Fig. 7.2: Top left: Transmission spectra of Dy(NITPhOPh) , at T=2K in magnetic elds
from OT-6 T. Top left: Transmission spectra at B=0K at temperatures from 2 K-80 K. Bot-
tom left: Di erence between the in- eld and zero- eld norma lized absorption cross section at
T=2K. Bottom right: Di erence between the B=2T and zero- eld normalized absorption
cross section at temperatures from 2 K-80 K.
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7.4 Results and discussion

is hampered.

However, in our rst model we will use a "simple" spin Hamiltoian for the interpre-
tation of our data. Motivated by the Ising spin Hamiltonian used for the ground
crystal eld state of Dy(NITPhOELt) , (Equation 7.1), the following Hamiltonian will
be used:

B = XX BEOE(Q) + T]M%q;spe?"‘ T]NN (éRl{'; SRZ)jD)}

r=2 46 {|; } ﬁspin spin }qDy spin
H crystal (7 . 2)
* fraSp oM+ preSyy sH* ooy oH:
|ZtZeeman rad 1 |QZeeman rad 2 Hzeeman Dy

Here, the crystal eld interaction is introduced by the rst term, the radical-radical
interaction by the second, the Dy-radical interaction by tle third, and the Zeeman
interaction with a magnetic eld by the last three terms. A discussion of this Hamil-
tonian with the above assumption is given in Appendix A.4 andeads to the following
results.

We obtain the result that for this model the observed absorjpdn lines in the far-
infrared measurements reveal the energy-level structurd the crystal eld splitting
inside the dysprosium ground multiplet and are independerdf the coupling strength.
The above considerations o er the opportunity to compare th experimental energy-
level splitting of Dy®* in Dy(NITPhOEt) , and Dy(NITPhOPh) , with results obtained
by CASSCF-calculations for Dy* in the surrounding crystal eld [5]%. In Figure 7.3
the energy-level structures obtained by far-infrared spgoscopy on Dy(NITPhOPh),,
by CASSCEF-calculations of the energy-levels of the crystadld split ground multiplet
%H,5-, of dysprosium in Dy(NITPhOPh),, and the energy-level structure obtained by
far-infrared spectroscopy on the single-chain magnet Dy(INPhOPh) are shown. Two
of the energy-levels (27 cmt and 70cm 1) determined by far-infrared spectroscopy
are also found in the CASSCF-calculations. The third energigvel at 42cm* has no
counterpart in the CASSCF-calculations. According to the lbove described model,
the CASSCF-results should be directly comparable to the fanfrared results. A
discrepancy between energy-levels found by far-infraregestroscopy and CASSCF
calculations was also observed for the single-ion magnetgBd,)* [DyPc,] 2dmf [9].
There, the discrepancy was related to simpli cations due tthe reduction of the basis
set, which were necessary in the CASSCF-calculations due lbmited computational
resources, and the fact that the structure of the molecule wadetermined at 100K in
di erence to experimental data measured at 10 K. Details tolte CASSCF-calculations

2 CASSCF-calculations for Dy(NITPhOPh) , and Dy(NITPhOEt) , were performed by Javier Luzon
(University of Florence). For details of the calculation compare Bernot et al. [5]. For the CASSCF-
calculations the radicals where substituted with its closel shell analogues.
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7 Ln(NITPhOPh) ,: One lanthanide ion coupled to two NIT-radicals

Fig. 7.3: Energy-level structure obtained by: (1) far-infrared spedroscopy on
Dy(NITPhOPh) ,, (2) CASSCF-calculations of the energy-levels of the crystl eld split
ground multiplet ®H;s_, of dysprosium in Dy(NITPhOPh) », and (3) the energy-level struc-
ture obtained by far-infrared spectroscopy on the single-oain magnet Dy(NITPhOPh).

for Dy(NITPhOPh) , can be found in Bernotet al.[5]. The structure of the molecule
used for the CASSCF-calculations was obtained at 150 K. Thefiore, an analogue be-
havior might be encountered for the compound studied in thig/ork.

In addition, the results of Dy(NITPhOPh), are compared with the energy-level ob-
tained for the single-chain magnet Dy(NITPhOPh) in the prevous section. The crystal
elds surrounding the dysprosium ions are very similar to ezn other, and therefore
a similar crystal eld splitting is expected. Two of the enegy-levels (42cm? and
70cm 1) are comparable in energy. However, the third energy-levat 27 cm ! is only
found in Dy(NITPhOPh) ».

The above discussion of the spin-Hamiltonian relied on theatropy of the exchange
interaction (rad-rad) between the two radicals. This assugtion is questionable. The

exchange interaction is transmitted by the dysprosium ion tich shows a strong mag-
netic anisotropy. However, if this assumption is not validthe disentanglement of

contributions stemming from the crystal- eld splitting and the exchange coupling is
not possible. Therefore, both contributions need to be molal simultaneously, which

leads to an overparametrization of the model. In addition astated before the use of
the spin-Hamiltonian is limited, and does not reproduce théehavior of a lanthanide

ion with rst order orbital momentum correctly. Furthermor e, the analysis of the

spectra combined with magnetization data does not solve thissue.
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7.4 Results and discussion

7.4.2 Dy(NITEtOPh) >

The far-infrared results of Dy(NITPhOEt), are presented in Figure 7.4. In the trans-
mission spectra a change with magnetic eld can be observed nearly the entire
frequency range at a temperature of 2K (Figure 7.4 top left).The di erence of the
normalized absorption cross section (Figure 7.4 bottom tgleads us to the identi ca-
tion of several lines: Three strong absorption features, ahging with magnetic eld,
can be identi ed: the rst one at 23cm !, the second one at around 31 cm, and the
third one at around 60cm®. For the latter two features a ne structure is observed,
which can be a hint that they consist of more than one line.

All features decrease by increasing temperature from 2K t@4« and vanish at 80K
(Figure 7.4 bottom right). The observed temperature deperghce implies that the
transitions causing the absorption lines originate from th ground state due to the
Boltzmann statistics.

Since Dy(NITPhOEt), has a similar crystal structure as Dy(NITPhOPh), both the
crystal eld splitting of the ground dysprosium multiplet ®H;s-, and the exchange
interaction should be comparable. This is indeed observetipth compounds show
a similar change with magnetic eld. The observed featureshew only small fre-
guency shifts. The absorption lines of Dy(NITPhOEt) are sharper than the ones of
Dy(NITPhOPh) ,. The smaller linewidth suggests that the spin-phonon couplg for
Dy(NITPhOEY) , is smaller.

The interpretation of the far-infrared data is parallel to the one of Dy(NITPhOPh),
presented in Section 7.4.1.

7.4.3 Tb(NITPhOPh)

The results of the far-infrared measurements of Thb(NITPhOR), are depicted in Fig-
ure 7.5 on the left. The magnetic eld dependent spectra of thterbium derivative
show clear changes with the application of a magnetic eld &K (Figure 7.5). For the
terbium derivative, the di erence of the normalized absorpon cross section between
in- eld and zero- eld measurements reveals a well de ned aorption line at 21.cm .
By the application of a magnetic eld the line shifts to highe frequencies. The shift
of the line was well reproduced by a t to the data (Figure 7.6)assuming an absorp-
tion line of Lorentzian shape with a FWHM=7cm ! that shifts with a spectroscopic
g-factor of gspec = 1= g “% - (with g the Bohr magneton in units of <% l) to higher
frequencies. For the de nition of the spectroscopic g-fast in this case see Section 4.5.
The simulated absorption feature is shown together with thexperimental normalized
absorption cross section in Figure 7.6 a). The smaller chamgvith magnetic eld at
31cm ! can be attributed to the overlapping of the shoulders of thesorption line
at 21cm * with the phonon line located at 31 cm?.
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7 Ln(NITPhOPh) ,: One lanthanide ion coupled to two NIT-radicals
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Fig. 7.4: Top left: Transmission spectra of Dy(NITPhOEt) , at T=2K in magnetic elds
from O T-6 T. Top left: Transmission spectra at B=0K at temperatures from 2 K-80 K. Bot-
tom left: Di erence between the in- eld and zero- eld norma lized absorption cross section at
T=2K. Bottom right: Di erence between the B=2T and zero- eld normalized absorption

cross section at temperatures from 2 K-80 K.
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7.4 Results and discussion

Ao

Fig. 7.5: Left column: Far-infrared measurements of Tb(NITPhOPh),. Right column: Far-
infrared measurements of Ho(NITPhOPh),. First row: Transmission spectra at T=5K in
magnetic elds from 0T-6 T. Second row: Transmission specta at B=0K at temperatures
from 5K-200 K. Third row: Dierence between the in- eld and z ero- eld normalized absorp-

tion cross section atT=5K.
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Fig. 7.6: Upper Row: Measured dierence of the normalized absorptioncross section
at 5K of Tb(NITPhOPh) », and Ho(NITPhOPh) ,. Lower Row: Simulated dierence of
the normalized absorption cross section. Parameters for th simulation: Tb(NITPhOPh) »:
Lorentzian lineshape, FWHM=7cm 1, spectrescopic g-factorgspec = 1, zero eld position

at 22cm 1, integrated absorption cross section k d 10. Ho(NITPhOPh) »: Lorentzian line-
shape, FWHM=8cm 1, spectroscolgic g-factorgspec = 1, zero eld position at 31cm 1, and
integrated absorption cross section k d =14.
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7.4 Results and discussion

7.4.4 Ho(NITPhOPh)

For Ho(NITPhOPh) , an electronic absorption line can be identi ed at around 30m 1,

which shifts by the application of an applied eld to higher fequencies. Inside the
feature at 38 cm ! an additional dip is observed in the magnetic eld dependenspec-
tra, which we attribute to an artifact, resulting from non-suppressed Fabry-Perot
resonances in the zero- eld spectrum. The spectroscopidagtor is extracted again
by simulations using a Lorentzian absorption line. The poson of the line moves to
higher frequencies by the application of an applied eld piortional to a spectroscopic

g-factor of gspec = 1= g “% ", The simuations are shown in Figure 7.6 b).

