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Abstract: Quantum spin liquids are prime examples of strongly entangled phases of matter with
unconventional exotic excitations. Here, strong quantum fluctuations prohibit the freezing of the spin
system. On the other hand, frustrated magnets, the proper platforms to search for the quantum spin
liquid candidates, still show a magnetic ground state in most of the cases. Pressure is an effective
tuning parameter of structural properties and electronic correlations. Nevertheless, the ability to
influence the magnetic phases should not be forgotten. We review experimental progress in the field
of pressure-tuned magnetic interactions in candidate systems. Elaborating on the possibility of tuned
quantum phase transitions, we further show that chemical or external pressure is a suitable parameter
in these exotic states of matter.

Keywords: quantum spin liquids; frustrated magnets; quantum phase transitions; high-pressure
measurements

1. Introduction

Quantum spin liquids (QSLs) possess nontrivial ground states, where a local order parameter
does not exist. Moreover, it is not possible to observe spontaneous symmetry breaking even at very low
temperatures. It is often thought that the QSLs are associated with topological phase transitions [1,2].
This make these systems a point of interest, and experimental evidences of this state are one of the
central topics in the condensed matter physics.

QSLs are discussed in the framework of strongly correlated electron systems, while they are Mott
insulators with half-filled electronic bands, and the electron—electron correlations play an important
role. Possessing rich physics and properties, QSLs are subject to extensive experimental and theoretical
efforts. This also bring the search for candidate materials, especially in 2D or 3D. The geometrically
frustrated materials, where the resonating valance bond (RVB) model [3] is applicable, and the Kitaev
QSL candidates, where the Kitaev physics [4] is relevant, are two groups of materials of which the
candidates are searched for.

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 at 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. Magnetic susceptibility measurements are used initially to check the condition, where
the absence (or existence) of a magnetic ordering can be identified. Absence of a sharp A-type peak
in specific heat vs. temperature curves is another indication of the absence of a magnetic ordering,
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albeit exceptions exist in the case of topological phase transitions [5]. Specific heat is a useful probe;
while it can give insight to the absence of a long-range magnetic order, examination of the entropy
release at the measured temperature can also help to estimate the possibility of the system to establish
a long-range magnetic order at low temperatures. Beside the above mentioned macroscopic probes,
more local probes such as muon spin relaxation and nuclear magnetic resonance are usually in play to
detect the possible spin freezing or order. Neutron diffraction is also used to detect magnetic ordering.

While the absence of the long-range magnetic ordering is the first step to check, it is still not
very satisfactory to establish a system as a QSL, while in principle, disorder effects can also give
rise to such ground states without a long-range magnetic ordering. Another aspect that defines the
QSL state is the fractional spin excitations, which might also be the key point to identifying this state
more confidently. For instance, spinons predicted within the RVB model are worth seeking. They are
fermionic quasiparticles carrying fractional spins with their own dispersion expected to give low-lying
excitations and can be eventually used to identify the QSL state.

This review will mainly focus on the inorganic systems of the frustrated lattices, such as pyrochlore,
triangular, honeycomb, and kagome compounds. Several review articles are already written on this
topic [6-11], while this particular one aims to bring together the published works and to present
the ongoing discussion of the QSL state emerging under high pressure. However, owing to the fact
that the QSLs are Mott insulators and in light of theoretical proposals [12] that they are the parent
states of the high-temperature superconductivity, organic conductors also are promising candidates
to search for. Moreover, external pressure has already been successfully used to tune these systems
to a superconducting state, albeit the high-temperature superconductivity could not be achieved.
Although, it is still experimentally challenging to prove whether the Mott insulator ground state is
QSL, the lack of magnetic ground states have been reported by nuclear magnetic resonance (NMR)
measurements for several organic charge transfer salts. The QSL state and its evolution with external
and/or chemical pressure have been discussed extensively in several review articles [13,14].

In this review, we would like to discuss the search of QSL state from another perspective, from a
rather indirect route. Within the search of QSL candidates, many others also come into light that
eventually are proven to be not a QSL. On the other hand, they already are very close to the conditions
in which are searched for the realization of the QSL state. Perhaps a fine tuning in certain parameters,
such as magnetic exchange interactions, lattice parameters, etc., can push these closer to the QSL state.
Here, we look into the external pressure as this tuning mechanism. Pressure is generally accepted
to be a clean tuning parameter of structural properties and electronic correlations. While it can be
compared to the chemical doping effects in some cases, it allows one to eliminate the additional
disorder introduced via chemical doping. In this review, we want to discuss the recent progress of
the high-pressure studies, especially on the frustrated magnets, systems that are often studied in the
search of the QSL candidates. We want to focus on the following questions: How does the pressure
affect the frustrated systems? Which phases can we tune? Can we tune magnetic interactions directly?
How do chemical and external pressure differ? Finally, can we use external pressure as a pathway to
realize QSLs?

2. Pyrochlore Lattice

The pyrochlore lattice is a prime example for frustrated magnetism in three dimensions. While
classical spin ice states are realized in Ho; TipO7 and Dy, Ti;O7 [15,16], Yb,Tiz Oy is a candidate system
for a quantum spin ice ground state. Here, the magnetic monopoles, obeying an ice rule, become
long-range entangled. Necessary conditions for such a quantum mechanical state are small spin
quantum numbers and quantum fluctuations within the degenerated ground state manifold. Yb,;Ti,O7
hosts a minimal § = 1/2 spin of the crystal field Kramers doublet (Ybs 1) Strong quantum fluctuations
are mediated by anisotropic exchange interactions and an XY g-tensor [17]. Considering the magnetic
ground state, a sample-dependency possibly induced by disorder (e.g., excess magnetic ions in the
stuffed pyrochlore lattice) might explain different reported results. In particular, ordered ferromagnetic
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ground states were reported for single-crystal samples, while polycrystalline powders showed no
indication of a spin freezing. Kermarrec et al. [17] combined muon spin relaxation (#SR) and neutron
diffraction measurements under pressure to explore the low-temperature ground state of Yby ,Tip_,O7.
Figure 1a shows a pressure-dependent phase diagram. Upon cooling, the paramagnetic state vanishes
and most of the Yb magnetic moments were found to be in a fast fluctuating regime even down to
low temperatures, reminiscent of a QSL state. Under hydrostatic pressure, pristine samples undergo a
transition from this nonmagnetic ground state to a splayed ice-like ferromagnet (the magnetic moments
are sketched in Figure 1a). Figure 1b shows the pressure dependency of a developing magnetic fraction
upon cooling, leading to the magnetically ordered phase. By applying pressure a freezing of magnetic
moments, increasing the magnetic fractions is observed. Additionally, the freezing temperature
(defined as a fraction of 50% frozen out magnetic moments) increases with pressure. In contrast,
in the stuffed compound (x = 0.046), no transition is observed up to the maximal pressure of 2.41 GPa.
This study shows how fragile the balance of anisotropic exchange in the quantum spin ice Hamiltonian
on the pyrochlore lattice can be against external or chemical pressure. Remarkably, the lattice structure
is not expected to change noticeably in the low-pressure range. A structural phase transition is
observed only above 29 GPa [18]. This illustrates that pressure is an effective tool to tune magnetic
exchange interactions directly.

