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Figure 1: Diamonds used in high-pressure experiment. Left panel: intact
diamond (before experiment), right panel: broken diamond (after experiment).
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Abstract

In quantum magnets, exotic magnetic properties arise from the antifer-
romagnetic coupling of often minimal (S = 1/2) spins. Here the charge
could get localized on the lattice but the spins remain "liquid": they move
freely inside the material as spinons. These quantum spin liquids (QSLs)
[6] are naturally expected in strongly correlated electron systems: Mott-
or charge-transfer insulators. Their magnetic properties are crucially
influenced by the underlying lattice geometries. For instance, three anti-
ferromagnetically coupled Heisenberg spins on the corners of a triangle
(triangular lattice) evade long-range magnetic order, even in the presence
of very strong antiferromagnetic coupling. The magnetic exchange is
frustrated. Even stronger frustration can be found on the kagome lattice
(star-like arrangement of spins). In this case (as illustrated in this work)
even very weak lattice distortion can be used to control the degree of
frustration and to tune through a plethora of magnetic phases [7]. As
well, the magnetic properties are influenced by other parameters, for in-
stance, disorder or impurities [8]. This complexity opened a wide research
field on the interface of condensed matter physics and material design
in the recent years [9, 10]. Identifying the exotic magnetic properties in
candidate systems is crucial for the general understanding of the interplay
of spin, charge, and lattice in quantum states of matter.

In this thesis multiple strongly-correlated antiferromagnetic insulators
with a variable degree of structural distortion and magnetic frustration are
studied with spectroscopic resolution: Herbertsmithite ZnCu3(OH)6Cl2,
Volborthite Cu3V2O7(OH)2 · 2H2O, Y-kapellasite Y3Cu9(OH)19Cl8, and
(Zn-)Averievite Cu5−xZnxV2O10(CsCl). Topics extending over electronic,
structural, and magnetic degrees of freedom are covered. A particu-
lar focus will be on magnetic excitations at low energies, deep in the
THz gap. Still, this energy scale of the electromagnetic spectrum is largely
terra incognita, potentially hiding rich physics. At these low energies mag-
netic excitations can be disentangled from the dielectric backgrounds,
providing valuable insight on the spin degree of freedom.

Overall, the present thesis advances the understanding of light-matter
interaction in kagome/ honeycomb quantum magnets. It gives further
guidelines for material design of quantum magnets by illustrating the
influence of structural distortion on the magnetism. The main results
shall be summarized as follows:



The archetype quantum spin liquid candidate on the kagome lattice is
Herbertsmithite [11]. Albeit strong magnetic exchange, no long-range
order was found down to the mK range [12]. Instead, a broad scatter-
ing continuum was revealed by inelastic neutron scattering (INS) and
attributed to spinon excitations [13]. An optical absorption mechanism
for spinons was proposed, resulting in a power-law optical conductivity
[14, 15]. This power law was observed for Herbertsmithite [16]; however,
only in a very narrow frequency range (20 to 45 cm−1), close to a phonon
tail. In this thesis terahertz time-domain spectroscopy (THz-TDS) mea-
surements of the optical absorption coefficient/ optical conductivity of
Herbertsmithite down to frequencies as low as 6 cm−1 and temperatures
of T = 1.6 K reveal that the previously proposed spinon induced power-
law absorption needs to be reconsidered: Fig. 2. Although above 20
cm−1 the spectra agree very well with the previous report [16], by signif-
icantly expanding the experimental parameters, a clear deviation from
the power-law behavior is found below 20 cm−1. Further magneto-THz
measurements show no changes in the spectra under magnetic fields up
to H = 8.3 T.
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Figure 2: Investigation of Herbertsmithite. (a) In the double-log plot of
the THz optical conductivity a clear deviation from the proposed power law
(Ref. [16], magenta curve) can be seen below 20 cm−1. (b) Spectral weight of
this work (orange curve) compared to the results of Ref. [16] (red and blue
curves). Dashed line: the hump in spectral weight was ascribed to the kaogme
contribution.
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It is shown that magnetic short-range correlations before the magnetic
transition are spectroscopically accessible in the THz range, encoded in
the dynamic magnetic susceptibility χ′′

m and the integrated absorption
coefficient IA. This will be demonstrated utilizing Volborthite and can
be further traced under a variable degree of structural distortion/ correla-
tion strength in Y-kapellasite and Averievite. In Volborthite the onset of
short-range magnetic correlations was previously determined at T ∗ ≈ 60
K [17]. Furthermore, a broad maximum in susceptibility was observed at
Tp = 18 K without any indication for spin freezing at these temperatures.
Below TN = 1.4 K Volborthite harbors a magnetic trimer state [18]. The
temperature-dependent evolution of THz IA (Fig. 3) is reminiscent of
these temperature scales observed in susceptibility. Furthermore, first in-
frared investigations are presented, unveiling a rich phononic background.

Figure 3: Investigation of Volborthite. THz integrated absorption coefficient
IA probes short-range magnetic correlations in Volborthite. The peak-like
increase (blue dashed line) coincides well with the maximum observed in
susceptibility (Tp = 18 K) [17]. At T ∗ ≈ 60 K the susceptibility starts to
deviate from a Curie-Weiss behavior, onset of short-range magnetic correlations
[17]. Black dashed lines: structural transitions [19, 20].
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Y-kapellasite is an example for a distorted kagome antiferromagnet
[21]. Here mild structural distortion leads to an inbalance of three
nearest-neighbor antiferromagnetic couplings. A coplanar non-collinear
magnetic state with ordering wave vector Q = (1/3, 1/3) is suggested
below TN = 2.2 K [7]: cf. the three distinct magnetic hexagons in
Fig. 4a. The magnetism remained intriguing showing indications for spin
dynamics and a successive spin freezing [22]. Studying Y-kapellasite, in
this thesis, an exotic multi-center magnon absorption (continuum-like
contribution at THz frequencies and low temperatures), entangled with
the three-fold magnetic symmetry on the distorted kagome lattice is un-
veiled, Fig. 4b. The muli-center magnons are closely related to magnetic
short-range correlations (T = 30 K), similar to paramagnons. Further
insight is provided by magneto-THz spectroscopy and linear spin wave
theory (LSWT). Exploiting the muli-center magnon excitation, in this
proof-of-principle experiment it is shown that the spin (magnon) density
of states can be accessed in the entire magnetic Brillouin zone with THz
light. This releases the q ≈ 0 constraint of THz photons and expands the
capability of THz-TDS to ∆q ≈ 0: a new aspect to probe magnetism in
matter. Further temperature- and pressure-dependent Fourier-transform
infrared (FTIR) spectroscopies are presented, illuminating the structural
degree of freedom.
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Figure 4: Investigation of Y-kapellasite. (a) Y-kapellasite possesses an
intriguing Q = (1/3, 1/3) magnetic order below TN = 2.2 K [7]. The three-fold
magnetic symmetry (distinct magnetic sublattices - centers: green, blue, and
yellow spins) features a multi-center magnon excitations mechanism evading the
q ≈ 0 constraint of THz photons. (b) The multi-center magnon picture is used
to explain the broad, continuum-like THz response, emerging with the onset
of short-range magnetic correlations (T = 30 K). Inset: integrated absorption
coefficient IA. At high temperatures IA is determined by the contribution of
the phonon tail over 40 cm−1. Below 30 K the multi-center magnon dominates
the response. Adapted with permission from Ref. [1].
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In Averievite, the degree of structural distortion is enhanced [23]. This
system possesses a kagome lattice coupled to a honeycomb layer provoking
magnetic interlayer coupling and magnetic order below TN = 24 K.
Substituting copper by zinc in the honeycomb layer (Zn-Averievite), the
interlayer coupling is suppressed as well as the structural distortion. With
the undistorted kagome lattice the system does not show indications
for magnetic long-range order. In this thesis multiple sharp magnetic
resonances coupling to external magnetic fields are observed below the
onset of short-range magnetic correlations for unsubstituted Averievite.
By retrieving the high symmetry of kagome lattice in Zn-Averievite
and suppressing magnetic order, these resonances can be switched off,
leaving only the dielectric background behind. Investigating multiple
Zn concentrations, THz IA complemented by electron-spin susceptibility
gives direct access to contributions from magnetic order, frustration, and
structural properties, opening the phase diagram of Averievite, Fig. 5.
Furthermore, this work sheds light on how magnetic interaction affects
time-domain spectra through magnetization dynamics.
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Figure 5: Investigation of Averievite. (a) The false-color plot of THz
IA resembles the phase diagram (magnetic and structural phases) of (Zn-
)Averievite Cu5−xZnxV2O10(CsCl): TS = 127 K, structural transition (P 21/c to
an unknown structure); TSR ≈ 60 K, onset of short-range magnetic correlations;
TN = 24 K, long-range order. Magnetic THz resonances were observed for
the compounds with x = 0 and x = 0.25 (dark green points). The P 3̄m1
structure is found for x = 0 only for T > 310 K while it persists in the entire
temperature range for high Zn substitutions. Measured Zn concentrations are
indicated by vertical arrows at the top. (b) False-color plot of the absorption
coefficient α(ω, T ) spectra for the x = 0 sample. Three lines are representing
TS = 127 K, TSR ≈ 60 K, and TN = 24 K, respectively. With the onset of
magnetic short-range correlations, sharp magnetic resonances are emerging (see
around 20 cm−1). These can be well separated from the phonon modes (28
and 50 cm−1) and are susceptible to external magnetic field. Adapted with
permission from Ref. [2]. Copyright (2022) by the American Physical Society.
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Kurzfassung

In Quantenmagneten resultieren exotische magnetische Eigenschaften von
der Kopplung oft minimaler (S = 1/2) Spins. In speziellen Fällen kann
die Ladung lokalisiert bleiben und der magnetische Freiheitsgrad verhält
sich „flüssig“: Spins bewegen sich frei im Material als Spinonen. Diese
Quanten Spin Flüssigkeiten [6], engl. quantum spin liquids (QSLs), sind
zu erwarten in stark korrelierten Elektronensystemen: Mott Isolatoren
oder Ladungstransferisolatoren. Ihre magnetischen Eigenschaften sind
stark abhängig von dem zugrundeliegenden kristallographischen Gitter.
Ein Beispiel lässt sich auf dem Dreiecksgitter finden: Trotz starker an-
tiferromagnetischer Wechselwirkung ordnen drei Heisenberg Spins auf
den Ecken eines Dreiecks nicht magnetisch. Die magnetische Wechselwir-
kung ist frustriert. Noch stärkere Frustration kann auf dem Kagomegitter
(sternförmige Anordnung der Spins) gefunden werden. In diesen Fällen
(wie in der vorliegenden Arbeit veranschaulicht) können selbst kleinste
Gitterverzerrungen den Grad der Frustration manipulieren und eine Viel-
zahl von magnetische Phasen [7] induzieren. Auch sind die magnetische
Eigenschaften beeinflussbar durch weitere Parameter, wie beispielsweise
Unordnung oder Unreinheiten [8]. Während der letzten Jahre öffnete diese
Komplexibilität ein weites Forschungsfeld an der Schnittstelle Physik der
kondensierten Materie und Materialdesign [9, 10]. Exotische magnetische
Eigenschaften in Kandidatensystemen zu identifizieren ist hierbei essenzi-
ell für das generelle Verständnis des Zusammenspiels von Spin, Ladung
und Gitter in Quantenzuständen von Materialien.

In der vorliegenden Arbeit werden mehrere stark korrelierte antiferroma-
gnetische Isolatoren mit einem unterschiedlichen Grad an struktureller Ver-
zerrung und magnetischer Frustration mit spektroskopischer Auflösung un-
tersucht: Herbertsmithite ZnCu3(OH)6Cl2, Volborthite Cu3V2O7(OH)2 ·
2H2O, Y-kapellasite Y3Cu9(OH)19Cl8 und (Zn-)Averievite Cu5−xZnxV2-
O10(CsCl). Dabei sind Themen von elektronischen- und strukturellen-
bis zu magnetischen Freiheitsgraden abgedeckt. Speziell wird der Fokus
auf magnetische Anregungen, welche tief in der sogenannten THz gap
beheimatet sind, gelegt. Nach wie vor ist dieser Energiebereich des Spek-
trums weitgehend unerforscht und verbirgt potenziell eine Vielzahl von
physikalischen Phänomenen.

Insgesamt treibt die vorliegende Arbeit das Verständnis von Licht-Materie
Interaktion in Kagome/ Honigwaben Quantenmagneten voran. Sie illu-
striert den Einfluss von struktureller Verzerrung auf den Magnetismus



und ist richtungsweisend für das Materialdesign von Quantenmagneten.
Die Hauptresultate werden wie folgt zusammengefasst:

Das Urbild eines Quanten Spin Flüssigkeits Kandidaten auf dem Kagome-
gitter ist Herbertsmithite [11]. Selbst bei tiefsten Temperaturen (mK
Bereich) konnte trotz starker magnetischer Wechselwirkung keine lang-
reichweitige magnetische Ordnung nachgewiesen werden [12]. Stattdessen
ließ sich ein breites Streukontinuum mithilfe von inelastischer Neutro-
nenstreuung (INS) messen und Spinonen zuschreiben [13]. Ein optischer
Absorptionsmechanismus für Spinonen wurde vorgeschlagen, resultierend
in ein Potenzgesetz für die optische Leitfähigkeit [14, 15]. Dieses konnte für
Herbertsmithite experimentell beobachtet werden [16], jedoch nur in einem
sehr engen Frequenzbereich (von 20 bis 45 cm−1), nahe eines Phononen-
schwanzes. In dieser Arbeit zeigen Terahertz Zeitbereichsspektroskopie-,
engl. terahertz time-domain spectroscopy (THz-TDS), Messungen des
Absorptionskoeffizienten/ der optischen Leitfähigkeit zu niedrigen Fre-
quenzen (6 cm−1) und tiefen Temperaturen (T = 1.6 K), dass der Vor-
schlag eines Potenzgesetzes für die optische Absorption durch Spinonen
überdacht werden muss: Abb. 6. Durch eine signifikante Erweiterung
der experimentellen Parameter konnte eine klare Abweichung von einem
Potenzgesetz unter 20 cm−1 gefunden werden. Weitere magneto-THz Mes-
sungen zeigen keine Veränderungen in den Spektren unter magnetischen
Feldern bis zu H = 8.3 T.
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Abbildung 6: Untersuchungen von Herbertsmithite. (a) Doppelt-
Logarithmisches Diagramm der optischen Leifähigkeit. Eine Abweichung vom
Potenzgesetz (Ref. [16], magenta Kurve) wird deutlich unter 20 cm−1. (b)
Spektrales Gewicht: Diese Arbeit (orange Kurve) verglichen mit Ref. [16] (rote
und blaue Kurve). Gestrichelte Linie: Der Buckel im Spektralen Gewicht wurde
dem Kagome Beitrag zugeordnet.
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Es wird gezeigt, dass kurzreichweitige magnetische Korrelationen noch
vor einem magnetischen Übergang spektroskopisch zugänglich sind über
die dynamische magnetische Suszeptibilität χ′′

m und den integrierten Ab-
sorptionskoeffizienten IA im THz Bereich. Dies wird demonstriert am
Beispiel Volborthite und kann weiter verfolgt werden mit variablem
Grad an struktureller Verzerrung und Korrelationsstärke in Y-kapellasite
und Averievite. In Volborthite wurde das Einsetzen kurzreichweitiger
magnetischer Korrelation zuvor mit T ∗ ≈ 60 K bestimmt [17]. Des Wei-
teren wurde ein breites Maximum in der Suszeptibilität bei Tp = 18 K
beobachtet, ohne ein Indiz für magnetische Ordnung [17]. Nur unterhalb
von TN = 1.4 K zeigt Volborthite einen magnetischen Trimer Zustand
[18]. Diese Temperaturskalen (T > 6 K) spiegeln sich in der Temperatur-
abhängigkeit von THz IA (Abb. 7) wieder. Auch werden erste Infrarot
Messungen gezeigt, welche einen reichhaltigen Phononen-Hintergrund in
dieser Materialklasse enthüllen.

Abbildung 7: Untersuchungen von Volborthite. THz integrierter Absorpti-
onskoeffizient IA ist sensitiv zu kurzreichweitigen magnetischen Korrelationen in
Volborthite. Die peakartige Zunahme (gestrichelte blaue Linie) fällt zusammen
mit einem Maximum in der Suszeptibilität (Tp = 18 K). Unter T ∗ ≈ 60 K
weicht die Suszeptibilität von einem Curie-Weiss Verhalten ab: Beginn der
kurzreichweitigen magnetischen Korrelation [17]. Schwarz gestrichelte Linien:
Strukturelle Übergänge [19, 20].
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Y-kapellasite ist ein Beispiel für einen strukturell verzogenen Kagome-
Antiferromagneten [21]. Hier induziert schwache strukturelle Verzerrung
ein Ungleichgewicht der drei dominanten antiferromagnetischen Kopp-
lungen, resultierend in magnetischer Ordnung: Unter TN = 2.2 K ist ein
koplanarer, nicht-kollinearer magnetischer Grundzustand Q = (1/3, 1/3)
vorgeschlagen [7] (vgl. drei magnetischen Hexagone in Abb. 8a). Der
Magnetismus bleibt faszinierend und zeigt Anzeichen für Spin Dyna-
mik und ein aufeinanderfolgendes Ausfrieren des Spin Systems. Bei den
Studien von Y-kapellasite wurde eine exotische multi-center Magnon
Absorption (ähnlich eines Kontinuums) bei THz Frequenzen und tiefen
Temperaturen nachgewiesen, Abb. 8b. Diese wird ermöglicht durch die
dreizählige magnetische Symmetrie des verzerrten Kagomegitters. Auch
sind die multi-center Magnonen eng verbunden mit kurzreichweitigen ma-
gnetischen Korrelationen (T = 30 K), zu vergleichen mit Paramagnonen.
Weitere Einsicht ist gegeben durch magneto-THz Messungen und linearer
Spinwellentheorie (LSWT). Unter Ausnutzung der multi-center Magnon
Anregung konnte in diesem Proof-of-Principle Experiment gezeigt werden,
dass die Spin- (Magnon-) Zustandsdichte in der gesamten magnetischen
Brillouin Zone erreichbar ist über THz Licht. Dies löst die q ≈ 0 Beschrän-
kung der THz Photonen und erweitert die Fähigkeiten von THz-TDS zu
denen einer ∆q ≈ 0 Methode: ein neuer Aspekt, um den Magnetismus
in Materie zu untersuchen. Weitere temperatur- und druckabhängige
Fourier-Transform-Infrarotspektroskopien (FTIR) werden präsentiert um
strukturelle Aspekte zu beleuchten.
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Abbildung 8: Untersuchungen von Y-kapellasite. (a) Y-kapellasite zeigt
eine faszinierende Q = (1/3, 1/3) magnetische Ordnung unterhalb von TN = 2.2
K [7]. Die dreizählige magnetische Symmetrie (unterscheidbare magnetische
Untergitter - centers: grüne, blaue, und gelbe Spins) erlaubt eine multi-center
Magnon Anregung über die q ≈ 0 Beschränkung von THz Photonen hinaus. (b)
Das multi-center Magnon Bild wird benutzt um die breite, kontinuumsähnliche
THz Antwort (einsetzend mit kurzreichweitigen magnetischen Korrelationen,
T = 30 K) zu erklären. Einsatz: integrierter Absorptionskoeffizient IA. Bei
hohen Temperaturen wird IA bestimmt durch den Beitrag von Phononen
(Phonenschwanz über 40 cm−1). Unter 30 K dominiert die multi-center Magnon
Absorption. Angepasst von Ref. [1] mit Erlaubnis.
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In Averievite ist die strukturelle Verzerrung weiter ausgeprägt [23]. Die-
ses System stellt ein Kagomegitter gekoppelt mit einem Honigwabengitter
dar. Interaktion zwischen den Gittern führt zu einer magnetischen Ord-
nung unterhalb von TN = 24 K. Durch gezielte Substitution von Kupfer
mit Zink im Honigwabengitter (Zn-Averievite) kann die magnetische
Kopplung zum Kagomegitter und die strukturelle Verzerrung unterdrückt
werden. Damit zeigt Zn-Averievite keine Indizien für magnetische Ordnung.
In der vorliegenden Arbeit wurden unterhalb des Eintretens magnetischer
kurzreichweitiger Korrelationen mehrere scharfe magnetische Resonanzen
in nicht substituierten Proben beobachtet. Diese koppeln zudem an exter-
ne magnetische Felder. Durch Zink-Substitution können die magnetischen
Resonanzen abgeschaltet werden. Studien an Proben mit verschiedenen
Zink-Konzentrationen ermöglichen es das Phasendiagramm von Averievite
unter Berücksichtigung der Beiträg von magnetischer Ordnung, Frustra-
tion und strukturellen Eigenschaften weiter auszufüllen (Abb. 9). Diese
Informationen sind in THz IA kodiert und werden vervollständigt durch
Elektronspin Suszeptibilität. Auch zeigt diese Arbeit den Einfluss magneti-
scher Interaktionen über Magnetisierungs-Dynamik in THz Zeitdomänen
Spektren.
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Abbildung 9: Untersuchungen von Averievite. (a) Der Falschfarben-Plot
(THz IA) gibt das Phasendiagramm (magnetische und strukturelle Phasen)
von (Zn-)Averievite Cu5−xZnxV2O10(CsCl) wieder: TS = 127 K, struktureller
Übergang (P 21/c zu einer unbekannten Struktur); TSR ≈ 60 K, Beginn von
kurzreichweitigen magnetischen Korrelationen; TN = 24 K, magnetische Ord-
nung. Magnetische THz Resonanzen wurden beobachtet für x = 0 und x = 0.25
Komponenten (dunkelgrüne Punkte). Die P 3̄m1 Struktur existiert für x = 0 nur
im Bereich T > 310 K. Für hohe Zink-Konzentrationen bleibt sie über den ge-
samten Temperaturbereich erhalten. Gemessene Proben (Zink-Konzentrationen)
sind gekennzeichnet mit vertikalen Pfeilen (oben). (b) Falschfarben-Plot des Ab-
sorptionskoeffizienten α(ω, T ) für x = 0. Drei Linien kennzeichnen TS = 127 K,
TSR ≈ 60 K und TN = 24 K. Mit dem Beginn kurzreichweitiger magnetischer
Korrelation treten scharfe magnetische Resonanzen auf (um 20 cm−1). Diese
können sehr gut von Phononen (28 und 50 cm−1) separiert werden. Auch lassen
sich die Resonanzen durch ein externes magnetisches Feld in ihrer Frequenz
verschieben. Angepasst von Ref. [2] mit Erlaubnis. Copyright (2022) American
Physical Society.
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1 Motivation

Quantum mechanics generates a plethora of astonishing phenomena
and opens problems physicists will never stop to agonize about. One
such fruit is zero-point motion or quantum fluctuation, where a system
fluctuates in its lowest possible energy state - a consequence of Heisenberg’s
uncertainty principle. A prominent example is liquid helium, which does
not freeze at any observable temperature [24]. Another aspect is quantum
superposition, where the system remains in two states at the same time,
i.e., Schrödinger’s cat. Quantum superpositions and quantum fluctuations
have drastic consequences in condensed matter physics as well [25]. Here,
the internal degree of the electron, spin can be entangled over large
distances in a quantum superposition: valence state, opening the route to
quantum spin liquids (QSLs) [6]. In simple terms, these are systems which
albeit strong antiferromagnetic interactions do not freeze even at zero
temperature but show pronounced quantum fluctuations (the spin system
remains "liquid"). A mechanism called geometric frustration, that is, a
suitable arrangement of the spins on the crystallographic lattice, can be
a main ingredient for suppressing long-range order in candidate systems
[26]. Here, fractional excitations, spinons could be found [27]. A spinon
resembles a fraction of the electron, carrying spin 1/2 but no charge:
fermionic quasiparticle. Even though it is already interesting to study
these systems only because of their exotic properties, they give a further,
more concrete, motivation: the key to high-temperature superconductivity
if the system could be doped to become metallic [28, 29]. Furthermore,
a relevance for quantum computing is investigated [30]. In this context,
understanding the quantum mechanical processes to precisely manipulate
materials [31] could lead to advances mastering many critical global
challenges of our modern society. Prominent examples are energy storage
and distribution in a world developing toward renewable energy sources
and information storage and processing beyond the Silicon Age.

Unfortunately, the topic remains a puzzle with many parts, and the
insulating candidate systems need to be cooled to very low temperatures
(mK range) to get a glimpse on their fascinating physics. However, in
the vicinity of the quantum spin liquid, the frustrated quantum mag-
net can be found [32]. Here, several contributions to the Hamiltonian
might lead to a spin freezing at a finite temperature. This brings good
experimental accessibility between the temperature scales of the onset of
short-range magnetic correlations and long-range order. As well, interplay
of (lattice-)symmetry, quantum-, and thermal fluctuations frequently



1 Motivation

generates exotic magnetic phases and interesting properties [7, 33, 34],
including triplons [35], valence bond solids [36] and spin nematics [18]. In-
vestigating this variety of magnetic phases including their exotic magnetic
excitations and understanding the quantum mechanical processes is of
fundamental interest. It might yield information about their tunability in
the framework of QSL. Moreover, considering the success of conventional
antiferromagnets [37], these properties could be exploited for complex
technical applications of the future.

In this context, due to their high geometric frustration, some lattice
geometries are of particular interest, for instance, the kagome lattice. Its
name originates from the Japanese expressions for a bamboo-basket (kago)
and woven pattern (me), where six triangles built a star-like arrangement
[38]. These arrangements can be found, for instance, in copper oxide
minerals [39, 40]. Magnetic interaction can be provided by different means
but most relevant here is a superexchange mechanism along the Cu-O-Cu
path, which antiferromagnetically couples S = 1/2 Cu2+ Heisenberg spins.
Trying to place the Heisenberg spins on the kagome lattice results in
frustrated magnetic interactions evading long-range order [39]. Another
prominent lattice geometry is a honeycomb arrangement. In general, it
has relevance for compass-like magnetic structures (Kitaev magnetism)
[41]. However, here a particular case where a kagome lattice is coupled
to a honeycomb geometry is considered.
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Figure 1.1: Structural distortion and spin freezing on the kagome
lattice. In this thesis four quantum magnets with kagome (honeycomb)
lattice are studied: Herbertsmithite, Volborthite, Y-kapellasite, and Averievite.
Structures within the kagome planes are shown. The lattices are organized
by their respective degree of structural distortion (deviation of the Cu-Cu-Cu
bond angle from 180◦) and Néel temperature TN . Dark blue and light blue
spheres: magnetic Cu ions. Structures are based on Refs. [19, 21, 23, 42].
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1 Motivation

In this thesis, selected quantum magnets (kagome/ honeycomb com-
pounds) with varying degrees of structural distortion/ inherent magnetic
frustration, Fig. 1.1 are investigated. The project is intended to ex-
perimentally study the influence of the latter two parameters on the
magnetism.

Besides the general interest in tuning the magnetic phases, the main
questions motivating the research are:

• What properties have the (magnetic) phases at intermediate tem-
perature, between the onset of short-range magnetic correlations
and long-range order?

• What is the role of spin dynamics at intermediate temperatures?

• How are the properties at intermediate temperatures connected to
the low-temperature states?

• How does structural distortion affect the magnetism?

• How can the contributions form magnetism, structure, and electronic
degrees of freedom be disentangled?

Solving these key-questions will give an advanced understanding of the
exotic magnetism in this material class.

Although conventionally inelastic neutron scattering (INS) is the method
of choice to study magnetic properties, in this thesis (quasi-) optical
spectroscopy will be applied to answer these questions. Besides the fact
that such an unconventional approach is already of interest solely to map
out the fingerprints of magnetic properties in optical spectra (light-matter
interaction in quantum magnets), it has several advantages: table-top
access without the need of large-scale facilities, advanced energy resolution
[43], smaller required sample masses, and no restriction for strong neutron
absorbers. As it will be shown throughout this thesis, although optical
spectroscopy cannot replace neutron scattering it might be a valuable
complementary technique to probe magnetic properties. Hereby, the
focus is the low-energy (THz) regime. The THz gap, between radio
frequencies and infrared (IR) regime, still is terra incognita for the present
material class, although recently the interest is growing substantially
[16, 44–54]. Since this energy scale corresponds to the order of the
magnetic superexchanges, magnetic excitations are naturally expected

Page 4



here. Furthermore, other (stronger) electronic transitions, potentially
covering the magnetic responses, are not present deep in the charge/ Mott
gap for the insulating compounds. Terahertz time-domain spectroscopy
(THz-TDS) is used to map out the dynamic magnetic response of the
systems, i.e., THz-magnetometry. A particular case, where the natural
restriction of optical spectroscopy to the center of the Brillouin zone (q ≈ 0
response) is released was found. Furthermore, the spectral shapes of the
emergent magnetic features could be extracted. Results will be compared
to static magnetization, electron spin resonance (ESR) spectroscopy and
nuclear magnetic resonance (NMR) measurements. Advanced theoretical
calculations will help to establish a deeper understanding of the physics.
Fourier-transform infrared (FTIR) spectroscopy will be employed to
map out structural and electronic properties in the infrared regime to
complement a comprehensive picture. Furthermore, the influence of
external stimuli (external magnetic field and hydrostatic pressure) on
magnetism and structure is studied.

Besides the advances in the understanding of the magnetism of the
particularly studied systems, the general impact expected from this work
is:

• Deepened understanding of the appearance of magnetic excitations
of quantum magnets in optical spectra by extracting the spectral
shapes, separated from dielectric contributions.

• Establishment of THz-TDS as an important method in the field
of quantum magnets: showing a particular case where the q ≈ 0
constraint is released.

• Guiding material design by considering the influence of structural
distortion on the magnetism.

1.1 Structure of the thesis

The thesis is structured in the following way:

• In the first chapter "Motivation" the reader will receive a concise
introduction to the thesis. Furthermore, the motivation for this
research is presented. A German and an English abstract can be
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found above, summarizing the main results. As well a publication
list is included.

• In Ch. 2 "General Background" a broader overview of the relevant
research fields is given. It covers the topics light-matter interaction
(especially in magnetic materials) and an introductory section to
quantum magnetism.

• In Ch. 3 "Experimental Methods and Data Analysis" the variety of
experimental techniques is introduced. This includes aspects from
the general principles and schematics to more detailed experimental
procedures. Here, the goal is, without giving to many details,
to allow a reproducibility of the experiments. The focus will be
especially on (magneto-) terahertz time-domain spectroscopy (THz-
TDS) since it is the first dissertation at the institute using this
technique.

• In Ch. 4 "Results I: Herbertsmithite and Volborthite" the first
results are presented. Here, experiments on the the non-distorted
QSL candidate Herbertsmithite and the mildly distorted quantum
magnet Volborthite are shown. The reader will see that the case
of Herbertsmithite needs to be reconsidered in the sense that the
earlier proposed power-law (spinon) optical absorption does not hold
down to low energies. Volborthite will serve as an excellent example
to investigate magnetic short-range correlations using THz-TDS.

• In Ch. 5 "Results II: Y-kapellasite" the structural distortion of
the kagome lattice is increased and the compound Y-kapellasite is
investigated by a plethora of experimental and theoretical methods.
Exotic multi-center magnon absorption was found deep in the charge
gap, releasing the q ≈ 0 constraint of THz-TDS.

• In Ch. 6 "Results III: Averievite" the heavily distorted kagome-
honeycomb magnet is investigate. Here strong structural distor-
tion/ magnetic interlayer coupling allows to probe sharp magnetic-
resonances, in contrast to the cases presented before.

Finally, a general conclusion on the distorted kagome/ honeycomb
quantum magnets is given before coming to acknowledgments, bib-
liography, declaration of originality, and vita of the author.
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2 General background

In this chapter, an overview of the general theoretical background is
given based on cited literature and the author’s publications (Refs. [1–
3]). The first part covers concepts of light-matter interaction with focus
on the coupling of light to the material’s magnetic degree of freedom.
Concepts of the magnetic THz resonance and optical magnon absorption
are going to be discussed. Here an important experimental observable
the dynamic spin susceptibility will be introduced. In the second part
the reader receives an introduction to the quantum magnetism/ quantum
spin liquids, including the concepts geometric frustration and magnetic
exchange on the kagome lattice.

The advent of ultrafast lasers and sophisticated detection schemes made
dynamical processes in the (sub-) picosecond range attainable in solid
state physics over the recent years [55–57] by opening the time domain
to spectroscopic methods, for instance, in THz time-domain spectroscopy
(THz-TDS) [58]. But new techniques allow not only time-resolved studies.
In fact, the control of magnetization dynamics [59–62], including the
coherent generation of magnons [63] opens a versatile playground from
basic research to practical application. Within this field magneto-optical
Faraday or Kerr effects were exploited to probe magnetic material prop-
erties [64, 65]. The observation of THz-driven spin precession [66–69]
paved the way for THz magnetometry: the optical extraction of magnetic
properties [70].

2.1 Light-matter interaction

In the following the fundamentals of light-matter interaction in magnetic
materials (permeability µ ̸= 1) are going to be reviewed. Fig. 2.1 gives an
overview of the relevant energy scales. Mostly, magnetic properties become
visible at low energies (THz range) in insulating materials [2, 16, 45, 71–
76]. Here the electronic background diminishes and besides magnetic
excitations only phonons are expected. However, in some cases, it might
be challenging to exactly distinguish between the possible contributions
of phonon (-tails), electronic background (i.e., a residual slope in optical
conductivity stemming from the higher lying interband transitions), and
magnetic excitations. An analysis scheme dealing with these challenges is
presented in Sec. 3.2.3.
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Figure 2.1: Frequency- and time scales of electronic and magnetic
excitations, relevant for this thesis. Accordingly, the used experimental
methods are arranged. Scales are based on [57, 77].

Magnetic properties can be probed with light over several routes. On the
first glance, mechanisms exploiting spin-orbit coupling (SOC) are most
obvious. Here, the spin degree of freedom of the electron becomes accessi-
ble over the electric field component of the light, for instance, in Raman
scattering. SOC can be exploited to generate magnons [78] and gives rise
to inverse Farady effect [61] or inverse Cotton-Mouton effect [79]. Other
mechanisms: magnetoelectric responses, magnetoelastic-, or non-linear
coupling are reported in literature [74, 80] but put additional constraints
to the material, for instance, a restriction to non-centrosymmetric space
groups.

Another route is the direct probe over the coupling to the magnetic
field component of the light. This might be challenging at the first
glance, considering that electronic dipole-active processes are usually
assumed to be much stronger. However, in the THz range, without any
other contributions hiding the magnetic response (in insulators), a direct
detection (magnetic-dipole interaction [43]) is possible [64, 66–69], for
instance, via the free induction decay signal (see the sections below).

For more information, especially on the interaction of light and non-
magnetic matter the reader is referred to extensive introductions presented
in literature (starting from the Maxwell’s equations and covering all
aspects of response functions and material parameters), for instance, the
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books [81, 82], reviews [77, 83], and previous theses [84–86].