7.4.5 Comparison of the di erent compounds

In Figure 7.7 the identi ed energy-levels of the measured ogounds are summarized.
As stated previously in Section 7.4.1 an interpretation ofiie data by the use of a
model Hamiltonian was not possible. However, a comparisofitbe results show that
all of the compounds (Ln(NITPhOPh),) reveal an energy-level around 25cm: for
the terbium derivative at 21 cm 1, for the dysprosium derivative at 27 cm?, and for
the holmium derivative at 30cm 1. Remarkably, the magnetic eld depends of the
corresponding absorption lines is similar. For Tb(NITPhOmR), and Ho(NITPhOPh),
a tting of the results was possible when using for both casesspectroscopic g-factor
Of Qspec = 1= 8 C"‘T—l For Dy(NITPhOPh) , the extraction of the spectroscopic g-
factor was hampered due to the overlapping of the feature witother absorption lines.
However, also the magnetic eld dependence of the dysprosidine is in accordance
to a spectroscopic g-factor ofspec = 1= g “F ", The similar spectroscopic g-factor
can be an indication that the energy-level around 25 cm has the same origin in all of
the compounds. Suitable for the explanation of the similarefture is the splitting of
the energy-level due to the exchange interaction betweengHhanthanide ion and the

radical (see Equation A.8).
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Fig. 7.7: Scheme and comparison of the energy-level structure of Dy(NPhOPHh) 5,
Tb(NITPhOPh) ,, Ho(NITPhOPh) », and Dy(NITPhOEt) , obtained by far-infrared spec-
troscopy.
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7.5 Conclusion

7.5 Conclusion

We were able to identify several energy-levels in the compuds Ln(NITPhOPh),
(with Ln=Dy, Th, and Ho) and Dy(NITPhOEt) , by the use of magnetic eld depen-
dent far-infrared spectroscopy. These results were thenmpared with theoretical
models. However, due to the complex nature of the interactis in these complexes

we were not able to nd an unambiguous theoretical model forhie description of our
experimental data.
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8 Summary and Outlook

One aim of this thesis was to shed light onto the relaxation picess of lanthanide-based
single-molecular magnetic materials showing slow relaxan of the magnetization. As

the energy-level structure plays a crucial role in the relation process, an advantage
of far-infrared spectroscopy was that it o ers direct accesto the energy-level structure

without the use of a certain model Hamiltonian.

The single-molecular magnetic materials, studied by fanirared spectroscopy in this
thesis were:

1. The single-chain magnet DyPhOPh (Dy(hfagf NIT(C sH,OPh)g) and the isostru-
cural terbium compound TbPhOPh [14],

2. The single-ion magnet DyDOTA (Na[Dy(DOTA)(H,0)], H,O0) and the isostruc-
tural terbium compound TbDOTA [15, 58],

3. The molecular magnet Ln(PhOPh) (Ln(hfac)s(NIT  CegH4OPh),) (Ln=Dy, Tb,
and Ho) and Dy(hfack(NIT  CgH4OEt), (Dy(PhOEY) ,) [5, 64].

They have in common that the lanthanide ion is situated in a grstal eld of low
symmetry. In a low-symmetry crystal eld the use of the crysal eld Hamiltonian

is hampered by the overparametrization of the system. In adibn, for compound 1.
and 3. we had to deal not only with the overparametrized cryat- eld Hamiltonians

but also with the exchange couplings to the neighboring ions

The rst part of the thesis reviewed the theoretical treatmet of lanthanides in crystal
elds. Focus was put on the relaxation processes present @nthanides.

As far-infrared spectroscopy was not used in the eld of lahanide-based single-
molecular magnetic materials, before. We were faced with éient issues: During
the studies, it was realized that the far-infrared spectrafothe compounds only give
access to the change of the electronic absorption lines in agmetic- eld. In zero-
eld measurements, the distinction between electronic anphononic or intramolecular
vibrational absorption lines was not possible. Thereforeyew analysis tools were de-
veloped. We presented a quantity which we termed the normakd absorption cross
section. It can be calculated easily out of the far-infraredata and gives direct access
to the intensity of the transition in terms of the transition matrix element. This quan-
tity can be directly calculated out of the Hamiltonian of thesystem. A program was
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written to calculate the normalized absorption cross sean out of the crystal eld
Hamiltonian for lanthanides. Within this software, a Lebe@v-Laikov grid [20] was
implemented for the simulation of powder samples to take intaccount the random
orientations of the crystallites. Due to the low symmetry othe compounds studied
in this thesis, we were not able to use the program for the sidation of our measured
spectra. However, the program yields a tool for further studs on other systems and
was used in this thesis to get an idea which shapes can be, imgel, observed for
electronic resonance lines in lanthanide compounds in pogrdsamples, as nearly no
measured data on powdered samples exist in literature.

In the second part of the thesis, the experimental results dhe - by far-infrared
spectroscopy - studied compounds are presented. The reswjtelded access to the
energy-level structure of the compounds and o ered, thergpthe possibility to get a
deeper understanding into the relaxation process.

For the single-chain magnet DyPhOPh the far-infrared measements revealed the
energies of the two lowest Kramers doublet in the crystal-ld split ®H,s-, multiplet.
The energies of the two doublets led us to a new interpretatiocof the relaxation mech-
anism. We propose that a switching between two relaxation plavays inside of the
dysprosium ground multiplet is responsible for the obserdecrossover in the relaxation
measurements rather than the prior attribution to the transtion from the in nite- to
the nite-size regime.

For the single-ion magnet DyDOTA, the two lowest energy-leals were determined.
The energy of the lowest level at 44 cnt is consistent with an Orbach process being
responsible for the thermally activated relaxation mechasm (with a relaxation bar-
rier of 42cm ! [15]) observed in the compound in a magnetic eld. In additio, the
extracted spectroscopic g-factor of the transition gave aggsible explanation for the
switching of the relaxation process from the direct procege the Orbach process by
the application of a magnetic eld.

For Ln(PhOPh), (Ln=Dy, Tb, and Ho ) and Dy(PhOEt) ,, where a lanthanide ion is
coupled to two nitronyl nitroxide radicals, several energyevel were determined. How-
ever, we were not able to interpret our results due to the congxity of the underlying
crystal- eld interactions and exchange interactions.

Although the results of this thesis allowed for a deeper untgganding of the studied
compounds, a drawback was imposed by the limited accessildlequency range from
4cm ! to 100cm i, Therefore, only the low lying energy-levels of the crystakld
split ground multiplet of the lanthanide ions could be detemined. As the overall
crystal eld splitting is of the range of around 800 cm? the frequency range could be
extended to broaden the scope of the applicability. The lirtation of the accessible
frequency range was caused mainly by the mylar windows of tloeyostat. This issue
can be solved by replacing the windows with polyethylene wdows.

For future studies also single-crystal measurements aresitable, as they allow for the
study of the orientational dependence of the spectroscomefactor and for polarization
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dependent measurements. Polarization dependent measussts can give information
about the kind of the electronic transitions whether they ag either of electric dipole
or magnetic dipole character. In addition, we have pointedut that also re ection
measurements can resolve the nature of the transitions, aledric dipole transitions
have an inverted shape compared to magnetic dipole tranitis.

Despite the possible experimental improvements, the obted energy-levels of the
studied lanthanide-based molecular magnetic materials er the possibility for the im-
provement of the applied theoretical models.