Chemical pressure on Yby X0y (X = Sn, Ti, Ge) was probed on polycrystalline samples [19].
While the X = Ti and Sn samples order into a ferromagnet at 0.13 K and 0.25 K, respectively, Yb,Ge; Oy
exhibits an antiferromagnetic ground state below 0.62 K. Different to the physical pressure, the lattice
parameter increases for the Sn compound and decreases for the smaller Ge*t ion. In general,
a decreasing Curie-Weiss temperature was found with increasing lattice parameter.

Note that there are other high-pressure studies on the pyrochlore lattice (A;B,O7, A = Eu, Dy;
B =Ti, Zr) [20].
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Figure 1. Results of zSR experiments on Yby ,Tip_Oy: (a) The pressure-dependent phase diagram
hosts three phases in the experimental accessed range. Under ambient pressure, the compound shows a
ground state with large quantum fluctuations reminiscent of a quantum spin liquid (QSL) which freezes
under pressure in favour of a canted ferromagnet. The dashed purple line marks the hypothetical
transition for the stuffed compound x = 0.046. (b) As the ordered phase is approached, the magnetic
fraction gets enhanced due to pressure. The freezing temperature (dashed line) is furthermore increased
at the high-pressure side. Graphs are reproduced from Reference [17].
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Figure 2. (a) The magnetic phase diagram of single crystalline Tb,Ti;O; under hydrostatic pressure
P; = 2.4 GPa and uniaxial stress P, = 0.3 GPa: Under pressure, an ordered AFM ground state forms
below Ty. With a magnetic field of 0.6 T, the AFM order gets lifted in favour of a canted ferromagnet.
(b) Spin structure of Tb tetrahedron under pressure: The AFM structure (red arrows) is formed under
a pressure of P; = 2.4 GPa and uniaxial stress P, = 0.3 GPa along the [011] axis (green arrow).
(c) Canted ferromagnet for an additional field H = 4 T parallel to P,: Blue spheres indicate Tb sites;
principal axes of the cubic cell consisting of 4 Tb tetrahedra are indicated by black arrows. Graphs are
reproduced from Reference [21].

The low-temperature ground state of the spin liquid compound Tb,Ti;O7 has been extensively
studied but remains intriguing. With an antiferromagnetic Curie-Weiss temperature of Ocyy = —13 K
(respectively —19 K, including crystal field contribution) and Ising-like 5 u, Tbh*" spins of the
crystal-field doublet, the compound, however, shows no onset of static order down to at least
43 mK [22-26]. Interestingly, antiferromagnetic short-range correlations are set below 50 K [22].
Various suggestions to explain the missing Néel state have been given (see Reference [27] and
references herein): a quantum spin ice state [28], structural distortion [29], or magnetoelastic
excitations [30]. Mirebeau et al. extensively investigated the enigmatic nonmagnetic ground state by
disturbing it by means of pressure and magnetic field [21,31-33]. Here, pressure is used to destabilize
the balance of superexchange, crystal-field interactions, and dipolar coupling between neighbouring
Tb** cations. With a decreasing lattice constant of 1% at 8.6 GPa and preserved Fd3m symmetry, the
effect of pressure on the crystal structure was found to be rather small [31,34]. Neutron diffraction
on polycrystalline samples under pressure reveals a complex antiferromagnetic structure below
Tn = 2.1 K, coexisting with the spin liquid ground state. Bragg peaks of this antiferromagnetic
structure are observed for a surprisingly low pressure of 1.5 GPa [31]. Interestingly, the Néel
temperature seems to be insensitive to hydrostatic pressure but depends on applied strain [21,32].
Moreover, experiments on single crystals [21] show that a combination of isotropic and uniaxial
pressures is crucial for disturbing the spin liquid ground state since hydrostatic pressure alone does
not introduce a magnetic order in the single crystals.

Combining a magnetic field parallel to uniaxial stress of P, = 0.3 GPa along the [011] direction
and an isotropic pressure component of P; = 2.4 GPa leads to suppression of the antiferromagnetic
structure in favor of a canted ferromagnet (see the phase diagram in Figure 2a). Simultaneously, Ty
gets increased under magnetic field. Mirebeau et al. argue that, while the dipolar interaction is only
weakly affected by pressure, superexchange is strongly influenced. The effect of pressure on the spin
structure of the Tb tetrahedron is shown in Figure 2b,c, with and without magnetic field parallel to
P, respectively. Here, the isotropic compound increases exchange energy about ]‘fi—lp = 0.07 GPa™ L.
A uniaxial strain along the [011] axis lifts the geometrical frustration by compressing 1/3 of Tb-Tb
bonds of about 0.3% (for P = 0.3 GPa) and by decreasing the remaining 2/3 by about 0.1%. Due to
this lifting of frustration, magnetic order is introduced. With increase of magnetic field, the spins are
further reoriented in the canted ferromagnetic structure (Figure 2c).
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Compared to physical pressure, the effect of chemical pressure on the ground state of Tb,Ti,O7
is different [27,33,35]. A negative chemical pressure for the case of replacing titanium by the
larger tin leads to lattice expansion. Despite antiferromagnetic interactions at higher temperatures
leading to a Curie-Weiss temperature between —11 to —12 K, the compound shows a ferromagnetic
contribution in 37% of the Tb3* spins below a transition temperature of 0.87 K. Together with an
antiferromagnetic “two in, two out” ice rule, these ferromagnetic domains form the magnetic ground
state. Possibly, the compound orders because of the weakened antiferromagnetic exchange compared
to the pure Tb,Ti;O7 sample and because of a distortion of the local crystal field [33]. A positive
chemical pressure is reached by substituting titanium with germanium, leading to a smaller lattice
constant [27]. The contraction was found to be larger (2%) compared to a physical pressure of 8.6 GPa
(1% cf. Reference [21]). The reduced Tb-Tb distance results in a stronger antiferromagnetic exchange as
indicated by a higher Curie-Weiss temperature of —19.2 K compared to Ti and Sn compounds. Different
from the physical counterpart, positive chemical pressure here induces short-ranged ferromagnetic
correlations, coexisting with the liquid-like correlations, as observed by neutron scattering [27]. Similar
to Tb,yTi;O7, no long-range order is observed down to 20 mK.

