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Abstract

This review explores the multi-extreme THz ESR system in Kobe, Japan, with a
focus on pulsed magnetic fields, mechanical detection, and high pressure as cen-
tral elements of multi-extreme THz ESR. Initially, it discusses the advantages of
multi-frequency THz ESR using mini-pulsed and 55 T—pulsed magnetic fields, with
typical examples featuring the finite Haldane chain substance Y,BaNi;qsMg 04O5
and the deformed diamond chain antiferromagnet Cu;(CO;),(OH), (Azurite). The
measurement efficiency and the measurement beyond the magnetic phase transition,
in contrast to the conventional superconducting magnet, are discussed. Second, the
high sensitivity obtained from the use of a nano-membrane for mechanical detection
is shown. Also shown are the high-temperature (280 K) THz ESR results for DPPH
powder and a Cu(C,H,N,)(NO3), (CuPzN) single crystal, with the combination of a
nano-membrane device and a high-power source, a gyrotron. Finally, the high-pres-
sure THz ESR results for KCuCl, using a transmission-type double-layered pressure
cell are shown, along with the application of the thermally detected high-pressure
THz ESR.

1 Introduction

Our group in Kobe, Japan, has been developing THz ESR for over 37 years. Here,
the definition of “THz” in the THz community corresponds to 0.1—10 THz [1]. On
the other hand, the resonance condition of ESR is

hv = gugH 1
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where £ is the Planck constant, v is the frequency of the electromagnetic wave, g
is the g value, uy is the Bohr magneton, and H is the applied magnetic field where
the unit of H is Tesla. In the conventional X-band ESR system operating around
9.5 GHz, and the resonance field of EPR (g=2) is about 0.339 T, where the mag-
netic field is usually applied by a water-cooled resistive magnet. However, the fre-
quencies beyond the W-band (v>95 GHz) necessitate a superconducting magnet,
where the conventional superconducting magnets are limited to 20 T in the conven-
tional laboratory level. According to Eq. (1) for g=2, 20 T corresponds to 560 GHz.
Therefore, the frequencies beyond 560 GHz requires a specialized technique for
magnetic field application, as discussed in the next section.

To observe the electron paramagnetic resonance (EPR) of radicals, the neces-
sity of developing THz ESR instead of X-band ESR might not be immediately
apparent, given the high magnetic fields required for high-frequency EPR, as
explained above. However, THz ESR has several advantages over X-band ESR, as
listed below [2].

1) As we are mainly dealing with 3d ions and strongly correlated magnetic systems,
the first advantage is the enhanced ESR absorption intensity at higher frequencies,
since this intensity increases proportionally to (1—exp(—AE/kgT)), where kg is
the Boltzman constant and T is the temperature, in relation to the distribution
disparity in the Zeeman splitting AE. For instance, the intrinsic intensity of ESR
is much higher than that of NMR. However, this advantage is usually counterbal-
anced by the reduction in the output power of conventional light sources such as
Gunn oscillators or backward-traveling wave oscillators (BWO) with increasing
frequency.

2) The next advantage pertains to the spectral resolution. ESR or EPR exhibits
linewidth characteristics. When dealing with two EPR spectra with very closely
positioned g values, the two EPRs are indistinguishable if AgugH is smaller than
the linewidth. However, at high frequencies, two EPRs will separate because
AgugH exceeds the linewidth due to the increase in the resonance field.

3) If the ESR exhibits zero-field splitting, observing ESR requires frequencies
exceeding the zero-field splitting. Certain 3d metal ions, such as Fe** (3d°) in
Hemin (zero-field splitting =400 GHz), demonstrate zero-field splitting, necessi-
tating multi-frequency THz ESR for its observation and understanding, as shown
in Fig. 1 [3, 4]. Antiferromagnetic resonance (AFMR) resonance fields expand
extensively from EPR due to antiferromagnetic gap induced by internal fields
from antiferromagnetic order below the Néel temperature Tyy. Multi-frequency
THz ESR is a powerful method for observing AFMR, exemplified by Li,CuO,
with Ty=9.3 K, as shown in Fig. 2 [5].