In conclusion we have shown that far-infrared spectroscopy an e cient tool for the
study of lanthanide-based single-molecular materials. Fiermore, the results o ered
the opportunity of a deeper understanding of the relaxatiopathways in the the stud-
ied lanthanide-based single-molecular magnetic matersal The deeper understanding
provides the possibility to further enhance the relaxatioriimes, which is the key fea-
ture of single-molecular materials.
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A Appendix

A.1 Limits of the Beer-Lambert law for bulk
samples

The Beer-Lambert law connects the transmission of light to, the absorption coe -
cient, or to , the absorption cross section (see also Equation 4.2):

T()= % =exp (M=exp NG (A1)
ol:

with d, the distance, the light travels through the material (pathlength). We then
gain for the absorption coe cient:

()= In(T(!))=(Nd): (A.2)

In the Beer-Lambert law, it is assumed that the transmissiorspectrum is only deter-
mined by the absorption of the material. Unfortunately, forbulk samples, in addition
to the absorption, the transmission depends on the re ectio To disentangle the ab-
sorption from the re ection, the optical properties of the ample need to be derived.
For the determination of the optical properties of a sampleike the complex electric
permittivity 1, two independent quantities like the transmitted intensiy and the phase
need to be measured. In general, when measuring only one ogtiproperty like the

transmission or the re ectance in a nite frequency intervd the determination of the

complex electric permittivity is not directly feasible. Havever, in order to x this

problem expedient models and assumptions are required. Angeal approach is given
by Kuzmenko, which is used for the program package RefFIT [&B To model the
optical properties, a multiple oscillator tting of the spectra is carried out. At every

LIt is assumed that the magnetic permeability is 1 in the measued fequency range.
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(a) Absorption cross section (b) Dierence absorption cross section

Fig. A.l: (a) Absorption cross section of DyPhOPh. (b) Dierence of the absorption
cross section in-eld (B=2T) and zero-eld. The red line shown was derived by the
multiple oscillator model of Kuzmenko [136]. The black line was derived by the use of

ion = In(T(!))=(Nd)

measured frequency point an electric oscillator is introded, leading to a parametriza-
tion of the imaginary part of the permittivity ,, ,. The real part of the permittivity
1 In this approach is given by the Kramers-Kronig transformaon:

Zl

(1) 1:EP . %d!% (A.3)
Zl

(1) = 2p ;;L!Zld!‘% (A.4)

Di erent lineshapes can be used for the oscillators. Kuzmk&a [136] suggests a trian-
gular lineshape, because it has no low and high frequencylsaiinstead it is located
only at the respective frequency point.

In the following, we will only use this approach to check thereor, which arises due to
the use of the simple Equation A.2 for the absorption cross@®n by neglecting the
re ectivity of the material. In Figure A.1 a comparison of the two di erent approaches
for the compound DyPhOPh is shown: the absorption cross semt shown in red was
derived, by using the multiple oscillator tting. The absorption cross section shown in
black, was derived by the Beer-Lambert law (Equation A.2). ®viously the deviation
of the two models is small for the absorption cross section. oitever, by taking the
di erence of the absorption cross section in- eld and zerceld, the deviation nearly
disappears (Figure A.1 b)). The strongest deviation is vible at around 66-69 cm?
and can be attributed to the reason that the transmission isero at 66.5cm?, which
makes the In{T r) meaningless at this point and furthermore causes problenairing
tting with the multiple oscillator model.
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A.2 DyDOTA: additional measurements

We can summarize that the Beer-Lambert law is a good approxation for this exam-
ple. However, the use of the Beer-Lambert law is only justi@& for compounds with
a small refractive index, resulting in a low re ectance. Althe compounds studied in
this thesis have a refractive index between 1.4-1.7 insideet measured frequency range.
As the re ectivity without internal re ections is given by R = ( ﬂiﬂl)z, only 3-7 % of

the incident light is re ected (outside of the Fabry-Pérot resonances). Therefore, we
can use the Beer-Lambert law for the compounds studied in ththesis.

A.2 DyDOTA: additional measurements

Far-infrared measurements of pure eicosane were acquireddistinguish between ab-

sorption lines caused by DyDOTA and eicosane. The spectra®@fure eicosane pellet

(thickness = 2.2 mm, weight = 184 mg) at temperatures of 5K an@0K are shown in

Figure A.2. Three absorption lines are visible labeled E13with E1 being the most

intense line. The whole spectra show no change by the applica of a magnetic eld

of 6 T. The refractive index was determined by a t of the FabryPérot resonances as
=1:5.

Additional experiments were conducted, to check, if the magtic eld dependent
changes are caused by a systematic experimental error or thetsample.

The rst electronic absorption was identi ed at 44cm ®. The rst part of the absorp-
tion line from 41-46cm ! is also accessible by the coherent source THz spectrometer
using BWOs described in Section 3.1.1. The spectra of DyDOBAat 2K and at 0T
and 6T are shown in Figure A.3 (a). The change with magnetic ld is the same as
previously observed in the far-infrared measurements. War, therefore, exclude that
a magnetic eld dependent change of the mercury (Hg)-arc lgmis responsible for the
e ect. In this frequency range, in BWO measurements the sansetector (a pumped
liquid helium bolometer) is used as in the far-infrared measements. However, in
measurements using BWO set-up the bolometer is placed aral@.5 m away from the
Spectromag, and no magnetic eld dependent changes were eh&d. Therefore, we
can conclude that the magnetic eld dependent e ect in DyDOM in this frequency
range is not caused by a systematic measurements error butirar by the sample itself.
It is also an indication that the small magnetic eld dependat changes at other fre-
guencies are caused by the sample itself. For a comparisom tpectra of ToDOTA3
with no magnetic eld change are shown in Figure A.3 (b).
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Fig. A.2: Far-infrared spectra of eicosane at temperatures of 5K and @K. The phononic
absorption lines are labeled with E1-E3. The spectra at di eent magnetic elds0Tand 6T
show no changes in the whole frequency range.
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Fig. A.3: BWO-THz-Transmission of DyDOTA 3 and TbDOTA 3 at 2K and in magnetic
elds of 0T and 6.
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A.3 Dy(PhOPh) ,: additional measurements

In Figure A.4 the spectra of Dy(PhOPh), acquired with the BWO quasi-optical setup
(see Section 3.1.1) are shown. The spectrum at a temperatwe40K was tted using
the Fresnel equations and yielded for the real part a refrage a value of =1:6. The
refractive index of = 1:6 was used for the calculation of the normalized absorption
cross section in Section 7 for all temperatures and also fdret samples Dy(PhOEt),
Tb(PhOPh),, and Ho(PhOPh),. The origin of the absorption feature between 10-
17cm tis unclear.

In Figure A.5 the di erence of the absorption between specdrin- eld and without eld

of Dy(PhOPh), are depicted. The sample had a thickness of 1.1 mm and a weigfft
100.5mg. Unfortunately, the sample was possibly contamiteal with grease. Grease
does not change the spectra qualitatively the spectra of DbOPh),. However, it

permits the calculation of the normalized absorption crossection as the amount of
Dy(PhOPh), in the sample is unknown.

Comparison of the di erence of the absorption of this samplwith the one presented
in Section (see Section 7) leads us to the assumption that thieree features observed
are caused by three resonances.
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Fig. A.4: Spectra of Dy(PhOPh), acquired with the BWO quasi-optical setup at di erent
temperatures without a magnetic eld. The black line shows the t obtained for the spectrum
at 40 K.

Fig. A.5: Dierence of the absorption of the far-infrared spectra of Dy(PhOPh), between
spectra in- eld and without eld at T=5K. For the sample comp osition see text.

152
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A.4 Dy(PhOPh) »: theoretical considerations

In the following we will give a detailed discussion of the spiHamiltonian presented
in Section 7 and its impact on the nature of observed far-irdred resonances in
Dy(PhOPh),:

B = XX BEOE(Q) + T]M%q;spe?"‘ T]NN (éRl{'; SRZ)jD)}

=2;4,60= Kk
r {7 } ﬁspin spin }q spin
'q crystal ” " (A 5)
* RSy 8+ praSy 8H+ gordyy oH:
|ZtZeeman rad 1 |QZeeman rad 2 }queman Dy

Here, the crystal eld interaction is introduced by the rst term, the radical-radical
interaction by the second, the Dy-radical interaction by ttrd, and the Zeeman inter-
action with a magnetic eld by the last three terms. Without additional knowledge
about the crystal eld interaction, the model Hamiltonian has an important property
in zero eld: The product state of every eigenfunction) ;i of the crystal eld hamilto-
nian Iflcrysm only acting on the dysprosium angular momentum and the singfl state
of the two radicals is an eigenstate of the model Hamiltoniawith the eigenvalueE;.
Due to the Kramers theorem every eigenvalue is doubly degeate. Namely if:

|qcrystalj il =Eij ii; (A.6)

then

spin singlet of radicals spin singlet of radicals
- p ¢} l} - P ¢} l}

{ {
Al ii;p%(j"ij#i i )g= Efj ii;pl—z(j"ij#i )9

(A.7)

To verify this, the product state fj i ;pl—i(j"ij#i j#ij"i  )g can be inserted into the
Hamiltonian. The rst term Iflcrystw acts only on the dysprosium angular momentum
and is by construction its eigenstate. The second tertfyin spin acts only on the rad-
ical spins and the singlet state is an eigenstate of this tetnThe third term Iqspin Dy

acts on both the dysprosium angular momentum and the radicapins. However, due
to the symmetry of the interaction between the two radical sims and the dysprosium
total angular momentum, every contribution of the rst radical spin is canceled by the
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second radical spin. In addition, the eigenvalue of the moldelamiltonian is equal to
the eigenvalue of the solely crystal eld HamiltoniarE;. The above considerations are
not true for the product states with the triplet wave functions of the radicals, because
the interaction term Jyy (SR1+ SRz)ﬁDy can mix the triplet states with the dysprosium
crystal eld states.