2.1.1 Coupling of light to magnons

Before considering more concrete cases, in the following, a general
mathematical description (detached from any material constraints) of
the coupling between an electromagnetic wave and magnetic matter
is going to be reviewed from the viewpoint of optical absorption: one
photon gets absorbed, creating a spin wave - one-magnon resonance.
This elaboration is mainly based on the Refs. [43, 87]. Optical ab-
sorption, for instance, in the THz range is sensible to the dynamic
susceptibility [43]. This quantity is a tensor with matrix elements
χ̃αβ(ω) = χ̃mm

αβ (ω) + χ̃ee
αβ(ω) + χ̃me

αβ(ω) + χ̃em
αβ(ω), where α, β run over

the Cartesian coordinates. The contributions of the sum are the mag-
netic, dielectric, magnetoelectric, and electromagnetic susceptibilities,
respectively [43, 87]:

χ̃mm
αβ = µ0

ℏNV

∑
n

⟨0| ∆Mα |n⟩ ⟨n| ∆Mβ |0⟩
ωn0 − ω − iδ

, (2.1)

χ̃ee
αβ = 1

ℏNV ϵ0

∑
n

⟨0| ∆Pα |n⟩ ⟨n| ∆Pβ |0⟩
ωn0 − ω − iδ

, (2.2)

χ̃me
αβ = 1

ℏNV

√
µ0

ϵ0

∑
n

⟨0| ∆Mα |n⟩ ⟨n| ∆Pβ |0⟩
ωn0 − ω − iδ

, (2.3)

χ̃em
αβ = 1

ℏNV

√
µ0

ϵ0

∑
n

⟨0| ∆Pα |n⟩ ⟨n| ∆Mβ |0⟩
ωn0 − ω − iδ

. (2.4)

Here ∆M and ∆P are the fluctuation of magnetization and polarization
of the material, respectively, under excitation by the light (electric field
Eω and magnetic field Hω) adding the perturbation: H′ = −Hω ·
∆M − Eω · ∆P 1. They include the magnon creation and annihilation
operators in the entire Brillouin. |0⟩ is the ground state with energy E0,
|n⟩ is the n-th magnetic excitation with energy En and pole position
ωn0 = (En − E0)/ℏ. ϵ0 and µ0 are the permittivity and permeability
in vacuum, respectively. N is the total number of spins and V is the

1Note that here P is assumed to dependent on the spin structure: ∆P is induced by
the magnetic excitation.
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normalized unit volume (per spin). With Eqs. 2.1 - 2.4, the magnetic
induction Bω and electric induction Dω read [87]:

Bω = µ0[1̂ + χ̂mm(ω)]Hω + √
ϵ0µ0χ̂me(ω)Eω, (2.5)

Dω = ϵ0[1̂ + χ̂ee(ω)]Eω + √
ϵ0µ0χ̂em(ω)Hω. (2.6)

Furthermore, inside the material the Maxwell’s equations can be rewritten
[87]:

k × Eω = ω[µ0[1̂ + χ̂mm(ω)]Hω + √
ϵ0µ0χ̂me(ω)Eω], (2.7)

k × Hω = −ω[ϵ0[1̂ + χ̂ee(ω)]Eω + √
ϵ0µ0χ̂em(ω)Hω]. (2.8)

Here, magnetic permeability µ̂ and electric permittivity ϵ̂ take the form:

µ̂ = 1̂ + χ̂mm(ω), (2.9)
ϵ̂ = 1̂ + χ̂ee(ω). (2.10)

Since the forms of refractive index and other quantities such as Faraday
or Kerr angle dependent on the selected geometry/ polarization and the
magnetic ground state, they will not be shown here. Further information
can found in the Refs. [43, 81, 82, 87].

Note that Eqs. 2.1 - 2.4 are general expressions and do not specify the
momentum dependence. They sum over all possible states, encoded in
∆M , ∆P : magnon creation/ annihilation with an arbitrary wave vector
q, i.e., χ̃αβ(ω, q). This will be addressed in the following.

Conservation of momentum and energy

Optical absorptions in solid-state physics are governed by conservation of
momentum and energy. For instance, electronic transitions have to obey
∆E = Eph and ∆q = qph, where ∆E and ∆q are the energy/ momentum
differences between initial and excited states and Eph, qph are energy and
momentum of the absorbed photon, respectively. While ∆E can be tuned
over the electromagnetic spectrum by selecting photons with a matching
wavelength λ, ∆q is determined due to the small photon momentum
qph = h/λ ≈ 0 2, i.e., the direct electronic transition (electron gets

2qph ≈ 0 holds for photons considered in this thesis - THz and infrared photons.
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excited into a higher band by absorbing one photon) is a vertical line in
the band structure (energy vs. momentum). Since electrons are fermions
and follow Fermi-Dirac statistics, they occupy states up to the Fermi
energy with momentum kF . Therefore, direct optical transitions can be
probed in the entire Brillouin zone (where the band structure supports
it). However, for magnetic excitations (magnons), Bose-Einstein statistics
governs the condensation of all magnons in the ground state |0⟩ at T = 0
K. In the general description above (Eqs. 2.1 - 2.4) ∆M and ∆P include
the magnon creation and annihilation operators in the entire magnetic
Brillouin zone. However, due to the small photon momentum, momentum
conservation restricts the accessible magnon states of the one-magnon
absorption (one photon gets absorbed, creating one magnon) to the center
of the magnetic Brillouin zone, q ≈ 0 response [43, 46, 49, 51, 88, 89]. This
can be taken into account in Eqs. 2.1 - 2.4 by only summing over states
with |n, q = 0⟩ and rewriting ∆M and ∆P [43]. With this constraint
the dynamic magnetic susceptibility (Eq. 2.1) takes the form [43]:

χ̃m(ω) = γ
∑
α,β

hαhβχ̃SS
αβ(q = 0, ω), (2.11)

where γ is a constant and hα, hβ are the magnetic field components of
the light along the directions α, β. χ̃SS

αβ is the spin susceptibility, which
is related to the spin-spin correlation function Sα,β at zero temperature:
Im{χ̃SS

α,β(q = 0, ω)} = Sα,β(q = 0, ω). Thus, by computing the spin-
spin correlation function the dynamic magnetic susceptibility can be
obtained.

In fact, the q ≈ 0 constraint for magnons is a substantial limitation
in optical absorption spectroscopy, for instance, in infrared and THz
measurements. Within this thesis a way to overcome this limitation is
shown. THz magnetometry via multi-center magnon absorption can be
used to overcome the q ≈ 0 constraint (see Ch. 5). After introducing a
semi-classical picture for the one-mangon excitations, a general theoretical
overview for this multi-center magnon absorption will be given.

Magnetic resonances and free induction decay

The optical one-magnon excitation can be viewed in a quantum mechanical
picture as a simple spin flip induced by the absorption of a photon,
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2 General background

creating a spin wave at the Γ-point. However, to describe the in THz
spectroscopy observed magnetic resonances [59] as well a semi-classical
picture could be utilized. As the THz pulse enters a magnetic material,
the (sub-) picosecond magnetic field of the light HTHz might tilt the spins
(magnetic moment M) out of their equilibrium positions via a Zeeman
torque: HTHz × M . This leads to a precession of the spins around the
effective field Heff . The dynamics of the system in the picosecond (ps)
range after the excitation can be described by the Landau-Lifshitz-Gilbert
(LLG) equation [90]:

∂M

∂t
= γM × Heff − α

M
M × ∂M

∂t
, (2.12)

where the first cross product describes a precession with frequency ω =
γHeff and the second cross product is a damping term, determining the
relaxation back to the equilibrium position, γ is the gyromagnetic ration, α
is the Gilbert damping. The resulting spin precession for a particular case
(linearly polarized light, HTHz ⊥ M) is shown schematically in Fig. 2.2.
Such a precession emits magnetic dipole radiation and is detectable as a
free induction decay signal, for instance, in THz-TDS [66–69]. Here typical
waveforms show late-time oscillations (several tens of ps), separated from
the main pulse, in the time-varying electric field [91–93]. As can be
seen from Eq. 2.12, the effective magnetic field of the magnetization
Heff is an important parameter and determines the expected frequency
of the magnetic resonance. It might contain several contributions [90]:
Heff = Hext + Hd + He + Ha + ..., where Hext is an external magnetic
field, Hd is a demagnetization field (self-interaction of the magnetization
field), He the exchange field (containing the magnetic exchange Ji), and
Ha is the anisotropy field. Note that the validation on the LLG equation
on the (sub-) picosecond scale and introducing further extensions is object
of active research (see, for instance, Ref. [94]).

For conventional ferromagnetic materials, magnetic resonances are ex-
pected in the GHz range [59, 95]. However, in antiferromagnets, magne-
tizations of the distinct magnetic sublattices Mi need to be taken into
account, i.e., staggered magnetization. Here the frequencies of magnetic
resonances can be shifted to the THz range [59, 95]. For instance, in the
case of the conventional antiferromagnet MnF2 typical parameters are
g = 2, γ = 2.8 GHz/kOe, Heff = 93 kOe, resulting in a resonance at 0.26
THz (1.59 THz for FeF2) [95]. Such a resonance is studied extensively,
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Figure 2.2: Schematic of THz light induced spin precession and free
induction decay signal. The THz pulse (magnetic field) HTHz adds a Zeeman
tourque to the system. The spin magnetic moment M (red arrow) starts to
precess around the material’s effective internal field Heff , eventually relaxing
back to its equilibrium position. Consequently, a free induction decay signal
(pronounced late-time oscillations of the time-varying electric field) is emitted.
Based on [66, 69].

theoretically [95, 96] and experimentally, including THz spectroscopy (one-
magnon absorption) and Raman spectroscopy (one-magnon scattering)
[59, 97–101].

Optical multi-center magnon absorption

Besides a simple one-magnon resonance (see above), more advanced
absorption mechanisms can occur. Even in conventional antiferromagnets
(FeF2, MnF2, CoF2, and NiF2) with two magnetic sublattices a two-
center magnon absorption was observed: the simultaneous excitation of
two magnons, one on each magnetic sublattice, by absorbing one photon
[96, 98, 102–106]. Such an absorption process can be described in a simple
picture: two magnetic sublattices, ↑: spin up, ↓: spin down. Considering
pairs of magnons with

∑
n qn = 0, two magnons are generated with
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2 General background

opposite k and −k wave vector and the following four states can occur
[96]:

|2, +⟩ = |↑ k, ↑ −k⟩ , (2.13)
|0, +⟩ = |↑ k, ↓ −k⟩ + |↓ k, ↑ −k⟩ , (2.14)
|0, −⟩ = |↑ k, ↓ −k⟩ − |↓ k, ↑ −k⟩ , (2.15)
|−2, +⟩ = |↓ k, ↓ −k⟩ . (2.16)

|2, +⟩ and |−2, +⟩ are the states corresponding to the two-magnon pro-
cesses restricted to one sublattice. |0, +⟩ and |0, −⟩ are states that describe
the simultaneous excitation of one magnon on each of the magnetic sub-
lattices (two-center magnon). Here, the states |2, +⟩, |0, +⟩, and |−2, +⟩
have positive parity and |0, −⟩ is of negative parity. Thus, in the optical
absorption [107], only the latter case is electrical dipole active. In ear-
lier reports three main mechanisms were proposed: dipole-quadrupole
interaction between magnetic ions [102], off-diagonal exchange between
magnetic ions pairs [103, 108], and phonon-assisted modulation of ex-
change interaction [109]. For a non-vanishing electric dipole moment
especially the removal of centrosymmetry is considered to be necessary
[96, 110]. However, from a modern point of view, there is no reason to
restrict the absorption solely to electric dipole-active phenomena (see the
discussion of the free induction decay mechanism above). At this point no
general theoretical picture exists and detailed experimental investigations
are desired. The variety of possible magnetic ground states in quantum
magnets (see introduction below) might allow observation of exotic exci-
tations. In fact multi-center magnon absorption seems to be enhanced
by the low symmetry of the magnetic system especially in non-collinear
spin textures/ multiple magnetic sublattices, promoting these systems as
suitable candidates.

Note that multi-center absorption process defers from multimagnon scat-
tering often observed by neutron or Raman spectroscopy (neutron/ photon
scatters by creating multiple magnons) in quantum magnets. Here, often a
magnon decay [111] is discussed (see, for instance, α-RuCl3 [112]). Under
strong quantum fluctuations/ off-diagonal exchange, the single-particle
magnon picture is not strictly valid: one-magnon states can be mixed
with/ decay in a multiparticle (multimagnon) continuum. This continuum
can be traced by Raman [113, 114] or Neutron spectroscopy [115, 116]
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but has also relevance for THz absorption [45, 48]. Further information
on the scattering mechanisms are summarized in Sec. 2.1.4.

In order to take into account the momentum dependence for the multi-
center magnon excitation, Eq. 2.11 needs to be expanded over the entire
Brillouin zone:

χ̃m(ω) = γ
∑

q

∑
α,β

hαhβχSS
α,β(q, ω), (2.17)

where γ is a constant, q is the momentum in the extended Brillouin zone,
the summation α and β goes over the Cartesian components, χSS

α,β(q, ω)
is the spin susceptibility, and hα is THz magnetic field component. Note
that here, for simplicity, no weighting function is included. In general,
excitations with lower momentum might be more likely; the probability
is not constant over the whole Brillouin zone. However, this would
require a more sophisticated model of the multi-center magnon excitation,
remaining beyond the scope of the present thesis. Nevertheless, as shown
in Ch. 5 already at the present level experiment and theory are well in
accordance.

2.1.2 Coupling of light to spinons

Spinons are neutral fermionic quasiparticles, carrying the spin degree of
freedom in quantum spin liquids (see introduction in Sec. 2.2). In neutron
scattering, they could be distinguished from spin waves by their broad
scattering continuum [13, 117]. However, due to their charge neutrality
they are believed to not couple directly to the electric field of the light
[83]. Instead, for many quantum magnets the frustrated lattice might
give rise to magnetoelastic coupling effects [15, 118], spontaneous electric
currents correlated with the spin texture [119], generation of electric dipole
moments through anisotropic terms [15, 120] or a coupling over virtual
charge fluctuations to the emergent gauge electric field [14, 15, 121]. Here,
an indirect coupling between photons and spinons is suggested to generate
a power-law behavior σ1 ∝ ωβ in the sub-gap optical conductivity [14, 15]
which could be distinguished from the dielectric background. A power-law
behavior was claimed to be observed experimentally for Herbertsmithite
in Ref. [16]. This will be further investigated in Ch. 4.
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2 General background

For Herbertsmithite severeal mechanism were investigated theoretically,
resulting in an exponent of β = 2 [15]. Here, assuming the case of a
U(1) spin liquid, the electric field of the light is suggested to generate
virtual charge fluctuation leading to an electric gauge field. Coupling
of the external electric field to the gauge electric field gives rise to the
Ioffe-Larkin conductivity [15]:

σIL(ω) ≈ 48
√

3π
t2ω2

U4
e2

h
, (2.18)

where t is the hopping (transfer integral) and U is the on-site Coulomb
repulsion, e elementary charge and h Planck’s constant. This contribution
is estimated to be on the order of σIL(1THz) ∼ 10−5 e2

h within the kagome
layer (two-dimensional conductivity) [15].

Another mechanism yielding a similar powerlaw is magnetoelastic coupling.
Since the Cu ions have a net charge, the electric field of the light might
introduce a displacement of this. Modulating the hopping along selected
bonds, the distortion could introduce a perturbation to the magnetic
Hamiltonian. Effectively, for the case of U(1) spin liquids, this generates
the optical conductivity [15]:

σME(ω) ≈ ( ω

KCua2 )2 e2

h
, (2.19)

where KCu is the effective spring constant and a is the distance between
neighboring Cu sites. This contribution might be even stronger than the
Ioffe-Larkin conductivity (for Herbertsmithite KCua2 ∼ 1 eV is expected
[15]).

An alternative scenario, which does not depend on the gauge field is spin-
orbit coupling, leading to Dzyaloshinskii-Moriya (DM) interactions. In a
similar manner of the magnetoelastic coupling mechanism, the electric
light field could introduce a distortion, modulating the DM interactions.
In this case, the electric field generates a spin current perpendicular to it.
From this the optical conductiviy could arise in the form [15]:

σDM(ω) ≈ (D

J
)2( ω

Keffa2 )2 e2

h
σs, (2.20)

where D is the strength of the DM interaction, J is the exchange constant,
Keff is a spring constant taking O an Cu ions into account, σs is the spin
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conductivity. For the U(1) case, this might be the weakest, however, it
could play a role in the Z2 scenario [15].

Another suggested mechanism to detect spinons by optical spectroscopy
is the emergence of cyclotron resonances of spions under external (static)
magnetic field [122]. Here the external magnetic field is suggested to
introduce cyclotron quantization of the spinon Fermi surface, leading to
characteristic cyclotron resonances in the optical conductivity. However,
these evade experimental detection so far.

Besides the indirect coupling to the electric field, coupling to the mag-
netic light field might be possible. This is argued to result in a broad
optical excitation continuum [53]. It was discussed in the context of
one-dimensional spin chains (pairwise flip of two spins) [123], but further
observation still remains elusive.

2.1.3 Optical selection rules

Selection rules can be a first estimate for possible transitions between
two states. In the following some common knowledge from the viewpoint
of optical absorption (infrared and THz spectroscopy) is reviewed.

Vibrational modes A transition between two vibrational states |i⟩
and |j⟩ is allowed in infrared or THz spectroscopy (electric dipole active)
if the transition matrix element ⟨i|µ |j⟩ (where µ is the electric dipole
operator) does not vanish. This is the case if the transitions takes place
between states where the vibrational quantum numbers i, j defer by one
(only fundamentals are active in first order) and if the dipole moment
between the states |i⟩ and |j⟩ changes [124].

Electronic transition For electric dipole transitions in infrared or
THz spectroscopy the laporte rule applies for centrosymmetric systems:
here only transitions between states of different parity are allowed [125].
As well, the spin selection rule has to hold: ∆S = 0, i.e., singlet-triplet
transitions are spin forbidden.
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2 General background

Magnons Unlike a neutron, a photon does not carry magnetic moment.
However, the coupling between photons and spin-waves can be described
as a magnetic-dipole active process, where the magnetic field of the light
couples to the magnetic moment of the material [43]. A semi-classical
picture was introduced above (free induction decay). The determination
of selection rules essentially dependents on the non-vanishing matrix
elements of Eqs. 2.1 - 2.4. In a very simple picture: linear spin chain
(alternating ms = ±1/2 states) an excitation to the first excited state
equals one spin flip, the spin-selection rule ∆S = 1 has to hold [91].
However, the valid selection rules strongly dependent on the particular
systems [74, 80, 126, 127].

2.1.4 Other methods

In the discussions above, optical absorption in magnetic materials has
been reviewed. To emphasize the difference to scattering processes, the
basic mechanisms of neutron and Raman scattering are summarized below.
As well in the introduction of the magnon absorption above, the term
multi-center magnon has been chosen. For instance, the second order
Raman scattering process creating two magnons (see below) is called
two-magnon scattering, whereas the THz absorption process investigated
in this thesis is a multi-center magnon absorption (for the case of two
magnons involved it would be a two-center magnon absorption).

Raman scattering

Raman scattering is sensible to magnetic properties and applicable in
the field of quantum magnetism [88]. Similar to THz absorption, it is a
q ≈ 0 method. The Stokes Raman scattering process can be viewed as a
virtual excitation of a particle-hole pair by a photon with frequency ωi.
This virtual pair could emit a magnon or spinon and then annihilates by
creating a photon of the frequency ωj [88]. The scattering mechanism for
the Raman active one-magnon excitation [128] is an electric dipole-active
process [99], where the energy of the incident photon matches to an
electronic transition causing a single spin flip (S to S − 1) in the presence
of spin-orbit coupling. In Raman scattering, furthermore, a two-magnon
scattering process ∆S = 0 is know [99]. This is a second order process
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where two spin flips occur. For instance, one photon introduces a hop of
one electron between neighboring sites with opposites spins states. This
causes a double occupancy and a hole. On the double occupancy one
electron hops back and emits a photon. This exchange-mediate process
creates a pair of magnons with total zero momentum, i.e., two-magnon
excitation [129]. Such mechanism was exploited to map out the entire
Brillouin zone, ∆q ≈ 0 via Raman scattering [130].

Neutron scattering

Neutron scattering is a powerful method to map out the magnetic struc-
ture/ spin-wave dispersion [131]. Due to the magnetic moment of the
neutron spin waves can be created (∆S=1). With the advent of modern
triple-axis Neutron spectrometers, not only a wide range of frequencies
is accessible but as well the momentum (wave vector q) is selectable. In
inelastic neutron scattering (INS), energy gets transferred by the neutron
and creates a spin wave or a phonon. During this process as well the
momentum of the neutron changes and the transferred momentum is
described by the scattering wave vector. By measuring the scattered
neutrons (momentum and energy) the magnetic properties of the sam-
ple can be probed. In particular, the scattering function (or spin-spin
correlation function) Sα,β(q, ω) can be extracted [43]. Naturally, in the
field of quantum magnetism neutron scattering proofed particular useful
unveiling broad scattering continuua of possible spinons [13, 117]. In
this field as well a two-magnon scattering process is know. Here within
linear spin wave theory two magnons are created with opposite spin by
scattering of one neutron (∆S=0), leading to broad scattering continua
[132–134].
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2.2 Introduction to quantum magnetism

In the following the principles of quantum magnetism are going to re-
viewed. First, some general properties of quantum spin liquids (QSLs)
are introduced, including the concept of geometrical frustration. Then
the frustrated magnet in the vicinity of QSL is presented. This section is
a modified version of the author’s publication (Ref. [3]).3

2.2.1 General properties

Quantum spin liquids (QSLs) possess nontrivial ground states, where a
local order parameter does not exist. Moreover, despite strong magnetic
interactions it is not possible to observe spontaneous symmetry breaking
even at very low temperatures. Instead, the system is characterized
by quantum mechanical long-range entanglement (topological order) of
spins providing persistent spin dynamics. In general, they might be
associated with topological phase transitions [135, 136]. Furthermore,
it is assumed that QSL can provided an access to high-temperature
superconductivity [28] via their quasiparticles. This makes QSL a point of
interest, and providing experimental evidences and generating theoretical
understanding became a central topic in modern condensed matter physics.
In the following, some of the fundamental principles are going to be
reviewed, based on Refs. [6, 27, 32]. A more comprehensive introduction
can be found in several review articles on this topic [6, 10, 27, 29, 137–
141].

QSLs are discussed in the framework of strongly correlated electron
systems. For instance, Mott insulators with half-filled electronic bands

3"Pressure-Tuned Interactions in Frustrated Magnets: Pathway to Quan-
tum Spin Liquids?" Crystals 10, 4 (2019)
co-authored with Ece Uykur. Reprinted with permission from Ref. [3]. Copyright
CC BY 4.0 (2019) by the authors. Licensee MDPI, Basel, Switzerland. Some
passages have been taken verbatim, others are edited/ expanded. There will be no
additional citation or other marks in the text for verbatim copied texts or edits
from Ref. [3].
Author contributions: T.B. wrote the manuscript. T.B. and E.U. discussed the
content.
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feature localized electrons retaining their spin degree of freedom. Possess-
ing rich physics and properties, QSLs are subject to extensive experimental
and theoretical efforts. The geometrically frustrated materials, where
the resonating valance bond (RVB) model [142] is applicable, and the
Kitaev QSL candidates, where the Kitaev physics [143] is relevant, are
two groups of materials of which the candidates are searched for. Fig. 2.3
shows the archetype of a geometrically frustrated lattice: the kagome
lattice [39]. Often the magnetic interaction between two coppper sites
is based on the superexchange path via the oxygen (Cu-O-Cu). Fol-
lowing the Goodenough-Kanamori rule, the magnetic superexchange J
is correlated to the Cu-O-Cu bond angle θCu−O−Cu and to the Cu-O
bond length lCu−O: J ≈ cos2(θCu−O−Cu)/ln

Cu−O with n ≈ 10 [144, 145].
Although strong magnetic interaction via this exchange path is present,
long-range order is suppressed due do the particular lattice geometry of
the kagome lattice: geometrical frustration (cf. Fig. 2.3b). By forming
valence bonds (VB), which are pairs of spins forming a S = 0 singlet:
|Ψ⟩ = 1√

2 (|↑↓⟩− |↓↑⟩), the energy can be lowered [6, 27]. The so-called va-
lence bond solid (VBS) is realized, for instance, in SrCu2O3, SrCu2(BO3)2,
and CaV2O5 [6]. Although this state is characterized by the absence
of magnetic long-range order, it does not feature any long-range entan-
glement or spin dynamics. It is mere a product state of the individual
valence bonds and breaks the symmetry. In contrast, the resonating va-
lence bond (RVB) wavefunction is the quantum mechanical superposition
of many different valence bond pairs, see Fig. 2.3c for a possible pattern.
Consequently, the system’s ground state has a large degeneracy. Even in
the absence of thermal (classical) fluctuations, the quantum mechanical
degeneracy leads to spin dynamics, evading long-range order. In other
words, the uncertainty principle exhibits a zero-point motion: quantum
fluctuations [6]. By breaking a VB, fermionic quasiparticles can emerge,
spinons. They carry fractional spins with their own dispersion expected
to give low-lying excitations and can be eventually used to identify the
QSL state. Spinons can move on the lattice freely (independent on the
charge: spin-charge separation, one electron provides two quasiparticles,
a spinon and a holon), simply by rearrangement of the valence-bond
pattern, Figs. 2.3c,d. Roughly speaking, the underlying gauge field allows
a distinction in two classes: Z2 or U(1) spin liquids. While the Z2 might
harbor exotic states such as chiral spin liquids [146], it is relevant, for
instance, in Kitaev materials with a honeycomb lattice [41]. The U(1)
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2 General background

case is assumed to host a Dirac state or a gapless spinon Fermi surface
for a simple Heisenberg model on the kagome lattice [27].

In the proximity to QSL, frustrated magnets often realize a form of
quantum magnetism with strong short-range magnetic correlations at
intermediate temperatures, and exotic (sometimes only partially frozen)
long-range order at very low temperatures. Such transitions may be
favored, for instance, by unequal superexchange paths due to crystallo-
graphically distinct Cu sites, i.e., structural distortion. Recently, the dis-
torted kagome systems where identified as promising hosts: Y-kapellasite
(Q = (1/3, 1/3) magnetic structure) [7, 21], Volborthite (spin trimer) [18],
Rb2Cu3SnF12 (pinwheel valence bond solid) [36]. With a rich interplay
of lattice geometry, quantum- and thermal fluctuations these systems
develop exotic (non-collinear) magnetic phases and offer great tunability
[7, 147]. Several examples will be investigated throughout this thesis.

2.2.2 Experimental detection

Several frustrated lattices, such as pyrochlore, triangular, honeycomb, and
kagome compounds have been studied in inorganic compounds [6, 10, 137,
138, 140, 141]. However, organic conductors also are promising candidates
to search for [83]. The direct detection (smoking gun experiment) of a
QSL remains elusive even though extensive experimental works [11, 50,
148–150] and theoretical studies [14, 15, 120, 151–154] were carried out
in the field, trying to identify fingerprints of QSLs [141]. Technically
speaking, it is difficult to identify the QSL state, as one needs to reach
absolute zero temperature; that is not achievable. Therefore, within the
experimentally reachable limits, temperatures far below (2–3 orders of
magnitude) the temperature that identify the magnetic exchange coupling
(preferably antiferromagnetic (AFM) spin interactions) are assumed to
show properties of the zero-temperature limits.

The first step is to deduce the magnetic exchange coupling constant from
the high-temperature behavior of the material via magnetic susceptibility
measurements. To identify a QSL state, it is crucial to verify that there
is no magnetic ordering or spin freezing down to very low temperatures.
Fig. 2.4 compares the susceptibility for a conventional antiferromagnet and
a frustrated system. For the conventional antiferromagnet the magnetic
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Figure 2.3: Geometric frustration on the kagome lattice. (a) Magnetic
superexchange (Cu-O-Cu path) depends on the Cu-O-Cu angle, θ and the
Cu-O distance, l. (b) The highly effective geometric frustration prevents
antiferromagnetic order. (c) Valence bond (VB) pattern, which could be part
of the RVB state. By breaking of a VB, fermionic quaisparticles, spinons (red
arrow) emerge. (d) Spinons can move by a rearrangement of the VBs. Based
on Ref. [6].
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Figure 2.4: Magnetic susceptibility of a frustrated magnet. (a) For
a conventional magnet, long-range order is observed at Θcw ≈ TN . (b) For
a frustrated magnet, even under strong magnetic interactions, spin freezing
might be shifted to very low temperatures, Θcw >> TN . This leaves a wide
temperature range for magnetic short-range correlations, between TN and Θcw.
For the QSL, no long-range order is observed. f = Θcw

TN
is the frustration

parameter. Grey curves (from right to left) illustrate the increase of f , shift of
TN to lower temperatures. f ∼ 1: conventional magnet, f > 5 − 10: frustrated
magnet, f → ∞: quantum spin liquid. Based on [6, 32].

long-range order develops when the thermal energy is comparable to the
scale of magnetic interactions: Θcw ∼ TN . However, essentially for the
frustrated magnet, there is a strong mismatch of freezing temperature and
Curie-Weiss temperature: Θcw >> TN , that is, the frustration parameter
f = Θcw

TN
is high. This might lead to a large temperature window with

short-range magnetic correlations and offers an experimental access to
study emergent magnetic properties. For f → ∞, TN vanishes and the
frustrated magnet may host a QSL [6].

A sharp λ-type peak in specific heat is another indication of a phase
transition into a long-range order, albeit exceptions may exist in the case of
topological phase transitions [155]. Furthermore, entropy releases can be
determined yielding valuable information about the ground state. Besides
the above mentioned macroscopic probes, more local probes such as muon
spin relaxation µSR and nuclear magnetic resonance (NMR)/ electron spin
resonance (ESR), probing the muon relaxation rate, spin-lattice relaxation
rate, and electron-spin susceptibility, respectively are usually in play to
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investigate the magnetic correlations. Spectroscopic resolution, including
the time domain, could be provided by optical spectroscopy, sensitive to
electronic and magnetic excitations (see introduction above). Furthermore,
broad scattering continua, observed by neutron scattering could help
identifying spinons [156]. As well, resonant inelastic x-ray scattering
(RIXS) was used to access the magnetic degree of freedom in the cuprates
[157] and is recently applied to frustrated magnets [158, 159], even offering
access at higher momentum, beyond the zone center excitations. Here a
time-resolved extension, trRIXS offers large possibilities [160].

2.2.3 External stimuli: magnetic field and pressure

External pressure can be a very powerful tool to tune the electronic, mag-
netic, and structural parameters opening a new route in the investigations
of QSLs and candidates. For instance, small perturbations to the crystal
structure can drive the geometrical frustration factor towards a favorable
state. More complicated but possible is a direct tuning of the exchange
coupling (Cs2CuCl4 [161]). Moreover, unwanted magnetic interactions
and fluctuations can be suppressed, leaving room for realization of a
pure QSL state. However, it is often difficult to predict the influence
of external pressure on magnetic properties of a candidate system. In
fact, in few systems pressure induces spin freezing rather than a liquid
state (for instance, in Tb2Ti2O7 or Yb2Ti2O7, see Ref. [3] for a review)
or an unfavorable modification of the crystal structure (α-RuCl3 [5]).
Promising are candidates where a magnetic order vanishes before the
structural transition as in the case of the iridate systems (see Ref. [3] for
an overview). Therefore, there is no easy answer for whether external
pressure is always a pathway to introduce spin liquid physics in the candi-
date systems. Albeit that the end results are unpredictable, exotic states
of matter in the vicinity of the QSL state can be investigated.

Another interesting tuning parameter is external magnetic field. It has
the advantage to tune the magnetic interactions directly compared to
the potentially more complicated detour over the crystal structure with
external pressure. However, a comparison of the energy scales: magnetic
field energy, superexchange and thermal energy, suggests that often very
high magnetic fields are necessary. For instance, for a Cu2+ (one unpaired
electron) the spin-only moment is 1.73 µB. At 10 T, this results in a
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Zeeman energy of (10 T · 1.73 µB ≈ 1 meV). Comparing to a J on the
usual order of 150 K (around 13 meV), it becomes clear that only small
shifts in the spectra are going to be expected. As well, demagnetization
effects need to be considered. Furthermore, the Zeeman energy needs to be
larger than the thermal energy kBT . Therefore, in the estimation above,
at 10 T, at least temperatures below 12 K (corresponding to about 1 meV)
need to be reached. Of course, these are only rough estimates. However,
they show that the THz range at very low temperatures, is a good starting
point to perform spectroscopic measurements under magnetic field.
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3 Experimental methods and
data analysis

In this chapter, the extensively used experimental techniques (pressure
dependent-) fourier-transform infrared (FTIR) spectroscopy, (mangneto-)
terahertz time-domain spectroscopy (THz-TDS) and electron spin reso-
nance (ESR) are introduced based on cited literature and the author’s
publications (Refs. [1–5]). Furthermore, the experimental procedures are
described in detail and an overview of the data analysis, including the
extraction of the relevant material parameters and response functions
is given. Note than further experimental details of the particular mea-
surements presented in the results sections are briefly summarized in the
relevant sections as well.

3.1 Fourier-transform infrared spectroscopy

Fourier-transform infrared (FTIR) spectroscopy is a powerful tool to
investigate the electrodynamic response (mostly electronic and structural
properties) in a broad spectral range (20 cm−1 to 25000 cm−1 in this thesis)
with high spectral resolution (below 1 cm−1) and good signal-to-noise
ratio (SNR). This technique allows to measure the optical reflectance
and transmittance as a function of frequency. Via a Kramer-Kronig
transformation, phase information can be calculated and the frequency-
dependent system’s response function is obtained, complex permittivity ϵ̃,
among other material parameter such as optical conductivity σ̃ [81, 82].
Together with an infrared microscope samples down to the µm range (50
µm × 50 µm size, depending on the spectral range) can be probed. In
general, samples are desired to be optical polished, however, even a difficult
surface topography can be canceled out via an in-situ gold-evaporation
technique [162]. Furthermore, optical pressure cells or superconducting
magnets can be incorporated in the experimental setup offering a plethora
of research opportunities.

In the following, the principle of FTIR spectroscopy is going to be ex-
plained, based on Refs. [81, 163]. Fig. 3.1 illustrates the basic measurement
scheme build around a Michelson interferometer. In a table-top setup
the beam is provided by a broad-band light source (for instance, Globar).
The beam is guided to an IR beamsplitter, where 50 % of the intensity is
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deflected to one interferometer arm (fixed mirror) and 50 % is transmitted
to the other interferometer arm (movable mirror, scanner). As both beams
are reflected back from the mirrors to the beamsplitter they interfere, and
the recombined beam is guided on the specimen where it gets reflected
or transmitted, depending on the experiment. Successively, the intensity
is collected at the detector. Fig. 3.1b shows a possible interferogram
(intensity over the path difference). When the interferometer arms are of
equal length, i.e., x = 0, full constructive interference of the beams yields
maximum intensity in the interferogram, that is, center burst. Further
intensity maxima and minima are observed as a function of path differ-
ence (constructive vs. destructive interference). For the necessary precise
measurement of the mirror displacement, a HeNe laser is used. Note that
for a broad-band source many frequency components are superimposed
in the interferogram. Therefore, the Fast Fourier Transformation (FFT)
results in a broad-band spectrum (intensity over frequency), Fig. 3.1c.
The spectral resolution depends on the length of the interferometer arm,
determining the maximum possible displacement of the movable mirror,
eventually allowing to collect a more extended interferogram. The sam-
ple’s reflectance or transmittance is obtained by dividing through the
reference intensity spectrum (mirror or empty hole, respectively).

3.1.1 Reflectance and transmittance measurements

In Tab. 3.1 an overview of the FTIR setups and the optical equipment
(beamsplitters, windows, detectors) is given. The spectral ranges are
abbreviated as follows: far-infrared (FIR), mid-infrared (MIR), near-
infrared (NIR), and visible (VIS). To cover a wide spectral range, multiple
measurements utilizing different sets of optical equipment are carried out
successively.

Fig. 3.2 shows pictures from the infrared lab. For reflectance (R) mea-
surements in the FIR range a Bruker IFS 113v is used, equipped with
a liquid helium flow (LiHe-flow) cryostat and an in-situ gold evapora-
tion unit. The beam is guided to the sample mounted in the optical
cryostat via a concave mirror. Via an aperture the beamspot can be cut
to a minimum diameter of 3 mm to 5 mm. To prevent reflection from
the sample holder, the sample is mounted on a copper cone at the cold
finger. Because of the wedged geometry, light which is not reflected by
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Figure 3.1: Principle of FTIR spectroscopy. (a) Infrared light from a broad-
band light source is guided to a Michelson interferometer. The beam is split
into one interferometer arm with a fixed mirror and another arm with a movable
mirror. The beams get reflected at the mirror and interfere at the beamsplitter.
To map out the full interferogram, the movable mirror is successively shifted
and the intensity at every position is collected at the detector. (b) Resulting
interferogram, intensity over path difference between the two arms. If both
arms are of equal length, the intensity is maximized, i.e., center burst. At
positions different from equal length, local maxima and minima are found.
(c) Performing the FFT yields the power spectrum (intensity over frequency).
Adapted with permission from Ref. [164].

