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Abstract
In solid-state physics, pressure is an essential parameter, which can continuously 
change the interaction between electrons. The combination of terahertz electron spin 
resonance (THz ESR) with pressure is a powerful approach to clarify the spin state 
under pressure from the microscopic point of view, especially for quantum mag-
nets. The most important feature of our high-pressure THz ESR system is that our 
pressure cell ensures the high pressure and wide frequency range using ceramics 
in internal parts, which are well balanced in terms of toughness and transmittance 
of electromagnetic waves. This approach allowed to very accurately describe the 
spin state under pressure. In this review, high-pressure ESR systems are reviewed 
with a focus on those in the high-frequency region. In addition, we show differences 
between other systems and our system. Moreover, we show the usefulness of our 
system by showing application examples of several magnetic materials of interest.

1 Introduction

In solid-state physics, extreme conditions are indispensable for the search of novel 
quantum phenomena. Among them, pressure P is the only parameter that can con-
tinuously change the interaction between electrons while maintaining lattice sym-
metry, provided that no structural phase transition occurs. However, in reality, the 
accurate evaluation of interaction parameters under pressure is difficult, and it often 
causes difficulty to approach the heart of the matter. In this paper, we show that our 
high-pressure terahertz electron spin resonance (THz ESR) is extremely effective in 
this respect.

Pressure is not the major experimental parameter in ESR measurements com-
pared with nuclear magnetic resonance (NMR) measurement where pressure is fre-
quently used [1]. This is the case because NMR has a resonance frequency of tens 
to hundreds MHz, and it is relatively easy to apply an oscillating magnetic field to 
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the sample by a coil introduced into the pressure cell. The same technique cannot 
be applied to ESR owing to its much higher resonance frequency [2]. Most of the 
previously reported high-pressure ESR techniques have focused on the combination 
of pressure device and resonator to provide an oscillating field to the sample under 
pressure [3–5].

Meanwhile, our group has performed THz ESR measurements using a pulsed 
high magnetic field by a simple transmission method without a resonator [6]. Spe-
cifically, a sample is placed at the center of the magnetic field, and the transmitted 
intensity is detected. Using this transmission-type ESR technique, we tried to per-
form an ESR measurement under pressure with a novel pressure cell whose internal 
parts, which are usually made of metal, were replaced with transparent sapphire [7]. 
This surprisingly simple method was highly effective and useful. This is the begin-
ning of our high-pressure THz ESR measurement. In this paper, first, we review the 
history of the high-pressure ESR technique, by focusing on studies performed in 
the high-frequency region, and show differences from our approach. In addition, we 
show that our high-pressure THz ESR is very effective for the accurate evaluation of 
interaction parameters under pressure by providing application examples.

2  History of High‑Pressure ESR

Figure  1 shows a brief summary of the history of high-pressure ESR. The first 
example of high-pressure ESR dates to Walsh’s pioneering work in 1957 [8]. It has 
only been about 10 years since Zavoisky succeeded in observing electron paramag-
netic resonance (EPR). A coaxial resonator was set in the pressure cell, and EPR 
measurement was performed at room temperature in the X-band up to 1 GPa. Since 

Fig. 1  History of high-pressure ESR. The upper row is our contribution; the lower row is the contri-
bution by other groups. In the lower row, the line labeled “X-band” shows representative high-pressure 
X-band ESR systems. ASU and HPPI indicate Academy of Sciences of the Ukraine SSR (present-day 
National Academy of Sciences of Ukraine) and Institute for High Pressure Physics, respectively. See text 
for details (color online)
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then, the high-pressure ESR system has progressed in various ways mainly in the 
X-band. The development has been focused on approaches to combine a resonator 
and a pressure device to achieve both sensitivity and high pressure. In a system, 
which uses a diamond anvil cell (DAC) whose gasket also works as a resonator, 
the pressure reached 10 GPa [9]; in a system that uses DAC and two high dielectric 
materials, the sensitivity reached 1/3 of that of commercially available system [10]. 
See other reviews for the details of these resonator-type low-frequency high-pres-
sure ESR systems [3–5].