Angular-dependent magnetization measurements revealetat the ground state of
the coupled system belongs to the singlet state of the radisaseparated by 8cm?
from the rst singlet state of the radicals. The exchange cquling constants were
derived asJynny = 15cm ! (antiferromagnetic) and Jyy = 135cm ! (ferromag-
netic) for ground state Ising-Hamiltonian. For the model Haniltonian to t the re-
sults of the Ising-Hamiltonian (Equation 7.1) we adjusted e exchange coupling to
Jnn = I %ﬁ = 135 ZZcm = 0:9cm L Here, it was assumed that the
ground multplet has am; value close to 15/2.

Therefore, the ground state of the coupled system belongs tbe product states
T ;pl—ij"ij#i #ij'o )i andjj i ;pl—ij"ij#i #ij"i )i, wherej i andj »i are the
two states belonging to the lowest Kramers doublet of the csyal eld split dysprosium
ground multiplet. For the spectra acquired at 2 K, only the tvofold degenerate ground
state has an appreciable population. Therefore, all obsex transition observed at 2K
originate from the two ground states. In addition, the seld@g®on rules for the singlet
product states allow only transition to other singlet prodat states. Therefore, in this
model the observed absorption lines summarized in Figure/freveal the energy-level
structure of the crystal eld splitting inside the dysprosum ground multiplet.

However, an error could arise due to the fact that the above ssmptions are vio-
lated. We assumed that only transitions between the produdtates of the crystal- eld
dysprosium and singlet radical states are observable. In dition in this model, the
crystal- eld splitting of the dysprosium ground multiplet is not changed by the radical.
A drawback of the used spin Hamiltonian (Equation A.5) is th&it does not describe
the exchange coupling of the orbitally degenerate groundagée of the dysprosium ion
and the radicals in an appropriate way. Therefore, we will dcuss in the following
more realistic, but also more complicated models for the cpling.

As Kahn et al. [137] pointed out, the exchange interaction only takes plachetween
the spin of the lanthanide ion and the radicals and not as assied in our previous
model Hamiltonian (Equation A.5) between the total angularmomentum and the
radical spins. The Hamiltonian of the exchange interactiothen changes to:

Fex = Innn SraSr2 + Inn (Sr1+ Sr2)Soy: (A.8)

The Zeeman-interaction changes also [137], but as we willlpmliscuss the zero- eld
case here, this is of minor importance. Kahet al. [137] modeled rst the ligand eld
e ect on the lanthanide ion and obtained the crystal eld spitting and the associated
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eigenfunctions of the crystal- eld split ground multiplet And second, they computed
the exchange interaction in the tensorial product stat§ i ;jSr1i ;]Sroig. Although
this di erent approach changes the exchange interaction fahe di erent crystal eld
levels considerably, our assumptions made above for the pived spin hamiltionian
considering the product states of the crystal eld states ahthe singlet radical states
hold also for this more sophisticated model. Therefore, ale above statements for
the measured spectra at low temperature, where only the gnod state is considerably
populated hold. In addition, also the above assumptions mador the selection rules
should not change.

Another approach, uses irreducible tensor operators forehcoupling between orbitally
degenerate lanthanide ions and only spin carriers like thadicals [65]. The exchange
coupling in this framework reads:

XK
Hey = "Ti(i)s(1)S(R1;2) (A.9)
k=0 g= k

wherei indicates theith electron of the lanthanide ion andS(Ry;2) the spin of the
only spin carrier in our case radical 1 or radical 2. It follow that now there are
(21 +1)(1 +1) di erent coupling constants, which complicate any theoetical modeling
considerably. However, we think that also this treatment des not query our above
considerations due to the symmetry of the radical coupling.

To summarize the above theoretical considerations: If we @asne that the radical-
radical Jynn coupling is antiferromagnetic and isotropic and the couplg dy-radical
Jnn is ferromagnetic, isotropic, and equal for the two radicalshe result is that for this
model the observed absorption lines in far-infrared measments reveal the energy-
level structure of the crystal eld splitting inside the dygprosium ground multiplet and
are independent of the coupling strength.

155






Bibliography

[1]
[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]
[11]
[12]

[13]

A. Abragam and B. Bleaney.Electron Paramagnetic resonance of transition
ions. Oxford University Press, 1986.

D. Gatteschi, R. Sessoli, and J. VillainMolecular NanomagnetsOUP Oxford,
2006.

N Ishikawa, M Sugita, T Ishikawa, S Koshihara, and Y KaizuLanthanide
double-decker complexes functioning as magnets at the lgfgolecular leve| J.
Am. Chem. Soc.125 (2003), 8694 8695.

L. Sorace, C. Benelli, and D. GatteschiLanthanides in molecular magnetism:
old tools in a new eld, Chem. Soc. Rev40 (2011), 3092 3104.

K. Bernot, J. Luzon, L. Bogani, M. Etienne, C. Sangregoo, M. Shanmugam, A.
Caneschi, R. Sessoli, and D. GatteschiMagnetic Anisotropy of Dysprosium in
a Low-Symmetry Environment: A Theoretical and Experimentalnvestigation,
J. Am. Chem. Soc.131.15 (2009), 5573 5579.

R. Orbach. Spin-Lattice Relaxation in Rare-Earth Salts Proceedings of the
Royal Society of London. Series A. Mathematical and Physic&ciences264
(1961), 458 484.

D. N. Woodru, R. E. P. Winpenny, and R. A. Lay eld. Lanthanide Single-
Molecule Magnets Chem. Rev.113 (2013), 5110 5148.

G. Cucinotta, M. Perfetti, J. Luzon, M. Etienne, P.-E. Ca, A. Caneschi, G.
Calvez, K. Bernot, and R. SessoliMagnetic Anisotropy in a Dysprosium-DOTA
Single-Molecule Magnet: Beyond Simple Magneto-Structufaorrelations, Angew.
Chem., Int. Ed. 51 (2012), 1606 1610.

R. Marx, F. Moro, M. Dorfel, L. Ungur, M. Waters, S. D. Jiarg, M. Orlita,
J. Taylor, W. Frey, L. F. Chibotaru, and J. van Slageren.Spectroscopic de-
termination of crystal eld splittings in lanthanide doubé deckers Chem. Sci.
(2014).

A. J. Sievers and M. TinkhamFar Infrared Spectra of Rare-Earth Iron Garnets
Phys. Rev.129 (1963), 1995 2004.

J. C. Hilland R. G. Wheeler.Far-Infrared Spectra of Erbium, Dysprosium, and
Samarium Ethyl Sulphate Phys. Rev.152 (1966), 482 494.

A. Hadni, G. Morlot, and P. Strimer. Far-infrared electronic transitions in solids,
IEEE J. Quantum Electron. 3.3 (1967), 111 116.

D Bloor and G. Copland.Far infrared spectra of magnetic ions in crystalsRep.
Prog. Phys. 35 (1972), 1173.

157



Bibliography

[14]

[15]

[16]

[17]
[18]
[19]
[20]
[21]

[22]
[23]
[24]
[25]

[26]

[27]

[28]

[29]
[30]

[31]

158

L. Bogani, C. Sangregorio, R. Sessoli, and D. GattescMolecular Engineering
for Single-Chain-Magnet Behavior in a One-Dimensional Dysosium-Nitronyl
Nitroxide Compound Ang. Chem. Int. 117 (2005), 5967 5971.

P.-E. Car, M. Perfetti, M. Mannini, A. Favre, A. Canesch, and R. Sessoli.
Giant eld dependence of the low temperature relaxation ohé magnetization
in a dysprosium-DOTA complex Chem. Comm.47 (2011), 3751 3753.

R. J. Blagg, L. Ungur, F. Tuna, J. Speak, P. Comar, D. Calon, W. Wernsdor-
fer, E. J. L. Mclnnes, L. F. Chibotaru, and R. E. P. Winpenny.Magnetic relax-
ation pathways in lanthanide single-molecule magnetdat. Chem. 5.8 (2013),
673 678.

L. Ungur and L. F. Chibotaru. Magnetic anisotropy in the excited states of low
symmetry lanthanide complexe$hys. Chem. Chem. Phys13 (2011), 20086
20090.