2.2. Dichalcogenides

Superconductivity
| |

10 15
P (GPa)

Figure 3. Phase diagram of 1T-TaS; under pressure: Pressure decreases the swelling of the planes
related to the David-star pattern (sketched above and below the diagram). In the light grey areas,
deformations are reduced or completely suppressed. Mott phase and CCDW state are suppressed
over 0.8 GPa, as the NCCDW state stabilizes between 1-7 GPa. Here, hexagonal domains are formed
(see sketch). As the pressure is further increased, the superconducting state develops (with a T of
about 5 K). Superconductivity remains stable up to 25 GPa, with a metallic state above T;. Graphs are
reproduced from Reference [36].
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Transition metal dichalcogenides (TMDs) attract great attention [37]. Due to the complex interplay
of charge, spin, and orbital degrees of freedom, they display a rich phase diagram ranging from charge
density waves (CDW), superconductivity, Mott physics, and possibly QSLs [38].

The two-dimensional 1T-TaS; exhibits multi charge density wave ground states [39], which can
be continuously manipulated via external stimuli, such as temperature, chemical [40,41] or optical
doping [39], disorder [42], and hydrostatic pressure [36,43]. Under ambient pressure, the compound
shows metallic behavior in the high-temperature range. Below 550 K, an incommensurate charge
density wave (ICCDW) superlattice develops. As resistivity increases, the ICCDW undergoes a
transition to a nearly commensurate order (NCCDW) around 350 K. The low temperature range is
governed by Mott physics in the commensurate charge density wave (CCDW) [36]. Thus, a simple
model is the Mott-Hubbard Hamiltonian:

H= - Z ti,j (C?UC/'U + ]’ZC) + Uan- (Tli - 1) . (1)
i

<i,j>,0

The first term accounts for a hopping between two adjacent lattice sites < 7,j > and can be
interpreted as kinetic energy. t is the transfer integral, which gives the hopping probability between two
sites and is therefore proportional to the atomic overlap and effectively the bandwidth W. The creation
and annihilation operators of an electron with spin ¢ at site i are written as c;, and ¢},
The second term introduces an on-site Coulomb repulsion U if site 7 is fully occupied.

Here, pressure acts as a natural tuning parameter of the CDW states by affecting the transfer
integral, ¢, and on-site Coulomb repulsion, U, without introducing chemical disorder. A phase diagram
reproduced from Reference [36] is shown in Figure 3. With an increase of t and a decrease of U,
Mott physics melt away at a pressure of about 1 GPa, giving rise to a transition to the NCCDW
state, which persists up to 7 GPa, and finally entering to a metallic state. The high-pressure ground
state (over 3 GPa) is superconducting (T, of about 5 K) at least up to 25 GPa. While the Mott state
CCDW clearly competes with the superconducting region [36,43], the coexistence of NCCDW and
superconductivity is intriguing. At present, a macroscopic picture of superconductivity in the NCCDW
phase is not fully clear. One proposed suggestion is that the superconducting phase forms within
the metallic interdomain spaces of the CDW, which become connected as the CDW domains smear
out under pressure [36]. On the other hand, an XRD study under pressure [43] suggests that the
distance between the CDW domains decreases while domain boundaries remain sharp, meaning no
interconnected metallic regions are formed. According to this picture, the whole NCCDW structure
must form a single coherent superconducting phase.

By substituting sulfur by the isovalent selenium, a Mott-insulator-to-metal transition is
observed [40,41]. Recent studies [41] show a melting of the Mott state CCDW due to the formation
of a pseudogap, suggesting the importance of disorder and further inducing superconductivity [40].
The superconducting ground states is then suppressed in favor of a CCDW in the 1T-TaSe, compound.

In summary, 1T-TaS,_,Sey is an interesting system to explore quantum phase transitions and
various exotic states of matter. Especially, the possibility of a QSL ground state remains intriguing [38].
Optical infrared or Raman measurements at low temperatures and under pressure could give further
information about the CDW phases.

respectively.

3. Triangular Lattice

The highly frustrated triangular lattice hosts a rich phase diagram of magnetic phases and QSL
ground states. Focusing on the case of a Heisenberg magnetic exchange, we want to show the tunability
of magnetic phases on this lattice. The general model for an anisotropic Heisenberg antiferromanget
on the triangular lattice can be written as

H=T])Y Si-S+J Y. Si-Sj, )

<i,j> <i,j'>
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where | and ' are the magnetic exchange interactions along the horizontal and diagonal bonds,
respectively, and S;, S;, and Sy give the spin-1/2 operators at sites i, j, and j’, respectively [44].

3.1. CsrCuCly

The two-dimensional Heisenberg magnet, CsoCuCly [45], posses S = 1/2 spins with slightly
different exchange values J and J' (J'/] = 0.3) along the b-direction (horizontal bonds) and for
the interchain coupling (diagonal bonds), respectively [46]. Furthermore, Dzyaloshinskii-Moriya
(DM), an interplane exchange interaction, was found to be important [47,48]. Below Ty = 0.62 K,
an incommensurate spiral ground state is formed (DM spiral), with the spiral along the b-axis [49].
A magnetic field was shown to lift this confinement of the spins in the bc-plane in favour of a
commensurate coplanar AFM ground state within the ab-plane [48]. Recently, the tunability of the spin
Hamiltonian via external pressure and magnetic field was demonstrated, combining high-pressure
electron spin resonance (ESR), radio frequency susceptibility measurements [44]. Here, Heisenberg
exchange is continuously enhanced under pressure, leading to an increase of J'/] by 12% at 1.8 GPa,
as determined by the ESR (cf. Figure 4a,b) Most importantly, the interchain coupling ]’ gets enhanced
with increasing pressure. Due to the tuned exchange interactions, new phases are emerging under
magnetic field (see Figure 4c,d). The magnetic field favors more classical phases; therefore, suppressing
the DM spiral at about 2.2-2.6 T, a coplanar order is stabilized in the ab-plane. Due to the enhanced |/,
a non-coplanar frustrated phase becomes stable at around 6.9 T. The emerging magnetic anomalies
at 9.2 and 9.8 T under a pressure of 1.8 GPa are interpreted as double-cone and single-cone order,
respectively (see Reference [44] and references herein). Furthermore, the fully polarized ferromagnetic
high-field phase is shifted from around 9 T at ambient pressure to 11.5 T at 1.8 GPa.
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Figure 4. (a,b) Pressure-dependent magnetic exchange interactions J and J’ along the horizontal and
diagonal bonds, respectively (see inset of the crystallographic structure): As the pressure is decreased,
the Heisenberg exchange is continuously altered. (c) Simultaneously increasing a magnetic field (H || b)
at T = 350 mK unveils five different magnetic phases beside the DM spiral. (d) Proposed phase
diagram under pressure (1.8 GPa) and magnetic field. Graphs are reproduced from Reference [44].
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3.2. YbMgGaOy

