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Abstract

We have developed a high-pressure electron spin resonance probe and successfully installed into the world’s highest-field cryogen-
free superconducting magnet having a maximum central field of 24.6 T. The high pressure of 2.5 GPa is achieved by the specially
designed piston-cylinder pressure cell using THz-wave-transparent components. In the first application of this high-pressure high-
field ESR system, we observed that the orthogonal dimer spin system SrCu2(BO3)2 undergoes a quantum phase transition from the
dimer singlet ground to the plaquette singlet ground states.
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1. Introduction

High-pressure high-field electron spin resonance (ESR) has
been recognized recently as a powerful means to study mag-
netic materials [1]. Applying high field and/or high pressure
may tune the competing magnetic energy levels and conse-
quently induce the novel magnetic phases in materials, espe-
cially, strongly correlated spin systems.

In the ESR measurements, the highest pressure reached was
10 GPa at an X-band (10 GHz) system [2], whose correspond-
ing resonance field is 0.36 T for a g-factor of g = 2. In this
system, a diamond anvil cell (DAC), which is a device used to
generate the very highest pressures, was used. The DAC was
incorporated into the X-band system and the gasket acts as a
resonant antenna. As the resonant structure needs to be scaled
down to the wavelength of the corresponding electromagnetic
wave in principle, the setup used in this X-band system can-
not be simply applied to the high-frequency region. Another
DAC technique is used in the high-field ESR system with high
magnetic field of up to 4 T [3]. In Ref. [3] a plastic DAC was
developed that can be set into the cavity which operates in the
frequency region 40 -160 GHz. However, the use of plastics
restricts the pressure to 2.2 GPa.

We have developed a piston-cylinder pressure cell for the
high-field ESR, which produces the highest pressure of up to
2.5 GPa among the high-field ESR systems [1, 4]. We used
a double-layer cylinder consisting of an inner NiCrAl cylinder
and an outer CuBe sleeve, enabling pressures of up to 2.5 GPa
beyond the upper limits of a single-layer cylinder. We also used
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ceramics as inner parts and they allowed for electromagnetic-
wave transmission in THz region. In addition, because in our
system a simple transmission method is used, the frequency of
the electromagnetic wave can be continuously varied up to 800
GHz in contrast to the cavity-type ESR system. Although the
sensitivity is not as high as compared with that using the cav-
ity method or the system using quasi-optical method [5], its
large sample space (4ϕ× ∼ 10 mm) enables us a relatively high
signal-to-noise ratio.

The highest field in the high-pressure ESR measurements
was achieved by combining a 55-T pulsed magnet with our
piston-cylinder pressure cell and electromagnetic wave trans-
mission setup [6]. However, the maximum pressure was 1 GPa
at most because only a single-layer cylinder was available as the
inner magnet bore was small. Although ESR measurements at
further extreme conditions may become possible using a wide-
inner-bore pulsed magnet [7], several difficult problems caused
by the eddy currents occurring during the pulse field applica-
tion on the pressure cell, which is made of metal alloy [8], have
to be solved.

Extending both the magnetic field and pressure ranges si-
multaneously is still challenging. Here we describe a new
high-pressure ESR system by combining our original wide-
frequency coverage 2.5-GPa pressure cell with the world’s
highest-field cryogen-free superconducting magnet (hereinafter
called the 25T-CSM) installed recently at Institute for Materi-
als Research (IMR), Tohoku University [9]. Its maximum field
is 24.6 T, which is unobtainable by any commercially available
superconducting magnet. By this ESR system, we are able to
perform ESR measurements that have never been done before
with the prospect of discovering novel physical phenomena in-
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Figure 1: a) Schematic diagram of the high-pressure ESR system using the 25-
T cryogen-free superconducting magnet; b) Enlarged view for the pressure cell
and the bottom mirrors. The inner and outer diameters of the pressure cell are
5 mm and 28 mm, respectively.

duced by such high-pressure and high-field conditions. Indeed,
we demonstrate an interesting phase transition observed using
this newly developed high-pressure high-field ESR system in
this article. We also present the outline of our new system.

2. Outline of high-field high-pressure ESR system

In our previous high-pressure ESR system, the transmitted
electromagnetic wave passing through the pressure cell is de-
tected by the InSb hot-electron bolometer set below the pres-
sure cell [4]. Although a straight path from the pressure cell to
the detector is favored for a low-loss propagation of the elec-
tromagnetic wave, such detector arrangement requires a special
cryostat that has sufficient depth below the magnet because the
detector loses the sensitivity in the high field. In this study we
modified the design to fit more general cryostats. With the de-
signed ESR probe (Fig. 1), the pressure cell is located at the
center of the magnet. The transmitted electromagnetic wave is
reflected by two sets of mirrors at each end of the light pipe
set above and below the pressure cell. Each mirror reflects the
electromagnetic waves through 90◦. The inner and outer diam-
eters of the pressure cell are 5 mm and 28 mm, respectively.
Although the inner diameter of the pressure cell corresponds to
the cutoff frequency of 60 GHz, we can observe the transmitted
intensity with the lower frequency because ZrO2-based ceram-
ics used as inner parts of the pressure cell is expected to have
a relatively high dielectric constant. Indeed, we observed ESR
signal at 50 GHz as is mentioned in next section. The inner
diameter of the light pipe are 8 mm and the top and bottom of
the pressure cell are connected to the light pipe through tapered

horns. The whole probe, with a total length of 1800 mm, is
inserted into a 40-mm-diameter insert pipe chamber filled with
He exchange gas. The present probe can fit into not only the
25T-CSM but also the standard superconducting magnet with
50-mm cold bore.