G. Chantry. Submillimetre SpectroscopyAcademic Press, London, 1971.

M. Takahashi.Terahertz Vibrations and Hydrogen-Bonded Networks in Crials,
Crystals (2014).

V. Lebedev and D. Laikov.A quadrature formula for the sphere of the 131st
algebraic order of accuracyDoklady Mathematics 59.3 (1999), 447 481.

R Sessoli, D Gatteschi, A Caneschi, and M. Novaklagnetic bistability in a
metal-ion cluster, Nature 365 (1993), 141 143.

D. Gatteschi and R. SessolQuantum Tunneling of Magnetization and Related
Phenomena in Molecular Materials Angew. Chem., Int. Ed. 42 (2003), 268
297.

A. Cornia, M. Mannini, P. Sainctavit, and R. SessoliChemical strategies and
characterization tools for the organization of single matale magnets on sur-
faces Chem. Soc. Rev40 (2011), 3076 3091.

R. E. P. Winpenny. Stretch for a moment Nature Nanotech.8 (2013), 159 160.
W. Wernsdorfer.Molecular nanomagnets: towards molecular spintronicit. J.
of Nanotechnology7 (2010), 497 522.

O. Petracic. Superparamagnetic nanoparticle ensembl|eSuperlattices and Mi-
crostructures47.5 (2010), 569 578.

A. J. Tasiopoulos, A. Vinslava, W. Wernsdorfer, K. A. Alboud, and G. Chris-
tou. Giant Single-Molecule Magnets: AMng, Torus and Its Supramolecular
Nanotubes Angew. Chem., Int. Ed.116.16 (2004), 2169 2173.

G. Aromi and E. K. Brechin. Synthesis of 3d Metallic Single-Molecule Mag-
nets, Single-Molecule Magnets and Related Phenomena. Ed. by R.iM@enny.
Vol. 122. Structure and Bonding. Springer Berlin Heidelbey, 2006, pp. 163 206.
G. Christou. Single-molecule magnets: a molecular approach to nanoscalag-
netic materials, Polyhedron 24.16 (2005), 2065 2075.

D Gatteschi.Single molecule magnets: a new class of magnetic materidtsur-
nal of Alloys and Compounds317 (2001), 8 12.

A. L. Barra, D. Gatteschi, and R. SessoliHigh-Frequency EPR Spectra of
FegO,(OH) 1o(tacn)eBrg: A Critical Appraisal of the Barrier for the Reorienta-



Bibliography

tion of the Magnetization in Single-Molecule Magnet<hem. Eur. J. 6 (2000),
1608 1614.

[32] X.Wang, C. Avendario, and K. DunbarMolecular magnetic materials based on
4d and 5d transition metals Chem. Soc. Rev40 (2011), 3213 3283.

[33] R. A. Lay eld. Organometallic Single-Molecule Magnet®©rganometallics33.5
(2014), 1084 1099.

[34] G. P. Guedes, S. Soriano, L. A. Mercante, N. L. Speziah). A. Novak, M.
Andruh, and M. G. F. Vaz. New Synthetic Route toward Heterometallic 3d-
3d and 3d-4f Single-Molecule Magnets. The First Coll-MnllIHeterometallic
Complex Inorg. Chem.52.15 (2013), 8309 8311.

[35] O. Waldmann.A Criterion for the Anisotropy Barrier in Single-Molecule Mag-
nets, Inorganic Chemistry 46.24 (2007), 10035 10037.

[36] F. Neese and D. A. PantazisWhat is not required to make a single molecule
magnet Faraday Discussionsl48 (2011), 229 238.

[37] C. J. Milios, A. Vinslava, W. Wernsdorfer, S. Moggach, .SParsons, S. P. Per-
lepes, G. Christou, and E. K. BrechinA Record Anisotropy Barrier for a Single-
Molecule Magnet J. Am. Chem. So0c.129.10 (2007), 2754 2755.

[38] S. Mossin, B. L. Tran, D. Adhikari, M. Pink, F. W. Heinemann, J. Sutter, R. K.
Szilagyi, K. Meyer, and D. J. Mindiola. A Mononuclear Fe(lll) Single Molecule
Magnet with a 3/2()  5/2 Spin Crossover, J. Am. Chem. Soc.134.33 (2012),
13651 13661.

[39] J. M. Zadrozny, M. Atanasov, A. M. Bryan, C.-Y. Lin, B. D. Rekken, P. P.
Power, F. Neese, and J. R. LongSlow magnetization dynamics in a series of
two-coordinate iron(ll) complexes Chem. Sci.4 (2013), 125 138.

[40] J. M. Zadrozny and J. R. Long.Slow Magnetic Relaxation at Zero Field in
the Tetrahedral ComplexCo(SPh), J. Am. Chem. Soc.133.51 (2011), 20732
20734.

[41] D. E. Freedman, W. H. Harman, T. D. Harris, G. J. Long, C. JChang, and
J. R. Long. Slow Magnetic Relaxation in a High-Spin Iron(ll) ComplexJ. Am.
Chem. Soc.132.4 (2010), 1224 1225.

[42] Y.-Y. Zhu, C. Cui, Y.-Q. Zhang, J.-H. Jia, X. Guo, C. Gao,K. Qian, S.-D.
Jiang, B.-W. Wang, Z.-M. Wang, and S. GaoZero- eld slow magnetic relax-
ation from single Co(ll) ion: a transition metal single-mokcule magnet with
high anisotropy barrier, Chem. Sci.4 (4 2013), 1802 1806.

[43] R. Sessoli and A. K. PowellStrategies towards single molecule magnets based
on lanthanide ions J. Coord. Chem.253 (2009), 2328 2341.

[44] D. Gatteschi.Anisotropic dysprosium Nat. Chem. 3.10 (2011), 830.

[45] C.R. Ganivet, B. Ballesteros, G. de la Torre, J. M. Clerm¢e-Juan, E. Coronado,
and T. Torres. In uence of Peripheral Substitution on the Magnetic Behawr of
Single-lon Magnets Based on Homo- and Heteroleptic Tb(lIBis(phthalocyaninate)
Chem. Eur. J.19.4 (2013), 1457 1465.

[46] D. Yoshihara, S. Karasawa, and N. KogaCyclic Single-Molecule Magnet in
Heterospin SystemJ. Am. Chem. Soc.130.32 (2008), 10460 10461.

159



Bibliography

[47]

[48]

[49]

[50]

[51]

[52]

[53]
[54]
[55]

[56]

[57]

[58]

[59]

[60]

160

N Ishikawa, M Sugita, T Ishikawa, S Koshihara, and Y Kaiz. Mononuclear
lanthanide complexes with a long magnetization relaxatitime at high temper-
atures: A new category of magnets at the single-moleculavéé¢ J. Phys. Chem.
B 108.31 (2004), 11265 11271.

A. Caneschi, D. Gatteschi, N. Lalioti, C. SangregoridR. Sessoli, G. Venturi,
A. Vindigni, A. Rettori, M. G. Pini, and M. A. Novak. Cobalt(ll)-Nitronyl
Nitroxide Chains as Molecular Magnetic NanowiresAngew. Chem., Int. Ed.
40.9 (2001), 1760 1763.

R. J. Glauber. Time-Dependent Statistics of the Ising ModelJ. Math. Phys.
4.2 (1963), 294 307.

A. Vindigni. Statistics and game theory in single-chain magnet relaxaui, Inorg.
Chim. Acta 361 (2008), 3731 3739.

C. Coulon, H. Miyasaka, and R. CléracSingle-Chain Magnets:Theoretical Ap-
proach and Experimental SystemsSingle-Molecule Magnets and Related Phe-
nomena. Ed. by R. Winpenny. Vol. 122. Structure and BondingSpringer Berlin
Heidelberg, 2006, pp. 163 206.

T. Goonan. Rare earth elements - End use and recyclability: U.S. Geolog
cal Survey Scienti ¢ Investigations Report 2011-509415 p. available only at
http://pubs.usgs.gov/sir/2011/5094/ (2011).

R. Bade.Rare earths review - Is the hype justi ed?: Libertas Corpota Finance
Limited, (2010).

S. V. Eliseeva and J.-C. G. BunzliRare earths: jewels for functional materials
of the future, New J. Chem.35 (6 2011), 1165 1176.

L. Bogani, A. Vindigni, R. Sessoli, and D. GatteschiSingle chain magnets:
where to from here? J. Mater. Chem. 18 (2008), 4750 4758.

N. F. Chilton, D. Collison, E. J. L. Mclnnes, R. E. P. Winpenny, and A. Soncini.
An electrostatic model for the determination of magnetic asotropy in dyspro-
sium complexesNat. Comm. 4 (2013), 2551.

K. Bernot, J. Luzon, A. Caneschi, D. Gatteschi, R. SesisoL. Bogani, A. Vin-
digni, A. Rettori, and M. G. Pini. Spin canting in a Dy-based single chain
magnet with dominiant next-nearest-neighbour antiferroagnetic interactions
Phys. Rev. B79 (2009), 1344109.