YbMgGaOy [50] consists of S = 1/2 Yb>* spins on triangular lattices, separated by nonmagnetic
Mg?* and Ga3" ions (Figure 5a—c). The edge-sharing YbOy octahedra in R3m are characterized
by equal Yb-O distances and two equal angles, the Yb—O-Yb bridging angle « and the O-Yb-O
angle B. Structural randomness is induced by a random distribution of the Mg?* and Ga3* ions.
The material became of recent interest as a QSL candidate, when an absence of magnetic order down to
at least 50 mK was shown [51], although possibly a weak spin freezing takes place at around 100 mK.
More interesting, a magnetic continuum at low temperatures is possibly related to gapless spinons
or a nearest-neighbour RVB state (see the references in Reference [52]). Focusing on combined SR,
XRD, and DFT studies [52], we are going to review the pressure dependency of the intriguing ground
state. XRD shows no changes of the crystal symmetry up to pressures as high as 10 GPa. However,
the Yb-O distances are shrinked by about 0.6% at 2.6 GPa. Importantly, the angles « and  are weakly
decreasing with a change of about 0.07° at 2.6 GPa and 0.2° at 10 GPa. Figure 5d shows the temperature
dependency of the zero-field uSR spectra at ambient conditions and under pressures as high as 2.6 GPa.
Of interest here is the increase of the zero-field muon relaxation rate below 4 K. This was interpreted as
the onset of spin—spin correlations, which are fully developed around 0.8 K, leading to a dynamic spin
state in YbMgGaO,. Comparing the ambient and high-pressure data, the external pressure seems to
have no effect on the development of such a ground state. While comparably strong pressure-induced
structural changes have been proven in other compounds to have an effect on magnetic couplings,
here, the structural randomness, which is not affected by pressure, seems to be crucial in stabilizing
the QSL ground state.

% 9B

4
» >
>

Yb in the Yb displaced
center (C)

@ 0 GPa (GPD, with pressure cell)

¢ 0 GPa (Dolly, without pressure cell) |
= 1.9 GPa (GPD, with pressure cell)

» 2.6 GPa (GPD, with pressure cell)

10 100

Figure 5. (a) Crystallographic structure of YbMgGaOy: Edge-sharing YbOg octahedra are separated
by slabs of nonmagnetic Mg?* and Ga®* ions. (b) YbOg octahedra with characteristic parameters.
(c) Trigonal distortion of the YbOg octahedra induced by mixing of Mg?* and Ga®* sides: Importantly,
no changes of the structural symmetry are observed under pressure. (d) The temperature dependence
of the zero-field muon relaxation rate at different pressures shows the onset of spin—spin correlations
below 4 K, fully developed at 0.8 K. Reproduced from Reference [52].

4. Honeycomb Lattice

Recently frustrated magnets on the honeycomb lattice have attracted attention [8,53-55].
Among them, the Kitaev systems are of particular interest because (a) they are highly relevant for
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theoretical considerations, as Kitaev’s model is directly solvable, and (b) rich physics in terms of
exotic quasiparticles, e.g., Majorana fermions [56,57]. Besides the iridate systems [55], like LiIrO3 and
NapIrOs, a-RuCl; [58,59] has been extensively studied.

4.1. a-RuClj

«-RuCl; implements the 4d° transition metal ruthenium (Ru®*) with Ag, ~ 0.15 eV [60,61] on
a nearly ideal honeycomb lattice. It renders an edge-sharing geometry with an octahedral cage of
chlorine ions. Different polymorphs with an ABC-like stacking of the ab honeycomb layers along the c
axis (#-RuCl3), and one-dimensional face-sharing RuClg chains (8-RuCl3) are known. Regarding the
structural symmetry, different space groups (P3112, R3, and C2/m) were reported (see the discussion
in Reference [55]). This seems to be explained by a majority of samples showing stacking faults with a
mixing of the ABC (thombohedral R3) and AB (monoclinic C2/m) stacking patterns. Due to an only
weak van der Waals attraction between the layers, the system is quasi-two-dimensional in the ab-plane
and susceptible to a mixing of the two stacking patterns [62,63].

Looking closer at the magnetic properties, a transition within the ab-plane from a paramagnetic
phase, obeying a Curie-Weiss law with ¢ ~ +40 K and an effective magnetic moment of about
2.3 up [64], to an antiferromagnetic zigzag order is observed [63]. As well, susceptibility measurements
expose an anisotropy (X.» > Xc) [65]. While the cleanest crystals with a minimum of stacking faults
show a Néel temperature of about Ty ~ 7 to 8 K, Ty is found to increase up to 10 to 14 K with higher
amount of ABC and AB mixing, indicating different order temperatures of these patterns [62,63].

Under ambient pressure, a-RuCl; is considered as a spin-orbit assisted j,r;; = 1/2 Mott
insulator with a Mott gap of about 1.1 eV [66-70]. Specific heat measurements [71] show a pressure
sensitivity of the Néel transition and indicate a suppression of the magnetic order at around 0.7 GPa
(in accordance with the theoretical, predicted coupling constants [60]). Resistivity experiments up to
140 GPa clearly prove the persistence of the insulating state [71]. Further NMR and magnetization
studies demonstrated the vanishing magnetic order under pressure together with a strongly reduced
susceptibility and the absence of the low-energy fluctuations [72]. The pressure-induced state
was further investigated by optical infrared spectroscopy and ab initio DFT calculations [64] and
magnetization measurements combined with high-resolution x-ray diffraction experiments [73].