The first high-pressure ESR measurement using high magnetic field and high fre-
quency has been performed by Lukin et al. [11]. A sample, whose size was adjusted 
to act as a type of dielectric resonator, was placed in the pressure cell to couple with 
microwaves. ESR measurements were performed at 75 GHz up to 0.25 GPa with 
the maximum field of 6 T. They used a superconducting magnet for the first time 
for high-pressure ESR measurements and observed the antiferromagnetic resonance 
(AFMR). Of note, they also used the clamp-type piston–cylinder pressure cell for 
the first time in a series of their studies [12]. Before their studies, methods using 
such as so-called bomb-type pressure cell, where an external pressure generator con-
nected directly to the pressure cell maintains the pressure during experiment, were 
mainly used.

High-pressure ESR measurements using multi-frequency electromagnetic waves 
have been performed by Kornilov et al. [13] and by us [7]. Both studies used clamp-
type pressure cells whose internal parts were made of sapphire.

It appears that Kornilov et al. began the development of the pressure cell itself 
before 1999 [14]. They thought that they could observe the transmitted intensity of 
the sample using sapphire as internal parts of the pressure cell or the reflected inten-
sity by placing a metal foil on one side. The pressure cell consisted of two layers. An 
outer layer was a Ti alloy, and the inner layer was NiCrAl (outer diameter 18 mm, 
inner diameter 3.7 mm); the maximum pressure was reported to be 3 GPa. This pres-
sure cell was combined with a millimeter-wave network analyzer, which was com-
mercially available since the 1990s [15]; they observed the cyclotron resonance in 
the frequency range from 0.042 to 0.275 THz [13]. The temperature was 0.6 K, and 
the maximum magnetic field was 17 T. However, there was no follow-up report; per-
haps, there was a problem with pressure generation for the reasons described later.

Our first pressure cell was made of a CuBe alloy with an outer diameter of 6 
mm and an inner diameter of 3 mm to fit the bore of the pulse magnet of our high-
field ESR system [7]. We succeeded in performing a world’s first high-pressure 
ESR measurement using a pulsed high magnetic field [7]. The frequency range 
was 0.06 to 0.7 THz; the maximum magnetic field was 16 T; the temperature was 
1.8–4.2 K. However, actually, sapphire easily broke and was not very practical. 
The maximum pressure, which could be repeatedly generated, was only 0.35 GPa. 
There was a problem with the efficiency of pressure generation owing to the poor 
mechanical strength of sapphire; this may be the reason why there was no follow-
up report by Kornilov et al. However, the internal parts of the pressure cell do not 
necessarily have to be transparent, and it is sufficient that they have reasonable 
transmittance to the required electromagnetic wave region. Therefore, we started 
to use ZrO2-based ceramics. The toughness and transmittance of ZrO2-based 
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ceramics will be described later. We also used a NiCrAl alloy as the cylinder, 
which had a higher electric resistance, to suppress the eddy current on the pres-
sure cell, which produced heating [16]. Finally, we achieved the maximum pres-
sure of 1 GPa [16] and the maximum pulse field of 55 T [17] using the NiCrAl 
cylinder with the outer diameter of 8 mm and the inner diameter of 3 mm.

In transmission-type ESR measurements, the amount of sample directly affects 
the signal-to-noise ratio. In the aforementioned system, the inner diameter of 
3 mm was not sufficient for the needed amount of sample, and the sensitivity 
remained insufficient. However, if the inner diameter is increased, the thickness 
of the cylinder becomes thin, and its mechanical strength decreases. Therefore, 
we decided to use a superconducting magnet with a large bore to improve both 
the sensitivity and pressure region even at the expense of magnetic field. This 
approach allowed us to use a large pressure cell, and we were able to develop a 
pressure cell with an outer diameter of 28 mm and an inner diameter of 5 mm, 
which consisted of a CuBe outer sleeve and a NiCrAl inner cylinder [18]. ZrO2

-based ceramics were used for all internal parts. The maximum attainable pres-
sure was 2.5 GPa. We developed systems that combined this pressure cell with 
a cryogen-free superconducting magnet with a maximum magnetic field of 10 T 
(abbreviated as 10T-CSM later) [18] and a cryogen-free superconducting magnet 
with a maximum magnetic field of 25 T (25T-CSM) [19]. In addition, we devel-
oped a system, where a slightly smaller pressure cell and a 15 T superconduct-
ing magnet (15T-SM) were combined [20]. The details of these systems will be 
described later.