4) In magnetic systems undergoing a magnetic phase transition at H,,, it is necessary
to adjust multi-frequencies to place the resonance field above H,, to study the
magnetic phase (H> H,,). Figure 3 shows the discontinuous change of AFMR in
CsCuCl, [10] at H,,,, which is interpreted as the competition between the weak
in-plane magnetic anisotropy and the quantum effect by the Nikuni—Shiba theory

[11].
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Fig. 1 a Electromagnetic-wave frequency versus resonance field derived from the observed EPR spectra
for a powder sample of hemin, together with simulated curves, taking into account ZFS parameters. b
Calculated energy levels of hemin for B // x, y, and vertical arrows indicate the corresponding EPR tran-
sitions for the field-swept data at 441 GHz. Curves for B // x and y are almost overlapped and cannot be
resolved in this scale. ¢ Calculated energy levels of hemin for B // z. Purple («) and black (gcﬁpara) arrows
indicate the corresponding EPR transitions for the field-swept data at 363 and 105 GHz, respectively [3].
Reproduced with permission from Ref. [3]. ¢ (2018) The Physical Society of Japan

5) To observe a broad ESR line, THz ESR is required. Since 3d metallic ions have
much broader ESR linewidths compared to those of radicals, THz ESR is use-
ful for observing systems containing 3d metallic ions. Figure 4 shows the ESR
with a linewidth of several Tesla in SrCryGa,Oo, which is due to the strong spin
frustration in the system [12].
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Fig.2 Frequency-field diagram of observed AFMR’s (open circles) of Li,CuO, powder sample at 1.9 K.
w/y=10 T in the vertical axis corresponds to 280 GHz. Modified field H,, corresponds to (g H/2),

exp/

where H,,, is the experimentally obtained resonance field. Solid lines are calculated by the AFMR the-

ory based on the molecular field theory [5]. Reproduced with permission from Ref. [5]. (c) (1993) The
Physical Society of Japan

This THz ESR system in Kobe has been extended to encompass the multi-
extreme THz ESR [13]. Our multi-extreme THz ESR covers the frequency range
from 0.03 to 7 THz using Gunn oscillators, multipliers, BWOs and far-infrared (FIR)
laser [14], the temperature range from 1.8 to 300 K [14], the magnetic field inten-
sities up to 55 T [14], and the pressure is increased from 1.5 GPa [15] to 2.5 GPa
using a hybrid-type pressure cell [16-18]. It also includes our recent developments
of mechanically detected THz ESR [19] measurements using a commercially avail-
able membrane-type surface stress sensor, an extension of our micro-cantilever ESR
[20, 21], and its application to microliter solution samples such as myoglobin [22].
This review presents our high magnetic field THz ESR, the mechanically detected
THz ESR and the high-pressure THz ESR, and the reader is encouraged to refer to
cited articles to obtain more information.

2 High Magnetic Field THz ESR

To apply the magnetic fields for THz ESR, either steady magnetic fields or
the pulsed magnetic fields can be used. The disadvantage of steady magnetic
fields using a superconducting magnet lies in the sweep time. It typically takes
about 25 min to sweep a superconducting magnet from 0 to 15 T. However,
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Fig.3 Frequency-field diagram of CsCuCl; for H//c at 4.2 K. w/y=10 T in the vertical axis corresponds
to 280 GHz. Modified field H,, corresponds to (g H,,,/2), where H, is the experimentally obtained
resonance field. Here, the g value of 2.10 obtained from our EPR measurements is used for H,. The
results of our THz ESR (closed circles) are shown with the results of Palme et al. (open circles) [6]
and the AFMR calculated results based on the molecular field theory by Tanaka et al. (solid lines) [7].
ESR results obtained by Motokawa [8] in the low frequency region at 1.4 K are also shown by the open
triangles. The dashed line corresponds to the critical field H,;=11.4 T obtained from the magnetization
measurement [9]. Clear discontinuous change of ESR mode is observed at H,, [10]. Reproduced with
permission from Ref. [10]. ¢ (1993) The Physical Society of Japan