Abbreviation Range (cm−1) Spectrometer Window Beamsplitter Detector Source Mirror
FIR 50-700 PP IFS 113v Mylar Multilayer Bolometer Globar/ Mercury Arc Au
MIR 500-8000 KBr Vertex 80v/ IFS 66v/S KBr MCT/ PV Globar Au
NIR 1800-12000 KBr Vertex 80v/ IFS 66v/S CaF2 InSb Tungsten Au
VIS 7000-25000 KBr/Glass Vertex 80v/ IFS 66v/S CaF2 Si Diode Tungsten Au/ Ag

Table 3.1: Overview of spectral ranges and optical equipment.
Multiple measurements were carried out successively to cover a wide
spectral range. The definitions far-infrared (FIR), mid-infrared (MIR),
near-infrared (NIR), and visible (VIS) are not exact as they are adjusted to
the approximate ranges of the detectors. All spectra have been obtained
in correlation mode and using the relevant non-linear corrections, a
Blackman-Harris apodization was used in the FFT. Spectra are corrected
by the mirror reflectance. Based on Ref. [84].
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(c) (d)

(b)(a)

(e)

(f)

Figure 3.2: Pictures from the infrared lab. (a) Bruker Vertex 80v together
with a Hyperion 2000 infrared microscope. Under the microscope different opti-
cal equipment and LiHe-low cryostats can be mounted. (b) Bruker IFS 113v and
superconducting magnet (Spectromag SM4000M-8, Oxford Instruments). The
magnet can be coupled to the spectrometer, allowing temperature-dependent
reflectance and transmittance measurements under continuous magnetic fields
up to H = 7.5 T. FIR and MIR spectral ranges are possible with sets of
different windows (PP and KBr, respectively). By rotating the magnet, Voigt
and Farday geometries are accessible. The sample is mounted inside a LiHe-flow
cryostat on top of a cold finger (base temperature around 5 K). As well a
reference can be selected (empty hole or mirror). Besides the magnet, the
spectrometer can be operated with a LiHe-flow cryostat and gold evaporation
unit, allowing precise measurements of the reflectance in FIR. (c) Hyperion
with a screw-driven diamond anvil cell (DAC) and a ruby fluorescence setup
(pressure gauge). Right side: Bolometer extension. Pressure-dependent optical
spectra can be obtained from FIR to VIS. (d) Small LiHe-flow cryostat (Mi-
crostatHe, Oxford Instruments) with base temperature of around T = 5 K. The
cryostat has optical access on both sides, allowing reflectance and transmittance
measurements. Different windows (PP, KBr, glass) are used to cover the full
spectral range. (e) Cold finger of the MicrostatHe with heat shield. Samples
are mounted on spring-loaded apertures. In the picture a gold mirror is glued
behind the right aperture. The left aperture can be used for the sample. The
transmittance reference is collected in the slit between the apertures. (f) Copper
cone used in the reflectance measurements with gold evaporation on Bruker IFS
113v. The photos in (a), (b), (f) are reprinted with permission from Ref. [164].
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the sample gets scattered away. Also, the gold mirror is mounted on a
copper cone, next to the sample. At the first glance the measurement of
the gold overcoated sample seems to make a measurement of the gold
mirror unnecessary. However, it is still important to reference against the
gold mirror. This might cancel out short-time fluctuations and drifts of
detector and spectrometer. Gold mirror and sample need to reflect the
light under the same angle and should be of similar height. Furthermore,
because of the large beamspot a larger area on the sample is illuminated,
and the mirror needs to have a similar size. A good alignment of sample
and mirror can finally help to reduce any contribution of the PP window.
To ensure a good alignment, sample and mirror are aligned by utilizing
an alignment laser and several screws.

Measurements were carried out using the following protocol: 1. Tempera-
ture-dependent measurement of the sample and gold mirror intensity,
I ′

s and I ′
m, respectively. Dividing resulting in R′

s = I′
s

I′
m

. Note that
measurement of the gold mirror is necessary to cancel out eventual short-
time drifts of the setup. 2. Gold evaporation at room temperature:
usally evaporating five gold strings with 5 mm length each (250 µm
thickness) attached to a tungsten wire (100 µm thickness, 12 loops, total
resistance of around 1 Ω) by driving a current with the power of 40 W. 3.
Measurement of the overcoated sample and the gold mirror: Rsg = Isg

Im
.

The final reflectance is obtained via the relation

Rs = R′
s

Rsg
· Rg = I ′

sIm

IsgI ′
m

· Rg ≈ I ′
s

Isg
· Rg, (3.1)

where Rg is the reflectance of gold. Since most samples investigated
here host strong phonon modes in the FIR range, the transmittance can
be neglected in this spectral range. If necessary, a hole was drilled in
the copper cone and the sample was mounted on top, to allow a large
mismatch of reflected beam and possible backside contribution of the
sample holder.

Reflectance and transmittance (Tr) measurements in the MIR to VIS
range were carried out using a Bruker Vertex 80v or Bruker IFS 66v/S
spectrometer together with a Hyperion 2000 microscope (equipped with
two reveres Cassegrain Schwarzschild objectives: Thermo Opticon 15x
0.4 NA 160 mm BFL, 24 mm working distance). The focused beam
allows to select a clean and homogeneous surface. Therefore, for samples,
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considered in this thesis, no gold evaporation at higher energies was
necessary. However, as the present samples have a wide charge gap, they
tend to be semi-transparent in the absence of any strongly reflecting
phonon mode. In principle, it is possible that the light gets transmitted
through the sample and is then reflected back from the sample holder,
giving a contribution to the reflectance. To avoid this, the sample was
mounted behind an aperture in a LiHe-flow cryostat (Oxford Instruments)
with optical access on both sides. This geometry allows a successive
measurement of reflectance and transmittance. Furthermore, since the
sample is mounted with the aperture, only vacuum is behind it and the
reflectance will not be influenced by any backside contribution. Figs. 3.2d,e
show the equipment used for such a measurement. Two spring-loaded
apertures are used for sample and a reference mirror. The reference
mirror is mounted behind the second aperture. This ensure a similar
height of sample and mirror to avoid larger shifts and a mismatch of
the alignment. To obtain a precise reflectance and avoid any artificial
spectroscopic features, sample and mirror have to be aligned under the
same angle. This alignment can be carried out with the spring-loaded
screws by using an alignment laser. Then the cryostat is mounted and
aligned to nearly normal incidence under the microscope by maximizing
the reflected intensity on the reference mirror. For the transmittance
measurement, the reference (empty space) is obtained by measuring in
the slit between the two apertures. In all the measurements the aperture
at the microscope determines the beamspot diameter.

3.1.2 Pressure-dependent optical studies

Pressure-dependent optical studies were carried out at the institute and at
Synchrotron Soleil, France. In Stuttgart, a screw-driven diamond anvil cell
(DAC) from AlmaxEasyLab (CryoDAC-Mega) with type IIa diamonds
(800 µm culet) was utilized together with Bruker Vertex 80v spectrometer
(see Fig. 3.3 for pictures of the equipment). In the DAC transmittance
and reflectance measurements are possible. A ruby fluorescence system
consisting of a grating spectrometer (HR2000+, Ocean Optics) and a
green laser allowed to collect the pressure-dependent shift of the ruby R1
line, used as a pressure gauge [165, 166]. CuBe gaskets were prepared
and pre-indented in the DAC to a thickness between 60 µm to 70 µm,
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depending on the target pressure (60 µm for measurements over 10 GPa,
70 µm for pressures around 5 to 10 GPa). The gasket was drilled using
an electrical discharge machine (EDM) for sample compartment (hole of
250 µm diameter in the center of the pre-indented area). Samples were
prepared with a surface of 180 µm × 160 µm and a thickness of about
20 µm thinner than the pre-indention thickness, i.e., 40 µm to 50 µm.
The pressure cell was loaded by gluing the drilled gasket on top of the
diamond culet. This sample compartment leaves enough space for the
specimen and several small ruby chips. For a reflectance measurement a
good contact between sample and diamond should be maintained. CsI3
was used as pressure transmission medium. It is quasi hydrostatic in
the relevant pressure range and transparent down to approximately 100
cm−1. The CsI3 powder is sprinkled on the sample compartment and
solidifies by applying a small force to the screws (about 50 cNm). The
reference was ether obtained on the gasket (for reflectance measurement)
or through the CsI3. Sometimes the sample compartment does not allow
to measure the reference in transmission geometry with the same size as
the sample. In such a case, the signal was scaled by a constant, obtained
from geometrical relations between the different sizes.

For temperature-dependent high-pressure FTIR measurements (transmit-
tance) at Synchrotron Soleil (SMIS2 beamline), a membrane pressure
cell was utilized, following a similar preparation procedure as introduced
above. Here steel gaskets were used, pre-indented to a thickness of 60 µm
with a hole of 200 µm. For pressure transmission medium polyethylene
(PE) was prepared in FIR, whereas for the MIR measurements NaCl was
utilized. The pressure cell was mounted in a LiHe-low cryostat which
allows temperature-dependent measurements under increasing pressure
(isotherms). The spectra were collected with a ThermoFisher FTIR
spectrometer and the horizontal microscope (Cassegrain objectives).
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Figure 3.3: Pictures from the pressure lab. (1) screwdriver KStools
516.3235 to apply pressure, (2) steel needle h6 diameter 250 µm, No. 4500
(HMTG) for drilling the gaskets, (3) CuBe gasket blanks 250 µm thickness, 10
mm diameter, (4) mortar and pestle to grind CsI3, (5) ruby spheres 10 to 50
µm diameter, (6) thickness gauge for controlling pre-indention thickness, (7)
pressure cell CryoDac Mega A68002 (AlmaxEasyLab) and lifting tool (left), (8)
cryostat window CsI or KBr 30 mm diameter, 1 mm thickness (Korth Kristalle
GmbH) or Mylar foil, (9) LiHe-flow cryostat (CryoVac), (10) beamsplitter for
coupling ruby luminescence setup to the infrared microscope: C4W cage cube,
AD11F - SM1-threaded adapter, B3CR/M - 30 mm cage cube rotation platform,
B5C1 optic mount for 30 mm cage cube (ThorLabs), (11) grating spectrometer
HR2000+ (Ocean Optics) for ruby luminescence. Additional components (not
shown): optical fiber (Ocean Optics PL100-2-VIS-NIR) and green laser diode
(ThorLabs).
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3.1.3 Extraction of response functions

With the reflectance and transmittance measurement optical response
functions and material parameters can be obtained. The analysis of the
data depends on optical properties of the specimen. As R + Tr + A=1,
where R is reflectance, Tr transmittance and A absorbance has to hold in
the absence of any scattering, the following cases can be distinguished:

1. Tr ≪ R: Here only R is measured and the phase information
can be obtained via Kramers-Kronig transformation, allowing the
calculation of optical conductivity σ̃ = σ1 + σ2. See the detailed
explanations in Refs. [81, 82]

2. R ≪ Tr: Here only Tr is measured. For simplicity the absorp-
tion coefficient following the well-known Beer-Lambert law [81, 82]:
α = − 1

d ln(Tr) is calculated instead of the optical conductivity.

3. Tr ≈ R: In the semi-transparent case, both R and Tr are measured.
For simplicity the absorption coefficient α = 1

d ln( (1−R)2

T r ) is calcu-
lated instead of the optical conductivity, depending on R and Tr [4].

Note that for determining the optical conductivity from the sample-
diamond reflectance in a pressure experiment, a modified Kramers-Kronig
analysis has to be used to take the phase shift due to the diamond into
account. This procedure will not be discussed here as the measurements
are not shown in the thesis. The results are shown in the author’s
publication (Ref. [4]). In the case of the pressure-dependent transmittance
measurements presented in this thesis, it is sufficient to calculate the
standard absorption coefficient: α = − 1

d ln(Tr).

For data analysis and calculations of the response functions/ material
parameters the programs Datan (copyright by C. Porter, maintained by
D. Tanner), RefFIT (copyright by A. B. Kuzmenko [167]), and WAsf (S.
Schultz, copyright by University of Stuttgart) were used.
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3.2 Terahertz time-domain spectroscopy

Terahertz time-domain spectroscopy (THz-TDS) allows to probe the
electronic and magnetic degrees of freedom, including a time resolution.
It operates in the so-called THz gap, between the microwave band and the
far infrared, which remains difficult to approach by other methods [169].
It is a versatile method offering a wide range of possibilities from technical
application to research. In the following the basic principles are going to
be introduced, based on the reviews of the method in Refs. [58, 170].

In THz-TDS the oscillating electric field in the picosecond (ps) range
is measured directly, containing amplitude and phase information. For
resolving the ps time range, a conventional detector such as a bolometer
or golay cell is simply to slow. Therefore, a more sophisticated, indirect
detection scheme is needed. The high time resolution can be achieved
with ultra short laser pulses (femtosecond (fs) range), sampling the THz
field. The detection scheme is shown in Fig. 3.4. A fs broad-band NIR
laser pulse gets split into two paths by a beamsplitter. In one path
the pulse travels to a THz emitter, which is a photoconductive switch
(Auston switch). Here, the NIR laser pulse excites a DC biased metal
dipole antenna on a galium arsenide (GaAs) substrate. As the NIR pulse
falls on the antenna gap a photocurrent is generated. The driven dipole
antenna emits a THz pulse which can be focused on the sample. There are
multiple processes which contribute to the THz emission/ photocurrent
generation: 1. Charge carriers are generated and accelerated in the bias
field until they recombine. 2. The creation of charge carrier causes a
drop in the resistivity leading to a response of the bias field, generating
a THz field in the antenna. 3. Optical injection of current directly into
the antenna by charge carriers generated close to the antenna electrodes.
The resulting THz electric field has a power distribution between 2 to
133 cm−1 [168] and oscillates in the ps range. The temporal length of
the generated THz pulse is determined by the risetime of the photo
current (approximately the duration of the NIR laser pulse) plus the
carrier lifetime. To produce a short THz pulse it is therefore necessary
to use photoconductive substrates with a low carrier lifetime, such as
the low-temperature grown GaAs (LT-GaAs). In order to improve the
coupling of the THz radiation and air and to avoid back reflections due to
the impedance mismatch of the GaAs substrate (n ≈ 3.3) and air, often
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Figure 3.4: Schematic of the THz-TDS setup. An ultrafast laser emits
the NIR pulse. The pulse is split into a path of the THz emitter, sample, THz
receiver and a second path of the optical delay stage, THz receiver. In the THz
emitter, the NIR pulse gets converted in a broad-band THz pulse, interacting
with the sample, loaded inside an optical cryostat. The transmitted electric
field gets detected when the delayed NIR pulse arrives at the THz receiver.
The time-resolution is achieved via sampling of the electric field by changing of
the optical delay. Based on Ref. [168]. Graphics of the ComponentLibrary (CC
BY-NC 3.0, A. Franzen) have been used.
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a Si lense is used [171].

The second NIR pulse travels along a mechanical delay line where it gets
delayed in time with respect to the other beampath. It is guided to the
THz receiver, where the above mentioned process is reversed: the NIR
pulse generates an electric bias field in the receiver, allowing to collect
the THz electric field coming from the THz emitter/ sample path. As
the NIR pulse triggers the receiver, a sampling of the THz electric field
in time is achieved by changing the optical delay. Typically, the electric
field is plotted over the time delay (ps) or optical delay (mm).

The TeraView TeraPulse 4000 supports two types of manipulating the
optical delay: rapid-scan mode, where the optical delay is achieved by
a moving mirror or step-scan mode, where a corner-cube retroreflector
mirror is moved by a stepper motor [168]. The following parameters have
been used to acquire spectra presented in the thesis:

• Scanner: HiResScannerSeries

• Averages: 100 (internal chamber) to 200 (magnet)

• Sample spacing: 0.01

• Sweep speed: 100 to 200 ps/s, depending on the signal

• Split directions: no

• Optical delay offset: 5 (internal chamber with cryostat), 440 (remote
heads and LiHe-bath cryostat, two f = 10 cm lenses), 2150 (magnet,
two f = 7.5 cm lenses)

• Apodization in FFT: mostly Tukey for extended time traces, some-
times Blackman-Harris for compact time traces

• Resulting resolution: depends on accessible signal, typically around
0.5 cm−1

In general, TeraView TeraPulse 4000 can be operated using the internal
chamber or the remote heads, with corresponding optical delay offsets.
While the internal chamber supports a smaller LiHe-flow cryostat, the
remote heads support integration in the magneto-optical setup or a larger
LiHe bath cryostat. In all cases, the THz beam is linearly polarized.
For the internal chamber the beam is focused, whereas for remote heads
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additional lenses are used to focus the beam. Fig. 3.5 shows pictures from
the THz lab.

3.2.1 Magneto-optical measurements

For magneto-optical measurement the magneto-THz setup has been
build. Fig. 3.6 displays a schematic of the setup. Here, the remote
heads (THz emitter and THz receiver) are used, coupled to the TeraView
TeraPulse 4000. The beam is focused on the sample via a plano-convex
polytetrafluoroethylene (PTFE) lense (LAT075, ThorLabs f = 7.5 cm). A
second lense behind the sample collimates the beam again before it reaches
the THz receiver. The sample is mounted in the variable temperature
inset (VTI) of the magnet, allowing to adjust the temperature between
T = 295 K and 1.55 K. The sample holder supports two round apertures
of variable size. On one the sample is glued, the other serves as a reference.
Sample and reference can be selected by shifting the sample holder up
and down. The temperature can be controlled by adjusting the flow of
helium from the main reservoir of the magnet through the VTI over the
needle valve and the valve to the rotary pump. Above T = 4.2 K only
a small stream of LiHe from the reservoir is needed to cool the VTI.
Here the LiHe evaporates and the sample sits in exchange gas, ensuring
a good thermal coupling. For measurements below T = 4.2 K, LiHe is
condensed in the VTI and the pressure is lowered, such that the helium
becomes superfluid. Here the sample is immersed in LiHe. Temperatures
are measured directly at the sample holder, next to the sample with a
calibrated Cernox sensor (Lake Shore). The magnet has four PP windows
and the remote heads can be turned by 90◦ to switch between Faraday
geometry (k ∥ H) and Voigt geometry (k ⊥ H). Furthermore, the heads
can be rotated to select, for instance, between vertical and horizontal
linearly polarized light. The whole beam path is purged with N2 gas to
avoid atmospheric contributions to the spectra. When the main reservoir
is at T = 4.2 K, field strengths of up to H = 10 T are reached. However,
with a lambda fridge refrigerator, fields up to 11.5 T are supported. In
order to protect the remote heads against the magnetic stray fields, they
are are wrapped with several alternating layers of µ-metal (MagnetoShield
Flex+, Aaronia AG) and tape, providing an effective shielding.
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Figure 3.5: Pictures from the THz lab. (a) TeraView TeraPulse 4000
spectrometer with a LiHe-flow cryostat (base temperature of T = 6 K) mounted
in the internal chamber. (b) Magneto-optical setup with a superconducting
magnet (Spectromag SM4000-11.5, Oxford Instruments), allowing continuous
magnetic fields up to H = 10 T. The sample is mounted inside a variable
temperature inset (VTI), supporting temperatures between T = 295 K and
1.55 K. Helium is used as an exchange gas. The VTI is cooled with a helium
stream from the magnet’s helium reservoir. Temperatures below 4.2 K are
achieved by lowering the pressure in the VTI and condensing liquid helium.
Optical windows (PP) on all four sides of the magnet allow usage in Voigt
and Faraday geometry. To avoid an atmospheric contribution, the beampath
is covered with a N2 purging box. (c) The beam is guided via remote heads
(THz emitter and THz receiver) and gets focused via a plano-convex lense on
the sample. A second lense behind the sample is used to collimate the beam.
Remote heads are wrapped with several layers of µ-metal to avoid disturbance
of the heads by the magnetic stray field. (d) The LiHe-bath cryostat allows
temperature-dependent measurements down to T = 1.55 K. Similar to the
magnet, the temperatures are achieved by immersing the sample in superfluid
helium. The beampath consists of two lenses and the remote heads (not shown).
(e) Sample holder (slider) for the LiHe-bath cryostat. Two samples can be
glued on a thin Mylar foil. On their backsides the foil is cut. In the middle
a hole is cut for the reference measurement. The holder can slide during the
measurement, allowing to select between samples and the hole. Before the
slider an aperture is mounted to determine the spot size. (f) Sample holder for
the magnet. The samples are glued directly on an aperture, which is screwed
to the sample holder.
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Figure 3.6: Magneto-THz TDS setup. For temperature-dependent mea-
surements under continuous magnetic field, the remote heads (THz emitter
and THz receiver) are placed next to the superconducting magnet (Spectromag
SM4000-11.5, Oxford Instruments). The THz beam is focused on the sample
with a plano-convex PTFE lense. An identical lense behind the sample col-
limates the beam again. The temperature can be controlled in the variable
temperature inset (VTI) via the helium flow from the main reservoir (needle
valve and valve to rotary pump). In this sketch, the Faraday geometry (k
∥ H) is shown but the remote heads can be turned by 90◦ to switch to Voigt
geometry (k ⊥ H). Graphics of the ComponentLibrary (CC BY-NC 3.0, A.
Franzen) have been used.
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3.2.2 Extraction of response functions

The transmitted electric field yields amplitude and phase information.
From the time-dependent electric field E(t) the frequency-dependent
power spectrum Ẽsample(ω) is obtained via a Fast Fourier Transforma-
tion (FFT). Now, the complex transmission (transmitivity) T̃ r(ω) can
be calculated by referencing to the empty hole of the sample holder,
Ẽref (ω):

T̃ r(ω) = Ẽsample(ω)
Ẽref (ω)

. (3.2)

For non-magnetic materials (µ = 1), the optical conductivity/ permittivity
can be extracted in a straight forward way (see Refs. [81, 82] for the
relevant equations, introduced in the following). Considering a plane
wave at the interface material (with complex impedance Z̃s) and vacuum
(Z0 = 377 Ω) under near-normal incidence, the impedance mismatch at the
boarder vacuum-sample causes a separation in reflected and transmitted
beam. Utilizing the Fresnel fromulars, the complex transmission coefficient
of the plane wave can be written as:

t̃ = 2Z̃s

Z0 + Z̃s

. (3.3)

Because of material’s presence (complex index of refraction ñ), the plane
wave accquires a phase: exp {i ωd

c ñ}, where d is the sample thickness.
Taking into account the complex transmission coefficent at the second
border (sample-vacuum): t̃′ = 2Z̃0

Z0+Z̃s
, the transmitted electric field can

be written:

Ẽsample(ω) = 4 Z0Z̃s

(Z0 + Z̃s)2
E0 exp {i

ωd

c
ñ}. (3.4)

Divided by the reference field Ẽref = E0 exp {i ωd
c }, the complex trans-

mission reads:

T̃r(ω) = 4 Z0Z̃s

(Z0 + Z̃s)2
exp {i

ωd

c
(ñ − 1)}. (3.5)

As introduced above, from the FFT of the time-dependent electric field,
amplitude and phase of this complex quantity can be obtained directly. A
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Newton-Rapson based numerical inversion is used to obtain the complex
index of refraction ñ [172]. From ñ, optical conductivity/ permittivity
can be obtained directly, see Refs. [81, 82].

However, for a magnetic system (µ ̸= 1), both permittivity and perme-
ability can contribute to the transmission spectra (especially near the
magnetic resonance). Therefore, the four independent quantities (real
and imaginary parts of permittivity and permeability) cannot be obtained
from transmittance and phase without further assumptions, see discussion
in Ref. [80]. The analysis of magnetic systems in this thesis is based on
the absorption coefficient α which does not suffer from this since magnetic
and electric contributions are considered together in this case. For a
transparent material, it can be calculated from the transmittance Tr using
the Beer-Lambert law [81, 82]: α = −ln{Tr}/d, where d is the sample
thickness. The integrated absorption coefficient IA =

∫
α dω is similar to

the optical spectral weight SW =
∫

σ1 dω. It provides further quantitative
access to the spectral features. It is used to describe cumulative changes
under external stimulus, such as temperature and external magnetic field.
Furthermore, the dynamic magnetic susceptibility can be extracted, as
shown in the next section.

During the FFT, the type of apodization function and cut off need to be
chosen. In this thesis mostly a Tukey apodization is selected. Depending
on the shape of the signal, sometimes as well a Blackman-Harris. As shown
in Fig. 3.7, the apodization window influences the final spectra. This
can be used to distinguish different contributions and time scales. While
phononic and electronic contributions are mostly confined to short time
scales in the main echo, sharp magnetic resonances exhibit a pronounced
late-time oscillation over several tens of picoseconds, exceeding the main
pulse [67–69, 92, 93] (see the spin precession picture introduced above).
Moreover, it is important to choose a suitable window, covering the whole
signal. At best, at room temperature, the time delay until the next echo
(first internal reflection, see Fig. 3.8) is determined. Then the time delay
can be chosen until shortly before the first internal reflection. It should
be noted that in some cases, i.e., extended late-time oscillations due to
magnetic resonances, the first reflected beam can cover the late-time
oscillations. In this case, the sample has to be thicker.
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3 Experimental methods and data analysis
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Figure 3.7: THz spectra for different apodizations of the FFT. (a)
Electric field over time delay. For the case of Averievite (see Ch. 6), the electric
field consists of multiple oscillations. By selecting the FFT window with the
apodization function, different contributions can be extracted (see blue and red
dashed lines) for the absorption coefficient (b). The main pulse, centered at
around 5 ps only accounts for the slope of the absorption coefficient and the
broad phonon modes at around 40 and 50 cm−1. Including the pronounced
late-time oscillations of the electric field (apodization at around 55 ps), several
sharp magnetic resonances (see Ch. 6 for further details) are imposed on the
spectrum.
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Figure 3.8: THz spectra for a wide time range. (a) Electric field over time
delay. Besides the main pulse (red shaded area), the first and second internal
reflection echos, blue and green shaded areas, respectively are observed. The
time shift between the first internal reflection and the main echo is determined
by the index of refraction and the thickness of the sample. (b) Resulting
absorption coefficient for different apodization windows. Red curve: Cut off at
20 ps, including only the main echo (main pulse). Blue curve: cut off at 40 ps,
including main echo and first internal reflection. Including the internal reflection
results in artificial oscillation pattern if the number of internal reflections is
not considered. Inset: Sketch of the main pulse (red), first internal reflection
(blue), second internal reflection (green). For better illustration the internal
reflections are shown under an angle with respect to the sample surface.
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3 Experimental methods and data analysis

3.2.3 Extraction of dynamic magnetic susceptibility

This section is part of the author’s publication (Ref. [1], supplemental
materials).1

The imaginary part of the dynamic magnetic susceptibility, χ
′′

m = Im{
χ̃m(ω)}, can be extracted from the THz data to unveil the natural spectral
form of magnetic features by exclusion of the high-temperature dielectric
backgrounds, for instance, tails from the phonon modes. It provides
quantitative information about the magnetism. Compared to a fit-based
subtraction, the following method is advantageous because it offers self-
calibration and does not dependent on a certain model. Here, the low-
temperature magnetic susceptibility χ̃m is extracted from THz-TDS
measurements by referencing to the spectra at temperatures above the
magnetic ordering (or onset of magnetic interaction). Such an approach
was used in Refs. [46, 47, 51, 89, 172, 173] and was proven to be robust in
the class of insulating quantum magnets since the electronic contributions
are located at much higher frequencies. In the following, χ̃m(ω) is derived
using this approach, based on the more detailed explanation in Ref. [46].
In general, complex transmission trough the sample with thickness d, can
be written as T̃r(ω) = 4 Z0Z̃s

(Z0+Z̃s)2 exp {i ωd
c (ñ − 1)}, where Z0 = 377 Ω and

Z̃s =
√

µ̃
ϵ̃ is the complex impedance of the sample with permittivity ϵ̃

and magnetic permeability µ̃. ñ =
√

ϵ̃µ̃ is the index of refraction of the
sample [81, 82]. Rewriting the complex transmission in terms of ϵ̃ and µ̃
leads to

T̃r(ω) = 4
√

ϵ̃µ̃

(
√

ϵ̃ +
√

µ̃)2
exp {i

ωd

c
(
√

ϵ̃µ̃ − 1)}. (3.6)

For the magnetic permeability it can be written: µ̃ = 1+χ̃m. By assuming
χ̃m << 1 and

√
µ̃ ≈ 1 + χ̃m/2 it reads:

T̃r(ω) ≈ 4
√

ϵ̃(1 + χ̃m/2)
(
√

ϵ̃ + 1 + χ̃m/2)2
exp {i

ωd

c
(
√

ϵ̃(1 + χ̃m/2) − 1)}. (3.7)

1Reprinted with permission from Ref. [1]. Copyright CC BY 4.0 (2022) by the
authors. Advanced Quantum Technologies published by Wiley-VCH GmbH. Some
passages have been taken verbatim, others are edited/ expanded. There will be no
additional citation or other marks in the text for verbatim copied texts or edits
from Ref. [1].
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It can furthermore be simplified as:

T̃r(ω) ≈ exp {i
ωd

c
(
√

ϵ̃(1 + χ̃m/2) − 1)}, (3.8)

since the exponential term is dominating in Eq. 3.7. To extract χ̃m

from Eq. 3.8, the dielectric contribution needs to be subtracted. T̃r
can be referenced to a temperature, where µ̃ ≈ 1, i.e., above the on-
set of magnetic interactions. Here, the complex transmission reads
T̃rref ≈ exp {i ωd

c (
√

ϵ̃ref − 1)}. Under the assumption that the dielectric
properties (phononic or electronic contributions) in the THz range do not
change considerably below the reference temperature it can be written:
ϵ̃ref ≈ ϵ̃ and therefore T̃r

Trref
≈ exp {i

√
ϵ̃ref ωd

2c χ̃m}. Inverting this leads
to:

χ̃m(ω) ≈ 2ic√
ϵ̃ref ωd

ln{ T̃rref

T̃r
}. (3.9)

The extracted dynamic magnetic susceptibility yields information about
the magnetism and can be compared to other probes sensitive to the
magnetic correlations. For instance, it is related to the NMR spin-lattice
relaxation rate 1/T1, which probes the spin fluctuations at a fixed fre-
quency (ω0): 1/T1 ∝ T |Ahf |2χ′′(ω0)/ω0, where Ahf is the hyperfine
coupling between electron and nucleus [174]. Also, it can be compared
to the ESR electron spin susceptibility χe

s (see below for further infor-
mation). In combination, these quantities give a comprehensive picture
about the magnetism, well beyond the level of dc or ac magnetization
measurements.

3.3 Electron spin resonance

Electron spin resonance (ESR) is an useful technique to probe the mag-
netism of a system possessing unpaired electrons or any form of magnetic
correlations [175]. It measures the absorbed microwave power P ∝ χ′′ in
an external magnetic field H. Here electrons interact with the field via
their magnetic moment µS = −gµbS, where g is the Landé g-factor, µb is
the Bohr magneton and S the spin. This interaction releases degeneration
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3 Experimental methods and data analysis

of mS + ±1/2 states. The energy shift can be described by the Zeeman
Hamiltonian [175]:

H = gµbSH. (3.10)

If another magnetic field h with the frequency ν and corresponding
energy hν = gµbH is applied perpendicular to the static magnetic field
H, transitions between the mS = −1/2 and mS = +1/2 can be excited.
Typically, the field strength of H is swept while h is kept constant.
According to the frequency of the microwave field different frequency
bands can be assigned. Here, the X-band ESR (ν = 9.8 GHz) is used.
For signal improvement, the static field is often modulated with a small
sinusoidal ac field. Via a lock-in scheme the measured signal is the first
derivative of the absorbed microwave power with respect to the field H
[176]: dP/dH.

To this end, the ESR signal leads several quantities that can be extracted:
line shape, resonance field, g-factor, line width, intensity [177]. They
might allow conclusions about the underlying magnetism. Importantly,
from the intensity of the ESR line, the electron spin susceptibility χe

s

can be extracted (see below). This quantity is used together with the
magnetization from the SQUID and the NMR spin-lattice relaxation rate
1/T1 to probe the onset of (short-range) magnetic correlation. It naturally
extrapolates the high frequency THz-TDS measurements.

Measurements were performed using a Bruker (EMXplus) cw-spectrometer
in X-band frequency (f = 9.8 GHz) together with a LiHe-flow cryostat
(Oxford Instruments), see previous theses for further information, for
instance, Refs. [176, 177]. The sample mounted in nearly impurity-free
suprasil glass holder (spectra have been corrected by the background
from the holder prior to analysis). A goniometer is used to rotated the
sample with respect to the magnetic fields to probe for any anisotropy.
The spectra where collected upon heating using variable temperature
slopes.
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3.3.1 Extraction of electron spin susceptibility

The absorbed microwave power P is proportional to the imaginary part
of the magnetic susceptibility χ

′′ . Since commonly the derivative of
the absorbed microwave power dP/dH is measured, χ

′′ is obtained by
integrating dP/dH over the magnetic field H. Furthermore, the electron
spin susceptibility χe

s can be obtained by the Kramers-Kronig sum rule
[178]: χe

s = 2
πHres

∫ ∞
0 χ

′′(H)dH ∝
∫ ∞

0 P (H)dH = I. It is proportional
to the intensity I of the ESR line and can be either obtained by integration
or as well from fits of the line.
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4 Results I: Herbertsmithite
and Volborthite
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Figure 4.1: Structural distortion and spin freezing on the kagome
lattice. Structures are based on Refs. [19, 21, 23, 42].



4 Results I: Herbertsmithite and Volborthite

This chapter is focused on the compounds Herbertsmithite and Vol-
borthite. Herbertsmithite features undistorted kagome layers, while
Volborthite is only slightly distorted, Fig. 4.1. Both compounds will be
introduced by showing recent literature. After these reviews, the results
from this thesis are going to be discussed. For Herbertsmithite, at first,
THz-TDS is used to probe the putative spinon response in THz range,
including the response under external magnetic field. Furthermore, struc-
tural aspects will be discussed by showing pressure-dependent optical
studies. Having treated the undistorted kagome lattice, the experiments
on Volborthite are going to be shown. In contrast to the undistorted
kagome lattice, here signatures of short-range magnetic correlations are
pronounced in the THz spectra. Further structural and electronic aspects
are probed employing FTIR spectroscopy.

4.1 Introduction of the material

Herbertsmithite (ZnCu3(OH)6Cl2) [42, 179] is highlighted as a QSL
candidate with an almost perfect kagome lattice and absence of magnetic
long-range order down to the mK range [12]. Its decoupled kagome planes
harbor strong antiferromagnetic (afm) exchange along the Cu-O-Cu path
(J ≈ 17 meV or 197 K) [152, 153], see Fig. 4.2 for the structure. Regarding
the magnetic ground state, anti-site disorder (on the order of 10% of Cu
intercalated at Zn sites, inducing a Curie-like tail in magnetization at low
temperatures [180]) appears to be problematic; the impurity spins are
even antiferromagnetically coupled [181]. Yet, their influence on the QSL
(gapped or gapless state) is still under debate [174, 182].