M.-E. Boulon, G. Cucinotta, J. Luzon, C. Degl'Innocent M. Perfetti, K. Bernot,
G. Calvez, A. Caneschi, and R. SessoMagnetic Anisotropy and Spin-Parity
E ect Along the Series of Lanthanide Complexes with DOTAAngew. Chem.,
Int. Ed. 125.1 (2013), 368 372.

K. S. Pedersen, L. Ungur, M. Sigrist, A. Sundt, M. SchaMagnussen, V. Vieru,
H. Mutka, S. Rols, H. Weihe, O. Waldmann, L. F. Chibotaru, J. Bndix, and J.
Dreiser. Modifying the properties of 4f single-ion magnets by periefal ligand
functionalisation, Chem. Sci.5 (4 2014), 1650 1660.

J. Yamamoto, B. T. Smith, and E. E. Bell.Far-infrared spectra of dysprosium
and terbium iron garnet J. Opt. Soc. Am.64.6 (1974), 880 883.



Bibliography

[61]

[62]

[63]

[64]

[65]

[66]

[67]
[68]
[69]

[70]
[71]

[72]
[73]

[74]

[75]
[76]

[77]
[78]

[79]

J. van Slageren, S. Vongtragool, B. Gorshunov, A. A. M, N. Karl, J.
Krzystek, J. Telser, A. Muller, C. Sangregorio, D. Gattesah and M. Dres-
sel. Frequency-domain magnetic resonance spectroscopy of malar magnetic
materials, Phys. Chem. Chem. Phys5 (2003), 3837 3843.

N. Kirchner, J. van Slageren, and M. DresseSimulation of frequency domain
magnetic resonance spectra of molecular magngisorg. Chim. Acta 360 (2007),
3813 38109.

J. SlagerenNew Directions in Electron Paramagnetic Resonance Specsampy
on Molecular NanomagnetsEPR Spectroscopy. Ed. by M. Drescher and G.
Jeschke. Vol. 321. Topics in Current Chemistry. Springer Bén Heidelberg,
2012, pp. 199 234.

K. Bernot. Lanthanides in molecular magnetism: from mononuclear sitggmolecule
magnets to single chain magnet®hD thesis. | Institut National des Sciences,
2007.

C. Benelli and D. GatteschiMagnetism of Lanthanides in Molecular Materials
with Transition-Metal lons and Organic Radicals Chem. Rev.102.6 (2002),
2369 2388.

E. Clementi and W. P Raimondi D. L. and. Reinhardt. Atomic Screening Con-
stants from SCF Functions. II. Atoms with 37 to 86 ElectronsJ. Chem. Phys
47 (1967), 1300.

A. Freeman and R. Watson.Theoretical Investigation of some magnetic and
spectroscopic properties of Rare-Earth lonsPhys. Rev.127 (1962), 6.

S Huefner.Optical spectra of Transparent Rare Earth compoundsAcademic
Press, 1978.

G. Ofelt. Intensities of Crystal Spectra of Rare Earth ionsJ. Chem. Phys.37
(1962), 511.

D. Newman.Theory of lanthanide crystal elds Adv.Phys. 20 (1971), 197 256.
G. H. Dieke.Spectra and energy levels or rare earth ions in crystalSew York

. Interscience Publ., 1968.

H. Bethe.Termaufspaltung in Kristallen, Ann. Phys. 5 (1929), Band 3, Heft 2.
S. Huefner and H. SchmidtSpectroscopic Investigation of Some Rare Earth lon
Garnets, Phys. kond. Mat. 4 (1965), 262 274.

A. Kiss. Multipolar ordering in f-electron systems PhD thesis. Budapest Uni-
versity of Technology and Economics, 2004.

H. Lueken.Magnetochemie Teubner Stuttgart, 1999.

D Newman and G. Stedmanlnterpretation of crystal- eld parameters in rare-
earth-substituted garnetsJ. Chem. Phys51 (1969), 3013.

K. Stevens Matrix Elements and Operator Equivalents connected witheéhmag-
netic Properties of Rare Earth lons Proc. Phys. Soc65 (1952), 209.

R. Skomski and D. J. SellmeyerAnisotropy of rare-earth magnets J. Rare
Earth 27 (2009), 675.

C. Gorller-Walrand and K. BinnemansHandbook on the Physics and Chemistry
of Rare Earths Elsevier Science B.V., 1998.

161



Bibliography

[80] K. Rajnak and B. G. Wybourne. Con guration Interaction in Crystal Field
Theory, The Journal of Chemical Physicst1.2 (1964), 565 569.

[81] L. Ungur, W. Van den Heuvel, and L. F. Chibotaru.Ab initio investigation
of the non-collinear magnetic structure and the lowest magtic excitations in
dysprosium triangles New J. Chem.33 (2009), 1224 1230.

[82] M. N. Leuenberger and D. LossSpin tunneling and phonon-assisted relaxation
in Mnq,-acetate Phys. Rev. B61 (2000), 1286 1302.

[83] T Pohjola and H SchoellerSpin dynamics of Mn-12-acetate in the thermally
activated tunneling regime: ac susceptibility and magnegétion relaxation, Phys.
Rev. B 62 (2000), 15026 15041.

[84] R. Kubo, M. Toda, and N. Hashitsume Statistical Physics 2 1991.

[85] T. F. Jordan. Linear operators for quantum mechanicsJohn Wiley & Sons,
New York, 1969.

[86] K. N. Shrivastava.Theory of Spin-Lattice Relaxation physica status solidi (b)
117.2 (1983), 437 458.

[87] C.-Y. Huang. Optical Phonons in Electron Spin Relaxation Phys. Rev. 154
(1967), 215 219.

[88] J. Dreiser, K. S. Pedersen, A. Schnegg, K. Holldack, JeNrkorn, M. Sigrist, P.
Tregenna-Piggott, H. Mutka, H. Weihe, V. S. Mironov, J. Bendk, and O. Wald-
mann. Three-Axis Anisotropic Exchange Coupling in the Single-Mecule Mag-
netsNEt4[Mnlll (5 Brsalen);(MeOH),MIIl (CN)g] (M=Ru, Os), Chem.
Eur. J. 19.11 (2013), 3693 3701.

[89] I. Waller. Uber die Magnetisierung von paramagnetischen Kristallem Wech-
selfeldern German, Zeitschrift fir Physik 79.5-6 (1932), 370 388.

[90] W. Heitler and E. Teller. Time E ects in the Magnetic Cooling Method. |,
Proceedings of the Royal Society of London A: MathematicaRhysical and
Engineering Science455.886 (1936), 629 639.

[91] R. de L. Kronig. On the mechanism of paramagnetic relaxatigrPhysica 6.1
(1939), 33 43.

[92] J. H. Van Vleck. Paramagnetic Relaxation Times for Titanium and Chrome
Alum, Phys. Rev.57 (1940), 426 447.

[93] R. Orbach. Spin-Lattice Relaxation in Rare-Earth Salts: Field Deperehce of
the Two-Phonon ProcessProceedings of the Royal Society of London. Series
A, Mathematical and Physical Science264 (1962), 485 495.

[94] S. Geschwind, G. E. Devlin, R. L. Cohen, and S. R. Chin©rbach Relaxation
and Hyper ne Structure in the Excited E(2E) State of Cr®* in Al,Og, Phys.
Rev. 137 (1965), A1087 A1100.

[95] E. A. Harris and K. S. YngvessonSpin-lattice relaxation in some iridium salts
|. Relaxation of the isolated (IrCl 6 ) 2- complex Journal of Physics C: Solid
State Physics1.4 (1968), 990.

[96] N. Ishikawa, M. Sugita, and W. WernsdorferQuantum Tunneling of Magnetiza-
tion in Lanthanide Single-Molecule Magnets: Bis(phthalganinato)terbium and

162



Bibliography

[97]

[98]

[99]

[100]

[101]

[102]
[103]
[104]

[105]

[106]

[107]

[108]

[109]

[110]
[111]

[112]

Bis(phthalocyaninato)dysprosium AnionsAngewandte Chemie International Edi-
tion 44.19 (2005), 2931 2935.

H. Miyasaka, M. Julve, M. Yamashita, and R. CleracSlow Dynamics of the
Magnetization in One-Dimensional Coordination PolymersSingle-Chain Mag-
nets, Inorganic Chemistry 48.8 (2009), 3420 3437.

A. A. Mukhin, V. D. Travkin, A. K. Zvezdin, S. P. Lebedev, A. Caneschi,
and D. Gatteschi. Submillimeter spectroscopy oMni, Ac magnetic clusters
Europhys. Lett. 44 (1998), 778.

A. Mukhin, B. Gorshunov, M. Dressel, C. Sangregorio, dnD. Gatteschi. Op-
tical spectroscopy of crystal- eld transitions in the moleular magnetFeg, Phys.
Rev. B 63 (2001), 214411.