The pressure is generated by the pressure cell, which is sim-
ilar to that developed for THz ESR [4]. The key feature of this
pressure cell is that all its inner parts are made of ZrO2-based
ceramics. These ceramics are both tough and transparent to
electromagnetic waves, enabling both high pressures of up to
2.5 GPa and a wide range of frequencies, 50-800 GHz, to be
available in applications. Details of this pressure cell can be
found in Refs. [4, 10, 11].

Gunn oscillators and backward wave oscillators (BWOs) are
used as the light sources. The light pipes for the incident and
transmitted electromagnetic waves are typically about 2 m in
length. The intensity of the electromagnetic wave from these
light sources can be modulated electrically. The transmitted
electromagnetic wave is detected using commercially available
InSb detector (QFI/2BI, QMC Instruments Ltd.) or Schottky
diode detector set outside of the cryostat and amplified by a
lock-in amplifier using a modulation frequency as a reference
signal. The intensity of the electromagnetic wave is reduced at
mirrors and along the lengthy paths probably to one tenth or
less of the previous system [4]. However, an InSb detector used
in the previous system is home-made and less sensitive. Conse-
quently, the high sensitivity of commercially available detectors
compensates the intensity losses in this system and we obtain a
similar signal-to-noise ratio with the previous one.

The 25T-CSM at the IMR Tohoku University has been open
since 2017 as a multiuse magnet. This magnet consists of
an inner Bi2Sr2Ca2Cu3Oy (Bi2223) high-Tc coil, and a mid-
dle Nb3Sn and an outer NbTi low-Tc coils [9]. Both high- and
low-Tc superconducting magnets are charged or discharged si-
multaneously. The maximum field of 24.6 T in the background
field of 14 T generated by low-Tc coils is achieved in a 52 mm
room-temperature bore with one-hour ramping time. This is
the highest field value among those produced by cryogen-free
superconducting magnets. For details, see Ref. [9]. For mea-
surements below liquid He temperature, a cryostat with an inner
diameter of 44 mm is available.

3. Application to orthogonal dimer spin system
SrCu2(BO3)2

As the first application example, we present the results for
the orthogonal dimer spin system SrCu2(BO3)2. SrCu2(BO3)2
has a unique spin arrangement known as the Shastry-Sutherland
lattice [12]. The Cu2+ dimers are arranged orthogonally to each
other in the ab-plane, as shown in Fig. 2 (a). They form an
S = 1/2 two-dimensional network through the antiferromag-
netic intradimer (indicated by solid line) and interdimer (dashed
line) exchange interactions. The ground state of this compound
is the product of dimer singlet state. There is a significant
competition between intradimer and interdimer exchange in-
teractions and this results in the strong spin frustration within
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Figure 2: Crystal structure of SrCu2(BO3)2 in the ab-plane (a) and typical
ESR spectra obtained under pressures for H∥a and 1.8 K (b, c): (b) frequency-
dependent spectra obtained at 0.50 GPa and (c) pressure-dependent spectra ob-
tained at 162 GHz. Symbols indicate peak positions.

the system. Above the critical value for the ratio of the inter-
dimer to the intradimer exchange interactions, the system is pre-
dicted to have the plaquette singlet ground state [13]. Moreover,
the ratio of the system is expected to be close to this critical
value and pressure has the potential to tune this ratio. How-
ever, because this quantum phase transition is a nonmagnetic-
nonmagnetic transition, it is difficult to distinguish it by only
measuring a macroscopic quantities such as the magnetic sus-
ceptibility. In theory, this transition is a first-order phase transi-
tion accompanied with a discontinuous change in the excitation
energies from the ground state to the triplet states at the critical
point [14]. As the high-field ESR measurements observed the
excited states very clearly for this system [15], such measure-
ments at high pressure offer a means to investigate this phase
transition. Recently, within the field range of 10 T, we revealed
that the system undergoes a quantum phase transition at 1.85
GPa [16]. On the other hand, the first excited triplet states cross
the ground state at around 25 T at 0 GPa [15]. Therefore, the
high-pressure ESR measurements using 25T-CSM is expected
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Figure 3: Frequency-field diagram of SrCu2(BO3)2 obtained at various pres-
sures. The broken lines are the linear fitting results. The inset shows the
schematic energy-field diagram. The solid and dotted lines show the theoretical
lines given in the text and their asymptotes hν = j ± gµBH, respectively.

to add further details of the quantum phase transition through
this level crossing.