In the following some relevant findings are going to be reviewed. At first
a view on the possible spinon excitations from the perspective of neutron
scattering experiments is given. NMR studies will be shown to discuss
the influence of disorder on the magnetism. Closely connected with the
magnetism, the lattice degree of freedom is going to be introduced by
showing pressure-dependent studies. Furthermore, the role of optical
investigations will be discussed. Finally, a few open questions in this
system will be summarized. Although this list is by far not complete, it
should give a brief overview of physics. More extensive reviews can be
found, for instance, in Refs. [11, 39].
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Zn

Figure 4.2: Crystal structure of ZnCu3(OH)6Cl2. (a) View within the
in-plane (ab) orientation. Herbertsmithite crystallizes in the R3̄m structure
and is composed of kagome layers (blue Cu-Cu bonds). (b) The kagome layers
are stacked along the c-direction (out-of-plane) and separated by Zn atoms
(orange spheres). The picture was prepared using the structural data (T = 300
K, single crystal diffraction) of Ref. [42]

Since Herbertsmithite was recognized as a quantum magnet in 2005
[179], a plethora of experimental techniques, such as NMR [183–185],
µsr [186], specific heat [12, 187, 188], magnetization [12, 180], x-ray
scattering [189], and optical measurements [190–193], and theoretical
approaches [152, 153] were employed to study its properties. A remarkable
experimental result is the report of a broad scattering continuum at
low temperatures which was interpreted as a continuum of fractional
excitations (spinons) [13]. Figs. 4.3a-e give an overview of the inelastic
neutron scattering investigation of Ref. [13]. The dynamic structure factor
S(Q, ω) at T = 1.6 K is displayed for selected energies in Figs. 4.3a-c. A
broad continuum contribution (see the green color) persists over a rather
wide energy range (at least between 0.25 meV and 11 meV) and wave vector
range, indicating a gapless response. It becomes even more visible through
cuts along the high-symmetry directions, Figs. 4.3d,e. Integrating S(Q, ω)
over the wave vector, the imaginary part of the dynamic susceptibility
χ′′

m can be obtained, Figs. 4.3f,g (here measurements of Ref. [194] are
shown). Consistent with the magnetization measurements, χ′′

m increases
at low energies upon cooling. These measurements determine the energy
and temperatures scales for forthcoming studies: below 1 meV and lower
than 3.5 K.
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4 Results I: Herbertsmithite and Volborthite

(f)

(g)

M K

Γ

= 0.75 
  meV

= 2 meV

(c)

(b)

(a) (d)
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Figure 4.3: Inelastic neutron scattering on ZnCu3(OH)6Cl2 (Refs. [13,
194]) (a-c) Dynamic structure factor S(Q, ω) at T = 1.6 K plotted for ℏω = 6
meV, 2 meV, and 0.75 meV, respectively. The green area features a pronounced
scattering continuum. Red arrows: high symmetry directions (H,0,0) in (a)
and (H,H,0) in (b). (d,e) Cuts along the (H,0,0) and (H,H,0) directions. Along
(H,H,0) the broad scattering continuum persists (green color). (f) Structure
factor S(ω) for wave vectors 0.5 ≤ Q ≤ 1.9 Å. Below 1 meV the structure
factor increases significantly. (g) Obtained local dynamic susceptibility χ

′′ (ω) =
S(ω)(1 − e−ℏω/kbT ), showing an increase at low energies as well. (a-e) Adapted
by permission from Springer Nature Customer Service Centre GmbH: Springer
Nature, Nature, Ref. [13] Copyright 2012. (f,g) Adapted with permission from
Ref. [194]. Copyright (2010) by the American Physical Society.

Furthermore, the theoretical prediction of an optical conductivity, scaling
with a power law as a fingerprint of the intriguing spinon Fermi surface
opens another perspective [14, 15]. Quasi-optical THz techniques, reaching
to very low energies, are of particular interest. Indications for a power-law
scaling with an exponent of β ≈ 1.4 were reported for Herbertsmithite [16].
However, the previous reports are limited by a rather narrow frequency
and temperature range (down to 20 cm−1 or about 2.5 meV and 4 K).

Although a spinon scattering continuum was concluded in the previous
experiments, due to anti-site disorder the extraction of the pure kagome
response remains challenging and the results are still under debate [11].
This problem was recently approached employing 17O NMR [182]. Uti-
lizing the NMR shift, the kagome susceptibility could be distinguished
from the disorder contribution. Fig. 4.4a shows the disorder contribu-
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tions D1 and D2. The D1 line was attributed to Cu substituted Zn
sites [compare inset (I) and (II)], whereas D2 is argued to originate from
in-plane substitution of Cu by Zn [inset (III)]. Compared to the mostly
temperature-independent D2, the D1 shift contributes strongly to the
low-temperature magnetic response. Interestingly, it is the weakly coupled
out-of plane Cu site, inset (II) which introduces such a strong response.
It was argued due to Jahn-Teller driven distortion, introducing a displace-
ment of all six adjacent oxygen sites [182]. The disorder induced shift
was cleaned from the data, leaving only the pure kagome susceptibility,
Fig. 4.4b. From the temperature dependence of the kagome susceptibility,
a gapless QSL scenario was concluded.

However, the previous observations are in stark contrast to a recent 63Cu
nuclear quadrupole resonance study [174]. Here the distribution of the
spin-lattice relaxation rate, i.e., the histogram P (1/T Cu

1 ) was determined.
From P (1/T Cu

1 ) two contribution can be discerned: a paramagnetic
contribution 1/T Cu

1,para ≈ 1000 s−1 of Cu2+ spins remaining in a paramag-
netic state with short spin-spin correlation length and a so-called singlet
contribution 1/T Cu

1,singlet (Fig. 4.4c). In contrast to the nearly temperature-
independent 1/T Cu

1,para, the 1/T Cu
1,singlet is significantly suppressed below

T = 10 K and yields a residual value of around 1/T Cu
1,singlet ≈ 20 s−1

at the lowest measured temperature. Based on the small floor value of
1/T Cu

1,singlet, these results were interpreted in favor of a gapped spin-singlet
ground state of spin dimers [see inset of Fig. 4.4d]. Furthermore, the
fraction of Cu sites involved in the formation of singlets was extracted,
Fig. 4.4d. Interestingly, this shows a formation of singlets at relatively
high temperatures (T = 30 K), reaching a value of around 60 % of Cu
sites contributing at around T = 2 K.

Having discussed the recent investigations on the magnetic ground state,
now the structural aspects of Herbertsmithite and their connection to
the magnetism is further deepened (see introductions in Sec. 2.2). Its
structural properties leave open questions: although a perfect threefold
symmetry of the kagome lattice was concluded (R3̄m structure) [11, 39],
recently indications for a lattice distortion are accumulating [147, 195, 196].
With the close energy scales of gapless/ gapped QSL and valence bond
solid impact of a possible lattice distortion on the magnetism eludes
the current understanding; more sophisticated theoretical models taking
these parameters into account are needed. As the interplay between
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(a)

(I) (II) (III)

(b)

0 10

(c)

(d)

Figure 4.4: Nuclear magnetic resonance on ZnCu3(OH)6Cl2 (Refs. [174,
182]). (a) Knight shifts of the D1 and D2 lines for several defect contributions,
see insets: (I) kagome planes (blue spheres are the Cu ions) are well separated
by Zn (yellow sphere), (II) disorder contribution, where Cu/Zn are mixed in
the interlayer sites: D1 line, (III) disorder contribution where Cu/Zn are mixed
within the kagome layers: D2 line. Field along the a−axis corresponds to
the right side, along the b-axis to the left side. (b) Cleaning of the disorder-
induced shift yields the pure kagome susceptibility interpreted within a gapless
QSL picture in Ref. [182] (c) Spin-lattice relaxation rate 1/T1. Black crosses:
determined from fit of M(t), filled circles: center-of-gravity 1/T1,cg. From the
density distribution (not shown) the contribution of magnetic singlets (open
circles) and paramagnetic spins (open squares) can be determined. (d) Fraction
of Cu sites which are involved in the formation of spin singlets. Interestingly, the
formation of spin singlets is already observed at intermediate temperatures T ≈
30 K. Upon cooling the contribution gets enhanced. At the lowest temperature
60 % of Cu sites are contributing to the singlet states. Inset: suggested picture
of the gapped magnetic ground state in Ref. [174]. The fluctuating spin singlets
are illustrated by blue ovals. Red arrows: paramagnetic spins. Adapted by
permission from Springer Nature Customer Service Centre GmbH: Springer
Nature, Nature Physics, Ref. [182] (a,b) Copyright 2020 and Ref. [174] (c,d)
Copyright 2021.
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structure and magnetism becomes more relevant, optical spectroscopies
could provide useful information. Indeed, some of the lattice vibrations
seem to be magneto-elastically coupled to the spin degree of freedom
[191, 193].

To tune the magnetism several strategies haven been tested, including
chemical doping [197, 198], external magnetic field [199], and external
pressure [144, 200]. In general, external pressure is a clean tuning pa-
rameter to alter structural and electronic properties (see introduction
in Sec. 2.2.3). In the kagome lattice it might be even used to control
the magnetism. For instance, the magnetic superexchange J depends
on the Cu-O-Cu bond angle θCu−O−Cu and on the Cu-O bond length
lCu−O: J ≈ cos2(θCu−O−Cu)/ln

Cu−O with n ≈ 10 [144, 145]. Recently,
hydrostatic pressure was applied to Herbertsmithite. Fig. 4.5 summarizes
the results of Refs. [144, 200]. Fig. 4.5a displays the lattice parameters.
The application of hydrostatic pressure leads to a decrease of the overall
unit cell volume, as well as the a-axis (in-plane) and c-axis (out-of-plane)
direction. It generates a tilting of the CuO4 plane of the CuO4Cl2 octa-
hedron away from the kagome planes (cf. inset of Fig. 4.5a). Figs. 4.5b,c
show distances and angles between several characteristic lattice sites. Up
to P = 2.5 GPa the Cu-O distance, Fig. 4.5b decreases under pressure
and the Cu-O-Cu angle increases. Above P = 2.5 GPa the Cu-O distance
remains constant and a decrease is observed in the Cu-O-Cu angle. The
Cu-Cl distance decreases continuously under pressure, Fig. 4.5c, whereas
in the Cu-Cl-Cu angle at first an increase is observed, followed by a nearly
constant behavior after P = 2.5 GPa. At around 8 GPa a second-order
transition to the P 21/n structure was observed (discontinuity in the unit
cell volume in Fig. 4.5d) inducing a monoclinic distortion (see inset of
Fig. 4.5d) of the whole kagome plane. In addition, the reduction of the
inter-kagome separation (Fig. 4.5e) weakens in this pressure range; and
the inter-kagome separation increases again above 12 GPa. These struc-
tural modifications have an enormous impact on the magnetism: they
induce magnetic long-range order. Figs. 4.5f,g show the corresponding
TN and susceptibility measurements. At P = 2.5 GPa spin freezing sets
in with a TN = 6 K as the frustration of the kagome lattice gets released
[144]. Increasing the pressure further, the Néel temperature decreases,
consistent with a reduction of the superexchange due to the decreasing
Cu-O-Cu bond angle with nearly constant Cu-O bond length. In the
susceptibility measurements of Ref. [200] the weak ordering at P = 2.5
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4 Results I: Herbertsmithite and Volborthite

GPa (observed in Ref. [144]) cannot be seen. Instead, the order sets in at
higher pressure, P = 6.2 GPa. The reason for this is not clear and the
authors of Ref. [200] argue with non-hydrostatic effects or different sample
stoichiometry. However, it seems to be that the magnetic order sets in
even before the structural transition. More insight on the type of long-
range order was obtained from neutron scattering. Fig. 4.5h shows the
neutron diffraction pattern at T = 1.4 K and P = 2.7 GPa of Ref. [144].
The weak Bragg reflexes were fit to a

√
3 ×

√
3 antiferromagnetic order.

Even though Herbertsmithite has been thoroughly investigated over the
recent years, it still puzzles the community. Some of the most interesting
questions are not solved and can even be generalized to the whole material
class of kagome/ honeycomb quantum magnets. For instance: What is the
ground state? What precursor state/ magnetism develops at intermediate
temperatures? Is it related to the putative QSL? How are magnetic
and structural degrees coupled? How does (even minimal) structural
distortion of the kagome lattice affect the magnetism? How and in which
direction can the system be tuned? Throughout this thesis some of
these questions in the class of kagome/ honeycomb quantum magnets are
going to be addressed utilizing different experimental approaches, often
complemented by theoretical calculations.
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Figure 4.5: Pressure-dependent studies on ZnCu3(OH)6Cl2 (Refs. [144,
200]). (a) Lattice parameters (left axis) and unit cell volume (right axis).
Inset: Variation of the crystal structure at low pressures (P ≈ 2.5 GPa) within
the R3̄m structure. The CuO4 plane of the CuO4Cl2 octahedron gets tilted
away from the kagome plane (see arrows). (b) Cu-O bond length lCu−O and
Cu-O-Cu bond angle θCu−O−Cu (inset) crucial for the magnetic superexchange.
A discontinuity is observed at P ≈ 2.5 GPa, leading to a decrease of the
magnetic coupling strength J . (c) Cu-Cl bond length and Cu-Cl-Cu angle
(inset). (d,e) Structural variations of the high-pressure phase. At around P ≈
8 GPa, a second-order transition from R3̄m to P 21/c induces a monoclinic
distortion of the kagome layers (see inset), indicated by a discontinuity in the
unit cell volume (d) and a reverse of the inter-kagome separation’s pressure
dependence. (f) Evolution of the magnetic long-range order TN as a function of
pressure. (g) Magnetic susceptibility χ as a function of temperature for selected
pressures. The kink-like structure indicates magnetic order below T ∗. Note
that the pressure scale, i.e., onset of magnetic long-range order of Ref. [144] (f)
is shifted compared to Ref. [200] (g). (h) The neutron diffraction at T = 1.4 K
and P = 2.7 GPa shows weak magnetic Bragg peaks, possibly matching to a√

3×
√

3 order (blue line). For comparison, the green line shows the expectation
for q = 0. Adapted with permission from Ref. [144] (a-c, f, h) and Ref. [200]
(d,e,g). Copyrighted by the American Physical Society.
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4 Results I: Herbertsmithite and Volborthite

4.2 Experimental methods

Crystal growth and characterization Single crystals of ZnCu3(OH)6-
Cl2 were grown using a hydrothermal method, similar to the reported
procedure of Ref. [156] by P. Puphal and C. Krellner. Single crystals
of Cu3V2O7(OH)2 ·2H2O were grown via a hydrothermal method by P.
Puphal.

THz-TDS measurements THz-TDS measurements were carried out
in transmission geometry (ET Hz ∥ (a, b)) at several temperatures between
295 and 1.6 K utilizing a helium bath cryostat, based on the procedure
of Ref. [1]. Magneto-optical THz measurements were performed in Voigt
geometry (ET Hz ∥ (a, b), H ∥ (a, b)) with static magnetic field strengths
up to H = 8.3 T and temperatures down to 1.6 K. The absorption
coefficient α was calculated from the transmittance Tr by α = −ln{Tr}/d,
where d is the sample thickness. IA was calculated by integration of α:
IA =

∫
α dω, and provides a quantitative access to the spectral features.

Pressure-dependent measurements Pressure-dependent transmit-
tance and reflectance spectra (near-normal incidence, E || (a, b)) were
recorded using a Bruker 80v FTIR setup, equipped with a Hyperion
IR-microscope, based on the procedure of Ref. [4]. Pieces with a typical
in-plane size of 160×160 µm and thickness of 40 µm were cut. A diamond
anvil cell (Almax easyLab) with Type IIa diamonds (800 µm culet) was
utilized to apply pressures up to 10 GPa. CuBe gaskets with a thickness
of 60 µm and a hole of around 200 µm diameter were prepared for sam-
ple space. For pressure calibration, ruby spheres were used [165, 166].
CsI3 was prepared as pressure-transmitting medium. In the investigated
spectral range (0 to 12 GPa) this medium ensures a quasi-hydrostatic
pressure, and can be used to obtain the reference spectra for transmittance
measurements. For reflectance the CuBe gasket served as a reference.
Reflectance spectra were subsequently corrected by the reflectance of
CuBe. From transmittance data the optical absorption coefficient was
calculated over the Beer-Lambert law: α = −ln{Tr}/d, where Tr is the
transmittance and d is the sample thickness.
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4.3 Sample preparation

1 mm

Figure 4.6: Single crystals of ZnCu3(OH)6Cl2. Picture of a polished single
crystal (used for THz measurements) showing a large hexagonal surface (about
3 × 3 mm). Several batches were grown by P. Puphal and C. Krellner using a
hydrothermal method.

The hydrothermal synthesis yields large samples with surfaces of ap-
proximately 3 × 3 mm, Fig. 4.6. Unlike Y-kapellasite (see next chapter)
Herbertsmithite does not grow in high-symmetry directions, i.e., the facets
are not well-defined cuts along kagome planes. Therefore, the crystals
were oriented using Laue diffraction and polished on both sides to obtain
smooth surfaces. However, a small out-of-plane contribution cannot be
excluded.
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4 Results I: Herbertsmithite and Volborthite

4.4 QSL response: THz-TDS investigations
of Herbertsmithite

Parts of this section are published in the author’s publication (Ref. [1],
supplemental materials).1

The transmitted time-domain electric fields (ET Hz ∥ (a, b)) are displayed
in Fig. 4.7a. The entire time trace is confined to short time scales,
below 5 ps, i.e., pronounced extended-time oscillations of the electric
field are absent. Cooling to T = 1.6 K, it continuously increases without
any significant changes of its shape. Fig. 4.7b shows the corresponding
absorption coefficient α. At T = 295 K, the absorption coefficient is
dominated by the tail of the lowest in-plane phonon mode (centered at
around 85 cm−1 [193]). Focusing on the low temperature response, the
phonon tail shifts to higher frequencies; leading to a monotonic response
below 40 cm−1 at the lowest measured temperature. However, a small
peak-like feature (35 cm−1) evolves below T = 50 K, and further gains
intensity reaching to T = 1.6 K. Comparing with the calculated phonon
frequencies [193] and considering the weak intensity, a phononic origin
seems unlikely. Furthermore, the first electronic transitions are only
observed above 1 eV [192]. To this end, its origin remains unknown. To
further quantify the low-energy response, IA was calculated (below 45
cm−1), Fig. 4.7c. Upon lowering the temperature, IA decreases strongly
until reaching T = 100 K. This is most likely caused by the contribution of
the phonon tail (sharpening and shifting of the low-energy phonon modes
upon cooling). At around T = 50 K, a minimum is reached, followed
by a slight increase approaching T = 40 to 30 K. Below T = 30 K, IA
remains nearly constant. Interestingly, the slight increase of IA has a
similar temperature scale compared to the NMR results of Ref. [174]
(onset of spin-singlet formation), suggesting an involvement of the spin
degree of freedom. Overall, these observations are in stark contrast to
the measurements on the distorted kagome lattice (Y-kapellasite), see
next chapter.

1Reprinted with permission from Ref. [1]. Copyright CC BY 4.0 (2022) by the
authors. Advanced Quantum Technologies published by Wiley-VCH GmbH. Some
passages have been taken verbatim, others are edited/ expanded. There will be no
additional citation or other marks in the text for verbatim copied texts or edits
from Ref. [1].
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Figure 4.7: THZ-TDS on ZnCu3(OH)6Cl2. (a) Time-domain electric field
and absorption coefficient for the in-plane E ∥ (a, b) (b) Corresponding absorp-
tion coefficient α. (c) Integrated absorption coefficient IA (up to 46 cm−1) as a
function of temperature. Reprinted with permission from Ref. [1].

As introduced above, a power-law response due to spinon absorption was
suggested and previously reported for Herbertsmithite [16]. To compare
to the previous report, the optical conductivity and spectral weight were
calculated, assuming µ = 1. Overall, the spectra show a quantitatively
and qualitatively good agreement with the previous report (cf. magenta
line in Fig. 4.8a). However, the small peak-like contribution (35 cm−1)
was not observed previously. The low-energy response can be further
analyzed in the double-log plot, Fig. 4.8a. Here a power law of the form
σ1 = aωβ (a and β are constants) appears as a straight line. Focusing on
the T = 1.6 K spectrum, three distinct slopes in the optical conductivity
can be seen: between 6 cm−1 and 20 cm−1 the conductivity is nearly
frequency independent (the small spectroscopic features, i.e., oscillations
at low frequencies, are due to the decreased signal-to-noise ratio in this
spectral range). From 20 cm−1, that is, the end of the data presented
in Ref. [16], to 50 cm−1 the T = 1.6 K spectrum fits well to a power-
law conductivity: σ1 = 0.00025 Ω−1 ω1.47. Above 50 cm−1, the slope
changes again due to the phonon tail. To estimate the influence of a
possible out-of-plane contribution, the spectral weight is compared to the
previous study, Fig. 4.8b. While the c-axis response (Ref. [16]) decreases
upon cooling and nearly vanishes below T = 40 K, the in-plane spectral
weight slightly increases at low temperatures. Even with the possibility
of a c-axis contribution at room temperature in this study, the in-plane
contribution is clearly distinguishable below T = 100 K.
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4 Results I: Herbertsmithite and Volborthite

Having compared the present results with Ref. [16], by expanding the
frequency range from 20 cm−1 to 6 cm−1, it becomes clear that the
power-law contribution does not extrapolate to zero frequency. This
challenges the current interpretation towards a spinon-induced optical
absorption. However, it could be that the optical response is gapped,
∆ ≈ 20 cm−1 (2.5 meV, 29 K). Although the investigate frequency and
temperature range has been expanded in this study, the small sample size
(1.8 mm aperture size) is close to the diffraction limit at 6 cm−1 (λ ≈ 1.7
mm); the data were cut at 6 cm−1. Here investigations on significant
larger samples (≈ 1 cm2) at very low temperatures using more powerful
terahertz sources might add valuable information in the future. From
the local dynamic susceptibility (neutron structure factor, Fig. 4.3), it
becomes clear that a least frequencies below 4 cm−1 and temperatures
colder than T = 1.5 K need to be reached.
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Figure 4.8: THz-TDS on ZnCu3(OH)6Cl2. (a) Optical conductivity σ1
for selected temperatures. To compare with the previous results of Ref. [16],
σ1 was obtained from THz-TDS by assuming µ = 1. In the double-log plot
several contributions with distinct slopes are apparent. 6 cm−1 to 20 cm−1:
nearly frequency independent conductivity (c.f. black dashed line). 20 cm−1

to 50 cm−1: power-law behavior (σ1 = 0.00025 Ω−1 ω1.47), see the fit (red
dashed curve). Above 50 cm−1: phonon tail (green dashed line). The T = 4
K spectrum of Ref. [16] is the magenta curve. (b) Optical spectral weight
(integration of σ1 over the frequency up to 46 cm−1) of this work (orange curve)
and Ref. [16] (red and blue curves, in-plane and out-of-plane conductivity,
respectively). The out-of plane contribution diminishes upon cooling, while the
in-plane response gains spectral weight.
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4.5 Magneto-THz spectroscopy

To investigate any magnetic field dependence of the terahertz response,
magneto THz-TDS was performed. Samples were probed in Voigt ge-
ometry [ET Hz ∥ (a, b), H ∥ (a, b)], see method section for more details.
Fig. 4.9a displays the time-domain electric field at T = 1.68 K. The
time-domain spectra do not show any significant modification up to
H = 8.3 T. The corresponding absorption coefficient is shown in Fig. 4.9b.
These observations are in accordance with Ref. [16]. Note that the small
oscillations are spectroscopic features due to the decreased signal-to-noise
ratio of a magneto-THz measurement. Considering the expected energy
scales the absence of any change under magnetic field becomes clear: the
magnetic field energy of H = 8.3 T corresponds to µB · 8.3 T ≈ 0.48 meV.
While this is larger than the thermal energy at T = 1.68 K (≈ 0.14
meV), it is only 2.8 % of the magnetic exchange energy in Herbertsmithite
(J ≈ 17 meV). Therefore, if there is no mechanism facilitating the break-
ing of putative spinons under external magnetic field or another strong
coupling mechanism, for instance, due to paramagnetic/ impurity spins,
no change is expected at low fields (17 meV/µB ≈ 294 T). In fact, the
first 1/3 magnetization plateau (i.e., first spin flip in the kagome layer)
was recently observed at H ≈ 150 T for Herbertsmithite [201]. This sets
the magnetic field scale for further investigations.
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Figure 4.9: Magneto-THz measurements of ZnCu3(OH)6Cl2. Voigt
geometry [ET Hz ∥ (a, b), H ∥ (a, b)] up to H = 8.3 T at T = 1.68 K. (a)
Time-domain electric field and (b) absorption coefficient.
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4 Results I: Herbertsmithite and Volborthite

4.6 Pressure-dependent optical studies

In order to illuminate the structural aspect, pressure-dependent optical
studies have been performed. Even for the thin samples (40 µm thickness),
in transmittance some of the modes are saturated. Therefore, reflectance
and transmittance were recorded in the mid-infrared range. The experi-
mental details are summarized in the method section. Figs. 4.10a-c show
the absorption coefficient obtained from transmittance measurements in
in-plane direction [E ∥ (a, b)]. Several phonon modes exhibit an inter-
esting pressure dependence. Focusing on the far-infrared measurements
[panel (a)], mode m1 and m2 undergo a redshift (decrease of center fre-
quency) with increasing pressure. Furthermore, the modes at around
1500 cm−1 [panel (b)] show red-shifting and blue-shifting (increase of
the center frequency) behavior. Mode m9 (2900 cm−1) shows a splitting
between P = 2.4 GPa and 3 GPa. The phonons at around 950 cm−1

and 3400 cm−1 are saturated due to large absorption. Here additional
information can be obtained from the reflectance, Figs. 4.10d,e. Especially
the mode at around 950 cm−1 is distinct (cf. Fig. 4.10d). It broadens
significantly above P = 3 GPa. These trends are further quantified in
Fig. 4.11, phonon frequencies as a function of external pressure.

The out-of-plane measurements, Figs. 4.12a-e show a similar pressure
dependence, with red-shifting and blue-shifting phonons and a splitting
between P = 2.4 GPa and 3 GPa. In general, a red-shifting phonon
mode is correlated with an increase of the bonding length (decrease
of bonding force). At the first glance, such a pressure dependence is
unexpected since hydrostatic pressure often results in a decrease the
bonding length. Therefore, commonly a blueshift of phonons is observed.
The different shifts are occurring even for phonons with a similar energy
(around 1500 cm−1, modes m3, m4, m5), suggesting a complicated pressure
evolution. Previously, the modes between 826 to 3201 cm−1 were assigned
to OH vibrations [193]. Following such an assignment, the red- and
blue-shifting behavior would indicate the distortion of the crystal field
environment (CuO4 tetrahedron) under pressure. This is in accordance
with the monoclinic distortion observed in previous studies (Refs.[144,
200]). Furthermore, the small splitting between P = 2.4 GPa and 3
GPa (2900 cm−1 mode, m9) fits to the pressure range, where the onset
of

√
3 ×

√
3 magnetic order (TN = 6 K) was found (P = 2.5 GPa
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[144]). The exact assignment of this mode based on literature remains
difficult since only the reflectance of Herbertsmithite is reported so far
(Refs. [191, 193]); the 2900 cm−1 mode was not observed in previous
studies. However, the energy range at around 3000 cm−1 suggest the
involvement of lighter atoms, for instance, O and H sites (see Ref. [193])
as well. A phonon splitting at such a lattice site could fit to the previously
observed modifications of the octahedral coordination and variation of
the crystal field environment [144].

Overall, the pressure-dependent optical study illustrates the tunability of
the kagome lattice. It demonstrates that this lattice geometry is prone
to structural distortion even at (unexpected) low pressures. Since mag-
netic and structural degrees of freedom are closely intertwined on the
kagome lattice, abundant physics could emerge by increasing the struc-
tural distortion. However, considering the small sample sizes necessary
in high-pressure measurements (∼ 150 µm) and the difficulty of focusing
THz beams, pressure-dependent optical studies in this range are obscured
by the diffraction limit (2 THz corresponds to λ ≈ 150 µm) and remain
elusive so far. Therefore, systems with varied degree of distortion are
desired. Examples for such systems will be presented throughout the
following chapters of this thesis.
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4 Results I: Herbertsmithite and Volborthite
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Figure 4.10: Pressure-dependent optical spectra of ZnCu3(OH)6Cl2
[in-plane, E ∥ (a, b)]. The spectra are stacked. (a-c) Absorption coefficient
for selected pressures at T = 295 K. Several phonon modes with an interesting
pressure dependence are marked: m1 to m9. With increasing pressure, red- and
blue-shifting modes are observed (see the colored arrows). Between P = 2.4
GPa and 3 GPa mode m9 (2900 cm−1) shows a subtle splitting into two modes.
(d,e) Reflectance at the sample-diamond interface Rsd. For spectral ranges
with a large absorption phonon modes are saturated. Here, instead of the
transmittance, reflectance can be used.
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Figure 4.12: Pressure-dependent optical spectra of ZnCu3(OH)6Cl2
[out-of-plane, E ∥ (c)]. The spectra are stacked. (a-c) Absorption coefficient
for selected pressures at T = 295 K. (d,e) Reflectance at the sample-diamond
interface Rsd. For spectral ranges with a large absorption phonon modes are
saturated. Here, instead of the transmittance, reflectance can be used.

Page 69



4 Results I: Herbertsmithite and Volborthite

Figure 4.13: Crystal structure of Cu3V2O7(OH)2 ·2H2O. Note the distinct
crystallographic Cu sites (dark blue, light blue, and red spheres). The C2/m
structure at high temperatures undergoes a first order transition to I/2a at
T = 290 K. At around T = 155 K, a second-order transition takes place to
P 21/c. Pictures are based on the structures of Refs. [19, 20].
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4.7 The slightly distorted case: experimental
studies of Volborthite

Introducing crystallographic distortion on the kagome lattice, the mag-
netism can be altered. Different kind of distortions are possible. In
general, even small changes in the Cu-Cu bond distances might results in
distinct crystallographic Cu sites, heavily affecting the relevant exchange
paths and eventually releasing frustration in favor of a dominating path.
Such cases will be discussed in the later chapters. A more subtle distortion
is the stretching or compression of the CuO6 octahedron itself, which will
be discussed now.

Volborthite (Cu3V2O7(OH)2 ·2H2O) is particular in that it harbors two
distinct Cu2+ sites: Cu(1) sits in between the edge-sharing Cu(2) chains.
Fig. 4.13 illustrates the crystal motives found for different temperatures.
Note that different structures are reported for the T = 300 K: C2/m
and C2/c, where the latter features even three distinct copper sites
[20, 202]. The transition to I2/a at around room temperature is first
order succeeded by a second order transition to P21/c at around 155
K [19, 20]. In P21/c slightly modified kagome layers are present (see
the red-colored spheres in Fig. 4.13). Overall, the Cu-O-Cu angle is
different for the distinct Cu sites. However, crucial for the magnetism is
that the Cu(1)O6 octhaedra are stretched towards the VO4 tetrahedra
at low temperatures. In this configuration an antiferromagnetic trimer
phase is stabilized below TN = 1.4 K [18, 19] by strong antiferromagnetic
interaction (J = 252 K) via the Cu(1)-O-V-O-Cu(1) path, dominating
the Cu(2)-O-Cu(2) exchange [203].

The magnetic properties of Volborthite are summarized in Fig. 4.14
based on Refs. [17, 18, 202]. At intermediate temperatures, the onset
of magnetic short-range correlations was observed [17], indicated by an
increase in susceptibility/ deviation from Curie-Weiss law below T ∗ ≈ 60
K with a broad maximum centered at around Tp = 18 K (cf. Fig. 4.14a
and Fig. 4.14b). At this temperature, there is no lambda-like feature
in specific heat (Fig. 4.14b), indicating the absence of spin freezing.
Only below TN = 1.4 K, the antiferromagnetic trimers form via the
Cu(1)-O-V-O-Cu(1) path, Fig. 4.14c [18, 19]. They are interacting over
competing ferromagnetic (J1 = −34.9 K) and antiferromagnetic (J2 =

Page 71
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Figure 4.14: Magnetic properties of Cu3V2O7(OH)2 ·2H2O (Refs. [17,
18, 202]) (a) Magnetic susceptibility for different crystallographic orientations
under field-cooling (FC) and zero-field cooling (ZFC) at a field of 5 T. The
structural transitions are indicated by Ts1 and Ts2. Upon cooling an increase
of susceptibility was observed, resulting in a peak-like contribution below 30
K. This is attributed to the magnetic short-range order. (b) Specific heat (left
axis) and susceptibility (right axis) below 30 K. The broad contribution in
susceptibility is centered at Tp = 18 K. Here no indications of spin freezing can
be seen in specific heat. (c) Sketch of the magnetic trimer state (TN = 1.4 K).
The trimers can be mapped on an effective square lattice of Seff = 1/2 spins
(black arrows). Under external magnetic field the Seff spins can be flipped
(Seff = −1/2): condensation of bound magnon pairs (see dashed gray area). For
each pair a quadrupole moment can be assigned (green bar). (d) Magnetization
curve with several regimes: (I) Unknown low-field phase (II) incommensurate
spin-density wave (SDW). Over 30 T a broad magnetization plateau is observed
(c.f. inset), corresponding to the full polarization of the Seff spins. Approaching
the magnetization plateau two magnetic phases, N1 and N2 can be distinguished.
N2 is identified as a spin nematic (SN) phase. Adapted with permission from
Ref. [202] (panel a - Copyright 2019 American Chemical Society), Ref. [17]
(panel b), Ref. [18] (panels c,d).
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36.5 K) exchange [203]. Magnetization measurements (Fig. 4.14d) show an
unknown intermediate phase under magnetic field and an incommensurate
spin-density wave (4.5 T < H < 22.5 T) [18, 19]. Further increasing the
field, bound magnons (essentially pairs of trimers, exhibiting an effective
quadruopole moment) start to condense. This phase was discussed in
terms of a spin nematicity. For fields over 27.5 T, a broad plateau between
0.3 and 0.4 µB was observed, indicating the full polarization [18].

4.7.1 Structural and electronic aspects

FTIR spectroscopy was performed in order to illuminate structural and
electronic aspects. Fig. 4.15 and Fig. 4.16 show the optical conductivity in
the FIR range along the in-plane principal axes. Comparing the phonons
over the measured temperature range, the structural transitions can be
clearly recognized. Some of the stronger modes (for instance, around
200, 450, 550 cm−1 in Fig. 4.15) are persisting from room temperature
down to T = 3.2 K. However, many new modes are evolving upon cooling
[cf. panels (a-b)]. Especially at low frequencies 80 cm−1 to 120 cm−1,
a pronounced set of sharp modes is emerging in the low-temperature
structure, below T = 150 K (see panel (c) in Fig. 4.15), indicating a
redistribution of the electric dipole moment.