Here, we want to focus on the spectroscopic study of Reference [64]. First, the phononic part
of the optical spectrum with the pronounced 320 cm~! mode was investigated to elaborate on
a possible structural transition under pressure. The T = 10 K optical conductivity is shown in
Figure 6a. In addition to the main mode (peak 1, which is assigned to a trio with mostly in-plane
contributions at wy ~ 321, 322, and 326 cm~!), a weaker out-of-plane mode is located at around
290 cm~!. Generally, a hardening together with a broadening of the peaks under pressure is observed.
Over 0.7 GPa, the main-mode peak 1 splits while another distinct resonance (peak 2) emerges.
As the pressure is increased, both peaks further experience a hardening due to lattice contraction. Since
phonon modes are generally strongly dependent on the lattice symmetry, the observed splitting is a
direct evidence for a symmetry breaking over a pressure of 0.7 GPa.
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Figure 6. Pressure-dependent optical spectroscopy of a-RuCls [64]: (a) Splitting of the phononic
contributions (peak 1) is a direct evidence for a symmetry breaking over a pressure of 0.7 GPa. (b) The
ambient pressure honeycomb (left-hand side) transforms to a dimerized structure under pressure
(right-hand side). (c) The electronic ground state is studied by the pressure dependency of the Mott gap
«. As the pressure increases, the gap gets suppressed, indicating a collapse of Kitaev magnetism and a
breakdown of the j, ¢ picture. (d-g) Results of the GGA+50C+U calculations, showing the breakdown
of the j,¢7 picture (see text for further explanations).

DFT calculations suggest that parallel dimerization of neighbouring Ru sites set in at high pressure.
The homogeneous ambient-pressure honeycomb structure transforms to a triclinic P1 structure
(Figure 6b). As a result, a pressure-driven structural transition at P > 1 GPa to a triclinic, dimerized
structure is established by the spectroscopic experiment, well in accordance with the calculations.

To further understand the dimerized phase, the electronic part of the optical spectrum is
investigated in the region of the optical gap « under pressure. The general suppression of the «
peak strongly indicates a collapse of Kitaev interactions above 0.7 GPa. In this frame, a breakdown
of the j.¢s picture in accordance with the suppressed magnetic susceptibility above 0.7 GPa [72] is
most probable. Note that, according to transport measurements, the suppression of the « peak is not
interpreted as a closure of the optical gap. Instead, a-RuCls stays well in the Mott insulation region at
least up to 140 GPa [71].

The orbital-dependent density of states (DOS) was calculated including spin-orbit coupling
and electronic correlations (GGA+SOC+U) with U = 1.5 eV giving insight to the observed optical
excitations. The results are shown in Figure 6d—g. For the undimerized structure (P = 0 GPa, left-hand
side panels), the relativistic j s picture is validated. In Figure 6d. the lower lying t>; DOS with the
expected orbital contributions is splitted from the higher e, manifold and further gapped by SOC and
U. Thus, the narrow peak at around 1 eV represents the single t5, hole at each site residing in the
upper Hubbard band. Projecting on the atomic | orbitals (Figure 6f) shows a mixture of the lower
Hubbard band | = 5/2 (jorf = 1/2) with the | = 3/2 (j,rs = 3/2) states, whereas the upper Hubbard
band with mainly | = 5/2 contribution is clearly distinguishable. Here, virtual hopping through the
ligands via hopping channel t; induces a strong ferromagnetic Kitaev exchange. In the high-pressure
phase (P > P, right-hand side panels), the electronic density of states changes (cf. Figure 6e). The dy,
orbitals split into a bonding contribution which is lower in energy and an antibonding part at higher
energy. This destroys the j.fy, states as can be seen in the atomic projection Figure 6g. At the former
upper Hubbard band, now a pronounced mixture of | = 3/2 and | = 5/2 states emerges. With this
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breakdown of the j,¢¢ picture, we can explain the vanishing magnetic ground state under pressures
of around 1 GPa [71,72] as a result of the formation of pseudocovalent bonds in the dimerized
structure. In the high-pressure phase, the direct Ru-Ru hopping path ¢3 is enhanced along these bonds.
This leads to a large antiferromagnetic Heisenberg exchange located on the dimers, further destabilizing
and suppressing the magnetic low-temperature zigzag order. Consistently, the computed magnetic
moments are completely suppressed in the high-pressure structure. Instead of increasing the t,
channel towards a dominant Kitaev regime, hydrostatic pressure promotes the direct ¢3 hopping.
Results, therefore, conclude that the high-pressure nonmagnetic state of x-RuCls is a valence-bond
crystal and excludes a transition to a Kitaev QSL in the dimerized structure.

4.2. Iridates

The 5d honeycomb iridates A;IrO3 (A=Li, Na) [74,75] have gained attraction as Kitaev
candidates [54,55,76,77] and were considered in terms of the Heisenberg—Kitaev model and with
additional off-diagonal contribution. Due to strong spin-orbit coupling, they are located in the
relativistic Mott insulating limit, hosting j, ;¢ spins of the magnetic Ir ions [78,79]. Compared to a-RuCl;
(4d vs. 5d electronic configuration), a stronger SOC in addition to a weaker Coulomb repulsion is
generally expected. While in principle a band-insulating picture featuring quasimolecular orbitals is
imaginable to explain the insulating nature of these systems [80], the Mott insulating picture is well
backed by experiments and the majority of theoretical approaches. Additional trigonal crystal field
splitting of the j.r = 3/2 quartet can be sufficient high compared to SOC. This might induce a splitting
of the SO-exciton and a mixing of the j,rs = 3/2 quartet with the j,r = 1/2 doublet [78,81,82].

The three polymorphs of the Li-iridates are different in structure. While the a type is comparable
to NayIrO; with a layered honeycomb lattice, the § variant shows a more three-dimensional hyper
honeycomb. The v type is characterized by a stripy-honeycomb structure. All types show an Ir-O-Ir
edge-sharing geometry, allowing a nearly ideal 90° bond. The centered Ir** ion is coordinated by a
cage of six O~ ions. The Ir ions generate a 5d° electronic structure with a single ta¢ hole [83].

42.1. a-LipIrOs

The lattice structure of a-LirIrO3 (Figure 7a) resembles a honeycomb of edge-sharing IrOg
octahedra (Ir-O-Ir bond angles of around 95° with 5.7% difference in bond length) with a centered Li
ion as the buffer element and shows a C2/m monoclinic symmetry [84]. Magnetic susceptibility
characterization indicates a Curie-Weiss temperature of —33 K, with an effective moment of
perr = 1.83(5) pp. A Néel transition at Ty ~15 K is further observed in accordance with specific
heat measurements [76]. The resulting antiferromagnetic ground state is of an incommensurate
counter-rotating type in the Ir plane [84].