G. Kozlov and A. Volkov. Millimeter and Submillimeter Wave Spectroscopy
Springer, Berlin, 1998.

A. Volkov, Y. Goncharov, G. Kozlov, S. Lebedev, and A.ekhorov. Dielectric
measurements in the submillimeter wavelength regidnfrared Phys. 25 (1985),
369 373.

S. Vongtragool.Frequency-Domain Magnetic Resonance Spectroscopy on the
Mn,acetate Single-Molecule MagnetPhD thesis. University Stuttgart, 2004.
P. Griths and J. de Haseth. Fourier Transform Infrared Spectrometry. John
Wiley & Sons, New York, Chichester, Brisbane, 1986.

C. Clauy.Optische Untersuchung zur Ladungsordnung zwei-dimensaar Leiter.
PhD thesis. University of Stuttgart, 2008.

J. van Slageren, S. Vongtragool, B. Gorshunov, A. Mukh) and M. Dressel.
Frequency-domain magnetic resonance spectroscopy Magn. Magn. Mater.
272-276 (2004), E765 E767.

D Bloor and J. R. Dean.Spectroscopy of rare earth oxides systems. 1. Far
infrared spectra of the rare earth sesquioxiedes, ceriumodide and nonstoichio-
metric praseodymium and terbium oxides]. Phys. C5 (1972), 1237.

B. J. Judd. Optical Absorption Intensities of Rare-Earth lons Phys. Rev.127
(1962), 750 761.

T. D. Kang, E. Standard, K. H. Ahn, A. A. Sirenko, G. L. Car, S. Park, Y. J.
Choi, M. Ramazanoglu, V. Kiryukhin, and S.-W. Cheong.Coupling between
magnon and ligand- eld excitations in magnetoelectric TesO,, garnet, Phys.
Rev. B 82 (2010), 014414.

R. MacFarlanePerturbation Methods in the Calculation of Zeeman Interagins
and Magnetic Dipole Line Strengths fod3-Trigonal-Crystal Spectra, Phys. Rev.
B 1 (1970), 3.

M. Eden. Solid State NMR of Multiple-Spin SystemsPhD thesis. Physical
Chemistry Division, Stockholm University, 1999.

M. Eden and H. Levitt. Computation of orientational averages in solid state
NMR by gaussian spherical quadratures. Magn. Reson.132 (1998), 220 239.
G. A. Komandin, E. S. Zhukova, V. I. Torgashev, A. V. Bas, A. A. Boris, E. A.
Motovilova, A. S. Prokhorov, L. S. Kadyrov, B. P. Gorshunov,and M. Dressel.

163



Bibliography

[113]
[114]

[115]

[116]

[117]

[118]

[119]

[120]
[121]
[122]
[123]

[124]

[125]

[126]

164

Terahertz-infrared spectra of the rare-earth scandat®yScGO; single crystal J.
Appl. Phys. 114.2 (2013), 024102.

J. Van Vleck.The puzzle of Rare-Earth spectra in soligs938.

P. D. Rogers, Y. J. Choi, E. C. Standard, T. D. Kang, K. HAhn, A. Dubroka,
P. Marsik, C. Wang, C. Bernhard, S. Park, S.-W. Cheong, M. Kalyanskii, and
A. A. Sirenko. Adjusted oscillator strength matching for hybrid magnetiand
electric excitations in DyFesO1, garnet, Phys. Rev. B83 (2011), 174407.

A. A. Sirenko, S. M. O'Malley, K. H. Ahn, S. Park, G. L. Car, and S.-W.
Cheong. Infrared-active excitations related to H3" ligand- eld splitting at the
commensurate-incommensurate magnetic phase transition HoMn,Os, Phys.
Rev. B 78 (2008), 174405.

S. Haas, E. Heintze, S. Zapf, B. Gorshunov, M. Dressahd L. Bogani. Direct
observation of the discrete energy spectrum of two lanthdatbased single-chain
magnets by far-infrared spectroscopyPhys. Rev. B89 (17 2014), 1744009.

K. Bernot, L. Bogani, A. Caneschi, D. Gatteschi, and RSessoli.A Family
of Rare-Earth-Based Single Chain Magnets: Playing with Aswtropy, J. Am.
Chem. So0c.128.24 (2006), 7947 7956.

L. F. Chibotaru, L. Ungur, and A. Soncini.The Origin of Nonmagnetic Kramers
Doublets in the Ground State of Dysprosium Triangles: Evidee for a Toroidal
Magnetic Moment Angew. Chem., Int. Ed.47.22 (2008), 4126 4129.

L. Bogani, R. Sessoli, M. G. Pini, A. Rettori, M. A. Nov&, P. Rosa, M. Massi,
M. E. Fedi, L. Giuntini, A. Caneschi, and D. Gatteschi. Finite-size e ects on
the static properties of a single-chain magnglPhys. Rev. B72 (6 2005), 064406.
M. Bottrill, L. Kwok, and N. J. Long. Lanthanides in magnetic resonance imag-
ing, Chem. Soc. Rev35 (6 2006), 557 571.

B. Young and H. StapletonApparent lowering of energy levels as measured by
Orbach relaxation rates Physics Letters21.5 (1966), 498 501.

S. K. Lyo.Interference and Intermediate-Level-Width Correctionsd the Orbach
Relaxation Rate Phys. Rev. B5 (3 1972), 795 802.

D. Bloor and J. CampbellFarinfrared Spectra and Zeeman E ect of RareEarth
Double Nitrates Chem. Phys.54 (1971), 3268.

T. D. Kang, E. C. Standard, P. D. Rogers, K. H. Ahn, A. A. 8enko, A.
Dubroka, C. Bernhard, S. Park, Y. J. Choi, and S. W. CheongFar-infrared
spectra of the magnetic exchange resonances and opticalnams and their con-
nection to magnetic and dielectric properties oDysFes04, garnet, Phys. Rev.
B 86.14 (2012).

D. Talbayev, A. D. LaForge, S. A. Trugman, N. Hur, A. J. Bylor, R. D. Averitt,
and D. N. Basov.Magnetic Exchange Interaction between Rare-Earth and Mn
lons in Multiferroic Hexagonal Manganites Phys. Rev. Lett. 101.24 (2008).

E. S. Zhukova, V. |. Torgashev, B. P. Gorshunov, V. V. leedev, G. S. Shakurov,
R. K. Kremer, E. V. Pestrjakov, V. G. Thomas, D. A. Fursenko, A S. Prokhorov,
and M. Dressel.Vibrational states of a water molecule in a nano-cavity of bd
crystal lattice, The Journal of Chemical Physicsl40.22, 224317 (2014), .



Bibliography

[127]

[128]
[129]
[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

B. L. Yu, Y. Yang, F. Zeng, X. Xin, and R. R. Alfano.Reorientation of the H20
cage studied by terahertz time-domain spectroscopipplied Physics Letters
86.6, 061912 (2005).

G. E. Walrafen.Raman Spectral Studies of Water StructureThe Journal of
Chemical Physics40.11 (1964), 3249 3256.

J. Hasted, S. Husain, F. Frescura, and J. Birclrar-infrared absorption in liquid
water, Chemical Physics Lettersl18.6 (1985), 622 625.

J. A. Padré and J. Marti. An interpretation of the low-frequency spectrum of
liquid water, The Journal of Chemical Physicsl18.1 (2003), 452 453.

M. Walther, B. M. Fischer, and P. U. JepsenNoncovalent intermolecular forces
in polycrystalline and amorphous saccharides in the far mafred, Chemical
Physics (2003).

J.-P. Sutter, M. L. Kahn, S. Golhen, L. Ouahab, and O. Klan. Synthesis and
Magnetic Behavior of Rare-Earth Complexes with N,O-Chelag Nitronyl Ni-
troxide Triazole Ligands: Example of a [GdIlIOrganic Radial2] Compound with
an S=9/2 Ground State, Chemistry - A European Journal4.4 (1998), 571 576.
M. L. Kahn, J.-P. Sutter, S. Golhen, P. Guionneau, L. Oahab, O. Kahn, and
D. Chasseau.Systematic Investigation of the Nature of The Coupling beten
a Ln(lll) lon (Ln = Ce(lll) to Dy(lll)) and Its Aminoxyl Radic al Ligands.
Structural and Magnetic Characteristics of a Series of Lnfganic radical)2
Compounds and the Related Ln(Nitrone)2 Derivativesournal of the American
Chemical Society122.14 (2000), 3413 3421.

C. Benelli, A. Caneschi, D. Gatteschi, L. Pardi, P. ReyD. P. Shum, and R.
L. Carlin. Magnetic properties of lanthanide complexes with nitronyiitroxides,
Inorg. Chem. 28.2 (1989), 272 275.

C. Benelli, A. Caneschi, D. Gatteschi, and R. Sessdlilagnetic properties and
phase transitions in molecular based materials containingre earth ions and
organic radicals (invited), Journal of Applied Physics73.10 (1993), 5333 5337.
A. B. Kuzmenko. Kramers-Kronig constrained variational analysis of optial
spectra Review of Scienti ¢ Instruments 76 (2005).