our mini-pulsed magnetic field system shown in Fig. 5 requires only 10 ms to
sweep from 0 to 15 T [23]. Here, the light sources are far-infrared (FIR) laser
and backward traveling wave oscillators (BWO or BTWT) before 1995, and Gunn
oscillators and multipliers became available after 1995. A pulsed magnetic field
is produced by an LC-circuit, which consists of a mini-coil and a 35 kJ (3 kV)
capacitor bank. Therefore, a pulsed magnetic field shows a sinusoidal field pro-
file as a function of time. In this sense, the sweep rate was time-varying, and the
number of data points available differed from field to field. We used InSb detec-
tors, which were fast enough to generate a response within the order of 100 ns
(~100 ns), and the ESR was observed in the transmission setup. In addition, data
were acquired via a fast digital memory with a high vertical resolution of 10 bits.
A min-coil is a wounded copper wire with an inner diameter of 8 mm reinforced
by the epoxy resin. As a mini-coil can be cooled down by liquid He in 5 min
because of the small heating output, in principle one can achieve 12 shots in an
hour, whereas only one up-and-down sweep is possible with a superconducting
magnet. This sweep time efficiency is a big advantage of our mini-pulsed mag-
netic field system, especially for multi-frequency THz ESR measurements on
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unknown samples. Although the spin sensitivity of our transmission type mini-
pulsed magnetic field system described above is in the order of 10 spins/G, it
can be reduced dramatically to 10'! spins/G recently by using the microcantilever
ESR under the pulsed magnetic field [24]. The selection between two methods
depends on the amount of samples which can be used for the measurement. Typi-
cal examples of the multi-frequency THz ESR results using our transmission type
mini-pulsed magnetic field system are shown in Figs. 1, 2 and 3 [3, 5, 10]. In
addition, Figs. 6 and 7 [25] show results for Y,BaNij sMgg (405. Y,BaNiMgOy
[26] is a typical model substance of the Haldane system [27], wherein the S=1
(Ni** ion in the case of Y,BaNiMgOs) one-dimensional antiferromagnet mani-
fests the Haldane gap, distinguishing it from the S=1/2 one-dimensional antifer-
romagnet lacking such a gap [28]. The ground state of a Haldane chain can be
well described by the Affleck—Kennedy-Leib—Tasaki model [29]. In this model,
the S=1 state is described as two ferromagnetically aligned S=1/2 states, lead-
ing to a ground state corresponding to a valence-bond-solid (VBS) state where
each S=1/2 forms a singlet with the nearest neighbor situated on the adjacent
site (two red arrows surrounded by a blue curve in Fig. 8). This is purely a quan-
tum effect in the S=1 one-dimensional antiferromagnet. When the two Ni** ions
are replaced by the non-magnetic Mg?" ions, two effective S=1/2 spins (green
arrows in Fig. 8) appear at each end of the finite chain. As suggested by Batista
et al. [30], two effective S=1/2 spins form a ferromagnetic dimer in the finite odd
chain, resulting in a triplet ground state, whereas they form an antiferromagnetic
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Fig.5 Block diagram of our mini-pulsed magnetic field system which can produce up to 15 T [23].
The light sources are far-infrared (FIR) laser and backward traveling wave oscillators (BWO or BTWT)
before 1995, and Gunn oscillators and multipliers became available after 1995. The detector is the liquid
He cooled InSb. Reprinted from International Journal of Infrared and Millimeter Waves, 12(2), Mitsuhiro
Motokawa et al., “Submillimeter EPR of Co:Rb,MgF, and anomalous g values /149, Copyright (1991)
with permission from Springer Nature

dimer in the finite even chain, leading to a singlet ground state, as shown in Fig. 8.
Therefore, the triplet ground state (odd chain) exhibits stronger ESR at very low
temperatures. Moreover, as suggested by Batista et al. [30], there are effective D
and E terms determined based on the N-length of the finite chain. Here, N cor-
responds to the number of Ni ion sites in the finite chain. These D and E terms
diminish as N increases due to the reduced correlation between the two effective
S§'=1/2 spins. The N-dependent effective D and E terms cause multiple secondary
ESR peaks to emerge, as shown in Figs. 6 and 7. For N> > 1, two free S=1/2
spins produce the main peak near DPPH, as shown in Fig. 6. The N dependence
of the effective D and E terms yields insights into the spin correlation within the
Haldane system [25]. In summary, Figs. 1, 2, 3, 6 and 7 underscore the power of
multi-frequency THz ESR measurements using the mini-pulsed magnetic field.
On the other hand, there are cases where THz ESR measurements beyond 15 T
are necessary when dealing with magnetic systems characterized by exchange
interactions. A 55 T pulsed magnetic field THz ESR system was developed in
Kobe, incorporating a 300 kJ (10 kV) capacitor bank and a reinforced Cu—-Ag
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Fig.6 ESR spectra of [
Y,BaNi o¢Mg 1405 single -
crystal for various frequencies
at 4.2 K in the magnetic field