Fig. 4.17a shows the electronic contributions at high energies. Around
20000 cm−1 the onset of the optical gap can be seen: strong increase of
the absorption coefficient. Inside the gap (9000 to 17000 cm−1), weaker
electronic transitions appear. At T = 320 K only one broad transition is
resolved; at lower temperatures (cf. T = 10 K) three peak-like structures
can be distinguished. A comparison with the electronic transitions of
Herbertsmithite and Y-kapellasite gives information about the origin of
the these. Herbertsmithite and Y-kapellasite are characterized by the
onset of a charge gap (transfer of one oxygen p−electron to the copper
dx2−y2 orbital) at around 25000 cm−1 [192], slightly higher than in the
present case. Furthermore, local d−d transitions were observed (Fig 4.17b,
see Ref. [192]) around 11500 cm−1. These electronic properties explain
the blue color of the crystals. On the other hand, the green color of
Volborthite is caused by a shift of the gap towards lower energies (18000
cm−1 equals 555 nm). Fig 4.17c displays the crystal field splitting for
Cu 3d9 in the center of the O6 octahedron (see Ref. [205] for further
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Figure 4.15: Optical conductivity of Cu3V2O7(OH)2 ·2H2O in the FIR
range (in-plane, principal axis 1). (a) First-order structural transition
C2/m to I2/a at T = 290 K. (b) I2/a structure below T = 290 K and
second-order structural transition I2/a to P 21/c around T = 155 K. (c) Low-
temperature structure, P 21/c. Data recorded with the help of T. Zeh [204].

details). For elongation (compression) of the O6 octahedron, d-orbitals
with a z-contribution decrease (increase) in energy. For the case of
Herbertsmithite/ Y-kapellasite such a distortion is comparably weak:
the t2g orbitals are close in energy. Here two transitions were observed:
from dxy, dxz, dyz to dx2−y2 and from d2

z to dx2−y2 [192]. In the case
of Volborthite distortion of the CuO6 octahedron is strong [203]. This
explains the three peak structure between 9000 to 17000 cm−1 at T = 10
K: t2g levels are more separated. However, at T = 320 K only one broad
peak is observed. This is in contrast to the results of Ref. [192], where the
two peaks are separated even at room temperature. Additional broadness
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Figure 4.16: Optical conductivity of Cu3V2O7(OH)2 ·2H2O in the FIR
range (in-plane, principal axis 2). (a) First-order structural transition
C2/m to I2/a at T = 290 K. (b) I2/a structure below T = 290 K and
second-order structural transition I2/a to P 21/c around T = 155 K. (c) Low-
temperature structure, P 21/c. Data recorded with the help of T. Zeh [204].

might be related to the unique orbital switching transitions observed in
Volborthite, see Fig 4.18 [20]. In the high-temperature structure Cu1
possess an unpaired electron in d2

z (Cu2 is of dx2−y2 type). Therefore,
many transitions in a similar energy rang might cause the broadness of
the high temperature peak-like contribution. At low temperatures, the
distortion of the ligands promotes the dx2−y2 for Cu1 as well. Here the
electronic structure might be simpler, as illustrated in Fig 4.17c.
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4 Results I: Herbertsmithite and Volborthite
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Figure 4.17: Electronic properties of the kagome lattice. (a) Measure-
ments of the absorption coefficient α of Volborthite. The compound shows the
onset of an optical gap at around 20000 cm−1 and electronic transitions (likely
local d-d transitions) between 9000 and 17000 cm−1. At 10 K three transitions
are distinguishable. Data recorded with the help of T. Zeh [204]. (b) Local
d − d transitions in Herbertsmithite and Y-kapellasite at a similar energy range
(300 K measurements). Here only two transitions are resolved. Adapted with
permission from Ref. [192]. Copyrighted by the American Physical Society. (c)
Crystal field splitting with tetragonal distortion, based on Ref. [205]. Under
elongation of the CuO6 cage, d-orbitals with z contribution will decrease their
energy. Small black arrows: electron population. For a slight distortion of the
CuO6 octahedron (the case of Herbertsmithite and Y-kapellasite) only two
transitions (blue arrows) are resolved in the optical spectra: the degeneracy
of t2g is only slightly lifted. For a strong distortion, three transitions can be
observed due to the clear separation of the d-orbitals in energy: three peaks in
(a).
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Figure 4.18: Orbital switching transition in Cu3V2O7(OH)2 ·2H2O
(Ref. [20]). (a) In the high-temperature phase Cu1 has one unpaired electron
in the dz2 orbital. At the Cu2 site one unpaired electron sits in dx2−y2 . (b) At
low temperatures, distortion (elongation) of the Cu1O6 octahedron lowers the
energy of dz2 , resulting in an unpaired electron in dx2−y2 : Orbital switching
transition. Adapted by permission from Springer Nature Customer Service
Centre GmbH: Springer Nature, Nature Communications, Ref. [20] Copyright
2012.

4.7.2 Short-range magnetic correlations probed by
THz-TDS

Having analyzed the electronic and structural properties, now the mag-
netic degree of freedom is going to be considered. Fig. 4.19 displays the
THz-TDS spectra, electric field [panels (a,b)] and resulting absorption
coefficient α [panels (c,d)]. For both in-plane axes, at room tempera-
ture several broader contribution (widths of 5 to 10 cm−1 for axis 1, 30
cm−1 for axis 2) are observed on the tail of the far-infrared phonons.
Comparing with the the electric field (selecting different cut offs for the
FFT apodization) it becomes clear that these features are encoded in the
main pulse, that is, oscillations below 4 ps. Most likely they are weak
phonon contributions. Upon cooling, the main pulse is not significantly
affected by temperature. Starting from 50 to 20 K, several weak oscil-
lation components are impose on the signal at times above 4 ps. These
result in the sharp features in the THz spectrum, between 70 and 100
cm−1. Integrating the THz response, IA in the insets of Figs. 4.19c,d is
obtained (see method section for further information). In the vicinity of
the structural transition temperatures, IA exhibits kink-like responses

Page 77



4 Results I: Herbertsmithite and Volborthite

for both axes. At around T = 30 K, together with the onset of magnetic
short-range correlations, an increase in IA with a maximum between 10
K and 20 K is observed. It corresponds to the maximum in susceptibility
(Tp = 18 K) [17]. This correlations of the temperature ranges indicates a
magnetic origin of the sharp features, i.e., magnetic resonances. However,
they are not well distinguishable from the phonons, as for instance, in
Averievite (see Ch. 6). Furthermore, a coupling of phonons and magnetic
degree of freedom, as observed for Herbertsmithite or Y-kapellasite is
possible. A better data quality could provide more insight. Here the
synthesis of larger single crystals (the spectra a recorded with apertures
of only about 2 mm diameter) is necessary, but this is beyond the scope
of the present thesis. With larger crystals magneto-THz investigations
could be performed as well, shading light on the origin of these sharp
features.
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Figure 4.19: THz-TDS measurements of Cu3V2O7(OH)2 ·2H2O. (a,b)
Electric field as a function of time delay for selected temperatures and both
axes. Main pulse: below 4 ps, containing the phononic response. Upon cooling
small oscillations are imposed on the spectra above 4 ps. The main pulse is not
significantly changed by lowering the temperature. (c,d) Resulting absorption
coefficient α. Insets: integrated absorption coefficient IA. Several characteristic
temperatures are highlighted by dashed lines T = 280 K, T = 155 K: structural
transitions, T ∗ ≈ 60 K onset of short range magnetic correlations. Tp = 18 K:
Maximum in static magnetic susceptibility. Data recorded by M. Benke and
A.-C. Oeter in a Blockpraktikum under supervision of T. Biesner with the help
of T. Zeh. First presented in Ref. [204].
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4 Results I: Herbertsmithite and Volborthite

4.8 Conclusion and outlook

In this chapter the compounds Herbertsmithite and Volborthite have
been investigated. Herbertsmithite hosts a putative QSL ground state on
the undistorted kagome lattice. THz-TDS spectroscopy has been used
to investigate possible excitations, including the theoretically suggested
power-law response of a gapless spinon Fermi surface, i.e., U(1) QSL
[14, 15]. Corroborating the previous report [16], a power-law optical
conductivity with an exponent of β = 1.47 has been found down to
a frequency of 20 cm−1. However, by expanding the frequency- and
temperature range of the previous report (20 cm−1 and 4 K) to 6 cm−1

and 1.62 K, respectively, a clear deviation from the power-law behavior
has been observed below 20 cm−1. This is in contradiction with a gapless
picture. A possible spin gap: 2.5 meV or 29 K, extracted from the optical
response would be large, considering that NMR studies claim a spin gap
on the order of 10 K [185] (cf. 12.1 K of κ-(BEDT-TTF)2Cu2(CN)3
[8]). Furthermore, a spin gap was not observed in the neutron scattering
experiments [13, 194]. Comparing with the neutron scattering data, it
might be that the response in the accessible THz range is not induced
by spinons, but has other origin. Here it is worth to note that the
temperature scale of the formation of spin singlets at 30 K with spatially
varying gaps (Ref. [174]), matches remarkably well with the increase of
spectral weight/ IA in the THz data. Measurements below 4 cm−1 and
1.5 K, that is, when the χ′′(ω) increases (cf. Fig. 4.3), might allow further
conclusions. Such measurements, requiring significant larger crystal sizes,
more powerful terahertz sources, and sophisticated optical cryostats,
remain as a challenge for further studies.

Volborthite has been introduced as an example of a weakly distorted
kagome lattice. It features a trimer ground state below TN = 1.4 K and
a wide area of magnetic short-range correlations at intermediate temper-
atures [17–19, 202]. Together with the maximum in the susceptibility
(Tp = 18 K), a kink in the integrated absorption coefficient IA has been
observed. In the THz range, several sharp features at these temperatures,
with a possible magnetic origin have been identified. However, here addi-
tional measurements on larger single crystals and under external magnetic
field are necessary to verify this interpretation. Nevertheless, by increas-
ing the structural distortion (cf. featureless response of Herbertsmithite),
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short-range magnetic correlations can be probed with THz-TDS.
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5 Results II: Y-kapellasite

not observed 2.2 K1.4 K 24 K

180

Herbertsmithite
ZnCu3(OH)6Cl2

Y-kapellasite
Y3Cu9(OH)19Cl8

176.12

Volborthite
Cu3V2O7(OH)2·2H2O

177.46

Averievite
Cu5V2O10(CsCl)

173.36
Distortion of the
kagome plane

Cu
Cu Cu

Spin freezing
CuCu Cu

Figure 5.1: Structural distortion and spin freezing on the kagome
lattice. Structures are based on Refs. [19, 21, 23, 42].



5 Results II: Y-kapellasite

This chapter is a modified version of the author’s publication (Ref. [1],
main text and supplemental materials).1

In this chapter research on the quantum magnet Y-kapellasite (Y3Cu9-
(OH)19Cl8) [21] is going to be reported. Y-kapellasite serves as an
example for a distorted kagome system, Fig. 5.1. The focus will be on
the (magneto) THz-TDS, unveiling continuum-like excitations at THz
frequencies. Together with theoretical calculations a possible picture for
these is given: multi-center magnons. It will be shown that multi-center
magnons yield information about the full magnetic Brillouin zone (BZ)
although the THz light is conventionally believed to only probe the center
of BZ. Additional experiments, probing the static magnetic responses, are
going to be shown. Furthermore, structural aspect will be discussed with
pressure- and temperature-dependent FTIR and XRD experiments.

Abstract: Due to the small photon momentum, optical spectroscopy
commonly probes magnetic excitations only at the center of the Brillouin

1"Multi-Center Magnon Excitations Open the Entire Brillouin Zone to
Terahertz Magnetometry of Quantum Magnets", Adv. Quantum Tech-
nol. 5, 2200023 (2022)
co-authored with Seulki Roh, Aleksandar Razpopov, Jannis Willwater, Stefan
Süllow, Ying Li, Katharina M. Zoch, Marisa Medarde, Jürgen Nuss, Denis Gor-
bunov, Yurii Skourski, Andrej Pustogow, Stuart E. Brown, Cornelius Krellner,
Roser Valentí, Pascal Puphal, Martin Dressel.
Reprinted with permission from Ref. [1]. Copyright CC BY 4.0 (2022) by the
authors. Advanced Quantum Technologies published by Wiley-VCH GmbH. Some
passages have been taken verbatim, others are edited/ expanded. There will be no
additional citation or other marks in the text for verbatim copied texts or edits
from Ref. [1].
Author contributions: These authors contributed equally: T.B. and S.R.
T.B., S.R. performed the spectroscopic measurements (THz/ ESR) and analyzed
the data. P.P., K.M.Z, C.K. grew the crystals. P.P., J.W., S.S., D.G., Y.S.,
M.M. performed the magnetic characterization. J.N. performed the structural
characterization. A.P., S.E.B. did the NMR measurements. A.R. performed the
LSWT analysis. Y.L. calculated the phonon dispersion. T.B. performed the FTIR
measurements and A.P. contributed the high-energy extrapolation. T.B., S.R., P.P.
wrote the manuscript with input from all authors. P.P., T.B., S.R. initiated the
project. M.D. and R.V. supervised the project.
Additional material in this chapter: Pressure-dependent optical measurements
were performed in Synchrotron Soleil on SMIS 2, proposal 20201579, by Tobias
Biesner (main proposer), Seulki Roh (co-proposer), Jens Jakschik, Guratinder
Kaur, Francesco Capitani (local contact). Pressure-dependent single crystal x-ray
diffraction was performed in ESRF on ID27 by Tobias Biesner, Pascal Puphal, Björn
Wehinger (local contact). A manuscript reporting these results is in preparation.

Page 84



zone; however, there are ways to override this restriction. In the case of
the distorted kagome quantum magnet Y-kapellasite, Y3Cu9(OH)19Cl8,
under scrutiny here, the magnon density of states can be accessed over
the entire Brillouin zone through three-center magnon excitations. This
mechanism is aided by the three different magnetic sublattices and strong
short-range correlations in the distorted kagome lattice. The results of
THz time-domain experiments agree remarkably well with linear spin-
wave theory. Relaxing the conventional zone-center constraint of photons
gives a new aspect to probe magnetism in matter.
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5 Results II: Y-kapellasite
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Figure 5.2: Three-center magnon process in Y-kapellasite. (a) Compari-
son between the one-magnon (red) and two-center magnon absorption (yellow).
The top panel describes the excitations in the spin dispersion curve. While the
one-magnon excitation only takes place near the zone center (q ≈ 0), the two-
center magnon excitations can extend over the entire Brillouin zone (∆q ≈ 0
excitation). Here, the summed momenta of the participating magnons need
to vanish, 0 ≈

∑
n
qn, to ensure momentum conservation. The middle and

bottom panel show the corresponding response in energy/ frequency-dependent
magnetic susceptibility χ

′′
m and electric field as a function of time, respectively.

A one-magnon excitation shows a sharp peak in χ
′′
m, due to comparably long

lifetimes (20-40 ps). A multi-center magnon process, however, is restricted to
shorter time scales, correlated with a broad, continuum-like feature in χ

′′
m. (b)

Schematics of three-center magnon absorption in Y-kapellasite and calculated
ground state, Q = (1/3, 1/3). The simultaneous magnetic absorption occurs
through three different magnetic sublattices (green, blue, and yellow hexagons
in real space). The excited spin waves fall back to the initial state via a free
induction decay resulting in oscillations of the outgoing THz pulse at extended
time. Reprinted with permission from Ref. [1].
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5.1 Introduction of the material

Y-kapellasite has attracted attention recently due to its intriguing mag-
netic ground state (TN = 2.2 K), suggested in Fig. 5.2b [7]. Here, the
magnetic supercell is comprised of three hexagons rotated by 120◦. Due
to the three possible arrangements, each hexagon is defined as a mag-
netic sublattice and is give one of the colors: green, blue, or yellow. In
Y-kapellasite, a distorted kagome lattice is formed by two distinct Cu
sites, as depicted in Fig. 5.3a. The magnetic superexchange is governed
along three different Cu-O-Cu paths with nearest-neighbor couplings of
J = 154.4 K, J9 = 134.2 K, and J ′ = 8.7 K [7, 21] (see appendix of this
chapter for further information, Fig. 5.31). The distorted kagome planes
stack along the c-direction (Fig. 5.3b). Strong short-range magnetic
correlations and persistent spin dynamics below the ordering tempera-
ture (down to T = 20 mK) were reported previously [21, 22]. In this
thesis, the THz transmission of Y-kapellasite was measured over a wide
temperature and magnetic field range. At low temperatures (T < 30
K), magnetically active, continuum-like excitations were found decaying
through oscillations of the transient electric field during an extended time
period of around 5 ps. By comparison to the linear spin-wave theory,
it is concluded that the THz χ

′′

m encodes the spin (magnon) density of
states (SDOS) through a multi-center magnon absorption (Fig. 5.2a),
three-center magnon, augmented by the distinct magnetic ground state
of Y-kapellasite, as described in Fig. 5.2b. THz magnetometry via multi-
center magnon absorption is proposed as a method to overcome the
conventional zone-center restriction providing access to magnetism over
the entire Brillouin zone.
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5 Results II: Y-kapellasite

b 

Y 8 Cu 1 � Cu 2 � Cl <' 0 � H 

Figure 5.3: Crystal structure of Y-kapellasite (T = 173 K). (a) In-plane,
(a, b)-direction and (b) out-of-plane (c-axis) crystal structure. Different copper
sites, inducing the distorted kagome bonds (blue, red, grey) are depicted in
cyan and dark blue. Adapted with permission from Ref. [1].
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5.2 Experimental methods

Crystal growth and characterization Crystals were grown via a
horizontal external gradient growth method. This optimized synthesis
leads to nearly perfect defect-free single crystals with large facets (kagome-
planes between 2 and 3 mm and thickness of around 0.5-1 mm, see below).
The results of X-ray diffraction are presented below.

THz-TDS measurements THz time-domain spectroscopy (THz-TDS)
measures the time-dependent electric field [58]. Through a Fast Fourier
Transformation (FFT), intensity and phase can be obtained. This allows
to directly calculate the optical response functions [81, 82]. A typical
time-trace of the transient electric field shows an oscillating behavior with
a strong pulse at early times (main pulse). Due to their short lifetime,
electronic transitions or phononic resonances are, in general, contained
in the main pulse. However, phenomena with a longer lifetime, such as
magnetic resonances, can extend to longer times (over several tens of ps),
exceeding the main pulse [67–69, 92, 93].

THz-TDS measurements were carried out in transmission geometry on
oriented single crystals [ET Hz ∥ (a, b)] at several temperatures between
295 and 1.6 K with a helium bath cryostat. Magneto-optical THz mea-
surements were performed in Faraday geometry [ET Hz ∥ (a, b), H ∥ c]
with static magnetic field strengths up to H = 10 T and temperatures
down to 1.7 K. The absorption coefficient α was calculated from the
transmittance Tr by α = −ln{Tr}/d, where d is the sample thickness.
The integrated absorption coefficient IA =

∫
α dω resembles the optical

spectral weight and provides a quantitative access to the spectral features.
The frequency-dependent magnetic susceptibility χ

′′

m = Im{χ̃m(ω)} was
calculated by referencing to the high-temperature dielectric response
[46, 51, 89, 173], i.e., the T = 80 K spectrum, see Sec. 3.2.3 for further
information. This quantity encodes the SDOS, as previously shown for
the q ≈ 0 case [51].

FTIR measurements For reflectance measurements samples with large
facets (kagome-planes between 2 and 3 mm and thickness of around 0.5-1
mm) were used. Infrared-measurements in the far-infrared spectral range
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5 Results II: Y-kapellasite

were performed in reflection geometry [near-normal incidence, E || (a, b),
E || (c)], using a Bruker 113v FTIR spectrometer equipped with an
in − situ gold evaporation unit and LiHe-flow cryostat. For the mid-
infrared up to 20000 cm−1 a Bruker Vertex 80v together with a Hyperion
infrared microscope is utilized. Measurements over the accessible spectral
range were successively carried out using MCT, InSb, and Si detectors.
The spectra were referenced against a gold mirror. Data are corrected
by the mirror reflectance. A Kramers-Kronig transformation was used to
obtain the optical conductivity, σ1 [81, 82].

Pressure-dependent measurements Pressure-dependent transmit-
tance spectra [near-normal incidence, E || (a, b)] were recorded at the
SMIS 2 beamline (Synchrotron Soleil, France) using the Horizontal micro-
scope together with a ThermoFisher FTIR spectrometer. For pressure-
dependent measurement pieces with a typical in-plane size of 160 × 160
µm and thickness of 20 µm were cut. A membrane diamond anvil cell
(DAC) with Type IIa diamonds (800 µm culet) loaded in a LiHe-flow cryo-
stat was utilized to apply pressures at variable temperatures (isotherms).
Stainless steel gaskets with a thickness of 60 µm and a hole of around 200
µm were prepared for sample space. Ruby spheres were used for pressure
calibration [165, 166]. In the far-infrared polyethylene was prepared as
a pressure transmitting medium, whereas for the mid-infrared measure-
ments NaCl was utilized. In the investigated spectral range (0 to 12
GPa) these ensure quasi-hydrostatic pressure and can be used to obtain
the reference spectra. From transmittance data the optical absorption
coefficient was calculated via the Beer-Lambert law: α = − 1

d ln {Tr},
where Tr is the transmittance and d is the sample thickness.

Pressure-dependent single crystal x-ray diffraction was performed at
the ID27 beamline (ESRF, France). A membrane diamond anvil cell
was loaded with small sample pieces (in-plane sizes of about 10x10 µm
and thickness of a few µm). The culet size was 500 µm. For sample
compartment a stainless steel gasket with a thickness of 100 µm and a
hole of 280 µm was utilized. He gas served as quasi hydrostatic pressure
medium (39 bar gas loading pressure). The cell was rotated from −32° to
32° (opening angle of the DAC is 64°), while keeping the sample in center
of rotation to collect sufficient amount of x-ray reflexes. EIGER2 X CdTe
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9M served as detector. Data were analyzed using CrysAlis (Rigaku) and
Olex2 (OlexSys).

ESR measurements Temperature-dependent electron spin resonance
(ESR) measurements in the X-band frequency were carried out employing
a Bruker EMXplus spectrometer equipped with a LiHe-flow cryostat
(Oxford Instruments, ESR 900). The in-plane response was determined
with a microwave field h ∥ c and external magnetic field H ∥ (a, b).

NMR characterization Nuclear magnetic resonance (1H-NMR) ex-
periments were performed on a 3 × 3 × 1 mm3 sized Y-kapellasite single
crystal with magnetic field (H = 0.98 T) aligned parallel to the kagome
layers [H ∥ (a, b)]. The spin-lattice relaxation rate 1/T1 was measured
by non-selective excitation of the full line. 1/T1 was determined through
saturation-recovery using single-exponential fits. Temperature control
in the range from 4 to 200 K was achieved using a 4He cryostat with a
variable-temperature insert.

High-field magnetization The high-field magnetization was deter-
mined between T = 0.5 and 30 K in pulsed magnetic fields up to 55 T
for in-plane and out-of-plane orientations. Measurements were performed
at the high field laboratory in Dresden, Germany (HLD-EMFL).

DFT and LSWT calculations The phonon frequencies were cal-
culated using a combination of the PHONOPY package [206, 207] and
Density Functional Theory (DFT) as implemented in the Vienna Ab-Initio
Simulation Package (VASP) code [208–210]. The magnon dispersion was
determined by using linear spin-wave theory (LSWT) as implemented in
SpinW 3.0 [211].
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5 Results II: Y-kapellasite

5.3 Sample growth and structural
characterization

In the following the single-crystal growth of Y-kapellasite (Y3Cu9(OH)19-
Cl8) and the structural characterization are described. The crystal growth
of Y-kapellasite was originally reported in Ref. [21], where 0.59 g Y2O3,
0.82 g CuO, and 0.89 g CuCl2·2(H2O) were heated up in 10 ml H2O to
the dissolution point of Y2O3, followed by a slow cooling to crystallize
(sketched in Fig. 5.4a). However, these crystals suffered from small CuO
inclusions since the growth takes place on the surface of the polycrystalline
CuO starting material. Furthermore, the average size of 1 x 1 x 1 mm3

was not suitable for optical spectroscopy in the THz range. Thus the
synthesis was optimized via a horizontal external gradient growth method
in a thick-walled quartz ampule by slowly dissolving CuO in a YCl3-H2O
solution and transporting it to the cold end as depicted in Fig. 5.4b. Here,
the inclusion free hexagonal single crystals had an average size of 3 x 3 x 1
mm3 up to 3 x 3 x 3 mm3. The pictures of a single crystalline Y-kapellasite
are displayed in Fig. 5.4c and d, which show in the given thickness a
transparent specimen without any visible impurity inclusions.

The structure of Y3Cu9(OH)19Cl8 was reported in Ref. [21], while for
deuterated powder samples a different result was found in Ref. [22].
Here, in contrast to the single crystal structure, the O1 site has no
deuterium leading to the stoichiometry of Y3Cu9(OD)18OCl8. As well, a
recent report described a synthesis of inclusion free crystals using LiOH,
Y(NO3)3 ·6H2O and CuCl2 ·2H2O with another slightly different structure,
where a partial occupation of Y in the kagome plane is present [212].
This likely is a phase mixture with YCu3(OH)6Cl3 leading to a magnetic
transition around 11 K.
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Figure 5.4: Improvement of the growing method of Y-kapellasite. (a)
Sketch of a thin-walled ampule that was heated and subsequently cooled in an
autoclave. (b) Sketch of the lying thick-walled quartz ampule that was exposed
to an external gradient. Obtained Y-kapellasite single crystals: (c) A single
crystalline sample of Y-kapellasite with 3 x 3 x 1 mm3 size. (d) A sample
used in THz-TDS measurements, fixed on the sample holder. Reprinted with
permission from Ref. [1]. Crystals were grown by P. Puphal, K. M. Zoch, C.
Krellner.

For the large inclusion free single crystals used in this thesis, single crystal
diffraction was performed to shed light on the various forms of reported
structure. A crystal was broken under high viscosity oil and a 150 µm piece
was mounted with grease on a loop made of Kapton foil (Micromounts,
MiTeGen, Ithaca, NY). Diffraction data were collected with a SMART
APEX II CCD X-ray diffractometer (Bruker AXS, Karlsruhe, Germany)
using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at
low temperature T = 100(2) K. Fig. 5.5 shows the XRD maps of the
(hk0), (h0l), and (0kl) reciprocal lattice planes of the Y3Cu9(OH)19Cl8
single crystal. The single crystal diffraction confirms the published
Y3Cu9(OH)19Cl8 structure [21] with a goodness of the fit of 1.1. Refined
parameters are shown in Tab. 5.1. Furthermore, no disorder on the
Y site was found. The crystal under investigation showed reticular
merohedral twinning (reverse-obverse twin). This was taken into account
during structure refinement, the twin volume fractions were determined
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5 Results II: Y-kapellasite

as 0.847(2) and 0.153(2), respectively.

Figure 5.5: Single crystal diffraction. XRD maps of the (h0l), (hk0), and (0kl)
planes of the investigated Y3Cu9(OH)19Cl8 crystal. Reprinted with permission
from Ref. [1]. Performed by J. Nuss.

Y3Cu9(OH)19Cl8
Space group: R3̄ (No. 148)
Volume: 1983.2(4) Å3

a 11.5498(10) Å
b 11.5498(10) Å
c 17.167(2) Å
α 90◦

β 90◦

γ 120◦

Table 5.1: Structural parameters. Refined crystal structure param-
eters for single-crystal Y3Cu9(OH)19Cl8 at T = 100 K, λ = 0.71073 Å.
Provided by J. Nuss, P. Puphal.

.

5.4 (Quasi-) Static response of the magnetic
system

Next, the (quasi-) static response of the spin system was investigated.
The in-plane magnetic susceptibility [H ∥ (a, b)] down to temperatures
as low as T = 400 mK is presented in Fig. 5.6a. Focusing on the
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Figure 5.6: (Quasi-) Static magnetic response. (a) The temperature-
dependent dc magnetic susceptibility M/H (FC - field cooled, ZFC - zero field
cooled), under several in-plane magnetic fields is shown. The red dashed line
correspond to the onset of short-range magnetic correlations, the light blue
dashed line indicates the onset of long-range magnetic order. (b) Spin-lattice
relaxation rate 1/T1 (1H NMR, right axis) and electron spin susceptibility χe

s

(ESR, left axis). Red dashed line: Onset of short-range magnetic correlations.
(c) Extracted temperature ranges, onset of short-range magnetic correlations
(30 K) and long-range magnetic order (below 2.2 K). Adapted with permission
from Ref. [1]. Magnetization: P. Puphal, M. Medarde, NMR: A. Pustogow, S.
E. Brown.

H = 0.1 T measurements, upon cooling, the magnetization first saturates
in a plateau at intermediate temperatures (T = 50 K) and continues
to rise below T = 30 K. At around T = 3 K a maximum develops,
followed by a smaller peak at lower temperature (T = 1.5 K). While the
maximum at T = 3 K is consistent with the previously reported TN = 2.2
K [21], also observed in heat-capacity measurements, the additional
smaller peak suggests a successive freezing of the magnetic texture at
lower temperatures. This is in accordance with the recent µSR study on
polycrystalline samples [22], reporting persistent spin dynamics down to
the mK range. Furthermore, a weak hysteresis between field cooled (FC)
and zero field cooled (ZFC) measurements was observed below T = 3 K,
whereas the cooling protocol does not affect the susceptibility noticeably
at higher temperatures, indicating the contribution of uncompensated
spins at low temperatures. Increasing the external magnetic field, the
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magnetization is slightly suppressed and the 3 K-peak shifts to lower
temperatures, implying dominant antiferromagnetic interactions. This
result suggests two different characteristic temperatures in Y-kapellasite,
around T = 30 K and TN = 2.2 K.

For additional information, the magnetic properties of Y-kapellasite were
further investigated using nuclear magnetic resonance (NMR) and elec-
tron spin resonance (ESR). Starting with the 1H-NMR characterization
(Fig. 5.6b), the in-plane spin-lattice relaxation rate 1/T1 first decreases
upon cooling and increases again near T = 30 K. This crossover indicates
the onset of short-range magnetic correlations. A similar temperature
scale is found by ESR measurements as shown in Fig. 5.6b, left axis
(see below for extended ESR spectra). Simultaneously with the onset of
magnetic correlations at around T = 30 K, the electron spin susceptibil-
ity χe

s (see below for further explanation) starts to rise, advocating the
close relation between the ESR absorption and the short-range magnetic
interactions. The range between TSR ≈ 30 K (short-range magnetic
correlations) and TN ≈ 2.2 K offers experimental access for investigating
the emergence of magnetism on the kagome lattice above TN , as sketched
in Figure 5.6c.

5.4.1 ESR measurements

More details of the temperature-dependent electron spin resonance (ESR)
measurements are presented in the following. Measurements were per-
formed in the X-band frequency (f = 9.8 GHz) employing a Bruker
(EMXplus) cw-spectrometer and an Oxford Instruments LiHe-flow cryo-
stat. Several geometries were probed, see Fig. 5.7.

For the in-plane measurements, the external magnetic field was applied
within the kagome planes H ∥ (a, b) and the microwave field h was
oriented along the c-axis. The results are shown in Fig. 5.8. Here, a broad
contribution evolves in the derivative of the absorbed microwave power
dP/dH below the onset of short-range magnetic correlations, TSR ≈ 30 K.
Further cooling results in a strong increase of the overall amplitude and
a shift of the contribution to lower magnetic fields. The broad feature
agrees well with the derivative of a Lorentzian (the red dashed line is
the fit). Additional small resonances develop upon cooling, most likely
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Figure 5.7: Geometries for X-band ESR measurements. Three different
geometries were probed. (1) Static field H ∥ c and microwave field h ⊥ c can
be rotated using a goniometer to (2) H ∥ a, h ⊥ c. For (3) H ∥ (a, b), h ∥ c
the crystal was flipped on the sample holder.

related to tiny magnetic impurities in the sample. The good agreement
between the temperature scales of the NMR measurements (see Fig. 5.6)
and the ESR investigation suggests short-range magnetic correlations to
be the main source of the broad ESR feature.

To provided quantitative access, the electron spin susceptibility χe
s was

calculated from the data. In general, the absorbed microwave power is
proportional to the imaginary part of the magnetic susceptibility, P ∝ χ

′′ .
Hence, χ

′′ was obtained by integrating the measured derivative of the
absorbed power dP/dH over the magnetic field H (inset of Figure 5.8a).
χe

s (Fig. 5.8b, as shown in Fig. 5.6b), is directly proportional to the
intensity of the ESR absorption line by the Kramers-Kronig sum rule:
χe

s ∝
∫ ∞

0 P (H)dH = I [178] and therefore obtained from the intensity of
the Lorentz fits of dP/dH.

For out-of-plane measurements, the sample was rotated from H ∥ c to
H ∥ a, keeping h ⊥ c, using a goniometer. Fig. 5.9 displays the results.
In general, the broad Lorentzian contribution is absent. Instead several
small resonances can be observed upon cooling, Fig. 5.9a. They have
comparable intensities with the small features in in-plane (cf. Fig. 5.9b)
and therefore might originate from magnetic impurities as well. At
T = 4 K several angles H ∥ a, c were probed (Figs. 5.9c,d), leaving an

Page 97



5 Results II: Y-kapellasite

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0
- 0 . 6
- 0 . 4
- 0 . 2
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8

3 0 0 6 0 0 9 0 0
1 0 1 0 0

b

 

 
dP

/dH
 (a

rb.
 un

its)

M a g n e t i c  F i e l d  ( m T )

a
 7 4  K   2 0     
 6 1      1 5     
 5 3      1 2     
 4 2      1 0
 3 4      8
 3 0      6 . 6  
 2 5      5 . 6  

                  4

h | | c  H | | ( a , b )
�'' 

(ar
b. 

un
its)  

 

h | | c  H | | ( a , b )

o n s e t  o f  
m a g n e t i c

c o r r e l a t i o n s

�s e (arb. units)

 

 

T e m p e r a t u r e  ( K )

Y 3 C u 9 ( O H ) 1 9 C l 8

Figure 5.8: X-band ESR measurements of Y-kapellasite (in-plane). (a)
Derivative of the absorbed microwave power with respect to the magnetic field:
External magnetic field H ∥ (a, b) with microwave field (f = 9.8 GHz) h ∥ c.
Upon cooling below the onset of short-range magnetic correlations, a large
Lorentzian feature starts to develop. Red dashed line: Fit of the Lorentzian
derivative for T = 4 K, for example. Inset of (a): χ

′′ obtained by the integration
of dP/dH. (b) Electron spin susceptibility χe

s, obtained from the Lorentzian
analysis of dP/dH. A strong increase can be seen at the onset of short-range
magnetic correlations (vertical red dashed line). Reprinted with permission
from Ref. [1].

anisotropic response, in contrast to the isotropic in-plane spectra.

Furthermore, for small features, dependence on the cooling speed was
found. In general, all measurements were performed upon heating, after
cooling from T = 300 K to T = 4 K. Here, the speed of the cooling
seems to determine shape/ appearance of some of the small resonances.
Fig. 5.10 compares the measurements with slow cooling (10 K/ min) and
fast cooling (60 K/ min). The resonance at around 200 mT disappears in
the spectra collected after fast cooling. This might point to a quenching
of magnetic interactions when cooling fast through the temperature range
of magnetic short-range correlations TSR ≈ 30 K. Note that the broad
Lorentzian feature did not show any dependence on the cooling rate.

Finally, the amount of magnetic impurities is going to be estimated.
Although all spectra were corrected by subtracting the sample holder
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Figure 5.9: X-band ESR measurements of Y-kapellasite (out-of-plane
and in-plane). (a) Derivative of the absorbed microwave power with respect
to the magnetic field: external magnetic field H ∥ a with microwave field (f =
9.8 GHz) h ⊥ c. Upon cooling several small resonances develop, comparable
with the in-plane results. Spectra are stacked. (b) Stacked in-plane spectra.
The broad Lorentzian contribution is subtracted, leaving only small (impurity)
resonances. (c,d) Probe of the (a, c)-plane at T = 4 K. By rotating the sample
H ∥ a to H ∥ c an anisotropic response can be seen in the false-color plot,
stacked spectra, respectively.

(suprasil)/ cavity contribution (see Fig. 5.11a), a residual background
contribution at around 300 mT cannot be fully excluded. In fact, the small
resonances ϵ and ζ (Fig. 5.9) might be affected by this since suprasil causes
resonances at these fields. However, compared to the broad Lorentzian
feature, observed in in-plane, the sample holder/ cavity contribution
remains small and temperature independent. To estimate the amount of
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Figure 5.10: Cooling dependence of ESR spectra. H ∥ a, h ⊥ c, day one
(a), and day two (b), spectra are stacked. On day two spectra were recorded
after slow cooling (10 K/ min) and after fast cooling (60 K/ min) from T = 300
K to T = 4 K. After fast cooling, the resonance at around 200 mT (black frame)
was suppressed.

intrinsic magnetic impurities, χe
s,imp was obtained by double integration

of the small resonances (Figs. 5.9a,b), assuming an impurity origin. A
comparison between the different contribution is shown in Fig. 5.11b.
Overall, the impurity contribution is less than 1% of the in-plane response.
Even though this is a rough estimate, compared to Herbertsmithite, the
impurity contribution to magnetism of Y-kapellasite seems to be negligible
small.
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Figure 5.11: Estimation of impurity contribution. (a) Temperature-
independent background: empty suprasil holder/ cavity contribution and in-
plane raw data (H ∥ (a, b), h ∥ c). Although the contribution of the background
is visible in the raw data (see distortion of the lineshape around 200 mT), the
background is much smaller compared to the in-plane response and can be easily
subtracted. (b) Estimation of the impurity contribution χe

s,imp. For in-plane
(H ∥ (a, b), h ∥ c, black squares), the broad Lorentzian was subtracted, leaving
only the small resonances. Blue squares: out-of-plane response (H ∥ c, h ⊥ c).
Note that the suprasil holder/ cavity response (green square) was subtracted
from the spectra. Overall, the impurity contribution compared to the in-plane
signal is less than 1%.