Except for our systems, there are two major systems in the world for high-pres-
sure ESR measurements in high magnetic field and high-frequency regions. The 
first system has been developed by Náfrádi et  al. at the Swiss Federal Institute of 
Technology in Lausanne (EPFL) [21]. Using the rotation of the plane of polarization 
of electromagnetic wave at the resonance, the intensity can be sensitively detected 
through a quasi-optical bridge [22]. In addition, a corrugated tube optimized for 
0.21 THz is used in the cryostat to minimize the loss of electromagnetic wave propa-
gation. The frequency range is 0.105–0.42 THz, the maximum magnetic field is 16 
T, and the temperature range is 1.5–300 K. The pressure cell is a piston–cylinder 
type with a Poulter-type diamond window. It is made of CuBe with the outer diam-
eter of 25 mm and the inner diameter of 5 mm, and the maximum pressure is 1.6 
GPa. Electromagnetic waves are reflected at the bottom of the sample space, and 
the reflected intensity is observed using the aforementioned approach. Furthermore, 
because the magnetic field modulation method is not suitable for the pressure cell 
owing to the generation of eddy currents, frequency modulation can be used.

The other system consists of a resonator and a vector network analyzer developed 
by Hill et al. at the National High Magnetic Field Laboratory (NHMFL) [23, 24]. 
The system uses a small plastic DAC that can be set in the resonator. However, the 
use of the plastic cell significantly increases the microwave losses in the resonator 
and it makes the measurements considerably more challenging than those at ambi-
ent pressure [25]. Low temperature allows to minimize losses, and the temperature 
range is limited below 10 K. The maximum pressure is reported to be 3.5 GPa [23]; 
however, the practical upper limit is approximately 2 GPa [24, 25]. The frequency 
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range is 0.04–0.32 THz. The angle-dependent ESR measurement under pressure is 
possible by combining with a vector magnet.

These systems focus on sensitivity compared with our system. Considering that 
they applied their systems to metal complexes [24] and organic compounds [25, 
26], the high sensitivity is probably required because these single crystals are small. 
However, the use of a corrugated tube or resonant cavity limits available frequencies 
in exchange for the improvement in sensitivity. However, our high-pressure ESR 
system has the feature of wide frequency range up to 0.8 THz, though the sensitiv-
ity is slightly lower than that of these systems. This broadband feature is essential 
for understanding quantum magnets because many of them have low-lying excited 
states in the sub-THz region, which characterize their magnetism, as is described in 
Sect. 4.

3  Outline of Our High‑Pressure THz ESR System

The most characteristic feature of our pressure cell is that all internal parts are made 
of ceramics. Figure 2a shows the frequency dependence of transmittance of several 
commercially available ceramics [27, 28]. It also shows K1c values, which indicate 
the fracture toughness of these ceramics. For example, Al2O3 ceramic has the high-
est transmittance among the investigated ceramics; however, its K1c value is the low-
est; thus, Al2O3 ceramic can crack easily similar to as sapphire single crystal. Mean-
while, a 95:5 mixture of ZrO2 and MgO has the highest K1c value whereas it has 
the lowest transmittance. Thus, the transmittance and toughness strongly depends 

Fig. 2  a Frequency dependence of the transmittance of various ceramics. The K
1c

 value, which indicates 
fracture toughness, is also shown. The transmittance was measured at 4.2 K for a test piece with the same 
shape (12 mm ×30 mm). Because obtained data can be fitted almost linearly in a semi-logarithmic plot, 
only fitting results are shown except for the highest and lowest results. b Cross section of a hybrid-type 
pressure cell (color online)
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on constituent. In addition, all ceramics have a decreasing tendency of transmission 
as a function of frequency except for Al2O3 ceramic. We use an 80:20 mixture of 
ZrO2 and Al2O3 (FCY20A, Fuji Die Co., Ltd.) mainly from the viewpoint of the bal-
ance of transmittance, toughness, magnetic impurities, availability, and price. The 
Al2O3 ceramic (FCA10) is also used for the piston, which does not directly touch the 
pushing rod, to achieve the desired transmittance. Then the pressure and frequency 
ranges are optimized. The maximum pressure reaches 2.5 GPa, and a very wide 
frequency region from 0.05 to 0.8 THz is obtained. The lower limit of frequency 
is slightly lower than the cutoff frequency (0.06 THz) of the cylinder inner diam-
eter (5 mm), because ceramics act as a dielectric and effectively reduce the cutoff 
frequency. The upper limit is determined by the transmittance of ceramics, output 
power of the light source, and available frequency range of the detector.