B parallel to the c-axis, where
the Ni?* chains run along the
a-axis [25]. For example, the
contributions of N-length chains
are labeled N (=1, 3, 5, 7) for
210 GHz. Additional peaks
indicated by arrows originate
from a small domain whose
c-axis slightly tilts from that

for the main part of the sample.
Reprinted Fig. 1 with permis-
sion from “Energy Structure

of a Finite Haldane Chain in
Y,BaNi, gsMg, 1405 Studied

by High Field Electron Spin
Resonance”: M. Yoshida, K.
Shiraki, S. Okubo, H. Ohta, T.
Ito, H. Takagi, M. Kaburagi,
and Y. Ajiro, Phys. Rev. Let, 95,
117-202 and 2005. Copyright
(2005) by the American Physi-

cal Society O | 3 | 6 ‘ 9 | 12 ‘ ]5

Transmission (arb. units)

120 GHz

105 GHz

90 GHz

wire pulsed magnet [31]. Although this magnet is cooled by liquid N,, it takes
more than 30 min to cool the magnet after a 55 T shot because of the high heating
output coming from the high current is greater than that from a mini-coil. There-
fore, the data acquisition efficiency becomes much lower than in the case of the
mini-coil, but it opens up the possibility for high-field THz ESR measurements
beyond the capabilities of a conventional superconducting magnet. Sample tem-
peratures hover around the liquid He temperature because low temperatures are
a constant necessity for investigating the ground states of the magnetic systems.
The multifrequency 55 T pulsed magnetic field THz ESR system is especially
useful for exploring magnetic field phases at high fields beyond the magnetic
phase transition point H,,. Figure 9 illustrates a typical example, displaying the
frequency-field diagram of Cu;(CO;),(OH), (Azurite) observed at 1.8 K for H///b,
revealing magnetic phase transitions at 16 T and 26 T [32]. Azurite is a deformed
diamond chain antiferromagnet whose ground state is in the spin liquid phase [32,
33]. Utilization of only natural mineral single crystals is viable to Azurite, as
laboratory growth conditions are inadequate for its production. Furthermore, the
material exhibits a very anisotropic 1/3 magnetization plateau, an uncommon trait
for the Cu?* ion [33]. The Dzyaloshinskii-Moriya interaction has been proposed
as a candidate, yet the underlying cause of the anisotropic 1/3 magnetization pla-
teau remains incompletely understood [34]. The magnetic field range between 16
and 26 T corresponds to the 1/3 magnetization plateau region observed in the
magnetization measurements at 1.5 K for H//b. Mode D in Fig. 9 is essentially the
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Fig.7 Frequency-field diagrams of Y,BaNi;4sMg (4O5 single crystal for the applied field B along dif-
open circles represent the resonance points
for the main peak and secondary peaks, respectively. The dashed lines indicate the resonance modes for
free S=1/2 spins [25]. Here, labeling a, b and ¢ correspond to crystal axes, and 1, 2 and 3 correspond
to different ESR modes coming from the zero-field splitting of the triplet ground states in odd chain
explained in Fig. 8. Reprinted Fig. 2 with permission from “Energy Structure of a Finite Haldane Chain
in Y,BaNi, g¢Mg 4O5 Studied by High Field Electron Spin Resonance”: M. Yoshida, K. Shiraki, S.
Okubo, H. Ohta, T. Ito, H. Takagi, M. Kaburagi, and Y. Ajiro, Phys. Rev. Let, 95, 117-202 and 2005.
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Fig. 8 Schematic diagrams of the finite odd chain and the finite even chain based on the VBS state (left),
and corresponding energy states are shown (right). The effective D term and E term in the triplet ground
state of ferromagnetically coupled effective S=1/2 spins (green arrows) will decrease as the N-length
increases, and it will give different ESR modes in Fig. 7. See text for the details (Color figure online)
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major resonances B, C and D 1000 F D
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downward transition of the triplet state of the S=1/2 dimer under the influence of
the magnetic field. However, its slope changes to mode C around 16 T, suggesting
a change in the spin state within the 1/3 magnetization plateau phase. A similar
outcome was obtained through inelastic neutron measurements conducted after
5 years under a magnetic field [35], suggesting also the advantage of high-field
THz ESR due to its ability to utilize much smaller single crystals compared to
neutron measurements. Finally, similar THz ESR using the pulsed magnetic field
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beyond 50 T is available at the Dresden High Magnetic Field Laboratory [36] and
the Center for Advanced High Magnetic Field Science, Osaka University [37].