M. L. Kahn, R. Ballou, P. Porcher, O. Kahn, and J.-P. Suer. Analytical Deter-
mination of the Ln-Aminoxyl Radical Exchange Interaction &king into Account
Both the Ligand-Field E ect and the Spin-Orbit Coupling ofhe Lanthanide lon
(Ln=Dylll and Holll) , Chemistry - A European Journal8.2 (2002), 525 531.

165






Acknowledgements

I would like to acknowledge here my gratitude for many peopkho contributed either
directly or indirectly to this work.

First, 1 would like to thank my supervisor Prof. Martin Dressl who gave me the
opportunity to perform my PhD work at the 1. Physikalische Irstituts of the University
of Stuttgart. Moreover, | thank him for the supervision of the project, for always
having an open door, and the proofreading of the thesis.

| am sincerely grateful to Prof. Joris van Slageren not onlydrause he kindly accepted
to co-referee my thesis. Much more, | would like to thank himof fruitful discussions
about my work, correction of my thesis, and his knowledge-ahng of the study of
lanthanides by far-infrared spectroscopy.

Many thanks to Dr. Lapo Bogani without whom | would not have sarted to study
the interesting compounds presented in this thesis. Moreen | would like to thank
him for the synthesis of most of the compounds.

Most of the work done in this Thesis was based on previous siad done by the group
of Prof. Roberta Sessoli at the University of Florence. Theglso provided me with
the LnDOTA samples. | would like to thank Roberta Sessoli foher scienti ¢ advice
and many insightful discussions and suggestions for my peaf. | really enjoyed my
stay in Florence and it was a great source of encouragementdamew ideas for me.

Alexa Paretzki, 1 would like to thank for the synthesize of sme of the compounds
studied in this thesis and for discussions about chemistnglated issues.

My deepest gratitude goes to Dr. Conrad Clauy. He taught me ady everything
| know about lab work and problem solving. Many lab sessionsowld have failed
without his help; he always o ered help when needed, irrespieve of the time of day
and even if it was weekend or New Year's Eve. More important,Would like to thank
you for always having an open ear for me, uncountable after vkoactivities, ... in
short for being a friend.

Special thanks to Dr. Sina Zapf for introducing me to the infared lab and proofreading
of my manuscripts. She encouraged me when thinks went wrongdashared my good
and bad times in the lab and at the institute with me.

Thanks also to the whole infrared team; especially, to RebeBeyer, Tobias Peterseim,
and Dr. Dan Wu who always o ered a helping hand and broadened yrhorizon in

167



Acknowledgements

many discussions. | know that | could always ask them for acsé and opinions on lab
related issues.

I also would like to thank the molecular magnetism team, esprlly Eric Heintze, Dr.
ShangDa Jiang, Christian Cervetti, Michael Slota, and Dr. Rlph Hubner.

Raphael Marx and Maria Dorfel for the lively exchange aboutinthanide spectroscopy
and their collaboration.

It was great pleasure for me to work with Prof. Boris Gorshunowho shared his
knowledge about THz-spectroscopy with me. | would like to #nk him for his kindness
and great sense of humor.

Dr. Mark Sche er, | would like to thank for the nice collaboration when | worked as
a teaching assistant of his "Licht und Materie" lecture.

Thanks to Gabi Untereiner who worked next door to me in the begning of my
thesis. | enjoyed the time we spent together. She always waselp for technical and
experimental issues.

Agnieszcka Cienkowska-Schmidt, | would like to thank for hiegreat e orts in handling
the administrative issues.

In regards of solving theoretical issues, | thank Dr. J6rg Umethum and Prof. Jirgen
Schnack for fruitful discussions.

| also want to thank the members of the low temperature depamtent for their kindness,
every time | was there to pick up a can of Helium.

Thanks to all other past and current members of the 1. Physilligche Institut for
the nice working atmosphere. Especially, | would like to thak: Eva Rose, Dr. Bruno
Gompf, Uwe Pracht, Julia Ostertag, Dr. Tomislav lvek, Chrisoph Schlegel, Dr. Helga
Kumric, Stefano de Zuani, and David Neubauer.

Finally, 1 would like to thank my parents, my grandfather, ard my brother for their
support and constant encouragement over the years. Jensatik you for your patience
and support, and for the proofreading of the thesis.

168



Declaration of originality

| hereby declare that this thesis and the work reported heneiwas composed by and
originated entirely from me. Information derived from the mblished and unpublished
work of others has been acknowledged in the text and referesc

169



	Abstract
	Zusammenfassung
	Table of contents
	List of abbreviations
	1 Introduction
	1.1 Single-molecule magnets, single-ion magnets and single-chain magnets
	1.2 Characteristics and applications of lanthanides/rare earths
	1.3 Far-infrared spectroscopy of lanthanide ions
	1.4 Motivation and outline of the thesis

	2 Theoretical background of lanthanides in slowly relaxing molecular materials
	2.1 Lanthanides in static crystal fields
	2.1.1 The Hamiltonian of the 4f-electrons
	2.1.2 Russell-Saunders coupling scheme
	2.1.3 Crystal field parametrization and the Stevens operators
	2.1.4 J-mixing, non-pure Russell-Saunders wave functions, and configuration interaction
	2.1.5 Analysis of experimental data
	2.1.6 Low symmetry crystal fields and ab-initio calculations

	2.2 Magnetic relaxation
	2.2.1 Measurement techniques
	2.2.2 Magnetic relaxation in cluster SMMs
	2.2.3 Master equation
	2.2.4 Phonon bath

	2.3 Magnetic relaxation of lanthanides in crystal fields
	2.3.1 Detailed description of spin-lattice interactions
	2.3.1.1 Direct process
	2.3.1.2 Two-Phonon Orbach process
	2.3.1.3 Raman process
	2.3.1.4 Orbach and Raman process using optical phonons

	2.3.2 Magnetic relaxation of lanthanides in molecular magnetism: Discussion of literature

	2.4 Magnetic relaxation in single-chain magnets
	2.4.1 Static magnetic properties
	2.4.2 Dynamic magnetic properties


	3 Methods and Materials
	3.1 Experimental setup
	3.1.1 Terahertz-Spectroscopy using backward-wave-oscillators
	3.1.2 Fourier-Transform-Infrared-Spectroscopy

	3.2 Analysis of the data
	3.2.1 Fresnel equations for a plane-parallel slab
	3.2.2 Modeling of the dielectric permittivity and magnetic permeability

	3.3 Investigated samples

	4 New methods for the analysis of far-infrared spectra of lanthanide ions
	4.1 Introduction
	4.2 Analysis of the magnetic field-dependent spectra
	4.3 Simulation program for far-infrared spectra of lanthanide ions
	4.3.1 Single crystal and one polarization direction
	4.3.2 Averaging over the different directions of a powder

	4.4 Example simulations for different crystal field Hamiltonians
	4.5 Evaluation by the use of the spectrosopic g-factors
	4.6 Distinction between electric and magnetic dipole transitions

	5 Dy(PhOPh): A lanthanide-based single-chain magnet
	5.1 Introduction
	5.2 Methods and materials
	5.3 Results
	5.4 Discussion: Relation to the relaxation dynamics
	5.5 Conclusion

	6 DyDOTA: A single-ion lanthanide compound showing slow relaxation of the magnetization
	6.1 Introduction
	6.1.1 Magnetic relaxation
	6.1.2 Luminescence and CASSCF-calculations
	6.1.3 Motivation of far-infrared spectroscopy
	6.1.3.1 Crystal-field splitting
	6.1.3.2 Terahertz vibrations in hydrogen bonded networks


	6.2 Methods and materials
	6.3 Results and Discussion
	6.3.1 Dielectric and optical phonon properties
	6.3.2 Electronic transition inside the crystal-field split 6H15/2 ground multiplet of dysprosium in DyDOTA
	6.3.3 Electronic transition inside the crystal-field split 7F6 multiplet of terbium in TbDOTA
	6.3.4 Discussion: Relation of the results to the relaxation behavior

	6.4 Conclusion

	7 Ln(NITPhOPh)2: One lanthanide ion coupled to two NIT-radicals
	7.1 Introduction
	7.2 Motivation of far-infrared spectroscopy
	7.3 Methods and materials
	7.4 Results and discussion
	7.4.1 Dy(NITPhOPh)2
	7.4.2 Dy(NITEtOPh)2
	7.4.3 Tb(NITPhOPh)2
	7.4.4 Ho(NITPhOPh)2
	7.4.5 Comparison of the different compounds

	7.5 Conclusion

	8 Summary and Outlook
	A Appendix
	A.1 Limits of the Beer-Lambert law for bulk samples
	A.2 DyDOTA: additional measurements
	A.3 Dy(PhOPh)2: additional measurements
	A.4 Dy(PhOPh)2: theoretical considerations

	Bibliography