The cylinder of our clamp-type pressure cell is a so-called hybrid type, with the 
NiCrAl inner cylinder and CuBe outer sleeve; the outer and inner diameters are 28 
mm and 5 mm, respectively. Although the maximum pressure is slightly reduced 
(2.0 GPa), we also use the smaller outer diameter (23.5 mm) with the same inner 
diameter (Fig.2b) [20]. In both cases, the sample space inside the Teflon capsule 
before applying the load is 4 mm × 11 mm. Daphne 7373 or 7474 is used as the pres-
sure-transmitting medium. The pressure is evaluated using the relationship between 
the load at room temperature and the pressure at low temperature determined from 
the superconducting transition temperature of tin [18].

Figure 3a and (b) shows the schematic diagrams of our high-field high-pressure 
ESR systems using 10T-CSM [18] and 25T-CSM [19], respectively. The 25T-CSM 
system, which was developed at the Institute for Materials Research, Tohoku Uni-
versity, can generate the world’s highest magnetic field among the cryogen-free 
superconducting magnets [29]. The high Tc superconductor is used as the inner coil, 
and the magnetic field of 24.6 T can be generated in a room temperature bore of 
52 mm. This system has been open for joint research as a multiuse magnet since 
2017. In both 10T-CSM and 25T-CSM systems, Gunn oscillators and backward 
traveling oscillators are used as light sources, and the transmitted electromagnetic 
wave through a pressure cell is detected by an InSb detector. The electromagnetic 
wave is rectangularly modulated electrically or mechanically, and the modulation 
frequency is used as a reference for the lock-in detection. In the 10T-CSM system, a 
bulk homemade InSb detector is positioned at the bottom of the cryostat, which has 
a space below the center of the magnetic field. In the 25T-CSM system, mirrors are 
placed at the bottom of the cryostat to draw electromagnetic waves to the outside of 
the cryostat, and a commercially available InSb detector with a cryostat is used. The 
total length of the light pipe is more than twice as long as that of the 10T-CSM sys-
tem; however, the loss during the propagation of electromagnetic waves is canceled 
using a highly sensitive commercial InSb detector. Both systems have the tempera-
ture range of 1.8–4.2 K.

In addition to these systems, we also developed a system combined with 15T-SM, 
which used a reflection approach that was similar to that of the 25T-CSM system 
[20]. The pressure cell has a slightly smaller outer diameter (23.5 mm) as shown in 
Fig. 2b; thus, it can be inserted into a variable temperature insert. In principle, the 
temperature-dependent measurement up to 200 K is possible.
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4  Application Examples of High‑Pressure THz ESR

4.1  Orthogonal‑Dimer Spin System SrCu
2
(BO

3
)
2
 [30]

This is an application example of the 10T-CSM high-pressure ESR system. SrCu2
(BO3)2 is well known as the orthogonal-dimer spin system [31]. The magnetic ion 
Cu2+ ( S = 1∕2 ) forms a dimer, and the dimers are arranged orthogonally to each 
other in the ab plane (Fig. 4a, “dimer”). If the antiferromagnetic exchange interac-
tions of the intradimer and interdimer are J (solid line) and J′ (dotted line), respec-
tively, in the limit J� = 0 ( � = J�∕J = 0 ), the system is apparently in the dimer sin-
glet state, whereas in the opposite limit J = 0 ( � = ∞ ), the system is equivalent 
to a square lattice and is in the Néel state. However, in the region where J and J′ 
compete, frustration occurs between spins, and the ground state is not trivial. Theo-
retically, it is expected that a peculiar quantum state called, a plaquette singlet state, 
which forms a singlet with four spins would appear (Fig. 4a, “plaquette”) [32, 33]. 
However, it is still an open question whether the singlet is formed by four spins on 
a square including the diagonal bond J (“full type”) or four spins on a square not 
including the diagonal bond J (“void type”) [34]. SrCu2(BO3)2 is in the dimer sin-
glet phase at ambient pressure, and many attempts have been made to realize the 
plaquette singlet by applying pressure [17, 35–38]. However, because this phase 
transition is a non-magnetic–non-magnetic transition, it is difficult to observe it by 
macroscopic physical measurements such as the magnetization measurement under 