3 Mechanically Detected THz ESR

It has been shown that the use of small mechanical devices [38] such as micro-can-
tilever and nano-membrane allows highly sensitive detection in magnetic resonance
measurements. Such mechanically detected magnetic resonance techniques were
pioneered by Sidles [39] and Rugar [40], and its sensitivity finally reached at the
level of single electron spin detection [41]. One of promising applications is mag-
netic resonance force microscopy (MRFM) [42—44], where the spatial distribution
of electron and nuclear spins in solids can be visualized with high spatial resolution.
It should be noted that the frequency range of these applications is in the microwave
region to achieve high spatial resolution and high sensitivity. On the other hand, we
focused on the use of micromechanical devices in the sub-THz and THz regions,
where high-sensitive ESR measurements have been difficult due to the lower irradia-
tion power.

Mechanically detected THz ESR technique has been developed in our group since
2006 [20, 45]. In this technique, small mechanical devices are used to detect ESR
signals, instead of the standard bolometric detectors. At the ESR transition, elec-
tron spins in the down-spin state are excited to the up-spin state by absorbing THz
waves. This absorption process is accompanied by a magnetization change of the
system because the population between the down-spin and up-spin states is changed.
In mechanically detected ESR technique, this magnetization change is converted to
a field-gradient force or a magnetic torque exerting on the mechanical devices. The
advantage of this technique is the enhanced sensitivity to a small-volume sample
on the order of micrograms, which has been very difficult to measure in the THz
region. As examples of cantilever-detected ESR in the THz region, we have reported
ESR detection beyond 1 THz [46] and in situ sample-rotating ESR apparatus in the
THz region [47]. In this review, we focus on mechanically detected THz ESR using
membrane devices.

A membrane device is a kind of mechanical structure made of a thin plate, the
perimeter of which is fixed to the substrate. Compared to micro-cantilever devices,
the lateral dimensions are larger, and typically are on the order of millimeters.
Though the vibrational modes are rather complicated, we only consider the funda-
mental mode, known as the drum mode corresponding to uniform deformation of
the membrane. Several types of nano-membranes are commercially available. We
show here the piezoresistive membrane (model SD-MSS-1 K supplied by NanoSen-
sors) and the ultrathin SiN, nanomembrane (model MEM-N03001/7.5 M supplied
by NTT AT). The dimensions of the former membrane are 1 mm in diameter and
5.2 pm in thickness, while those for the latter are 3 X3 mm in size and 100 nm in
thickness.

Shown in Fig. 10a is a photo of the piezoresistive membrane used in this study
[48]. The membrane device was applied to THz ESR measurements [49], in a sim-
ilar manner to the piezoresistive micro-cantilever. Two types of detection modes,
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(b) force detection (c) torque detection
Shv hv
ey
i
¢

l gradient

magnet

Fig. 10 a Photo of a commercially available piezoresistive membrane. Four piezoresistive paths for mon-
itoring the membrane deformation are fabricated at the perimeter. Two detection modes of a commer-
cially available piezoresistive membrane: b field-gradient force detection and ¢ torque detection. The for-
mer is used for magnetically isotropic samples such as powder samples, combined with a field-gradient
magnet placed below the membrane. On the other hand, the latter is used for magnetically anisotropic
single crystals

field-gradient force and torque, were possible, as shown in Fig. 10b, c. In the force
mode, the membrane deforms uniformly, whereas in the torque mode it is twisted
along the rotation axis. The users can select most suitable detection modes depend-
ing on types of the sample used. Using the piezoresistive membrane, we success-
fully performed THz ESR spectroscopy of Co Tutton salt, Co(NH,), (SO,),*6H,0
[49], which is a paramagnetic salt with a large magnetic anisotropy arising from
Co?" ions.