X-ray diffraction studies together with DFT calculations [83] showed a structural phase transition
under pressure at P. = 3.8 GPa, from the monoclinic C2/m to a dimerized triclinic P1 structure.
With an increasing Z1 bond, the dimerization is taking place either in the X1 or in the Y1 Ir-Ir bond of
the honeycomb, resulting in two possible order patterns (cf. Figure 7b,c) in the high-pressure phase.
Furthermore, it was elaborated that different properties balance, whether an energy gain by forming
a magnetic order or a dimerization is higher. These are the size of the buffer ion and the electronic
configuration of the metal species. The latter influences the strength of spin-orbit coupling, electronic
correlations, and Hund’s rule coupling. Larger interactions (SOC, U, and Jp) protect Kitaev physics
by ensuring Ising-like spins and by inhibiting dimerization [83]. A larger buffer ion, in principle,
inhibits dimerization by an additional hardening of the lattice. Thus, it was argued that a-LiyIrOj3 is
the intermediate case between NayIrO3 and Li;RuO3. Indeed, LiRuOj3 already dimerizes at ambient
conditions [85], whereas NayIrO3 (discussed below) with a larger center ion size (Na vs. Li) is expected
to dimerize at higher pressure.

Furthermore, studies using multiple X-ray techniques—X-ray powder diffraction (XRD)
investigating the crystal structure, resonant inelastic X-ray scattering (RIXS) unveiling the electronic
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structure, and X-ray absorption spectroscopy (XAS) probing SOC under hydrostatic pressure together
with DFT calculations—give additional insights [86]. At low pressures of about 0.1 GPa, the X-ray
powder diffraction shows a gradual elongation of the honeycomb, where two long bonds (3.08 A)
and four short bonds (2.92 A), still within the C2/m symmetry, are formed. The XAS data suggest
a strongly decreasing SOC up to 1.1 GPa, saturating at around 2.8 GPa. Interestingly, the RIXS
spectra in Figure 7d indicate a pressure dependence of the crystal field excitations. At low pressure,
the SO-exciton (peak A) with corresponding energy of 37)‘ ~ 0.72 eV is clearly identified. While this
excitation should, in principle, be splitted due to reasonable trigonal crystal field splitting A ~ 0.11 eV
(see Figure 7e), a substructure is not resolved within the resolution of the setup. Under pressure, the
corresponding intensity gets suppressed and peak A slightly shifts to lower energies. A new peak B
develops at around 1.4 eV and gets intensified under pressure. This was interpreted as an increase of
trigonal crystal field splitting over spin-orbit coupling. Consequently, Clancy et al. argued that the
relativistic j,¢¢ picture breaks down, even at low pressures of around 0.1 GPa, in favour of a localized
pseudospin approach or an itinerant quasimolecular orbital (QMO) model (Figure 7f). At around
3 GPa, powder diffraction identified a first-order structural transition in accordance with Reference [83].
Here, a pronounced transfer of spectral weight from peak A to peak B is observed. Fitting of Peak B
unveiled a two-peak structure related to the possible transitions to a QMO picture.

Note that there is a pressure-dependent optical study on this compound [87].
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Figure 7. (a) Below P, the honeycomb of a-LipIrOj3 realizes symmetry-equivalent X1, Y1, and distinct Z1
bonds. (b,c) The high-pressure dimerized phase consists of two degenerate order patterns. Reproduced
from Reference [83]. (d) Pressure-dependent resonant inelastic X-ray scattering (RIXS) on a-LiyIrO3 [86].
At ambient pressure, the SO-exciton (peak A) can be clearly identified according to the level structure
of the j, sy model (e). At higher pressure (around 1.4 GPa), a second contribution (peak B) emerges,
related to an enhancement of Ar,. Below 2 GPa, the two peaks A and B can be fitted to the transitions of
a pseudospin model or an itinerant quasimolecular orbital (QMO) state equivalently well. In the
high-pressure phase, peak B shows a two-peak structure with a contribution at around 1.6 eV,
interpreted as a transition from the j, ;¢ picture to a QMO state (f).

422. B-LirIrO;

The B-polymorph forms a hyper-honeycomb structure of edge-sharing IrO4 octahedra with nearly
identical Ir-O-Ir bonds (0.2% difference) and angles of around 94.5°. It extends Kitaev physics in
three dimensions [88]. This relativistic Mott insulator has effective moments of Heff = 1.6(1) up,
and the magnetic susceptibility shows a positive Curie-Weiss temperature of 40 K, which may stem
from ferromagnetic Kitaev couplings [89]. A transition to a noncollinear or incommensurate ground
state at 38 K is seen under rather strong fluctuations. Furthermore, an unusual cusp in specific
heat measurements [88] indicates a second-order transition. The low ferromagnetic Curie-Weiss
temperature was interpreted as an effective cancellation of two competitive and nearly degenerate
ferromagnetic (possibly Kitaev exchange) and antiferromagnetic ground states. These observations
were interpreted as proximity to a Kitaev QSL [88]. Furthermore, Raman spectroscopy indicates
signatures of fractionalized excitations [90], similar to a-RuCl;.

A relative weak magnetic field of 3 T polarizes the compound with 0.35 up/Ir [88] and induces
strongly correlated ferromagnetic zigzag chains. Magnetic resonant X-ray scattering [91] shows
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a thermal driven crossover from a paramagnetic behavior in this quantum correlated (quantum
paramagnetic) state. The field-induced moments were traced by X-ray magnetic circular dichroism
(XMCD) [88] to be suppressed under pressure at 1 GPa and vanished over 2 GPa, while the compound
remained insulating. Finally, this was interpreted as a rearrangement of the j,r moments. By applying
pressure without external magnetic field, the order temperature shifts first from around 38 K to 15 K [88].
Under further increase, f-LizIrO3; undergoes an electronic/magnetic phase transition at 1.5 GPa,
as observed by X-ray absorption near edge structure (XANES) measurements [92], without breaking
the lattice symmetry. Probing the 5d holes, SOC was found to be reduced but remains important.
Ab initio calculations indicate a dominant Dzyaloshinskii-Moriya regime under pressure, pushed
away from the pure josr limit. However, the compound still remains in a relativistic Mott picture
with an enlarged mixture between j,rr = 3/2 and j.;f = 1/2 states [88,93]. The new ground state
remains intriguing [94]. Around 4 GPa further, a phase transition to a monoclinic C2/m symmetry
was observed [92]. The compound dimerizes under a compression of X and Y Ir-Ir bonds, compared
to the Z bonds.

42.3. ’Y—LizII‘Og,

The zigzag chains in 7y—LiyIrO3 host jo;r = 1/2 spins with sy = 1.6 pp in a noncoplanar,
counter-rotating pattern [95,96]. A transition temperature of about 38 K and a strongly anisotropic
susceptibility, which rather does not allow a determined Curie-Weiss temperature, were observed.
The underlying lattice is of Cccm symmetry. Equally to B-LiIrO3;, Raman spectroscopy shows
signatures of fractionalized excitations [90]. Resonant X-ray scattering (RXS) measurements under
pressure find an abrupt suppression of the spiral magnetic order at 1.4 GPa without indications of
a changed lattice symmetry and point out a continuous reduction of the unit cell volume [97]. This
non-magnetic pressure state remains of further interest.