Fig. 3  Schematic diagram of high-pressure ESR systems using 10T-CSM (a) and 25T-CSM (b) (color 
online)
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pressure. Moreover, it was difficult to directly compare experimental results with 
theoretical results because the relationship between the experimental parameter P 
and the theoretical variable � was not clear.

We tried the high-pressure THz ESR for this system [30]. The ESR measurement 
can directly observe the low-lying excited states of this system [40, 41]. Figure 4b 
shows a typical frequency-field diagram under pressure. We observed the transi-
tion �E± from the singlet ground state to the Sz = ±1 states of the triplet states S = 1 
(one-triplet excited state). In addition, the transition �B- from the ground state to the 
Sz = −1 state of the quintet states S = 2 (two-triplet bound state) was also observed. 
These excitation energies at zero magnetic field �0

E±
 and �0

B-
 showed monotonous 

decreases with pressure and the tendency was steeper at �0
B-

 . Furthermore, we found 
that �0

E±
 showed a discontinuous jump between 1.75 GPa and 1.95 GPa and the tran-

sition pressure was determined to be Pc1 = 1.85 ± 0.05 GPa.
We considered that the tendency of the excitation energy below Pc1 can be used 

for the analysis, and we performed a theoretical calculation of excitation energies 
with � as a variable for the orthogonal-dimer lattice. Thus, the ratio �0

E±
∕�0

B−
 was 

found to have a monotonous function for � . This means that one � corresponds 
to only one ratio �0

E±
∕�0

B−
 . Thus, we successfully determined the exact pressure 

dependence of � as �(P) = 0.0322P[GPa] + 0.601 . Moreover, the relationship of J 
to the pressure was also determined to be J(P)∕kB[K] = −5.14[K/GPa]P[GPa]+69.1
[K]. Using these relations, the excitation energies observed at any pressure P were 
plotted against � in the form normalized by J. Figure 4a shows the result. A discon-
tinuity in the excitation energy, which indicates a first-order transition, was again 
observed, and the critical ratio was determined to be �c1 = 0.660 ± 0.003.

Fig. 4  a Pressure and interaction ratio � = J�∕J dependence of the excitation energy normalized J 
obtained by the 10T-CSM system for SrCu

2
(BO

3
)
2
 , made by modifying Fig. 3b in Ref. [30]. The excita-

tion energies obtained by the 25T-CSM system [19] and INS [35] are also plotted. Illustrations indicated 
by “dimer” and “plaquette” represent the singlet state formed by the spins in the shaded area. For the 
plaquette singlet state, there is a “full type”, which includes the diagonal interaction J, and a “void type”, 
which does not. b Frequency-field diagram for H ∥ a obtained at 2 K and 1.25 GPa, made by modifying 
Fig. 1b in Ref. [30]. The solid curves for �E± are the fitting result by theoretical curves [39]. The solid 
line for �

B-
 is the linear fitting result (color online)
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The thick dotted lines in Fig. 4 are our calculated results, which agree very well 
with the obtained data. The results obtained using the 25T-CSM system [19] and 
those obtained using neutron inelastic scattering (INS) [35] agree well. The split-
ting, which is caused by the Dzyaloshinsky–Moriya (DM) interaction [39], observed 
in �0

E±
 is related to the high resolution of the setup. The result obtained by another 

theoretical calculation is also shown by the thin dashed-dotted line [42]. Although 
there is no splitting because the DM interaction is not taken into account, this cal-
culation result is in good agreement with both the experimental data and our calcu-
lated results.