5.4.2 High-field magnetization

In order to investigate the low-temperature magnetic transitions further,
high-field magnetization measurements were performed. For the mea-
surements with a field parallel to the kagome plane, a single crystal with
a total mass of 7.2 mg was aligned in a Laue diffractometer to confirm
high crystalline quality. In order to assemble enough material for the
configuration with the magnetic field perpendicular to the kagome plane
(parallel to the c-axis), an array of seven small single crystals with a
total weight of 6.8 mg was prepared. The magnetization was measured
as a function of temperature and of field up to 5 T with a commercial
SQUID-magnetometer. Subsequently, the magnetization was measured
at the high field laboratory in Dresden (HLD-EMFL) at temperatures
between 0.5 K and 30 K with fields up to 55 T. A coaxial pick-up coil
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system [213] was used to measure the relative magnetization. Absolute
values were scaled by using the data from the SQUID measurements.

The high-field magnetization measurements are presented in Fig. 5.12.
Above T = 5 K the response shows a close-to-linear dependence on the
external magnetic field with subtle features developing as the temperature
approaches TN ≈ 2.2 K. Below TN , a clear magnetization plateau is
formed slightly above 15 T, which can be seen in both in-plane and out-
of-plane measurements, with plateau values of 0.21 µB for the a, b-plane
and 0.18 µB for the c-axis at T = 1.5 K, Figs. 5.12a,c. Increasing the
field further, the magnetization rises again by deviating from the plateau
response. The differential magnetization (Figs. 5.12b,d) reveals a small
change of the slope between 40 to 45 T, suggesting another magnetization
plateau with 0.37 µB for the a, b-plane and 0.33 µB for the c-axis. While
the lower field plateaus are robust even in the 3He measurements, probing
down to T = 0.49 K, the more subtle slope changes at high fields are
hard to observe here. Considering the similar magnetization for in-plane
and out-of-plane orientations, the measurements show that the magnetic
anisotropy is rather weak for Y-kapellasite.

The emergence of two plateau-like features at low temperatures around 1/6
and 1/3 of full magnetization suggests an involvement of the spins in the
hexagon of the kagome lattice in intermediate magnetic phases before the
saturation. Similar observations were made, for instance, in the distorted
kagome magnet Volborthite (see Fig. 4.14) [18, 203]. Here, the magnetic
trimer state gets lifted under magnetic field. For Cd-kapellasite, a series
of magnetization plateaus was found and interpreted as crystallization
of localized magnons [214]. As well more generalized theoretical models,
describing intermediate magnetic phases of the kagome quantum magnet
are discussed [215–217]. On the other hand, a microscopic picture of the
magnetization plateaus/ intermediate magnetic phases remains elusive
for Y-kapellasite.
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Figure 5.12: Magnetization of Y-kapellasite in pulsed magnetic fields up
to 55 T. (a) Magnetization M in the a, b-plane, H ∥ (a, b). (b) Magnetization
M (black line, left axis) in comparison to differential magnetization dM/dH (red
line, right axis) at T = 1.5 K. (c,d) Results for the c-axis, H ∥ c. Reprinted with
permission from Ref. [1]. Measured by J. Willwater, S. Süllow, D. Gorbunov,
Y. Skourski.

Page 103



5 Results II: Y-kapellasite

5.4.3 AC magnetization

Results of the ac magnetization measurements are shown in Fig. 5.13.
With increasing the frequency of the in-plane ac magnetic field of 0.38
mT the imaginary part of the magnetization M

′′ starts to rise, Fig. 5.13a.
Reaching a frequency of around 10 kHz, M

′′ shows a broad contribu-
tion between 30 K and 100 K, centered at T = 50 K, independent of
the cooling protocol. Around T = 2 K, Figs. 5.13a,b a small kink be-
comes visible for increased frequencies (333-1024 Hz), possibly related
to the onset of magnetic ordering. Further cooling results in a strong
frequency-dependent behavior. While frequencies below f = 800 Hz lead
to comparable temperature dependence, at f = 1024 Hz M

′′ increases
below 0.8 K. The enhancement of M

′′ at low temperatures and the broad
contribution above T = 30 K imply the occurrence of an absorption
mechanism for oscillating fields, connected to the long-range magnetic
order and the onset of short-range magnetic correlations.
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Figure 5.13: AC magnetization of Y-kapellasite. Imaginary part of the
magnetization M

′′ with an in-plane oscillating field [Hac ∥ (a, b)] of 0.38 mT for
various oscillation frequencies. (a) With increasing the frequency, M

′′ starts to
rise. The broad contribution between 100 K and 30 K might be related to the
onset of short-range magnetic correlations (red dashed line), TSR ≈ 30 K. (b)
At low temperatures, M

′′ starts to increase for f = 1024 Hz below TN = 2.2 K
(blue dashed line). Reprinted with permission from Ref. [1]. Measured by P.
Puphal, M. Medarde.
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5.5 Structural instabilities and phononic
properties

Having discussed the (quasi-) static magnetic properties in Y-kapellasite,
the structural degrees of freedom (FTIR measurements) are shown in
the following. Here, a particular focus will be on the coupling between
magnetic and structural properties.

In Figs. 5.14a,b the reflectance spectra for in-plane and out-of-plane,
respectively, are shown. Comparing these to the performed density
functional theory (DFT) calculations (upper and lower panels in Fig. 5.14),
the relevant phonon modes can be assigned. For Y-kapellasite Γ =
33Au + 33 1Eu + 33 2Eu infrared-active phonon modes are expected in
the R3̄ structure [21, 218]. Here, the dipole moment for Au is only non-
vanishing in the out-of-plane projection and for Eu within the kagome
layers. At first the low-energy modes (below 1000 cm−1), mostly involving
variations of the Cu-O-Cu angle, are discussed. This angle determines the
magnetic superexchange (see Ch. 2). Thus, the spins are susceptible to a
transient modulation of the crystallographic lattice, in particular of the
CuO4Cl2 octahedra, via phonons (see the case of Herbertsmithite [193]).
Naturally, such an effect is expected to be important for the low-energy
vibrations, hν << J .

Fig. 5.15 shows the optical conductivity σ1 of the first in-plane phonon
modes. These modes are on top of a strong one-magnon contribution (see
below and in Ref. [1]) and, therefore, are expected to couple strongly to the
magnetism. Figs. 5.15b,c display the fit parameter of the Lorentz analysis.
Upon cooling the 3Eu (78.9 cm−1) mode shows a non-thermal redshift
possibly related to negative Grüneisen parameter/ lattice instability.
Furthermore, an anomalous broadening, effectively decreasing the phonon
intensity can be seen upon cooling below 50 K, Fig. 5.15c. It occurs
simultaneously with the growing of magnetic short-range correlations
(TSR ≈ 30 K, see discussion above), implying a magneto-elastic coupling
scenario, similar to the case of Herbertsmithite [193]. Fig. 5.15d shows
the calculated in-plane projection of 3Eu mode. Indeed, this modes
involves pronounced vibrations of the O sites and subtle adjustments of
the Cu positions, inducing a modulation of the Cu-O-Cu angle, i.e., of
the magnetic superexchange.
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Figure 5.14: Infrared spectra (FTIR measurements) and expected
phonon frequencies (DFT calculation). The reflectance is dominated by
multiple phononic contributions: (a) in-plane measurements E ∥ (a, b) and
(b) out-of-plane E ∥ c response. Upper and lower panels: calculated Eu and
Au phonon mode frequencies, respectively. Overall, measured and calculated
phonons agree well. DFT calculations were performed by Y. Li.

The temperature dependence of phonons is further analyzed in Fig. 5.16.
Comparing to the DFT calculations, these modes correspond to vibrations
involving mostly O and H sites. Between T = 50 K and T = 20 K,
close to the onset of short-range magnetic correlations, slight splitting
of some modes can be observed (see especially the mode at around 650
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Figure 5.15: Phonon modes in the far-infrared range. (a) The far-infrared
phonons exhibit an anormal temperature dependence (3Eu mode at around
80 cm−1). (b,c) Parameters of the Lorentz fit for 3Eu mode, center frequency
ω0 and ratio of linewidth/ plasma frequency (γ/ωp), respectively. Dashed
lines: onset of the magnetic short-range correlations, TSR ≈ 30 K. (d) Arrows:
calculated atomic motions of the 3Eu mode. The mode is degenerate. DFT
calculations were performed by Y. Li.

cm−1). In agreement with the specific heat data (P. Puphal et al., not
presented), showing a small kink at around T = 30 K, this might point
to a small structural variation. As well the onset of short-range magnetic
correlations coincides with this temperature scale. At this point the
connection between a possible lattice instability and magnetic short-range
order is not fully clear and further experimental work, for instance, a
measurement of thermal expansion, is necessary.

Furthermore, measurements under external magnetic field (Voigt geom-
etry, E ∥ (a, b), H ∥ (a, b)) were performed. Here, the relative spectra
Is(H)/Is(0) (reflected intensity under field divided by reflected intensity
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Figure 5.16: Temperature-dependent optical conductivity of the
phonons. The selected modes correspond mostly to vibrations of O and
H. Center frequencies are indicated as colored dots. Between T = 50 K and
T = 20 K several subtle splittings can be seen. Other modes gain intensities
upon cooling and are visible only at low-temperatures.

at zero field) at T = 7 K are shown in Fig. 5.17a (FIR range). The
corresponding changes in the reflectance are calculated by multiplying
Is(H)/Is(0) with the reflectance spectrum (referenced to the gold mirror)
at 0 T, Fig. 5.17b. Figs. 5.17c,d display measurements in the MIR range.
In general, no significant changes under magnetic field were observed
within the experimentally accessible field range, 0 T to 7 T. Note that
the changes in the relative spectra, Figs. 5.17a,c are mostly coinciding
with the minima of the phonon lines; exhibiting a worse SNR.
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Figure 5.17: FTIR measurements under external magnetic fields. (a)
Relative spectra under magnetic field: Is(H)/Is(0) (reflected intensity under
field divided by reflected intensity at zero field) at T = 7 K in the FIR range.
(b) Reflectance under magnetic field, obtained by multiplication of the zero-field
reflectance Rs(0) with the relative spectra: Rs(0) · Is(H)/Is(0). (c,d) Spectra
in the MIR range at T = 11.5 K. Dashed lines: larger changes under magnetic
field due to a worse SNR at the minima of the phonon modes.

5.5.1 Pressure-dependent studies

Results of the vibrational spectroscopy under pressure, the 100 K and 20
K isotherms, are shown in Fig. 5.18 and Fig. 5.19, respectively. In general,
a rich pressure evolution can be seen, where several modes show a redshift
while others are blueshifting with increasing pressure, for instance, for
the 500 cm−1 and 600 cm−1 , the 720 cm−1 and 867 cm−1 modes. This
implies while most of the bonds are shrunk, some of them are stretched. In
the following, the pressure evolution of the most interesting modes is going
to be described. For instance, between 400 and 500 cm−1 the appearance
of a new mode, m2, at around 440 cm−1 was observed with a critical
pressure of Pc ≈ 3 GPa (see Fig. 5.18b). Furthermore, in Fig. 5.19c two
nearly merged modes, m5 and m6 move apart. While m5 is redshifting,
the m6 is blueshifting with increasing the pressure. Between 3 and 4 GPa,
m5 strongly broadens and splits into three modes as the pressure increases
further. A similar splitting was observed for the OH-vibrations, around
3400 cm−1, see Fig. 5.19d. Furthermore, the pressure-dependent evolution
of the center frequency of m7 changes its trend from a redshift to a nearly
constant evolution at around 3 GPa. Above 8 GPa, the modes starts
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Figure 5.18: Pressure-dependent absorption spectra (T = 100 K
isotherm). (a-e) Absorbance in spectral range of interest in far- and mid-
infrared range. Multiple blue and redshifting modes are marked by arrows.
Several phonon modes show an unusual pressure evolution, i.e., redshift under
pressure. Red circles: Newly appearing phonon modes. Spectra are stacked.
The optical conductivity at 100 K, ambient pressure (black line) is shown
for comparison. Measurements were performed at Synchrotron Soleil, France
(SMIS 2 beamline).
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Figure 5.19: Pressure-dependent absorption spectra (T = 20 K
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Figure 5.20: Center frequencies, ω0 of several modes under pressure.
(a) At a pressure Pc ≈ 3 GPa, modes m2 and m3 are appearing. (b) In addition,
mode m5 broadens and starts to split. (c) At a similar pressure range, mode
m7 changes its pressure dependence (shift of center frequency) from redshifting
to blueshifting behavior. Measurements were performed at Synchrotron Soleil,
France (SMIS 2 beamline).

to blueshift again. These changes were further analyzed by extracting
the center frequencies of the relevant phonons as a function of pressure
(Fig. 5.20). The simultaneous appearance of a new mode, splitting of a
mode, and a change of the pressure-dependence of the mode frequency
at a very similar pressure range supports a structural modification with
Pc ≈ 3 GPa. Furthermore, at around 8 GPa, the structure might undergo
further modification, indicated by the non-monotonous pressure evolution
of mode m7. These changes, furthermore, are corroborated by the pressure
evolution of Herbertsmithite (see Ch. 4). Here, similar critical pressures
were observed.

To further analyze the high-pressure response, the measurements with
P ≈ 11 GPa are shown in Fig. 5.21. In general, a strongly reduced
temperature evolution under pressure was observed. Compared to the
ambient pressure results, most modes undergo only subtle changes in
sharpness and intensity: any pronounced shifts in the center frequencies
are absent. Interestingly, the temperature-induced redshift of some modes
at ambient pressure is suppressed for the high-pressure spectra. Such a
reduced temperature evolution of the phonons at high pressures might
indicate a stabilization of the structure.

For further insight on the structural modifications under pressure, high-
pressure single crystal x-ray diffraction experiments were carried out.
Fig. 5.22a displays the extracted structural parameter under pressure
at T = 295 K. As the pressure increases, the lattice constants (in-plane
and out-of-plane) monotonously decrease causing a decrease of the unit
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Figure 5.21: Absorption spectra at high pressures for several tempera-
tures. (a-d) Absorbance in spectral range of interest in far- and mid-infrared.
Overall, at high pressure, the phonons lose their pronounced temperature depen-
dence observed at ambient-pressure. Curves are stacked. The highest pressure
point from each isotherm measurement (295 K to 20 K) is shown. Pressures
from top to bottom curve: (a,b) 11.12 GPa, 11.4, 9.1, 11, 11; (c,d) 11.3 GPa,
11.56, 11, 11.1, 11.25. Note that the slight deviation in intensity of the orange
curve from the overall trend in panel (d) is explained by a small change in the
baseline. However, this does not affect the mode frequencies. Measurements
were performed at Synchrotron Soleil, France (SMIS 2 beamline).

cell volume. Note that here no indication of a structural transitions was
observed. The pressure-dependent unit cell volume can be fitted using
the Birch-Murnaghan equation of states [144, 219]:

P = 3
2B0(x−7/3 − x−5/3)[1 + 3

4(B′ − 4)(x−2/3 − 1)], (5.1)

where P is pressure, x = V/V0 is normalized unit cell volume (the zero
pressure volume is V0), B0 = −V dP/dV is bulk modulus, and B′ is its
first derivative with respect to pressure. The fit yields: B0 = 68.5 and
B′ = 19.3. Compared to Herbersmithite [144, 200], the bulk modulus is
nearly equal, however, the derivative is about five times higher here. Y-
kapellasite becomes stiffer under pressure, compared to Herbertsmithite.
This observation corroborates the vanishing temperature-dependence
of the phonon modes in the 11 GPa isobar (Fig. 5.21). Focusing on
the averaged Cu-Cu-Cu angle θCu−Cu, Fig. 5.22b, under pressure up to
around 4 GPa an increase is observed, indicating that mild pressures shift
the compound towards a more symmetric kagome lattice. θCu−Cu remains
nearly pressure independent over a relatively wide pressure range, up to
around 7 GPa. It drops again at higher pressures, indicating an increase
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of structural distortion. This non-monotonous trend is reminiscent of the
pressure dependence of the phonon mode m7 (see Fig. 5.20c).

After having established a picture of the general structural changes, next
an estimate of the magnetism under pressure is given. As discussed in
Ch. 2, Cu-O-Cu angles θCu−O−Cu and the corresponding Cu-O distances
lCu−O determine the magnetic superexchanges along the Cu-O-Cu paths:
J ≈ cos2(θCu−O−Cu)/ln

Cu−O with n ≈ 10 [144, 145]. Fig. 5.22c shows the
three distinct angles and the average distances, which correspond to the
magnetic couplings J = 154.4 K (greenish curves), J9 = 134.2 K (blueish
curves), and J ′ = 8.7 K (reddish curves) (see appendix of this chapter
and DFT calculations in Ref. [7]). As the pressure increases, θCu−O−Cu,
contributing to J9, continuously decreases. θCu−O−Cu, corresponding to
J , stays nearly constant up to 5 GPa and decreases slightly at higher
pressures. The lowest angle, corresponding to J ′ is independent on pres-
sure over the entire investigated range. Furthermore, all Cu-O distance
lCu−O behave similar, as they decrease with increasing pressures.

Based on the structural parameters, in Fig. 5.22d the resulting magnetic
couplings are shown. Although the simple geometrical treatment of
the exchange couplings leads to a reversed strength of the two leading
couplings (compared to the calculations), i.e., J1 corresponds to J9, J2 to
J , J3 to J ′, they can be nevertheless used to give a rough estimate of effect
of pressure on the magnetism. Under pressure the the weakest coupling
J3, continuously increases but remains always significantly smaller than
J1 and J2. These two (J9 and J in the DFT calculations) determine the
magnetism of the system at zero pressure [7]. As the pressure increases,
the structural data suggest that J2 increases steeper than J1, yielding
almost equal leading exchanges at around 5 to 6 GPa. Comparing to
the phase diagram of Ref. [7], these structural changes are expected
to further stabilize the magnetic Q = (1/3, 1/3) order and thus might
result in an increase of TN . Although, in principle an increase in J3
might shift Y-kapellasite towards the phase boundary of the classical
spin liquid, the suggested pressure evolution seems to be too weak to
induced such a ground state in the investigated pressure range. Further
increasing the pressure, J1 and J2 reverse their strength, potentially
destabilizing the magnetic order again. This reminds of the pressure
evolution of Herbertsmithite, where at first magnetic order is induced and
at higher pressures TN is lowered again [144, 200]. However, to obtain
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quantitative information, further DFT calculations with the pressure-
dependent structures might be necessary.

0 2 4 6 8 1 0
0 . 8 6
0 . 8 8
0 . 9 0
0 . 9 2
0 . 9 4
0 . 9 6
0 . 9 8
1 . 0 0
1 . 0 2

0 2 4 6 8 1 01 1 0 . 0
1 1 0 . 5
1 1 1 . 0
1 1 3 . 5
1 1 4 . 0
1 1 4 . 5
1 1 5 . 0
1 1 5 . 5
1 1 6 . 0
1 1 6 . 5
1 1 7 . 0
1 1 7 . 5

0 2 4 6 8 1 0

1 7 6 . 0

1 7 6 . 2

1 7 6 . 4

1 7 6 . 6

0 2 4 6 8 1 0

0 . 0 0 0 1 5

0 . 0 0 0 2 0

0 . 0 0 0 2 5

x/x
0

P r e s s u r e  ( G P a )

 a / a 0
 c / c 0
 V / V 0

( a )

l C u - O

θC u - O - C u

( c )

θ C
u-O

-C
u (°

)

P r e s s u r e  ( G P a )

θ C u - O - C u

P r e s s u r e  ( G P a )

( b )

θCu-Cu (°)

P r e s s u r e  ( G P a )

 J 1
 J 2
 J 3

( d )

J (arb. units)

1 . 9 0

1 . 9 2

1 . 9 4

1 . 9 6

1 . 9 8

2 . 0 0

2 . 0 2

2 . 0 4

lCu-O  (Å)

Figure 5.22: Structural parameters of Y-kapellasite under pressure
(a) Relative changes of the lattice constants a = b (in-plane), c (out-of-plane),
and unit cell volume V under pressure. (b) Average of the two Cu-Cu-Cu
angles θCu−Cu as a measure of the structural distortion. Undistorted kagome
plane: θCu−Cu = 180°. For Y-kapellasite there are two distinguishable angles.
(c) Pressure dependence of the Cu-O-Cu angles θCu−O−Cu (left axis) and
corresponding averaged Cu-O distance lCu−O (right axis), see greenish, blueish,
and reddish colors for corresponding pairs. (d) Estimate of the magnetic
superexchange based on the geometrical parameters. J1 corresponds to J9,
J2 to J , J3 to J ′ of the DFT calculations in Ref. [7]. Measurements were
performed at ESRF, France (ID27 beamline). Structures were refined by P.
Puphal.
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5.6 THz time-domain spectra as a probe of
spin dynamics

After the comprehensive structural and magnetic characterization pre-
sented above, the results of THz time-domain spectroscopy (THz-TDS)
are going to be discussed in the follwoing. Temperature-dependent THz-
TDS measurements were carried out in transmission geometry employing
a TeraView TeraPulse 4000 THz-TDS spectrometer along with a He-bath
cryostat on oriented single crystals (see Ch. 3 for a description of the
experimental procedure). In Fig. 5.23 the raw data of the THz-TDS
recorded in the ab-plane are plotted. At high temperatures, the in-plane
time-domain signal of the transient electric field (Fig. 5.23a) consists of
only the main pulse ranging from 0 to 4 ps. With cooling, the intensity
of this pulse decreases, but in addition a pronounced oscillating electric
field develops over an extended time ranging from 4 to 10 ps. Note,
for conventional one-magnon excitations, a similar time-domain signal
was reported but on a significantly longer time scale (several tens of ps)
[67–69, 92, 93], see the introduction (Ch. 2) for a summary of the relevant
literature.

To gain more insight into the underlying physical processes, a Fourier
transformation was performed and the frequency-dependent absorption
coefficient α was calculated, plotted in Fig. 5.23b. At room temperature,
only the tail of the lowest in-plane phonon mode contributes notably to
the THz absorption. Upon cooling, the phonon contribution first increases
slightly and then becomes weaker together with a suppression of the main
pulse in the time-domain signal (see above for the results of infrared
spectroscopy and DFT calculations of the phonons). As the temperature
drops below T = 30 K, the low-frequency absorption rises, resulting in a
broad continuum-like contribution much stronger than the phonon (in this
frequency range). This corresponds to the enhancement of the electric
field oscillations at extended times as illustrated in Fig. 5.23a. The feature
increases strongly with further cooling and finally dominates the entire
THz response down to the lowest temperature measured. Furthermore,
for T < 5 K, two weaker, but noticeable, peak-like contributions were
observed between 30 − 40 cm−1. Despite the increase of intensity, no
qualitative difference was found in measurements below TN . An extended
data set of all measured temperatures is presented in the appendix of

Page 115



5 Results II: Y-kapellasite

0 2 4 6 8 10 12 10 20 30 40 50

20

40

60

80

100

120

10 100

1000

1500

a

295 K

b
E
le
ct
ric
fie
ld
(a
rb
.u
ni
ts
)

Time delay (ps)

1.6 K

Y3Cu9(OH)19Cl8

295 K
30
5
1.6

E||(a,b)

Frequency (cm-1)

α
(cm

-1)

IA
(cm

-2)
Temperature (K)

magnetic
correlations phonon

extended oscillations

main pulse

1 2 3 4 5 6
Photon energy (meV)

ETHz

Figure 5.23: Temperature-dependent THz spectra. (a) THz electric field,
transmitted through Y-kapellasite as a function of time delay and (b) resulting
absorption coefficient α for the in-plane direction, as depicted [ET Hz ∥ (a, b)].
At T = 295 K, the main pulse (0 to 4 ps) contains most of the THz responses
(phononic properties). Below the onset of short-range magnetic correlations,
T = 30 K, the THz electric field pronounces extended-time oscillations (4 to
10 ps, shaded area), while the main pulse loses its intensity. As a result the
continuum-like absorption develops in α, followed by two additional peak-like
features at 32 and 37 cm−1. Inset: Integrated absorption coefficient IA (up
to 40 cm−1). The red dashed line represent the onset of short-range magnetic
correlations, T = 30 K. Above T = 30 K, changes in IA are mostly caused by
the lowest in-plane phonon mode. Below the onset of short-range magnetic
correlations, the IA continuously increases. Reprinted with permission from
Ref. [1].

this chapter (Fig. 5.28). From the comparison with DFT calculations, a
phononic origin of the low-energy features can be excluded. Also electronic
contributions are unlikely for the highly insulating Y-kapellasite (bandgap
of 3.6 eV) [21, 192].

These trends become even more obvious when looking at the integrated
absorption IA (similar to the spectral weight, see Ch. 3), displayed in
the inset of Fig. 5.23b. The crossover range in IA(T ) matches well with
the onset of short-range magnetic correlations at around TSR = 30 K as
observed in the NMR spin-lattice relaxation rate and ESR susceptibility
(Fig. 5.6). This good agreement between the temperature scales strongly
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suggests that the THz continuum-like absorption is caused by short-range
magnetic correlations even above TN .
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Figure 5.24: Temperature-dependent THz spectra. (a) THz electric field,
transmitted through Y-kapellasite as a function of time delay and (b) resulting
absorption coefficient α for the out-of-plane direction [ET Hz ∥ c]. The out-
of-plane response is restricted to the main pulse (0 to 4 ps). Over the full
temperature range, no pronounced extended-time oscillations of the electric
field are visible. The absorption coefficient shows a peaklike structure emerging
at around 22.5 cm−1 between T = 50 K and T = 30 K. Inset: Integrated
absorption coefficient IA (up to 40 cm−1). The red dashed line represent the
onset of short-range magnetic correlations, T = 30 K. Above T = 30 K, changes
in IA are mostly caused by the lowest out-of-plane phonon mode. Around the
onset of short-range magnetic correlations, the IA drops.

Furthermore, the out-of-plane response [ET Hz ∥ (c)] was measured. Re-
sults are shown in Fig. 5.24. In contrast to the in-plane results, the electric
field in out-of-plane does not show pronounced late-time oscillations. In
fact, the response is confined to the main pulse mostly (Fig. 5.24a). Fo-
cusing on the absorption coefficient, Fig. 5.24b, at room temperature the
spectrum is featureless and dominated by the tail of the lowest out-of-
plane phonon mode (50 cm−1, see above for FTIR measurements and
DFT calculations). Upon cooling below T = 50 K, a peak-like structure
of unknown origin emerges at around 22.5 cm−1. It further gets more
pronounced at T = 30 K and below, but no qualitative difference was
found below TN . The IA (inset of Fig. 5.24b) shows an increase upon
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cooling, stemming from the phononic contribution, similar to the IA in
in-plane direction. However, around the onset of short-range magnetic
correlations (TSR ≈ 30 K), the IA drops and continues to decrease upon
further cooling.
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Figure 5.25: THz-FDS measurements. The temperature-dependent evo-
lution of the transmittance is in good agreement with the IA obtained by
THZ-TDS (inset). The oscillation pattern in THz-FDS measurements origi-
nates from multiple internal reflections, as the transparent sample serves as a
Fabry-Perot resonator, an etalon. Reprinted with permission from Ref. [1].

In addition, THz frequency-domain spectroscopy (THz-FDS) was carried
out using a frequency-tunable backward-wave-oscillator (BWO), gener-
ating continuous, coherent, and monochromatic THz radiation with a
Golay cell serving as a detector and a He-bath cryostat for temperature
control [220]. The transmittance was measured by recording the intensity
of the THz radiation transmitted through the sample and referenced to
the empty hole of the sample holder. Results are shown in Fig. 5.25. In
THz-FDS, a series of single frequency measurements were repeated to
cover the frequency range between 7.5 to 13 cm−1 which lacks the time
resolution compared to the THz-TDS. Multiple reflections of the incident
light between the parallel surfaces of the transparent sample generate the
pronounced Fabry-Perot oscillation pattern in Fig. 5.25. In the THz-TDS,
this effect can be avoided by controlling the time window. Nevertheless,
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the THZ-FDS measurements are in good qualitative agreement with the
THZ-TDS results. Upon cooling to T = 100 K, the transmittance gets
suppressed supporting the increase in the integrated absorption coefficient
IA for the in-plane orientation (c.f. inset of Fig. 5.25). From T = 100 K
to T = 20 K, the transmittance rises again corresponding to a drop of
the IA. Further cooling down to T = 1.65 K, a strong suppression of the
transmittance is observed, in accordance with a rise of the IA.

5.7 Magneto-THz spectroscopy

To clarify the origin of observed continuum-like absorption in THz range,
magneto-THz measurements were carried out. A superconducting mag-
net (Oxford Instruments) was used to apply a static external magnetic
field up to H = 10 T in Faraday geometry (ET Hz ∥ (a, b), H ∥ c)
with temperatures down to T = 1.7 K. With ramping up the magnetic
field, the continuum-like feature loses its intensity beginning at the low-
frequency end, as displayed in Fig. 5.26a (Fig. 5.29 for an extended data
set). This can be nicely seen in Fig. 5.26b where the IA is plotted as a
function of H. Exceeding a critical field of Hc = 3 T, IA(H) decreases
considerably; at a field strength of H = 10 T the intensity is reduced
by almost 10 %. This quantitative change seems reasonable since the
magnetic energy corresponds to roughly 10 % of the exchange energy:
µBH = 0.1 kBΘCW ≈ 0.1 J , where ΘCW ≈ −100 K is the Curie-Weiss
temperature and J ≈ 13 meV is the dominating exchange energy (µB

is Bohr magneton, kB is Boltzmann constant) [7, 21]. The phonon tail
above 40 cm−1 is affected as well: it weakly shifts towards lower energies.
In addition to these obvious changes in the spectrum, some more subtle
variations inside the continuum-like absorption can be identified. Slight
shifts of the 30 − 40 cm−1 peaks become clearer in the contour plot of the
normalized absorption coefficient α(H)/α(0 T), presented in Fig. 5.26c.
Interestingly, the onset of the continuum-like absorption shows a stronger
change under magnetic field, compared to the 30 − 40 cm−1 peaks, c.f.
grey arrows in Fig. 5.26c. Note the reduced signal-to-noise ratio of a
magneto-optical measurement leads to somewhat noisy features below
20 cm−1; nevertheless, the magneto-optical THz results strongly support
the magnetic origin of the continuum-like feature.
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Figure 5.26: Result of magneto-THz spectroscopy at T = 1.7 K. (a)
Absorption coefficient α under magnetic field in Faraday geometry, as depicted
(ET Hz ∥ (a, b), H ∥ c). The THz continuum-like absorption decreases with
increasing magnetic fields, confirming its magnetic origin. (b) Integrated
absorption coefficient IA (up to 40 cm−1), exposing a critical magnetic field of
Hc ∼ 3 T. (c) Contour plot of the relative absorption coefficient under magnetic
field α(H)/α(0 T), normalized to zero field. The grey arrows indicate the field
evolution of the onset of the contiuum-like absorption and of the two peak-like
features at 32 and 37 cm−1. Reprinted with permission from Ref. [1].
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5.8 Multi-center magnon excitations

In a next step the magnetic contributions are going to be separated from
the dielectric ones in order to reveal their natural spectral form in the
THz absorption. With the fair assumption that the dielectric properties
do not change drastically at low temperatures, the magnetic susceptibility
χ

′′

m can be obtained from the THz spectra (Fig. 5.23) by referencing to
the 80 K-spectrum (see Sec. 3.2.3 for further information). The results
are shown in Fig. 5.27a. The extraction of χ

′′

m unveils an asymmetric
shape of the magnetic continuum-like feature with a maximum at around
12 cm−1 and a width of about 30 cm−1 followed by two peaks at 32 and
37 cm−1 at the lowest temperature, T = 1.6 K.

To learn more about the origin of the magnetic THz response and the
magnetic ground state, the spin-wave dispersion for Y-kapellasite was cal-
culated with linear spin-wave theory by assuming a coplanar non-collinear
Q = (1/3, 1/3) magnetically ordered ground state as suggested by recent
ab-initio DFT calculations [7] (see appendix for technical details). This
ordered state comprises three different magnetic sublattices of hexagons
(shown as green, blue, and yellow in Fig. 5.2b). Within each hexagon,
the spins are antiferromagnetically coupled and neighboring hexagons
are coupled to each other via spins (shown in grey in Fig. 5.2b) whose
directions are fully determined by the neighboring hexagons (slave spins)
[7].

Figs. 5.27b, c contain the calculated spin (magnon) density of states
(SDOS) and the corresponding spin-wave dispersion in the relevant energy
range, below 6 meV (1 meV corresponds to 8.065 cm−1). Several energies
with a density of states, corresponding to characteristic energy scales of
the THz χ

′′

m, are marked by dashed lines. The spin-wave dispersion of
Y-kapellasite is gapless and degenerated at the Γ-point (Goldstone mode);
possible one-magnon excitations are outside the investigated THz spectral
range (cf. Fig. 5.27c, see appendix for further information, Fig. 5.32).
As introduced above, a one-magnon process only measures the response
at the zone center; in stark contrast to multi-center magnon excitations
that can expand over the entire Brillouin zone. For the latter case, due
to momentum conservation, the total wavevector of the participating
magnons must be zero,

∑
n qn ≈ 0, which is accomplished by the simulta-

neous magnon excitations in three distinct magnetic sublattices. Within
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5 Results II: Y-kapellasite

this picture, the steady development of the continuum-like absorption
without any additional features across TN can be explained by multi-
center magnon absorptions. The one-magnon excitations are outside the
accessible spectral range and only the multi-center magnons are observed.
As illustrated in Fig. 5.27d, the spin-wave dispersion beyond the Γ-point
gets accessible via such excitations. Indeed, towards the K-direction
the degeneracy is lifted and the lowest band exhibits a parabolic shape
(Fig. 5.27c). Around 2.7 meV the band flattens and reaches a maximum.
This shape of the dispersion yields a large number of available states
in the low-energy range and generates the maximum in the SDOS at
2.7 meV which is related to the peak at 1.5 meV (12 cm−1) in χ

′′

m. At
higher energies, around 4.8 meV, the density of states increases again
with the next two higher-lying bands reaching their maxima. At 5 meV
the number of available states drops significantly before it peaks again
at around 5.2 meV (parabola minima of the next higher bands). Indeed,
these states are related to the peak-like contributions between 32 and
37 cm−1 (4 and 4.6 meV) in χ

′′

m (Fig. 5.27a). There is a small offset of
about 1 meV between experimental results and calculations, probably due
to a small mismatch in parameters between experiment and theory.