4.2.4. Na,IrOs
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Figure 8. Infrared spectroscopy combined with pressure and isoelectric doping studies on NaIrO3
of Reference [98]: The effect of Li doping ((Naj_Liyx)2IrO3 for x < 0.24 and x = 1 (represented by
a-LiyIrO3)) on the electronic spectra (a) and phononic part (c) is shown. (a) While the SO-exciton (peak
A) is only marginally affected by Li doping, the direct hopping between j, ;s = 1/2 orbitals (peak B)
gets suppressed. A blueshift of the intersite jors = 3/2 — jos = 1/2 transition (peak C) for x < 0.24 Li
doping indicates a increasing U,ss /. (c) The phononic part shows a hardening upon increasing the Li
doping. Further, the effect of hydrostatic pressure on the electronic spectra (b) and on the phononic
part (d) is shown. (b) Under pressure U, /1 is slightly lowered, indicated by a redshift of all features
while the lattice is contracted (d).
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The layered honeycomb of NayIrOjs is similar to a-LipIrOs3, with edge-sharing IrOg octahedra
and Na as buffer ion (C2/m space group). Ir-O-Ir bond angles reach from 98° to 99.4° [99].
High-temperature moments of j.rf = 1.79 pp are determined together with a Curie-Weiss temperature
of —125 K [76]. Below 15-18 K, an antiferromagnetic zigzag order is observed with 0.22(1)
up/Ir [99,100]. Spin-wave excitations in this magnetic order were studied by inelastic neutron
scattering experiments and compared with theoretical considerations [99], showing the importance of
higher-order coupling contributions on the honeycomb lattice [101].

Optical studies established a mostly temperature-independent onset of a Mott gap at around
340 meV [102]. Electronic features below 3 eV are assigned to be transitions, belonging to the Ir 5d t5¢
multiplets, and above mostly to charge transfer transition from O 2p to Ir 5d 5. A clear absorption
edge is visible, resulting in an effective on-site Coulomb repulsion of about 1.5 eV. This seems to match
the LDA+SOC+U calculated DOS with U = 3 eV and Jy = 0.6 eV [102]. The j,¢¢ picture is clearly valid
as pointed out by resonant inelastic X-ray scattering. These studies show a splitted but pronounced
SO-exciton, concluding that trigonal distortions are weaker compared to a strong SOC (110 meV and
0.4-0.5 eV, respectively) [78].

Hydrostatic pressure and isoelectric doping studies on NayIrO3 using infrared spectroscopy and
synchrotron X-ray diffraction were performed by Hermann et al. [98]. The optical conductivity under
ambient pressure for an as-grown sample is displayed in Figure 8a (black line). The d-d contributions
peak A (0.7 eV), peak B (1.2 eV), and peak C (1.6 eV) (Figure 8a) are assigned as follows: intrasite
jfff =3/2 — ]i’ff = 1/2, intersite jeff =1/2 — jﬁ‘ff = 1/2, and intersite jeff =3/2 — jﬁ‘ff =1/2
transitions, respectively, and thus probing the Mott insulating picture directly (peak A) and Kitaev
correlations indirectly (peak B and C). The first intersite excitation peak B reveals a Mott gap with
Uerr =1.2 €V, in accordance with Reference [102]. On the low-energy side, phononic excitations
contribute (Figure 8c). While the C2/m symmetry hosts 18 infrared-active modes, five were resolved
by the experiment in the undoped sample at ambient pressure.

The effect of Li doping, discriminating Na, with (Naj_,Liy),[rO3 for x < 024 and x = 1
(represented by a-LiyIrO3) is analyzed in detail. Focusing on the electronic part (Figure 8a), the intrasite
contribution (peak A) remains mostly stable upon doping, with only a slight redshift, while the intersite
excitation (peak C) shifts to higher energies. This indicates an increasing ratio of U,ss/t, while SOC
and a distortion of the crystal field remain only marginally affected. Further, it corresponds to a
shift towards the Mott insulating side. According to theoretical predictions [103], the decreasing
spectral weight of the j,rr = 1/2 — j.;r = 1/2 intersite transition B with increasing amount of
doping was related to enhanced Kitaev couplings due to a suppression of the direct Ir-Ir hopping
channel. This emphasizes a proximity of the x = 0.24 compound to the Kitaev limit. Further X-ray
measurements show that the chemical pressure upon Li doping only affects a contraction of the
ab-plane. The c direction remains nearly constant because only in-plane Na sites are affected for a
sufficient low doping concentration. This naturally tunes the Ir-O-Ir bond angle, crucially influencing
Kitaev magnetism. However, a-LiyIrOj3 is located not so deep in the Mott insulating state, as indicated
by a redshifted absorption edge (Figure 8a), therefore resulting in a lower ratio of U,ss/t, backed by
previous studies [60]. The similar position and shape of transition A prove a comparable SOC and
distortion of the crystal field in NayIrO3 and a-LiIrO; [55].

On the phononic part (Figure 8c), increasing the Li doping is expressed as a hardening of the
in-plane modes due to compression of the ab-plane. In addition to this chemical pressure effect,
the phonon modes are intrinsically affected by the contribution of Li. The observed modes, previously
without any Na contribution, were simulated to have an increasing contribution of Li discriminating
Ir. The lowest mode at around 350 cm~! was found to be purely Li based, in accordance to the
optical spectra.

Hermann et al. further compared the effect of chemical pressure to the physical hydrostatic
one. The optical conductivity for pressurized samples is shown in Figure 8b,d. On the electronic
part (Figure 8b), hydrostatic pressure over 8 GPa leads to a decreasing intensity of the absorption
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edge, while the intrasite transition (peak A) remains nearly unaffected. A slight redshift of all features
upon increasing pressure is observed. U,s/t is therefore only slightly adjusted between 8 GPa
and 24 GPa. The nearly unchanged intrasite contribution indicates a smooth monotonic contraction
without disturbing the crystal field symmetry. In addition, the phononic contributions (Figure 8d)
were found to experience a monotonic hardening while the damping increases with pressure. Overall,
no indications for a breaking of lattice symmetry are found. Further X-ray measurements show that,
additionally to the ab-plane, the ¢ direction is contracted upon pressurizing. This naturally explains
the different affected intensities of peak B and peak C. While transition C jorr = 3/2 — jogr = 1/21is
influenced by changes of the Ir-O-Ir bond angle, the direct hopping of peak B is nearly unchanged
through the smooth contraction of the ab-plane. Thus, it was argued that external hydrostatic pressure,
in contrast to the chemical counterpart, drives the compound away from the Kitaev limit.