Theoretically, at the critical point �c1(theory) ∼ 0.68 [34, 42, 43], excitations 
change discontinuously as shown by the thick solid line, which was obtained by 
our calculation, thin solid and dotted lines [42]. Although the experimentally deter-
mined �c1 = 0.660 is slightly smaller than �c1(theory) ∼ 0.68 , the observed excita-
tion energies were quantitatively consistent with these theoretical results. Therefore, 
we concluded that the observed transition is attributed to that from the dimer singlet 
state to the plaquette singlet state.

The neutron diffraction measurement under pressure has revealed the Néel order 
at 4.0 GPa [35]. By extending the pressure dependence of � obtained above, it 
was estimated that the critical ratio corresponding to this pressure was �c2 = 0.73 
(Fig.  4a). The recent theoretical calculation proposes that the phase boundary to 
the Néel phase is �c2(theory) ∼ 0.76 [34, 43]. Although it is slightly larger than the 
experimental result, a good agreement is also observed. The reason why the theo-
retically calculated phase boundaries to the plaquette phase and the Néel phase are 
larger than the experimental results is possibly owing to the interactions that have 
not been taken into account in the theory such as the exchange interaction between 
layers existing in the real system. Further quantitative research is expected in the 
future. Thus, the high-pressure THz ESR measurement revealed the phase transition 
from the dimer singlet state to the plaquette singlet state of this system.

4.2  Hemin: Model Case of Hemoproteins [44]

This is an application example of the 10T-CSM high-pressure ESR system. Metallo-
proteins are some of the essential proteins in the living body. A well-known example 
is hemoglobin, which transports oxygen. Its active center is heme (iron protoporphy-
rin IX) containing Fe2+ ion. The change in the coordination structure of the iron ion 
is essential for the unique ability to reversibly capture and release oxygen; thus, it is 
important to investigate the relationship between its structure and function. Pressure 
is a very useful parameter to control its structure. Hemin [iron (III) protoporphyrin 
IX chloride] is a model substance of heme and it is suitable as a stepping stone for 
future metalloprotein research by high-pressure THz ESR.

The structure of hemin includes four nitrogen atoms and one chlorine atom 
around Fe3+ ion ( S = 5∕2 ), as shown in the inset in Fig. 5a. This ligand field lifts 
the zero-field degeneracy of the three Kramers doublets of S = 5∕2 of Fe3+ ion and 
provides the single ion magnetic anisotropy. The effect of ligand field is character-
ized by the zero-field splitting parameters D and E. Recently, the detailed values 
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have been reported by the THz ESR measurements of hemin [45, 46]. As is shown 
later, the zero-field splitting of this system lies in the THz region and the THz ESR 
measurement is necessary to determine them directly.

Figure 5a is the pressure dependence of the ESR spectrum obtained for the pow-
der sample, and Fig. 5b is its frequency-field diagram. As shown in these figures, 
hemin showed a large resonance field shift when pressure was applied. Because 
the intercept of the frequency axis provides the value of 2D directly, we can eas-
ily find that the D value increases with pressure. This result also indicates that the 
THz ESR measurement is very effective for its determination. The solid and dotted 
lines in the figure are the results of the simulation for the Hamiltonian of this system 
H = �B� ⋅ � ⋅� + DS2

z
 , where �B is the Bohr magneton. It should be mentioned that 

the higher field and higher frequency are needed to observe the rhombic component 
E [45, 46]. From this simulation, it was determined that the D value changes from 
+6.9 to +7.9 cm−1 while the gz value slightly decreases from 2.06 to 2.00. The for-
mer means that the easy plane anisotropy as the applied pressure is increased.

For hemin, a porphyrin ring is relatively rigid owing to its covalent bonds, and 
it is easily compressed perpendicular to the plane [44]. Therefore, the distance 
between iron and chlorine is considered to be more sensitive to pressure than that 
between iron and nitrogen atoms. Therefore, the application of pressure shortens the 
distance between iron and chlorine, which increases the energy of iron dyz and dxz 
orbitals. This enhances the easy plane anisotropy. Thus, high-pressure THz ESR is 
expected to be a powerful approach for sensitively detecting the change in electronic 
states of metalloproteins.