In this experiment, several Gunn oscillators cover the fre-
quency range from 50 to 228 GHz. Figure 2 (b) and (c) show
typical ESR spectra obtained at various frequencies and pres-
sures. We succeeded in observing ESR of SrCu2(BO3)2 up to
2.08 GPa in the field range of 24.0 T. Even at 50 GHz, which
is lower than the cutoff frequency corresponding to the inner
diameter of the pressure cell (5 mm, 60 GHz), we obtained the
ESR signal with a good signal-to-noise ratio. The frequency-
field diagram at various pressures (Fig. 3) shows that the res-
onance field approaches a straight line with a constant slope
when the frequency is increased. A comparison of the results
obtained at ambient pressure [15] indicates that the observed
signals (see inset) turns out to correspond to transitions from
the ground state (S = 0) to the S z = −1 state of the excited
triplet states (S = 1). The broken lines in Fig. 3 are fits with
g = 2.05 [15] for the frequency region ν ≥ 135 GHz. The in-
tercepts at zero field are the gap energies between the singlet
ground state and the triplet states. Moreover, the gap energy
(Fig. 4) decreases with increasing pressure below 1.51 GPa but
does not change much across the transition point 1.85 GPa. Fig-
ure 2 (c) demonstrates this tendency very clearly; the resonance
position shifts to lower fields as pressure is applied in the region
below 1.51 GPa, whereas it does not change much from 1.51 to
2.08 GPa.

In Fig. 4, the gap energies obtained in previous ESR mea-
surements with the field range below 10 T and the frequency
range up to 800 GHz [16] are also shown. They show a clear
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Figure 4: Pressure dependence of the gap energy of SrCu2(BO3)2 for H∥a and
1.8 K (filled diamonds). Data indicated by open symbols are taken from Ref.
[16].

discontinuous change at 1.85 GPa. From the detailed analy-
sis using an exact diagonalization, we concluded that this dis-
continuous change corresponds to the quantum phase transition
from the dimer singlet state to the plaquette singlet state [16].
Except around the crossing field, the gap energy follows an ef-

fective equation hν = j±
√

d2 + (gµBH)2, where h is the Planck
constant, µB is the Bohr magneton, and j and d are fitting pa-
rameters [17]. Under conditions of previous experiments, the
zero-field splittings corresponding to the quantities j ± d were
obtained, whereas in this study the gap energies were only ap-
proximately determined; see the schematic in the inset of Fig. 3.
Nevertheless, the obtained pressure dependence of the gap en-
ergy in this study reproduces the previous results consistently
across the quantum phase transition. The reason why we ob-
tain a small change in the gap energy between 1.51 and 2.08
GPa in this study is because the gap energy at 1.51 GPa in the
dimer singlet phase is accidentally close to that at 2.08 GPa in
the plaquette singlet phase.

As shown in Fig. 2 (b), the absorption line seems to be broad-
ened as the frequency is decreased. This is because the absorp-
tion line is split as indicated by a circle and a cross and the split-
ting width increases as the frequency is decreased. The similar
behavior is also observed at ambient pressure clearly [15]. The
deviation from the straight line with decreasing the frequency
can also be seen at 0.50 GPa as shown in Fig. 3. These splitting
and anticrossing were also observed at 1.00 GPa, whereas they
were not observed clearly at 1.51 and 2.08 GPa (Fig. 3). The
intradimer Dzyaloshinsky-Moirya (DM) interaction may cause
these splitting and anticrossing [18]. Therefore, the intradimer
DM interaction is expected to be weakened by pressure. In

previous study, although we did not obtain the pressure depen-
dence of the intradimer DM interaction directly, we determined
that of the intradimer exchange interaction. We found that it
has a negative slope to the pressure (-7.4 %/GPa) [16]. If we as-
sume that the intradimer DM interaction scales to the intradimer
exchange interaction, it is reduced by 15 % at 2.08 GPa. How-
ever, further investigation is required to clarify whether these
pressure effects can be explained quantitatively by solely the
weakening of the DM interaction. On the other hand, the line
broadening above the phase transition is very large [Fig. 2 (c)]
in contrast to the gradual change seen in the anticrossing be-
havior. This abrupt change in the absorption line supports the
occurrence of the phase transition from the dimer phase to the
plaquette phase. Therefore, we conclude that the system under-
goes this phase transition at 1.85 GPa.

4. Summary

A high-pressure ESR probe was developed for the 25T-CSM,
the world’s highest-field cryogen-free superconducting magnet.
Pressure is generated by a double-layer piston-cylinder pressure
cell and capable of a maximum pressure of 2.5 GPa. This pres-
sure cell uses ceramics as its inner parts which enables us to
observe the transmitted electromagnetic wave in the frequency
region from 50 to 800 GHz. When this probe is combined with
the 25T-SCM, we are able to explore novel physical phenomena
by ESR measurements under unrivaled high-pressure and high-
field conditions. We applied this high-pressure high-field ESR
system to study the orthogonal dimer spin system SrCu2(BO3)2
in the pressure range up to 2.1 GPa and succeeded in observing
the quantum phase transition from the dimer singlet state to the
plaquette singlet state.
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