5. Kagome Lattice
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Figure 9. (a) Pressure effect on the crystal structure of Herbertsmithite. While the R3m symmetry is
preserved under pressure, trigonal distortion is added by tilting the CuO4-plane. (b) Phase diagram
under pressure: At 2.1 GPa, a transition from a QSL to an AFM ordered phase takes place, which can
be seen in the susceptibility data (inset). (c) Neutron diffraction pattern under pressure. The local spin
structure under pressure resembles a V3 x/3 type. After Reference [104].

Herbertsmithite ZnCuz(OH)¢Cl, is one of the most highlighted QSL model systems, crystallizing
in the highly frustrated Kagome lattice (see Reference [105] and references herein). Cu Kagome planes
(S = 1/2) are separated by Zn?* ions realizing a highly frustrated system. Note that there is a
prone to disorder induced by mixing of Cu and Zn ions [106]. Besides strong antiferromagnetic
interaction (] = 190 K) due to the 120° Cu bonds, no signature of magnetic order was found
down to the lowest temperatures of around 50 mK [107,108]. Furthermore, Dzyaloshinskii-Moriya
interaction was found to be important [109]. Spin freezing was observed under magnetic field [110]
and pressure [104], on which we want to discuss now in detail. Under pressure, the R3m symmetry is
preserved up to at least 5 GPa. However, Cu-O—Cu bond angles are non-monotonically affected. First,
for P < 0.25 GPa, a linear increase is observed, followed by a decrease up to 5.1 GPa. The Cu-O bond
distance was found to decrease linearly at the low pressure side of P < 0.25 GPa and to be pressure
independent above. Figure 9a shows the pressure effect on the crystal structure of Herbertsmithite.
Most importantly, the CuO4-plane tilts respectively to the Cl-Cu-Cl axis, inducing a trigonal distortion.
Interestingly, the ratio of DM and Heisenberg interaction in Herbertsmithite is lowered under pressure.
A quantum phase transition from the QSL ground state to an ordered AFM phase is observed at
2.5 GPa with Ty = 6 K as a peak in susceptibility measurements (Figure 9b). In the AFM ordered state,
Ty is further decreased under pressure and explained by a decrease of Heisenberg interaction (15%
from 2.5 GPa to 5.1 GPa). The AFM structure is of type v/3 x v/3 (see Figure 9¢).
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6. Spin 1/2 Dimer Systems

We also want to highlight pressure-dependent studies on the spin dimer system TICuCls [111,112].
This magnetic insulator host dimerized S = 1/2 moments of Cu?" ions confined by strong AFM
interaction. The formation of spin dimers leads to a quantum disordered phase at ambient pressure.
Between the singlet ground state (S = 0) and the first excited triplet state (S = 1), there is a small gap of
about 0.7 meV for spin excitations. Pressure [113-117], magnetic field [118], and impurity doping were
shown to generate AFM order [119]. We are going to review the pressure-induced phase transition
in detail. In a simple picture, the interdimer coupling can be increased by external pressure, closing
the spin gap [120]. Riiegg et al. found a quantum phase transition (QCP) at P = 0.107 GPa and a
power law increase of Ty in the AFM phase [116]. Spin dimer formation can be destroyed by the
suppression of quantum fluctuations or the reduction of thermal fluctuations, both leading to magnetic
order. Figure 10 summarizes both phase transitions as probed by inelastic neutron scattering [117].
First, we focus on the QPT (Figure 10a). As the pressure is increased, the spin gap is suppressed
and finally closed with a temperature-dependent pressure p.. In the ordered Néel state (right-hand
side), two types of excitations are observed, namely the conventional Goldstone mode or spin wave
(Figure 10a grey symbols) and, remarkably, the longitudinal Higgs mode (Figure 10a red symbols) [121].
Decreasing the pressure softens the Higgs mode, and finally as dimer-based quantum fluctuations
destroy magnetic order, the system becomes gapped under p.. While, transverse excitation remains
gapped (0.38 meV at p.) over the full pressure range, they can be well distinguished from the gapless
longitudinal modes at p.. Now, we want to focus on the classical phase transition (Figure 10b). At high
temperatures, thermal fluctuations gap all observed modes. Having the temperature as a tuning
parameter and a fixed pressure of 0.175 GPa, the ordered state emerges below Ty as the longitudinal
mode becomes gapless at T. Here, we see that quantum and thermal melting of the ordered phase are
affecting the neutron spectra in a qualitatively very similar way. Finally, a full phase diagram covering
quantum critical and classical critical region is shown in Figure 10c.
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Figure 10. Quantum and classical phase transition from a dimer S = 1/2 state to magnetic order in
TICuCl3 observed by inelastic neutron scattering: (a,b) Evolution of mode energies for pressure and
temperature as tuning parameters. At the quantum critical point, QPT takes place: (a) Transverse
magnetic modes (T) or Goldstone mode of the ordered phase remains gapped while the longitudinal
Higgs mode (L) is gapless at the QCP with a temperature-dependent p.. Taking temperature as
the tuning parameter (b) and a fixed pressure, the ordered state emerges at a pressure-dependent
Ty. A qualitatively similar evolution of the mode gaps for classical and quantum phase transition
is observed. The results are summarized in the phase diagram (c) showing the quantum disordered
state (QD) and induced magnetic phase (RC-AFM). Quantum critical and classical critical regions are
indicated as QC, and CC, respectively. Grey spheres show the power-law behavior of Ty (p), while
blues symbols (Tsy. (p)) denote the limit of classical scaling. Reproduced from Reference [117].
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7. Summary

In summary, external pressure can be a very powerful tool to tune the electronic, magnetic,
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 favourable state. More complicated but possible is a direct tuning of the exchange coupling
(CspCuCly). 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, we have seen few systems where the
pressure induces spin freezing rather than a liquid state (for instance, in Tb,Ti,O7 or Yb,;Ti;Oy) or
an unfavourable modification of the crystal structure («-RuClz). Promising are candidates where a
magnetic order vanishes before the structural transition as in the case of the iridate systems. Therefore,
there is no easy answer for whether external pressure is always a pathway to introduce spin liquid
physics in the candidate systems. Albeit that the end results are unpredictable, exotic states of matter
in the vicinity of the QSL state can be investigated.
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