4.3  Hexagonal ABX
3
‑Type Antiferromagnet CsCuCl

3
 [20]

This is an example of using the 15T-SM high-pressure ESR system. CsCuCl3 (mag-
netic ion Cu2+ , S = 1∕2 ) is a well-known substance, which shows a remarkable 
quantum effect [47]. There is a ferromagnetic chain along the c-axis and an antifer-
romagnet triangular lattice in the c-plane. The characteristic of this system is that the 

Fig. 5  a Pressure dependence of powder ESR spectra obtained at 0.381 THz and 4.2 K for hemin. b 
Frequency-field diagram at 4.2 K obtained at various pressures for hemin, made by modifying Fig. 4 in 
Ref. [44] (color online)



277

1 3

High-Pressure THz ESR  

ferromagnetic interaction is several times larger than the antiferromagnetic interac-
tion, and there is a weak easy-plane type magnetic anisotropy[48]. The system has 
a 120◦ structure in the c-plane below the Néel temperature TN = 10.7 K [49] and 
the magnetization shows a jump at Hc1 = 12.5 T (1.1 K) when the magnetic field is 
applied parallel to the c-axis [50]. The theoretical study showed that this magnetiza-
tion jump corresponds to the magnetic phase transition from the umbrella configu-
ration stabilized by the easy-plane anisotropy to the coplanar configuration stabi-
lized by quantum fluctuations [47]. In addition, a discontinuous change is seen in the 
AFMR mode at the corresponding field Hc1 [51]. Figure 6a shows a frequency-field 
diagram obtained at 4.2K for H ∥ c in this study. Indeed, the discontinuous change 
in the AFMR mode was confirmed at Hc1 = 10.9 T as shown in Fig. 6a. Note here 
that modified field Hm = (g∕2)H , where g is the g value in the paramagnetic state, 
was used in these figures. The g value was found not to depend on pressure, and it 
was obtained to be g = 2.11.

Recently, a so-called 1/3 magnetization plateau has been observed above the 
pressure of 0.68 GPa for CsCuCl3 in its magnetization measurement under pressure 
[52]. The 1/3 magnetization plateau is a very typical quantum phenomenon expected 
in an ideal S = 1/2 triangular lattice antiferromagnet; however, few examples are 
known except for Cs2CuBr4 [53] and Ba3CoSb2O9 [54]. Therefore, it has attracted 
considerable attention. In this study, we explored this material using high-pressure 
ESR.

Figure 6b is a frequency-field diagram at 4.2 K and 0.80 GPa for H ∥ c . There is 
the discontinuous change at Hc1 = 11.7 T; in addition, a small change is observed 
at Hc2 = 13.1 T. The region of Hc1 ≤ H ≤ Hc2 was considered to correspond to the 
1/3 plateau region from the comparison with the magnetization measurement under 

Fig. 6  Frequency-field diagram at 0 GPa (a) and 0.80 GPa (b) for CsCuCl
3
 obtained at 4.2 K for H ∥ c . 

The horizontal axis is a modified field with g = 2.11 . The solid lines are the fitting result of AFMR mode 
and the dotted lines are guides to the eye. a and b were made by modifying a and b in ref. [20], respec-
tively (color online)
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pressure. That is, at Hc1 , the umbrella structure changes to the up–up–down struc-
ture, which is the magnetic structure corresponding to the 1/3 magnetization plateau; 
at Hc2 , the up–up–down structure changes to the coplanar structure, as schematically 
shown in Fig. 6b. This is the first evidence of the 1/3 magnetization plateau from a 
microscopic point of view. We observed an increase in Hc1 by applying pressure, and 
a similar tendency was observed in the magnetization measurement under pressure 
[52]. Moreover, the antiferromagnetic gap was observed to increase from 0.089 THz 
at 0 GPa to 0.119 THz at 0.80 GPa from the AFMR mode fitting [48], as shown in 
the solid lines in Fig. 6a and b. The investigation of origin of these increases in Hc1 
and an antiferromagnetic gap is on-going, and it is becoming clear that the relative 
increase in the antiferromagnetic interaction in the c plain to the intrachain ferro-
magnetic interaction is an important factor [55].