Overall, including the multi-center magnon picture, the SDOS from the
linear spin-wave theory calculations shows a remarkable agreement with
the experimental result, χ

′′

m. Furthermore, based on the SDOS, the
expected χ

′′

m is calculated, validating the observed spectral shape (cf.
Fig. 5.33). The agreement with theory even extends to the magnetic field
dependence. Fig. 5.27b displays the change of the SDOS with magnetic
field. Under external magnetic field, the spin dispersion becomes gapped
and the weight of the SDOS shifts up in energy (cf. appendix, Fig. 5.34).
In addition, the 2.7 meV maximum reveals a strong shift under magnetic
field, it is slightly different than the one obtained for the 4.8 meV and
5.2 meV peaks. Note that the calculations overestimate the magnetic field
scale compared to that of the experiment, perhaps due to demagnetization
effects. Still, these trends under external magnetic field are corroborating
the result of magneto-THz spectroscopy.
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Figure 5.27: Three-center magnon excitations and theoretical spin-
wave dispersion of Y-kapellasite. (a) The frequency-dependent imaginary
part of the magnetic susceptibility χ

′′
m obtained from THz-TDS exposes the

natural spectral form of the three-center magnon excitations. Three distinctive
features are marked by vertical dashed lines. (b) Spin (magnon) density of
states (SDOS) obtained from linear spin-wave theory calculations with and
without magnetic field. The SDOS shows three characteristic energies below
6 meV with a high density of states (vertical dashed lines). (c) Spin-wave
dispersion of Y-kapellasite. Horizontal dashed lines: Corresponding to the
energies in (b). Inset: Calculated path in the extended Brillouin zone (black
hexagon). (d) The three-center magnon process in momentum space, i.e., three
spin excitations in the different magnetic sublattices (green, blue, and yellow
color code) with 0 ≈

∑
n
qn. Reprinted with permission from Ref. [1]. (b,c)

Calculated by A. Razpopov and R. Valentí.
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5.9 Discussion

The THz study allows to directly probe the spin density of states via
optical spectroscopy; by utilizing multi-center magnon absorption the
SDOS becomes accessible over the entire Brillouin zone, i.e., THz magne-
tometry. In Y-kapellasite, strong short-range magnetic correlations lead
to spin fluctuations over a wide temperature range. The paramagnonic
behavior is aided by these fluctuations explaining the development of the
THz continuum-like absorption together with the onset of short-range
magnetic correlations. The lattice distortion, on the other hand, lowers
the spatial symmetry and generates three magnetic sublattices. This
distortion is decisive for multi-center magnon excitations to occur. In
particular, the magnetic superstructure favors simultaneous 3N magnon
excitations where each of the participating magnon excitations occurs,
respectively, at one of the three magnetic sublattices, i.e., three-center
magnon, while in total the net momentum is conserved (∆q = qph ≈ 0),
as illustrated in Fig. 5.2b (see appendix for further discussion, Fig. 5.36).
The role of distortion could be further verified in other kagome lattice
materials [7, 17, 221, 222]. But for the case of Y-kapellasite, the distor-
tion seems to be crucial for the multi-center magnon absorption given
that Herbertsmithite, which is considered as a perfect kagome structure
[11], does not reveal any signature of multi-center magnons (Fig. 4.7)
[15, 16].

Such a symmetry breaking can also be phonon-assisted [223, 224]. Note
that similar suggestions were made for the parent compound of cuprates
with an underlying square lattice. In those cases, the observed features
were associated with the coupling between magnons and phonons leading
to enhanced excitation frequencies in the mid-infrared range [225, 226].
The magnetoelastic coupling may be represented in the temperature
dependence of the phonon modes. In the present case, an unusual redshifts
and anomalies of the infrared-active phonons is observed, accompanied
by the development of short-range magnetic correlations (see above,
Fig. 5.15).

Overall, the comparison of the experimental results with linear spin-
wave theory calculations suggests that for a proper description a multi-
center magnon picture, beyond simple magnetic modes, is required in
order to explain the THz excitations. In fact, the multi-center magnon
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absorption in Y-kapellasite resembles the conventional two-center magnon
absorption observed in classical antiferromagnets: FeF2, MnF2, CoF2,
and NiF2 [96, 98, 102–106]. Utilizing Dexter’s theory of cooperative
optical absorption [107], earlier reports proposed several mechanisms
[102, 103, 109], where the removal of centrosymmetric points is supposed
to be particularly necessary for the non-vanishing electric dipole moment
[96].

The former studies confined the two-center magnon absorption as elec-
tric dipole active phenomena; but there is no reason for this limitation.
Recently, a direct coupling between the magnetic state and light was
proposed; the detection takes place over the free induction decay [66–69].
As well, accounting for the two magnetic sublattices in conventional anti-
ferromagnets, traditionally only a two-center absorption was considered.
Moreover, the optical selection rule for the three-center magnon excita-
tion might differ from the conventional one-magnon picture (∆S = ±1,
the spin difference between initial and excited state). For example, the
two-center magnon excitation was discussed before with an altered optical
selection rule [227, 228]. All these now turn into limiting factors when a
more detailed and generalized microscopic picture has to be established
for the multi-center magnon absorption. Together with a refined under-
standing, the presented approach might be applicable in a large pool of
materials.

Furthermore, the relation of the THz multi-center magnon absorption
to similar multimagnon processes observed in other quantum magnets
of low symmetry should be discussed. For quantum magnets, often a
virtual process via the magnon decay [111] is discussed, which has been
observed in Raman/ neutron scattering [113–116]. Note that multimagnon
scattering (photon/ neutron scatters by creating multiple magnons) and
THz multi-center magnon absorption (multi-center magnon: one photon
gets absorbed, simultaneously creating multiple magnons in different
magnetic sublattices) need to be discerned with distinct optical selection
rules [96]. Moreover, the higher-order magnon contributions beyond linear
spin-wave theory are as well discussed in THz absorption [45]. However,
these are different from the multi-center magnon absorption, subject
of the present study. Regarding higher-order magnons, mixing of one-
magnon branches with multimagnon states can occur as a result of the
low symmetry of the spin interactions as in α-RuCl3 [48, 112]. A further
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5 Results II: Y-kapellasite

example can be found in the case of Yb2Ti2O7, showing a field-induced
decay of the one-magnon branch into a two-magnon continuum [115]. In
Y-kapellasite, however, neither geometrical frustration nor anisotropic
spin interactions seem to be present in the system [7] excluding the
magnon decay processes from the present case. Nevertheless, note that a
multi-center magnon based extraction of the SDOS with THz spectroscopy,
as presented in this work, might be possible even in the presence of a
decay mechanism.

There are several issues concerning the magnetic properties of Y-kapellasite
which should be addressed in future investigations. One particularly inter-
esting issue remaining is the persistent spin dynamics in the magnetically
ordered state below TN = 2.2 K [22] which might be related to the suc-
cessive spin freezing observed in the susceptibility, Fig. 5.6. For optical
measurements, such a low temperature (mK range) is still challenging.
Hence, complementary experimental techniques are required to scrutinize
this exotic behavior. In addition, an investigation of the microscopic
origin of the short-range magnetic correlations much above TN could be
a focus of further studies.

5.10 Conclusion and outlook

In conclusion, in a proof-of-principle experiment, THz time-domain spec-
troscopy is established as a method to directly probe the spin (magnon)
density of states by expanding its capability from q ≈ 0 to ∆q ≈ 0
excitations over the entire Brillouin zone: THz magnetometry. The
three-center magnon absorption in the exotic magnetic superstructure
of Y-kapellasite is the key mechanism behind this observation. Driven
by short-range magnetic interactions, the absorption persists well above
the magnetic ordering temperature, i.e., paramagnons. The multi-center
magnon absorption allows easy access to the spin density of states for
suitable magnets, in particular in systems with low symmetry.
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5.11 Appendix

In this appendix additional information (mainly from Ref. [1]) are pre-
sented. This contains extended data sets of the (magneto) THz-TDS
measurements, technical details of the LSWT calculations, calculations
of the dynamic magnetic susceptibility, LSWT under magnetic field, and
further details regarding the multi-center magnon excitation (two-center
vs. three-center magnon). Furthermore, an overview of the phase diagram
of the distorted kagome antiferromagnet (Ref. [7]) is given.

5.11.1 Extended data of THz-TDS
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Figure 5.28: THz-TDS result for all measured temperatures. (a,b)
Time-domain electric field and absorption coefficient for the in-plane E ∥ (a, b)
response, respectively. Adapted with permission from Ref. [1]. (c,d) Response
along the c-axis, E ∥ c, time-domain electric field and absorption coefficient,
respectively.
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5 Results II: Y-kapellasite

Temperature-dependent THz-TDS measurements were carried out in
transmission geometry employing a TeraView TeraPulse 4000 THz-TDS
spectrometer along with a He-bath cryostat on oriented single crystals.
The time-domain electric fields, which are directly measured from the
THz spectrometer, are displayed in Fig. 5.28. By performing the Fast
Fourier Transformation (FFT), the frequency-dependent power spectrum
Ẽsample(ω) was obtained. Then, the complex transmission T̃ r(ω) was
calculated by referencing to the empty hole of sample holder, Ẽref (ω):
T̃ r(ω) = Ẽsample(ω)/Ẽref (ω). The absorption coefficient of the sample is
related to the transmittance Tr(ω) (real part of T̃ r) via the Beer-Lambert
law: α(ω) = −ln{Tr(ω)}/d, where d is the thickness of the sample. The
absorption coefficient spectra for all measured temperatures are shown in
Fig. 5.28.

The integrated absorption coefficient, which is used to analyze the spectra
in the main text, IA =

∫
α(ω) dω, is proportional to the optical spectral

weight SW =
∫

σ(ω) dω with the relation α(ω) = 4πσ(ω)/n(ω), where σ
is optical conductivity and n is index of refraction [82, 83].

5.11.2 Magneto-optical THz-TDS

Fig. 5.29 shows the time-domain electric fields and the corresponding
absorption coefficient over the full magnetic field range (for Faraday
geometry, ET Hz ∥ (a, b), H ∥ c). With increasing the magnetic field, the
main pulse (below 4 ps) increases, while the extended-time oscillations
lose intensity, c.f. Fig. 5.29a. In the absorption coefficient, Fig. 5.29b,
this field dependency corresponds to a decrease of the continuum-like
feature and the peak-like contributions between 30 − 40 cm−1 as expected
from the spin-wave theory. As well, the phonon-tail (above 40 cm−1)
slightly shifts to lower frequencies. The measurements were repeated in
Voigt geometry (ET Hz ∥ (a, b), H ⊥ kT Hz), see Fig. 5.30. In general, a
similar field dependence but significant weaker compared to the Faraday
geometry was observed.
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Figure 5.29: Magneto-optical THz-TDS result over the full magnetic
field range. (a,b) Time domain electric field and absorption coefficient in
Faraday geometry (ET Hz ∥ (a, b), H ∥ c) at T = 1.68 K, respectively. Reprinted
with permission from Ref. [1].

Figure 5.30: Magneto-optical THz-TDS result in Voigt geometry. Ab-
sorption coefficient in Voigt geometry (ET Hz ∥ (a, b), H ⊥ kT Hz) at T = 1.6 K.
A qualitatively similar field dependence compared to measurements in Faraday
geometry is observed. However, the suppression is significant weaker compared
to the previous results. Due to technical reasons the maximum field strength is
around 8 T in this geometry.
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5.11.3 Phase diagram of the distorted kagome
antiferromagnet

The distorted S = 1/2 kagome model was investigated in Ref. [7] using a
model of three nearest-neighbor antiferromagnetic Heisenberg couplings:
J , J9, J ′, Fig. 5.31a. By varying the coupling strengths the theoretical
study predicts a rich magnetic phase diagram (see Fig. 5.31b), including
Q = (1/3, 1/3), Q = 0 phases, and a classical spin liquid. Fig. 5.31c
depicts the non-collinear coplanar Q = (1/3, 1/3) phases in the two
limits within J ′ → 0. For J9 = J the spins are alternating around the
hexagons in certain patterns: green, blue, and red spins. Neighboring
hexagons are coupled to each other via slave spins (whose directions are
fully determined by the neighboring hexagons). In the limit J >> J9 a√

3×
√

3 trimer phase stabilizes. For J, J ′ >> J9 a collinear Q = 0 phase
is characterized by a parallel alignment of spins within the hexagons and
an anti-alignment of other spins. In between these phases a classical spin
liquid, that is, a degenerate manifold of non-coplanar ground states is
located.

5.11.4 Details of the linear spin-wave theory
calculations

Linear spin-wave theory (LSWT) was performed by A. Razpopov and R.
Valentí to calculate the magnon dispersion and magnon density of states
(SpinW 3.0 [211]). For Y-kapellasite the effective Hamiltonian is given by
a spin-1/2 Heisenberg Hamiltonian [7]:

H =
∑

<i,j>

Ji,jSiSj , (5.2)

where the sum goes over the first nearest neighbors (NN). Lattice dis-
tortions lead to three distinct nearest-neighbor couplings: J = 154.4 K,
J9 = 134.2 K, and J ′ = 8.7 K. These were calculated via DFT+U and
the total energy mapping analysis [7]. As introduced above, the obtained
classical ground state is given by a coplanar state with an ordering vector
Q = (1/3, 1/3). The magnon energy dispersion was calculated on 1000
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Figure 5.31: Magnetic phases of the distorted kagome antiferromagnet
(Ref. [7]). (a) Crystallographic distortion introduces three distinct nearest-
neighbor coupling: J , J9, J ′. (b) Varying these couplings, a rich magnetic
phase diagram opens, including Q = (1/3, 1/3), Q = 0 phases and a classical
spin liquid. The non-collinear coplanar Q = (1/3, 1/3) phases are stabilized for
the case J ′ → 0 (red area) or J → 0 (blue area). For J, J ′ >> J9 a collinear
Q = 0 order evolves. Two coupling sets for Y-kapellasite are depicted by
empty and filled squares within the Q = (1/3, 1/3) order. SND corresponds to
powder structure data [22] and SXRD is the single crystal set [21]. (c) Magnetic
Q = (1/3, 1/3) order, upper panel: J9 = J (corresponding to red area in the
phase diagram, it persist as well for J9 >> J with a slightly turned pattern),
lower panel: J >> J9. Adapted with permission from Ref. [7].

k-points along the path Γ-K-M-Γ. Furthermore, the magnon density of
states was calculated on a 100×100×100 k-mesh by the definition:

DOS(E) = 1
N

N∑
i

δ(E − Ei), (5.3)

where E is the energy and Ei is the magnon energy with momentum q.
The Dirac delta function was approximated by a Lorentzian function

δϵ(x) = 1
π

ϵ

x2 + ϵ2 , (5.4)

with ϵ = 0.01 and energy resolution of 0.01 meV.

Note that for simplicity, no excitation probabilities or similar weighting
factors for different positions in the BZ have been used. For instance,
in the Raman two-magnon process it is assumed that the excitation
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probability decreases for higher momenta [96], resulting in an asymmetric
spectral shape. Nevertheless, there is a remarkable agreement between
experiment and theory already at this level.

5.11.5 Linear spin-wave theory calculations over an
extended range

Fig. 5.32 shows the spin dispersion and spin density of states over an
extended energy range obtained from linear spin-wave theory (LSWT).
Besides the three-peak structure mentioned above, there are several
high-energy peaks in the SDOS. For the comparison between the q ≈ 0
excitation and multi-center magnon excitation (∆q ≈ 0), the correspond-
ing SDOS curves (q = 0 and over the entire Brillouin zone) are displayed
in Fig. 5.32 (left panel). The q = 0 SDOS mainly consists of three
excitations (E = 0 meV, i.e., Goldstone mode, around E = 7.4 meV, and
E = 8.4 meV). Note that no excitations are expected in the experimental
range (1 - 6 meV) within the q = 0 limit which calls for the multi-center
magnon picture facilitating the ∆q = 0 process. The latter two, q = 0
magnons, E = 7.4 meV and E = 8.4 meV, are located in the energy-range
of the far-infrared phonon modes. They might be related to spin-phonon
coupling as suggested above.

5.11.6 Calculation of χ
′′
m

To confirm the spectral shape of the multi-center magnon and further
compare directly between experiment and theory, the imaginary part
of the frequency-dependent magnetic susceptibility χ

′′

m = Im{χ̃m(ω)}
expected for the multi-center magnon absorption was calculated using
the following relation [43]:

Im{χ̃m(ω)} = γ
∑

q

∑
α,β

hαhβIm{χSS
α,β(q, ω)}, (5.5)

where γ is a constant, q is the momentum in the extended Brillouin zone,
the summation α and β goes over the Cartesian components, χSS

α,β(q, ω)
is the spin susceptibility, and h is the orientation of the THz magnetic
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Figure 5.32: LSWT calculations. Left panel: DOS, black line: Integrated
over the full Brillouin zone and red dashed line: q = 0 contribution (scaled by
a factor of ∼ 105). Right panel: LSWT dispersion over an extended energy
range. The inset shows the first Brillouin zone. The magnon dispersion has
been calculated along the red arrows. Reprinted with permission from Ref. [1].
Calculated by A. Razpopov and R. Valentí.

field. At zero temperature the imaginary part of the spin susceptibility is
related to the spin-spin correlation function Sα,β :

Im{χSS
α,β(q, ω)} = Sα,β(q, ω), (5.6)

where the spin-spin correlation function was computed within the SpinW
3.0 frame work [211]. The energy resolution of Im{χ̃m(ω)} is 0.1 meV
with broadening of 0.1. Note that the Eq. 5.5 contains the sum over
the full BZ. This is necessary to compare with the multi-center magnon
picture. For instance, in the case of a multimagnon decay mechanism,
see Ref. [45], only the limit q → 0 was considered. Results are shown in
Fig. 5.33. As discussed above, the experimental and theoretical energy
scales are slightly shifted with respect to each other (about 1 meV). In
the calculation, a pronounced, asymmetric peak (at around 2.7 meV),
corresponding to the first peak in SDOS (same energy) is well-reproduced.
Comparing within the experimentally accessible range, the overall shape
shows a nice agreement including the double peak/ dip-like structure
(around 4 to 4.6 meV in experiment, 5 meV in calculation) validating the
multi-magnon scenario once more. The calculation shows a low-energy
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Figure 5.33: Comparison between (a) experimentally and (b) theoreti-
cally determined dynamic magnetic susceptibility χ

′′
m. All experimental

features are reproduced by the calculation. Note that the energy scale between
experiment and theory is shifted by a small offset of about 1 meV. Reprinted
with permission from Ref. [1]. (b) Calculated by A. Razpopov and R. Valentí.

contribution (below 2 meV). This feature is outside the experimental
range, but perhaps the extra broadening of the experimental peak might
already contain the effect of this contribution.

5.11.7 Linear spin-wave theory calculations under
magnetic field

Fig. 5.34 shows the calculated spin dispersion under external magnetic
field. With increasing magnetic fields, the low-energy dispersion (0 to 3
meV) becomes gapped at the Γ and K points and shifts to higher energies,
partially lifting the degeneracy of the three lowest magnon bands. As
well, shifts of the characteristic energy scales (between 3 and 6 meV,
colored dashed lines), discussed above, to higher energies are observable.
The corresponding SDOS is shown in Fig. 5.35. Here, the shifting of
the weight to higher energies for increased magnetic field is evident. In
addition to the discussion above, here the changes at the higher energies
(between 6 and 10 meV) should be considered. At H = 0 the SDOS
shows a sharp peak at around 8.3 meV. Under magnetic field the peak
gets suppressed and its weight gets distributed over a larger energy range

Page 134



Γ MK Γ

Γ MK Γ Γ MK ΓΓ MK Γ

Γ MK Γ Γ MK Γ Γ MK Γ

Γ MK Γ Γ MK Γ

H = 0 T H = 1 T H = 2 T

H = 3 T H = 4 T H = 5 T

H = 6 T H = 8 T H = 10 T

a b

d e f

g h i

c

Figure 5.34: LSWT calculations with magnetic field. (a-i) Dispersion
in the first Brillouin zone (see inset of (a) for calculated path) with selected
magnetic fields. Characteristic energy scales, discussed in the main text, are
highlighted by colored dashed lines. Black dashed line: Minima of the Γ and K
points. Reprinted with permission from Ref. [1]. Calculated by A. Razpopov
and R. Valentí.
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Figure 5.35: SDOS with magnetic field. Under magnetic field the SDOS
becomes gapped and weight shifts to higher energies. Furthermore, between 6
and 10 meV, the weight gets distributed over a wider energy range. Reprinted
with permission from Ref. [1]. Calculated by A. Razpopov and R. Valentí.

leading to an increase of the SDOS at around 6.8 meV / 55 cm−1, i.e.,
the range of the lowest phonon tail. This field evolution might explain
the shift of the phonon tail under magnetic field to lower energies, as
observed in the magneto-THz experiment (see above).

5.11.8 Two-center magnon and three-center magnon
excitation

For multi-center magnon absorption, i.e., the simultaneous flip of multiple
spins by one photon, possible absorption can be either two-center or
three-center magnon excitations. For each case, the spin selection rule
for linearly polarized THz light (∆S = 0 [229, 230]) in the magnetic
ground state of Y-kapellasite are going to be considered. The two-center
magnon excites two magnons simultaneously (left panel of Fig. 5.36).
Two scenarios are considered: two magnon excitations in one hexagon or
two magnon excitations in different hexagons. Within a single hexagon,
the ∆S = 0 selection rule is satisfied if two spins of opposite sign are
flipped simultaneously. However, excitations comprising two different
hexagons are forbidden. Here, the non-collinearity of the magnetic ground
state results in ∆S = ±1. For the three-center magnon, the situation is
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reversed (right panel of Fig. 5.36). Three spin flips inside a single hexagon
cannot satisfy the selection rule but result in spin momentum changes of
higher order. However, if one spins in each of the three different hexagons
is flipped, the net spin momentum does not change.

Therefore, for linearly polarized light the spin selection rule allows two
cases: two-center magnon in one hexagon or three-center magnon that
involves three different hexagons. Between these two, flipping one spin
in each hexagon (three-center magnon) seems to be energetically more
favorable. The high-field magnetization experiment (see above) supports
this idea by showing a 1/6 plateau. Hence, three-center magnon, involving
one spin-flip in each of the three different hexagon, is most likely the
main contribution of the THz absorption. In order to fully exclude con-
tributions from the spin-allowed two-center process, complete theoretical
considerations of the involved selection rules are necessary. This remains
the focus of a future study.

Although considering the spin selection rule further insight on the multi-
center magnon absorption can be gained, it is not fully clear at this point
whether such selection has to hold in general. For instance, magnon
generation is not necessary bound to spin selection, as recently proofed
[79]. However, such a deep theoretical understanding needs a revised
theoretical picture and therefore remains for further studies.
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ΔS = ±1 ΔS = ±3

two-center magnon three-center magnon

Figure 5.36: Possible multi-center magnon absorptions: two-center and
three-center magnon in Y-kapellasite. Left panel: two-center magnon
(red-shaded area) involving the simultaneous creation of two magnons (spin
flips, grey-shaded inset) in one hexagon with ∆S = 0 or a creation of two
magnons in two different hexagons, ∆S = ±1. Right panel: three-center
magnon. Here, the creation of three magnons in three different hexagons gives
∆S = 0, whereas three magnons in the same hexagons yield ∆S = ±3. Note
that for the ∆S = ±1 / ∆S = ±3 cases only one of the two possible spin-flip
pictures is sketched. Reprinted with permission from Ref. [1].
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Figure 6.1: Structural distortion and spin freezing on the kagome
lattice. Structures are based on Refs. [19, 21, 23, 42].



6 Results III: Averievite

This chapter is a modified version of the author’s publication (Ref. [2],
main text and supplemental materials).1

Increasing the distortion of the kagome lattice further, see Fig. 6.1, in this
chapter, the physics of Cu5−xZnxV2O10(CsCl) is explored by employing
THz time-domain spectroscopy (THz-TDS). Of particular interest here
are magnetic resonances [232, 233] that are induced by the magnetic
field of the THz light over a Zeeman torque. When probed by THz-TDS
these excitations show up as a free induction decay with a character-
istic time scale [62, 66–69, 93, 234, 235]. For x = 0, Cu5V2O10(CsCl),
multiple sharp resonance modes were observed that develop with the
onset of short-range magnetic interactions (TSR ≈ 60 K) with pronounced
extended-time oscillations, a fingerprint of magnetic THz resonances
[68, 69]. The magneto-THz investigation further clarifies the magnetic
origin of these features. As frustration disturbs the ordered ground state
in Zn-substituted Averievite (undistorted kagome lattics), magnetic res-
onances get suppressed, leaving a featureless response (other than the
electronic/phononic background) reminiscent of quantum spin liquids
[15, 16]. The false-contour plot of THz IA in Fig. 6.2d summarizes the
results. It will be shown that THz IA captures magnetic and structural
phases successfully. Note that if not particularly indicated, measurements
are performed on powder samples.

Abstract: Time-domain magneto-THz spectroscopy is utilized to study
1"Magnetic terahertz resonances above the Néel temperature in the frus-

trated kagome antiferromagnet averievite", Phys. Rev. B 105, L060410
(2022)
co-authored with Seulki Roh, Andrej Pustogow, Hong Zheng, John F. Mitchell,
Martin Dressel.
Reprinted with permission from Ref. [2]. Copyright (2022) by the American Physi-
cal Society. Some passages have been taken verbatim, others are edited/ expanded.
There will be no additional citation or other marks in the text for verbatim copied
texts or edits from Ref. [2].
Author contributions: T.B. performed the THz and ESR measurements and
analyzed the data. T.B. and S.R. performed the magneto-THz measurements.
J.F.M, H.Z. grew the samples and did the structural/ magnetic characterization.
A.P., J.F.M. initiated the project. T.B. wrote the manuscript with input from all
authors. S.R., M.D. supervised the project.
Additional material in this chapter: Infrared measurements were performed
within the scope of Veit Kilian Kutzner’s Bachelor’s thesis [231], supervised by
Tobias Biesner. Dielectric measurements were performed by Tobias Biesner. Addi-
tional magnetic and structural characterizations are provided by John F. Mitchell.
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the frustrated magnet Averievite Cu5−xZnxV2O10(CsCl). Pronounced
THz resonances are observed in unsubstituted samples (x = 0) when cool-
ing below the onset of short-range magnetic correlations. The influence of
external magnetic effects confirms the magnetic origin of these resonances.
Increasing Zn substitution suppresses the resonances, as frustration effects
dominate, reflecting the non-magnetic phases for x > 0.25 compounds.
The temperature evolution of the THz spectra is complemented with
electron spin resonance spectroscopy. This comparison allows a direct
probe of the different contributions from magnetic order, frustration, and
structural properties in the phase diagram of Averievite. The results
illustrate the effect of magnetic interactions in THz spectra of frustrated
magnets.

6.1 Introduction of the material

Averievite, Cu5V2O10(CsCl), constitutes a very particular case [23, 236–
238] because a frustrated Cu3O2Cl kagome layer is sandwiched between
CuVO3 honeycomb sublattices [see Figs. 6.2a-c]. The coexistence of
a second distinct layer offers two distinguishable copper sites with a
square planar and a trigonal bipyramidal coordination for the kagome
and honeycomb layers, respectively. Above T = 310 K, the trigonal
P 3̄m1 structure features an isotropic kagome network. However, upon
cooling, the system enters a monoclinic P21/c spacegroup, distorting
the kagome geometry. The second transition occurs, below TS = 127
K, to an unresolved structure [23]. Susceptibility measurements reveal
strong antiferromagnetic couplings with a Curie-Weiss temperature of
ΘCW = 185 K.

However, the compound freezes into long-range order only below TN =
24 K, suggesting a moderate degree of frustration and the onset of
short-range magnetic correlations well above TN (see Fig. 6.2d). The
magnetic entropy assigned with this transition (∆Smag = 1.1 J/mol K)
represents only 3.8 % of the expected R ln(2), pointing to remaining
spin fluctuations even in the ordered phase. Moreover, susceptibility
measurements do not show any dependence on the cooling protocol
(field-cooled/ zero-field-cooled data), excluding the possibility of a spin-
glass transition [23]. Theoretical investigations suggest a herringbone

Page 141



6 Results III: Averievite

O

THz resonance

α(ω, T)dω

(d)

Cu5-xZnxV2O10(CsCl)

Figure 6.2: Phases of the Averievite Cu5−xZnxV2O10(CsCl). The P 3̄m1
structure is found for x = 0 only for T > 310 K while for x = 1 in the
entire temperature range. (a) A single unit cell representation. Two different
in-plane (ab) sheets are stacked along the c direction. One is the kagome
structure (b) composed of Cu atoms and the other is a honeycomb lattice
(c) consisting of V and Cu. Overall, Averievite crystallizes in alternating
kagome and two honeycomb lattices. (d) Structural and magnetic properties
of Averievite. TS = 127 K, structural transition; TSR ≈ 60 K, onset of short-
range correlations; TN = 24 K, long-range order. False-color plot is based
on the integrated absorption coefficient

∫
α(ω, T ) dω obtained for different Zn

concentrations (indicated by vertical arrows at the top). Dark green points:
Onset of magnetic THz resonances. Reprinted with permission from Ref. [2].
Copyright (2022) by the American Physical Society.

Page 142



310 K

P21/cP3m1

Cs V Cuk1

Cuk2 Cuh Cl

O

127 K

Figure 6.3: Crystal structures and temperature-dependent phases of
Cu5V2O10(CsCl). Upon cooling below T = 310 K, the crystal structure
(P 3̄m1) undergoes a monoclinic distortion to P 21/c structure. Below TS =
127 K there is an unknown structure. Structures are based on Ref. [23].

valence band solid [147, 239]. Magnetic nearest-neighbor coupling was
calculated to be the dominant magnetic exchange of J1 = 227.8 K within
the kagome layer (in-plane) and one along the out-of-plane, between
kagome and honeycomb lattice, as J2 = 51.7 K [239], consistent with
the experimentally determined Curie-Weiss temperature [23]. Further
magnetic coupling between the two kagome layers is sufficiently suppressed
due to intercalated CsO2 sites.

An additional degree of freedom is provided by chemical substitution;
to that end different strategies were explored theoretically and experi-
mentally [23, 239, 240]. Among them, exchanging Cu by non-magnetic
Zn in Cu5−xZnxV2O10(CsCl) was found to replace the copper ions in
the honeycomb layers. This substitution reduces the magnetic interlayer
coupling preserving the highly frustrated S = 1/2 kagome physics with
no indication of long-range order or spin-glass behavior down to T = 2 K.
Furthermore, in Cu4Zn1V2O10(CsCl) (x = 1) the monoclinic distortion
upon cooling is absent, such that the compound remains in the more
symmetric P 3̄m1 structure with an undistorted kagome lattice down
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to the lowest measured temperature [cf. Fig. 6.2d]. The specific heat
shows a gapless behavior with a Cp/T ∼ T 2 temperature dependence
below T = 10 K [23]. This not only promotes Zn-substituted Averievite
as a QSL candidate, but the entire Averievite family can be taken as a
platform for investigating the magnetic ground state under frustration.

6.2 Experimental methods

Powder preparation Averievite powders of various substitution rates
(x = 0, 0.25, 0.50, 0.75, 1, 1.25) were prepared and characterized by J.F.
Mitchell and H. Zheng as described previously [23]. For THz measure-
ments pellets with a typical thickness of 100 µm, weight of 10 mg and
diameter of 5 mm were pressed from fine powder (see appendix for further
information). For FTIR reflectance measurments thicker pellets (around
4 mm thickness, 18 mg weight and 3 mm diameter) were prepared. Di-
electric measurements were performed on thicker samples as well (around
2 mm thickness, 10 mg weight and 3 mm diameter).

Single crystal synthesis The single crystals were provided by Pas-
cal Puphal (Max Planck Institute for Solid State Research, Stuttgart,
Germany). The synthesis remains to be published.

THz-TDS measurements The THz measurements were performed in
transmission geometry. All specimens were measured with a time-domain
THz spectrometer (TeraView TeraPulse 4000) attaching a homemade
He-bath cryostat and a superconducting magnet (Oxford Instruments).
The magneto-THz experiments were performed in Faraday geometry (see
appendix for further information). The recorded time varying electric
fields were further analyzed by fast Fourier transformation (FFT) to obtain
the frequency-domain spectra. From that the absorption coefficient α(ω) is
calculated via the well-known Beer-Lambert law: α(ω) = − ln{Tr(ω)}/d,
where Tr is the transmittance and d the sample thickness [82]. The
integration of α(ω) over frequency,

∫
α(ω) dω, thus is proportional to the

optical spectral weight [81].
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ESR measurements Furthermore, electron spin resonance (ESR) mea-
surements were conducted via a continuous-wave X-band spectrometer
(Bruker EMXplus) equipped with a He-flow cryostat (Oxford Instruments,
ESR 900) at 9.8 GHz. The spin susceptibility χe

s is obtained by double
integration of the derivative of the microwave power with respect to the
magnetic field, dP/dH, typically recorded as a function of temperature
T .

FTIR measurements FTIR measurements were performed in reflec-
tion geometry (nearly normal incidence) on thick pellets (several mm
thickness) employing a Bruker Vertex 80v spectrometer, equipped with
an Hyperion infrared microscope, and a custom-made LiHe-flow cryostat
(330 K to 10 K). Measurements over the accesible spectral range were suc-
cessively carried out using a Bolometer and MCT, InSb, and Si detectors.
The spectra were referenced against a gold mirror up to the near-infrared
range and a silver mirror above in order to avoid the plasma edge of
gold. Data are corrected by the mirror reflectance. A Kramers-Kronig
transformation was used to obtain the optical conductivity, σ1 [81, 82].

Dielectric measurements Dielectric spectroscopy was performed in
the range 40 Hz to 10 MHz using an Agilent 4294A complex impedance
analyzer together with a LiHe-flow cryostat (325 K to 6 K). The sam-
ples were sandwiched between electrodes (gold wires and silver paste),
i.e., dielectric in a capacitor. Spectra were corrected by the relevant
compensation curves.
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6.3 Structural and magnetic characterization

A comprehensive structural and magnetic characterization is presented
in Ref. [23] and is summarized above. Here, additional details, provided
by J.F. Mitchell, are going to be presented. Corroborating the THz-TDS
measurements (vanishing magnetic resonance for x > 0.25), the magnetic
characterization shows two distinct regimes with a crossover in between
x = 0.25 and x = 0.5 (see the Curie-Weiss temperature for different Zn
substitutions in Fig. 6.4).

Figure 6.4: Curie-Weiss temperature extracted from the susceptibility
measurements. The magnetic characterization shows a clear drop in the
Curie-Weiss temperature for x > 0.25, in accordance with the THz-TDS study.
Provided by J. F. Mitchell.

In Fig. 6.5 and Fig. 6.6 results of synchrotron x-ray powder diffraction
experiments are shown. At room temperature, the P21/c phase appears
in the diffraction patters through x = 0.25 (peaks around 2Θ ≈ 6.3◦,
Fig. 6.5). It is absent at x = 0.5 and above. However, samples beyond x =
0.2 are biphasic, making an exact determination of the phase boundaries
complicated. Nevertheless, based on the diffraction data at T = 100 K
the unknown low-temperature phase is unlikely for x > 0.2. For higher
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Zn concentrations, the P 3̄m1 phase persist in the whole temperature
range.

Figure 6.5: Synchrotron x-ray powder diffraction data at T = 300 K.
Shown are different Zn substitutions (x = 0, 0.025, 0.05. 0.1, 0.2, and x = 0.25).
At 300 K, the P 21/c phase appears through x = 0.25 (2Θ ≈ 6.3◦) and is absent
for x = 0.5 and above (not shown). Provided by J. F. Mitchell.

The phase diagram, deduced from synchrotron x-ray powder diffrac-
tion, Fig. 6.7 resembles the color coding of the IA-based false-color plot
(Fig. 6.2). Since the IA is sensitive to structural properties through
spectral weight shifts, the false-color plot can trace the phase transitions.
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Figure 6.6: Synchrotron x-ray powder diffraction data at T = 100 K.
Shown are different Zn substitutions (x = 0, 0.025, 0.05. 0.1, 0.2, and x = 0.25).
Beyond x ≈ 0.2, the unknown low-temperature phase disappears. Provided by
J. F. Mitchell.

Figure 6.7: Structural phases for different Zn substitutions as seen
from x-ray powder diffraction. The blue area represents the unknown
low-temperature phase. Provided by J. F. Mitchell.
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6.4 Phononic and dielectric properties

Results of the FTIR spectroscopy are shown in Fig. 6.8 and Fig. 6.9.
Focusing on the far-infrared reflectance, Fig. 6.8 several phonon modes
were observed. They exbibit no pronounced temperature dependence, but
small blueshifts and sharpening upon cooling. As well, no clear change
through the structural transitions (T = 127 K, 310 K) in the infrared
range nor any indication of Brillouin zone folding, i.e., splitting/ newly
appearing modes in the ordered phase (TN = 24 K) were observed for
the x = 0. Furthermore, there are minor variations for increasing Zn
concentrations (modes around 200-300 cm−1), i.e., a small blueshift of
the modes around 200 cm−1 and suppression of a mode at around 300
cm−1. Perhaps, this might originate from the different space group for x
= 1 samples.