4.4  Anisotropic Triangular Lattice Antiferromagnet Cs
2
CuCl

4
 [56]

This is an application example of the 25T-CSM high-pressure ESR system. The 
triangular lattice antiferromagnet is a typical geometric frustration system. Specifi-
cally, when the spin quantum number is S = 1∕2 , it is expected that various quantum 
phases will appear owing to both quantum fluctuation and frustration effects [57]. 
If the distortion is introduced to the equilateral triangular lattice, or the magnitude 
of the quantum fluctuation is changed by applying magnetic field, further various 
phases are expected to appear [58, 59]. To confirm this, it is necessary to simulta-
neously control the exchange interaction and spin polarization; however, very few 
studies have been performed because such experiment is very difficult. Cs2CuCl4 
(magnetic ion Cu2+ ) has the spin quantum number of S = 1∕2 and an anisotropic tri-
angular lattice characterized by interactions J and J′ (Fig. 7a, inset) [60]. Therefore, 
by applying the 25T-CSM high-pressure ESR system to this substance, this verifica-
tion becomes possible.

Figure 7a shows the frequency-field diagram obtained under various pressures for 
this system, and Fig. 7b shows the typical pressure dependence of spectra for mode 
B obtained at 0.33 THz. They were obtained at 1.9 K which is above its Néel tem-
perature TN = 0.62 K [61]. Figure 7a shows that mode A is almost independent of 
pressure, whereas mode B is considerably depends on pressure. Mode B appears 
above the saturation magnetic field [62]. Although the system is in the paramagnetic 
state, it becomes the field-induced ferromagnetic state above the saturation field, 
and the magnetic structure effectively has a doubled period of the original lattice 
owing to the existence of the DM interaction [62]. Therefore, Brillouin zone fold-
ing occurs, which makes mode B observable; originally, it is a forbidden transition. 
The most characteristic feature is that the energy difference between modes A and B 
directly provides the interaction J′ ( ℏΔ� = 4J� ). Moreover, in this study, we deter-
mined the saturation magnetic field from the resonant tunneling diode measurements 
under pressure. The saturation magnetic field is described by J and J′ . These results 
shows that we successfully and accurately determined the relationship between pres-
sure P and the interaction ratio J�∕J . Furthermore, in the tunneling diode measure-
ment below TN under pressure, magnetic phase boundaries were observed, as shown 
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in Fig. 7c, where new magnetic phases (represented by C and D) were discovered 
under high pressure and high magnetic field. It is expected that the phase diagram 
for the anisotropic triangular lattice for the interaction ratio J�∕J (Fig. 7c) will stim-
ulate further theoretical studies on quantum phase transitions in frustrated magnets.

5  Summary

High-pressure ESR was reviewed with a particular focus on measurements in the 
high-frequency region. Currently, there are three groups in the world that are capa-
ble of performing high-pressure high-frequency ESR measurements. Two groups, 
not including our group, performed high-sensitivity measurements at the expense 
of the frequency region. In contrast, our system can perform measurements at the 
high pressure of 2.5 GPa and in the wide frequency range of up to 0.8 THz, although 
the sensitivity is slightly lower than that of other groups. In our system, the use of 
ZrO2-based ceramics for the internal parts of the pressure cell is essential because 
this material is tough and can transmit electromagnetic waves in the THz region. By 
showing several application examples, it is demonstrated that the high-pressure THz 
ESR measurement is very useful for investigating the pressure dependence of spin 
states of magnetic materials with energy structures in the sub-THz region. Specifi-
cally, the advantage that the pressure dependence of interaction parameters can be 
accurately determined is very significant because it allows us to compare experi-
mental results with theoretical results.

Future studies may focus on further expanding pressure and magnetic field 
regions. Currently, we are developing new ceramics to improve toughness and/or 

Fig. 7  a Frequency-field diagram for Cs
2
CuCl

4
 at 1.9 K obtained at various pressures for H ∥ b . b 

Pressure dependence of ESR spectra for mode B at 1.9 K for H ∥ b . c Field-pressure ( J�∕J ) phase dia-
gram obtained by the tunnel diode measurement at 350 mK for H ∥ b . a, b and c were reproduced from 
Fig. 1a, b and 3b in Ref. [56], respectively (color online)
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transmittance of electromagnetic waves. Although the use of pulsed high magnetic 
field without a reduction in both sensitivity and pressure region is extremely chal-
lenging, high-pressure THz ESR will be improved further if it becomes possible.
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