Fig. 6.9 displays reflectance and obtained optical conductivity in the entire
measured frequency range. Besides the phonos in the far-infrared range,
the first electronic transitions can be seen at around 6000 cm−1 (0.74
eV) with an onset at around 2500 cm−1 (0.3 eV). However, comparing
the optical conductivity with the calculated bandstructure of Ref. [23]
the calculated bandgap (assuming an onsite Coulomb repulsion of U = 6
eV): 1.4 eV for x = 0 and 1.7 eV for x = 2 Averievite does not match
with the experimental observation. This could have several reasons. For
instance, the onsite Coulomb repulsion could be overestimated in the
calculation. On the other hand, it might be possible that the observed
electronic transition at 0.3 eV is in fact related to ingap states. Note that
the intensity (below 200 Ω−1 cm−1) is comparably low for an intersite
transition/ optical gap. However, at this point scattering effects due to
the powder cannot be excluded. While at low energies (far-infrared and
THz range) scattering should not be involved, at higher energies, the
wavelength can be on the order of the grain size (10000 cm−1 corresponds
to 1 µm). Furthermore, there are several small features at around 1500,
1860, 2835, 2913, 3250 cm−1. It is possible that these stem partially from
the vibrations of the lighter ions (O, Cl). Moreover, there are atmospheric
contributions, for instance, H2O, CO2 in this frequency range as well. It
is likely, even after thorough evacuation of the cryostat, that the powder
still contains small concentrations of these.
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Figure 6.8: Reflectance in the far-infrared infrared range (FTIR spec-
tra) for selected Zn substitutions. Several phonon modes are observed
(dashed lines). In contrast to the THz phonons, the infrared modes do not
show any strong temperature dependence. Slight variations with increasing
Zn substitution are marked by dashed red lines while the dashed black lines
represent modes that remain substitution independent. Data recorded by V. K.
Kutzner under supervision of T. Biesner, first shown in [231].
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Figure 6.9: Reflectance and optical conductivity for selected Zn sub-
stitutions. The red dashed line represents the onset of the first electronic
transition. Black dashed line: center frequency. Data recorded by V. K. Kutzner
under supervision of T. Biesner, first shown in [231].

Furthermore, dielectric measurements at different frequencies (kHz to
MHz) have been performed on powder samples. Fig. 6.10 shows the
temperature-dependent electric permittivity at 1 MHz. For the x = 0
compound, a pronounced dielectric anomaly, i.e., a peaklike structure,
centered at around T = 80 K emerges upon cooling. It shows a weak
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hysteresis (cooling vs. warming). For increasing Zn substitution, the
peak becomes suppressed and shifts toward lower temperatures, reaching
around 30 K for x = 1. Note that the high-temperature response (a
strong increase of the electric permittivity above 150 K) was not repro-
ducible for different pellets/ contacts and therefore will not be discussed
further. In general deviations in the high-temperature responses and a
pronounced frequency dependence can be seen for samples causing an
electrode polarization between the electrode/ sample interface [241, 242];
however, the reason in this case remains unknown.

The peaklike response is further analyzed with a Curie-Weiss fit of the
high-temperature asymptotic (below 100 K): ϵ1 = A + C

T −TC
, where

C is Curie-Weiss constant, TC the transition temperature, and A a
constant offset. Overall, the high-temperature asymptotic of the dielectric
anomaly fits a Curie-Weiss law for x = 0 and lower Zn substitutions,
x < 0.75, over an extended temperature range. However, increasing
the Zn concentrations, the agreement weakens. Parameters of the fits
are shown in Fig. 6.11. For increasing Zn substitution, the TC and C
decrease, i.e., the dielectric anomaly shifts to lower temperatures and
loses intensity.

Fig. 6.12 shows the measurements over an extended frequency range,
between 1.8 kHz and 2 MHz. In general, no pronounced dispersion is
observed, but a subtle shift of the peaklike low-temperature anomaly to
higher temperatures and a decrease of intensity for increasing frequency.
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Figure 6.10: Dielectric characterization of Averievite (temperature
sweep). Electric permittivity as a function of temperature at 1 MHz. (a) For
x = 0 a pronounced peak can be seen at around T = 80 K. As well it shows a
slight hysteresis. (b-f) For higher Zn substitutions, the low-temperature peak
gets strongly suppressed/ broadens and shifts to lower temperatures (around
30 K for x = 1). Furthermore, no hysteresis can be seen for x > 0.25. The
orange dashed line represents a Curie-Weiss fit of the high-temperature wing.
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Figure 6.11: Parameters of the Curie-Weiss fit. With increasing Zn
substitution, the crossover temperature TC decreases, resembling a shift of the
T = 80 K peak (x = 0) to lower temperatures. The reduction of the constant
C can be interpreted as a reduced electric dipole moment.
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Figure 6.12: Dielectric characterization of Averievite (frequency sweep).
(a-f) Electric permittivity as a function of temperature between 1.8 kHz and
2 MHz. In general, the low-temperature (T = 80 K) peak shows only a weak
dispersion, in contrast to the response over 100 K.
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6 Results III: Averievite

To confirm the dielectric spectroscopy of powder samples, the measure-
ments were repeated on single crystals (x = 0 and x = 1). Results are
shown in Fig. 6.13. For x = 0 samples, Fig. 6.13a, the dielectric anomaly
is observed as well. However, the peaklike contribution is centered at
slightly lower temperatures (T = 57 K). Focusing on the x = 1 spectra,
Fig. 6.13b, the feature is significantly suppressed and shifted to lower fre-
quencies. Furthermore, the frequency dependence is analyzed for several
selected temperatures. While the permittivity of x = 0 Averievite does
only show a negligible frequency dependence, see Fig. 6.13c, the x = 1
compound shows a small increase in permittivity at lower frequencies
(ϵ1 ≈ 12 at 1 MHz compared to ϵ1 ≈ 14 at 10 kHz), Fig. 6.13d. Overall,
the dielectric investigation on single crystals confirms the powder results,
presented above.
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Figure 6.13: Dielectric characterization of single-crystalline Averievite.
(a,b) Electric permittivity as a function of temperature at 1 MHz for x = 0 and
x = 1 samples. Corroborating the previous measurements on powder samples
(see results above), x = 0 single crystals show a dielectric anomaly (peaklike
contribution) at around T = 57 K. For x = 1 the contribution is significantly
suppressed and shifted to lower temperatures (T = 23 K). Frequency-dependent
electric permittivity for (c) x = 0 and (d) x = 1 samples.

The observed dielectric anomaly resembles the peaklike behavior in per-
mittivity generally observed at the ferroelectric phase transition. However,
the P 21/c and P 3̄m1 phases are centrosymmetric, and thus forbid electric
polarization. Nevertheless, the unknown low-temperature phase might in-
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duce a distortion in x = 0 and x = 0.25 samples. In fact, such distortions
are discussed for other kagome materials (see Ref. [147]). Furthermore,
a dielectric anomaly is found for the case of Y-kapellasite as well (not
presented). To understand the anomaly further investigations of the
low-temperature structure, for instance, a comparison with single crystal
XRD are necessary. This remains as an outlook for a further study.
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6.5 Kagome and honeycomb copper sites:
ESR characterization

𝛘

TN

dP
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H
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Cu5-xZnxV2O10(CsCl)

x=0

(a) (b)

(c)

Figure 6.14: X-band ESR spectra of Averievite with x = 0 and x = 1.
(a,b) Derivative of the absorbed microwave power with respect to the magnetic
field recorded at different temperatures, as indicated. Upon cooling below
60 K, several strong Lorentzian modes are observed for x = 0. The spectral
weight is significantly suppressed for the x = 1 compound. Panel (c) shows
the electron-spin susceptibility χe

s(T ) for the x = 0 compound obtained from
ESR measurements. Vertical black dashed lines represent the TN = 24 K and
TSR ≈ 60 K. Colored dashed line represents the change of trend under the onset
of short-range magnetic correlations. Reprinted with permission from Ref. [2].
Copyright (2022) by the American Physical Society.

To characterize the magnetism of Averievite, temperature-dependent
ESR measurements in the X-band frequency were performed for x = 0
and x = 1 powders. The results are presented in Figs. 6.14a,b. In the
x = 0 sample, three distinct Lorentzian modes can be clearly identified
at T ≈ 60 K, and their intensity strongly increases upon cooling. This
splitting indicates the different magnetic contributions from kagome and
honeycomb copper sites. Substituting Cu by Zn (x = 1) leads to an overall
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suppression of spectral weight, i.e., a considerable change of magnetism
for Zn-substituted samples. This result is in accord with susceptibility
measurements [23], reporting a suppression of the magnetic order as the
Zn concentration increases. Fig. 6.14c displays the temperature-dependent
electron-spin susceptibility χe

s for the x = 0 compound, extracted from
the ESR spectra. When T decreases, χe

s(T ) starts to rise around 60 K,
indicating the onset of short-range magnetic correlations/ short-range
order. It further amplifies close to TN = 24 K as magnetic interactions
stabilize. These results yield two characteristic temperatures for magnetic
properties of x = 0 Averievite: the onset of short-range correlations,
TSR ≈ 60 K, and long-range order, TN = 24 K.

6.6 Magnetic resonance in Averievite probed
by THz-TDS

The frequency-dependent absorption coefficient α(ω), obtained by THz-
TDS, is presented in Fig. 6.15 for different Zn substitutions x. Overall,
the spectra are characterized by an insulating response. At elevated
temperatures, three maxima are present at around 15, 28, and 50 cm−1

for the x = 0 compound [Fig. 6.15a]. These features most likely stem
from low-energy phonon modes because at THz frequencies no electronic
contributions are expected due to the highly insulating nature of Averievite
(see electronic responses above). Furthermore, these phonon modes are
affected by Zn substitution (see Fig. 6.18). Here, the center frequencies
are slightly higher compared to the unsubstituted compound. Especially,
the 28 cm−1 peak exhibits a slight blueshift, likely due to the combined
effect of Zn substitution on the lattice and different space groups of
the x = 0 and x = 1 samples. The blueshift is expected due to the
reduced bonding length (increased bonding force) of Zn compared to
Cu. Therefore, it can be speculated that the phonons involve honeycomb
and kagome sites (out-of-plane vibrations) or are associated with the
distortion of the kagome lattice.

First the x = 0 spectra, displayed in Fig. 6.15a, are going to be discussed.
It can be seen that the two latter peaks exhibit a significant temperature
dependence when cooling down to T ≈ 100 K. While the 28 cm−1 mode
hardens, the 50 cm−1 feature moves to lower frequencies resulting in a
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6 Results III: Averievite

broad contribution centered at around 40 cm−1. This broadening of the
phonon modes upon cooling implies a lattice instability in the vicinity of
the structural transition (TS = 127 K). The broad phonon contribution
sustains its frequency and its intensity continuously grows with cooling
down to 1.55 K.

Drastic changes are observed in α(ω) when the temperature is reduced
below 60 K, where short-range magnetic correlations appear: multiple
well pronounced and sharp peaks emerge distributed over the entire THz
range down to 19 cm−1. Given the spectral form and rather abrupt tem-
perature evolution of these features, a pure phononic origin seems very
unlikely. More details will be discussed later. Interestingly, samples with
intermediate substitution [x = 0.25 and 0.5, presented in Figs. 6.15b,c]
undergo a comparable phonon evolution implying that the structural
instability still resides in these samples, possibly exhibiting a similar
structural phase transition (weaker but with the same trend as in x = 0).
The sharp resonances of the x = 0 sample, however, are totally absent
when Zn substitution exceeds x = 0.25; cf. Figs. 6.15b-d. For high
concentrations x = 1 and x = 1.25 [Figs. 6.15e,f], only a negligible tem-
perature evolution of the phonon modes is observed, suggesting that no
structural transition occurs with cooling. This is in accordance with the
synchrotron powder diffraction [23]. These trends can also be followed in
the integrated absorption coefficient,

∫
α(ω, T ) dω/

∫
α(ω, T = 295 K) dω,

displayed in Fig. 6.15g. Indeed, for the x = 0 sample the temperature
dependence clearly changes around TS = 127 K. Furthermore, the in-
tegrated absorption coefficient increases below TN = 24 K indicating a
close connection to the sharp peaklike features and the magnetic degree
of freedom observed in the unsubstituted sample. For higher substitution
rates, the absorption curves are rather monotonic without any noticeable
change. This also reflects the fact that Zn substitution suppresses the
structural transition as well as magnetic order.

In searching for the origin of the sharp low-temperature features of the
x = 0 sample, the electric field of transmitted THz light in the time domain
will be analyzed in more detail, Fig. 6.16a. At ambient temperature, the
spectrum consists of the main pulse of the THz electric field, centered at
around 3 ps. Decreasing the temperature below TSR ≈ 60 K, additional
oscillation features appear with longer periods (about 30 ps). Cooling
down further to T = 1.55 K, these oscillations become more prominent.
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Especially below TN = 24 K, an additional group of oscillations can be
identified between 30 to 35 ps, increasing the sharpness of the peaklike
features in Fig. 6.15a. The FFT analysis clearly shows that the phononic
high-temperature response, i.e., the 15, 28, and 50 cm−1 features, is
rather confined to the main pulse. However, the multiple sharp peaks in
the low-temperature spectra correspond to the pronounced extended-time
oscillation of the electric field. For the x = 1 sample these oscillations
are absent, Fig. 6.16b, rendering a purely phonic response.
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Figure 6.15: THz-TDS spectra (absorption and IA). (a-f) Absorption
coefficient, α(ω) spectra of a series of Cu5−xZnxV2O10(CsCl) powder samples
with varied Zn contributions, obtained from THz-TDS. At room temperature,
all compounds contain similar peaks at around 15, 28, and 50 cm−1. Upon
cooling through the structural transition, the lower concentrations x < 0.75
show pronounced changes. For x = 0 several sharp resonances develop below 60
K. (g) Frequency-integrated absorption coefficient (10 to 50 cm−1) as a function
of temperature for representative substitution, normalized by the 295 K data.
Two vertical dashed lines represent TN and TS , respectively. Reprinted with
permission from Ref. [2]. Copyright (2022) by the American Physical Society.
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For the x = 0 compound, a three-dimensional false-color plot of α(ω, T )
is presented in Fig. 6.16c. Here, one can clearly separate the effects of the
structural transition at TS = 127 K, the spectral evolution in the vicinity
of the short-range magnetic correlations, TSR ≈ 60 K, and the one related
to long-range order below TN = 24 K. The structural transition leads
to a redistribution of spectral weight from the two phonon modes at 28
and 50 cm−1 to a new mode at 40 cm−1. At TSR the sharp peaklike
contributions appear and becomes stronger toward lower temperatures.
Some of the peaks (for instance, the one around 30 cm−1) show additional
sharpening when entering the long-range magnetically ordered phase
below TN . In general, however, only monotonic changes can be observed
at TN . This is reminiscent of the case of Y-kapllasite, presented in the
previous chapter.

It is notable that the sharp spectral peaks – due to extended-time os-
cillations – emerge at the same temperature as magnetic short-range
correlations. This fact is taken as strong evidence for the magnetic origin
of these features. Indeed, THz-driven spin precession (magnetic reso-
nance) has recently been reported in several magnetically ordered systems
[66–69, 93, 235]. Here, the THz magnetic field adds a torque to the
spins, resulting in a coherent precession of the magnetic moments. The
emitted electromagnetic wave can be detected via a time-gated detection
scheme, which allows to distinguish electronic and magnetic contributions
by different timescales. Although the total magnetization vanishes for
antiferromagnetic systems, the magnetic resonance is still expected to be
driven by the staggered magnetic component, i.e., the Néel order n [75].
The electromagnetic field emitted during the free induction decay has a
distinguishable oscillation period regarding the decaying time of the pre-
cession, which is on the order of several tens of ps, whereas the electronic
response of the material is confined to shorter times of the incident THz
light (a few ps) [62]. The time-domain spectra of the x = 0 compound
[Fig. 6.16a] show such a pronounced extended-time delay signal. The
close temperature relation with the magnetic characteristic temperatures
(TSR and TN ) supports this idea.

At this point, a possible magnetoelastic coupling mechanism cannot be
fully excluded from being involved. Such a scenario is used to explain
splitting of the phonons under the emergence of magnetic order in other
systems [243, 244]. In the present case, a lattice vibration might mod-
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6 Results III: Averievite

ulate the spin configuration, i.e., a transient change of the distortion
of the kagome lattice/ coupling of kagome and honeycomb copper sites.
Especially, the contributions of out-of-plane (kagome-honeycomb) modes
might favor the latter. However, in distinction from a magnetic resonance,
these splittings are expected to be, most likely, continuously developing
from the original phonon modes, which is not the case for Averievite [cf.
Fig. 6.16c]

Another possibility is Brillouin zone folding with the development of a
magnetic supercell at TN [245]. This could as well result in new THz
features as the phonon wavelength increases, i.e., under unit cell doubling.
Similar observations have been made, for instance, at the spin-Peierls
transition [246] or charge order [247]. However, the structural/ magnetic
characterizations, presented above, do not give any indications of such
cases.

Furthermore, the results of the ESR measurements on the x = 0 com-
pound match well with the magnetic temperature scale; the absorption
starts to appear at TSR and amplifies further at TN . In addition, multiple
Lorentzian contributions were observed in ESR result. In this case, the
system might contain distinct magnetic contributions, i.e., multiple mag-
netic channels (different Cu sites). Interestingly, in the THz measurements
multiple resonances were observed as well, inferring the superposition of
several oscillations in the time-domain signal.
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Figure 6.16: Time-domain THz electric field and false-color plot of α.
(a) and (b) represent the x = 0 and x = 1 samples of Cu5−xZnxV2O10(CsCl).
The insets are the magnified views of the main echo signals. Below 60 K
pronounced extended-time oscillations develop for the x = 0 sample [shaded
area in (a)], well separated from the main pulse. For the x = 1 sample these
oscillations are absent. (c) False-color plot of the absorption coefficient α(ω, T )
spectra for the x = 0 sample. Three lines are representing the structural
transition at TS = 127 K, onset of short-range magnetic correlations at TSR ≈
60 K, and magnetic long-range order at TN = 24 K, respectively. The dashed
lines trace the 28 and 50 cm−1 modes. Reprinted with permission from Ref. [2].
Copyright (2022) by the American Physical Society.
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6.6.1 Magneto-THz spectroscopy
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Figure 6.17: Results of the magneto-THz measurements. (a-d) Evolution
of the frequency-dependent absorption coefficient α(ω) under external magnetic
field for Cu5V2O10(CsCl) at T = 1.6 K. The black dashed lines indicate those
modes which do not shift in field, but only modify their intensity. The ones
with both intensity and frequency shifts are marked at the center frequency at
zero field (blue) and 10 T (red) with dashed lines [panel (b,c)]. Reprinted with
permission from Ref. [2]. Copyright (2022) by the American Physical Society.

To further confirm the origin of the low-temperature resonances in un-
substituted Averievite, magneto-THz measurements were carried out; the
results are presented in Fig. 6.17. Some of the sharp features clearly shift
to lower energies with magnetic field [see panels (b,c)]. This shift can
already be concluded from modifications in the time-domain oscillations
(see the appendix, Fig. 6.19). Further investigations are necessary to
firmly conclude on the final reason for the redshift under external mag-
netic field. There are different possibilities such as enhanced magnon
scattering under magnetic field [248, 249] or a slight adjustment of the
internal staggered field along the external static field and thus a change
in the resonance frequency and intensity. Importantly, the magneto-THz
measurements confirm the magnetic origin of the sharp resonances at
27.5 and 30 cm−1. Furthermore, the simultaneous appearance of multi-
ple low-energy resonances far below the structural transition suggests a
common magnetic origin of all resonances.
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6.7 Discussion

Based on the comprehensive THz study understanding of the structural
and magnetic properties of Averievite from a spectroscopic view is gained.
Especially, with the false-color plot of

∫
α(ω, T ) dω, Fig. 6.2d, a good

agreement to previous static magnetometries and structural characteri-
zation [23] is found. The transition at TS = 127 K is indeed detected in
the phonon spectra, where features merge and new phonons appear for
the x = 0 sample. For intermediate substitutions (x = 0.25 and 0.5), a
similar phonon evolution can be revealed, reminiscent of the structural
phase transition in the x = 0 specimen. However, the phonon modes
in Cu4ZnV2O10(CsCl) (x = 1) do not show any significant temperature
dependence, providing evidence that the structural transition is absent.
As far as the magnetic aspects are concerned, well pronounced magnetic
resonances are detected in the THz range for the x = 0 Averievite. It is
important to point out that these features concomitantly appear with the
onset of short-range magnetic correlations, even above the temperature
TN before long-range order is established. This indicates the existence of
strong magnetic interactions, i.e., paramagnons [157, 250]. The magnetic
features vanish with substitution as x > 0.25. Increasing the Zn content
further completely suppresses the magnetic order. The THz response
of x = 1 Averievite is not susceptible to an external magnetic field (see
Fig. 6.20), in conjunction with the expectation of QSLs [15, 16].

Previous DFT calculations suggest that Zn substitution specifically re-
places the Cu ions within the honeycomb lattice [23]. In return, this
substitution reduces the magnetic coupling between the adjacent kagome
and honeycomb lattice leading to magnetically isolated kagome layers.
Here, the magnetic fluctuations become stronger as the highly frustrated
kagome layers decouple from each other, resulting in a suppression of
magnetic order. The structural transitions are suppressed as well. Thus,
the x = 1 system remains in the P 3̄m1 space group down to the lowest
measured temperatures without magnetic ordering. These results are well
corroborated by the THz measurements, revealing the entanglement of
structural an magnetic factors in the phase diagram of Averievite.
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6.8 Conclusion and outlook

In summary, extensive magneto-THz measurements on Averievite Cu5−x-
ZnxV2O10(CsCl) were performed. Here, magnetic resonances for the
unsubstituted compound due to the spin precession induced by THz
light were detected. A rather wide temperature range of magnetic short-
range correlations TSR ≈ 60 K above long-range order TN = 24 K was
found. In fact, the THz resonances are coupled to the short-range order,
similarly to paramagnons. For samples substituted with a higher Zn
concentration, frustration effects of the kagome lattice take over, leading
to a suppression of the magnetic resonances; they vanish when exceeding
x = 0.25 substitution. Corroborating the magneto-THz results the ESR
investigation shows a suppressed spectral weight as well. With the com-
prehensive information provided by THz spectra obtained in time domain
magnetic and structural transitions of Averievite Cu5−xZnxV2O10(CsCl)
can be identified. This study sheds light on the way magnetic interactions
affect THz spectra and magnetization dynamics of frustrated magnets.
Moreover, tracing the magnetic resonances and their dynamics gives an
augmented, spectroscopic aspect of frustrated magnetism in the vicinity
of QSLs proving the efficacy of THz time-domain spectroscopy in this
field.
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6.9 Appendix

In this appendix additional information (mainly from Ref. [2]) are pre-
sented. This contains extended data sets of the (magneto) THz-TDS
measurements, details of the pellet preparation, and information regarding
the reproducibility of the measurements.

6.9.1 Zinc substitution

In order to investigate the influence of Zn substitution on the structural
properties, room temperature measurements were performed. Results
are shown in Fig. 6.18. Here, the phononic features are effected by
substituting Cu to Zn. For instance, the 28 cm−1 mode shows a blueshift
with increasing the Zn content. The feature at around 50 cm−1 sharpens
for higher Zn concentrations as well. These changes are likely a combined
effect of the smaller atomic diameter of Zn compared to Cu causing a
stronger bonding force and the different space groups of the samples.
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Figure 6.18: Zn dependence of THz phonons. Room temperature (T =
295 K) absorption coefficient for different Zn concentrations. Reprinted with
permission from Ref. [2]. Copyright (2022) by the American Physical Society.
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6.9.2 Magneto-THz measurements

Magneto-THz measurements were performed in Faraday geometry (k⃗ ∥
H⃗ext, H⃗T Hz ⊥ H⃗ext, where k⃗ is the wave vector of the incident THz light,
H⃗ext the external magnetic field, and H⃗T Hz the magnetic component
of the THz light) at a base temperature of T = 1.6 K. The spectra are
presented above. The time-domain electric fields for the x = 0 sample
are shown in Fig. 6.19 up to the highest applied field of 10 T. While the
main signal below 5 ps shows only minor intensity variations [Fig. 6.19a],
systematic changes in the extended-time oscillations are observed under
magnetic field [Figs. 6.19b,c]. Furthermore, results for the x = 1 sample
are shown in Fig. 6.20 in which no changes under magnetic field are
observed.
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Figure 6.19: Time-domain electric field in magneto-THz measurements.
(a-c) Electric field as a function of time delay for the x = 0 compound at
T = 1.6 K. Reprinted with permission from Ref. [2]. Copyright (2022) by the
American Physical Society.
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Figure 6.20: Magneto-THz measurements of the x = 1 compound
at T = 1.6 K. (a) Time-domain spectra and (b) corresponding absorption
coefficient, α(ω). No systematic changes under magnetic fields up to 10 T are
observed. Reprinted with permission from Ref. [2]. Copyright (2022) by the
American Physical Society.

Even though, the observed shifts for x = 0 samples are rather small, the
field dependence was systematic and reproducible (see below). In fact, an
estimate of the relevant energy scales makes the small shift very plausible.
A shift of roughly 0.17 cm−1 up to 10 T was observed for the 30 cm−1

resonance. This corresponds to an energy of approximately 0.021 meV,
which is roughly 0.11 % of J1 ≈ 19.63 meV and 0.47 % of J2 ≈ 4.455 meV
[23, 239]. Although this shift is about one order of magnitude weaker than
the expected Zeeman energy (10 T · µB ≈ 0.579 meV) the difference is
not surprising. Perhaps demagnetization effects play a role for the powder
samples here. The field-dependent data at T = 13.7 K and 33 K are
presented below. In contrast to the observed magnetic field dependence
at T = 1.6 K, no significant shift in frequency can be see at elevated
temperatures. At 13.7 K the thermal energy (1.181 meV vs. 0.138 meV at
T = 1.6 K) is much higher than the magnetic field energy, therefore small
shifts as in the low-temperature data might be very difficult to observe
and remain for higher field ranges.
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Figure 6.21: Results of magneto-THz measurements for x = 0 sample
for different temperatures. (a-d) Field-dependent measurements were
performed at T = 13.7 K and T = 33 K. Here, no change under magnetic field
was observed.

6.9.3 Pellet preparation and reproducibility

All powders were thoroughly ground before pressing the pellets for the
optical measurements. Although the grain size is small compared to
the THz wavelength and therefore only negligible contribution due to
scattering is expected in the probed frequency range, several pellets were
compared to check the reproducibility of the spectroscopic features. As
well to exclude any effect of the random crystallographic orientation within
the powder, the THz measurements were repeated on differently prepared
pellets (grinding, pellet size, and thickness). A picture of prepared pellets
is displayed in Fig. 6.22.

In Fig. 6.23, the absorption coefficient obtained from THz-TDS measure-
ments at 1.6 K is shown for multiple pellets. 100 and 360 µm thick pellets
were measured inside the superconducting magnet. To compare with the
results shown above (blue curve, 114 µm thick pellet) the spectrum has
been scaled. Overall, the main features, including the assigned resonances
from the main text (15 to 50 cm−1), show well reproducible character-
istic frequencies and lineshapes. Note that the decreased signal inside
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Figure 6.22: Pressed Averievite pellets. (a) Pellets for THz-TDS measure-
ments on the sample holder. Thin pellets with a typical thickness of 100 µm
and a diameter of 5 mm were prepared from 10 mg powder. (b) Magnified view
of a 100 µm thick pellet showing a homogeneous and smooth surface. (c) Thick
pellet pressed for reflectance measurements (around 4 mm thickness, 18 mg
weight and 3 mm diameter).

the magnet compared to the measurements performed in a LiHe-bath
cryostat results in slight deviations at the low energies, around 10 cm−1.
Furthermore, magneto-THz measurements were repeated for the 360 µm
thick pellet (see Fig. 6.24). The behavior of the low-energy resonances in
magnetic field is almost identical for the different pellets. Albeit the fact
that the spectra might contain mixed responses from different crystallo-
graphic orientations, other effects from the powder can be excluded. Thus,
the time-domain spectra and the absorption coefficient reflect intrinsic
properties of the sample.
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Figure 6.23: Absorption coefficient for different pellets. Red and black
curves: 100 and 360 µm thick pellets used for magneto-THz measurements.
Blue curve: 114 µm thick pellet from the main text. For comparison, data
from the main text have been scaled. Reprinted with permission from Ref. [2].
Copyright (2022) by the American Physical Society.
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7 Conclusion

The kagome/ honeycomb lattice hosts a plethora of (frustrated) magnetic
ground states and rich physics in the vicinity of the quantum spin liquid
(QSL). As shown in this thesis the THz gap is the natural habitat for
many magnetic excitations. Here, spectroscopic resolution has greatly
advanced the information gained from static measurements. In combina-
tion with applied external magnetic field and low temperatures, optical
spectroscopy provides versatile research opportunities. It is demonstrated
that THz time-domain spectroscopy (THz-TDS) is a powerful tool to
study insulating quantum magnets in a table-top experiment. Besides
the sensitivity to structural and electronic properties, dynamic magnetic
properties can be probed. Especially the dynamic magnetic susceptibility
χ

′′

m(ω) encodes the magnetic responses. In addition to the spectroscopic
access, the time resolution can provide further information. However, due
to the small momentum of THz photon, it is believed that only the center
of the magnetic Brillouin zone can be probed (q ≈ 0). As demonstrated
here, under some conditions this restriction can be released, the full mag-
netic Brillouin zone becomes accessible (∆q ≈ 0): THz-magnetometry
can be used to probe the spin (magnon) density of states. This gives a
new aspect for probing magnetic properties in quantum magnets.

In the present material class, structural distortion is an auspicious tuning
parameter: it releases magnetic frustration in favor of exotic magnetic
order/ spin freezing. Although, in general, external pressure might be
used to tune the lattice degree of freedom, a spectroscopic investigation
covering the THz range under pressure remains elusive. Here the biggest
hindrance is the requirement for small samples sizes (µm range). A µm
focused beam is not achieved at THz energies and the diffraction limit
buries the physics. However, as presented in this work, by a system-
atic tuning of distortion and frustration through the present specimens
Herbertsmithite ZnCu3(OH)6Cl2, Volborthite Cu3V2O7(OH)2 · 2H2O, Y-
kapellasite Y3Cu9(OH)19Cl8, and (Zn-)Averievite Cu5−xZnxV2O10(CsCl),
this physics can be investigated.

Starting with the undistorted quantum spin liquid candidate Herbert-
smithite, the proposed spinon response (power-law absorption mecha-
nisms [14, 15]) needs to be reconsidered. Here a clear deviation from
the suggested power-law behavior was found by extending the previously
investigated spectral range (Ref. [16]) to lower frequencies. Between the
phonon tail, 50 cm−1, down to 20 cm−1 the T = 1.6 K spectrum fits to
a power-law conductivity with exponent β = 1.47. However, below 20
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cm−1 down to 6 cm−1, the spectrum differs significantly from this behav-
ior. Although this observation illustrates that the previously proposed
mechanisms might not be fully applicable for Herbertsmithite, it might
guide further theoretical works for modeling a spinon-induced optical
conductivity in the present material class.

In Volborthite the THz spectra seem to be affected by the magnetism,
in particular THz integrated absorption coefficient IA resembles the
temperature evolution of the susceptibility of Refs. [17, 202]. In order to
expand the picture, further studies on larger single crystals, eventually
yielding a better data quality, need to be performed. In addition magneto-
optical THz investigation are of definite interest. Although the trimer
state appears only at very low temperatures (TN = 1.4 K), measurements
extending the temperature scale of the current study (6 K) could be
interesting.

As the structural distortion increases, the featureless THz response is
superseded by a broad, continuum-like contribution for Y-kapellasite. This
contribution emerges with the onset of short range magnetic correlations
(30 K) and is susceptible to external magnetic field. Comparing with
the linear spin-wave theory (LSWT) the spectrum is correlated with the
spin (magnon) density of states. A multi-center magnon excitation is
introduced as the relevant absorption mechanism (∆q ≈ 0), explaining
the broad, continuum-like THz response.

Further increasing the structural distortion and releasing magnetic frus-
tration, in Averievite, sharp THz features are unveiled. They are tracked
down as magnetic resonances, emerging together with the onset of short-
range magnetic correlations (60 K). Furthermore, they can be slightly
shifted in frequency by external magnetic field. In Zn-Averievite these
resonances are switched off together with the suppression of the mag-
netic ground state, as the distortion vanishes, leaving only a featureless
response besides the dielectric background.

In the present material class, often, a unique experimental access to the
magnetism is found, even above the ordering temperature: wide ranges
of short-range magnetic correlations up to intermediate temperatures (30
to 60 K). In general, the magnetic features of the THz spectra seem to
be coupled to these correlations, as they show a very similar tempera-
ture scale. Surprisingly, (for the cases of Y-kapellasite and Averievite)
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no pronounced qualitative changes were found below TN , pointing to a
smooth connection of the long-range ordered phase and the short-range
magnetic correlations. The onset of magnetic short range correlations can
be further corroborated by (quasi-) static methods, extrapolating the THz
responses down to low frequencies, such as susceptibility, electron spin
resonance (electron spin susceptibility χe

s), and nuclear magnetic reso-
nance (spin-lattice relaxation rate 1/T1). As shown in this work, bringing
these methods together an advanced picture, disentangling magnetic,
structural, and electronic properties can be achieved.

Furthermore, these quantum magnets show a rich phononic background
with unconventional temperature dependence, pointing to magnetoelastic
coupling mechanisms, for instance, in Herbertsmithite and Y-kapellasite.
This is natural to expect as the magnetic superexchanges could be mod-
ulated by phonons. As well structural distortion may lead to unstable
lattices, introducing many structural transitions and dielectric anomalies.
This is in accordance with the observation that the kagome lattice can
be deformed by comparable low hydrostatic pressures, around 3 GPa.

As a general outlook, more sophisticated tuning methods for the structural
distortion, such as chemical pressure, could be an interesting perspec-
tive. Especially here, manipulating Herbertsmithite might open an ideal
playground to dive further into exotic magnetic phases of the distorted
kagome quantum magnet. Even though increasing chemical pressure
within the kagome plane is challenging, such a rigorous tuning offers
improved comparability than in the present study.

The observation of a pronounced multi-center magnon feature in Y-
kapellasite further calls for a refined theoretical picture to better under-
stand the coupling mechanism between light and multi-center magnon.
This includes more specific selection rules as well as further insights on the
multi-center magnon itself. For instance, general questions as the magnet-
ic/ electric dipole activity remain to be answered. As well, introducing a
weighting function and taking into account the reduced probability for
the contribution of states with a larger momentum could further refine
the theoretically expected spectral shapes. Moreover, such an excitation
should be observable in other quantum magnets hosting multiple magnetic
sublattices with a low symmetry of the magnetic system. Exploiting the
multi-center magnon excitation in a wider range of materials could thus
yield further valuable information.
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7 Conclusion

There is a plethora of closely related interesting compounds, where a spec-
troscopic resolution in the THz range is not achieved so far. Vesignieite
(BaCu3V2O8(OH)2) offers an intriguing multi-Q magnetic ground state
[222]. Engelhauptite (KCu3V2O7(OH)2Cl) [221] might yield a ground
state similar to Volborthite. Rb2Cu3SnF12 is a pinwheel valence bond
solid on the kagome lattice [36]. YCu3(OH6)Cl3 harbors a 120◦ spin
structure on an undistorted kagome lattice, possibly related to enhanced
DM interaction [251]. Zn-Barlowite (ZnCu3(OD)6FBr) yields spin sin-
glet formation [174, 252]. This zoo of materials offers a great research
perspective for forthcoming studies.
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