Much better sensitivity was obtained using the SiN, nano-membrane due to the
thinner thickness [19, 22]. Figure 11a shows a schematic of the nano-membrane
assembly in the force mode. In this setup, a small gradient magnet was mounted
at the center of the nano-membrane, and the sample was mounted on a thin metal
plate just above the gradient magnet. This “magnet-on-membrane” configuration
has a couple of the following advantages: First, once the gradient magnet is glued
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Fig. 11 a Schematic of the experimental setup for mechanically detected THz ESR for solution samples.
A magnet-mounted nanomembrane was embedded on a brass plate, and its deformation could be sensi-
tively monitored by a fiber-optic Fabry—Perot interferometer. A conical brass cell was placed above the
thin metal plate for solution samples. The cell was sealed with a PTFE plate. The sample volume was
typically 5-10 pL. b ESR signals of frozen solutions of hemin chloride (upper trace) and aquomet—myo-
globin (lower trace) observed at 120 GHz. Fitted results are indicated by red curves (Color figure online)

to the membrane, samples can be quickly and easily exchanged without touching
the fragile nano-membrane. Second, the thin metal plate plays a role of shielding
the sample and membrane from incident THz waves. This setup helps to reduce
the degrading effects of the incident THz waves such as ferromagnetic resonance
of the gradient magnet itself and spurious mechanical excitations. When the ESR
condition is satisfied, the magnetic force acting between the sample and the gra-
dient magnet is changed. This change in turn produces a uniform deformation of
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the magnet-on-membrane, which is sensitively measured by a fiber-optic interfer-
ometer placed beneath the membrane. In this setup, a conical brass container was
used to mount a solution sample on the thin plate [22]. The container was capped
with a PTFE plate, which is highly transparent to THz waves.

Figure 11b shows the ESR spectra of frozen solution samples of hemin chlo-
ride (upper trace) and aquomet—-myoglobin (lower trace) observed at 4.2 K
[22]. For hemin, the sample concentration and volume were 50 mM and 5 pL
(2.5% 1077 mol), respectively. For myoglobin, on the other hand, they were
8.8 mM and 10 pL(8.8x 1078 mol), respectively. Myoglobin is a kind of hemo-
protein, and its molecular weight is about 17 kDa. The functional role is oxy-
gen storage in muscle, and its active center has the same local structure as hemin
chloride, except that both sides of the porphyrin ring are coordinated by a water
molecule and a histidine residue for aquomet—myoglobin. In both measurements,
asymmetric spectra were clearly observed at 120 and 210 GHz. The observed
signals are attributed to ferric ions in the high-spin state (Fe*, §=5/2), where
the g factor ranges between 2 and 6 in the heme environment. The overall ESR
lineshape was explained by orientational average of the randomly oriented frozen
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Fig. 12 a Schematic of the mechanically detected THz ESR system using a gyrotron source. The gyro-
tron was driven at 154.088 GHz by trigger pulses with a repetition rate of 5 Hz with variable duty ratios.
The output beam was transmitted to the sample cryostat in the free space using the quasi-optic mirror
system. b Cross-sectional view of the probe head used in this study. The incident beam was propagated
from the top of the cryostat to the sample space via a corrugated waveguide. A sample was placed on a
thin metal plate, below which a magnet-mounted-nanomembrane was placed for ESR detection. ¢ Setup
of optical interferometry for the displacement measurement of the nanomembrane. A fiber-optic Fabry—
Perot interferometer was used for detection of the ESR-induced membrane deformation. A DFB laser
was used as a light source of the interferometer, and the back-reflected light from the membrane was
measured by a photodetector. The synchronous signals with the repetition frequency were monitored
using a lock-in amplifier. Reprinted with permission from [30]. Copyright 2018 AIP Publishing
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solution sample. These asymmetric signals were well reproduced by simulation
curves with appropriate parameters.

As shown in Fig. 12, we recently combined our mechanically detected THz ESR
system with a high-power source, gyrotron, to further increase the sensitivity [50].
Gyrotron is a kind of vacuum tube oscillators based on the cyclotron motion of elec-
trons inside the cavity placed in a magnetic field. We used the gyrotron source (FU
CW VIIB) developed at the University of Fukui. It was operated at 154.088 GHz
in the pulse mode with a repetition rate of 5 Hz and a duty ratio of D=0.1-10%.
Therefore, the peak and average power of the incident wave at the sample space
were estimated to be Py, =5 W and P,,=5-500 mW, respectively. The incident
waves were introduced through a PTFE window into the cryostat and were irradi-
ated on the sample after propagation through the 1-m-long circular corrugated wave-
guide. In our setup, the signals were obtained as a change of the sample magnetiza-
tion during irradiation cycles. Therefore, the peak power is responsible for the signal
amplitude, and hence the signal-to-noise ratio. In this sense, the use of high-power
gyrotron sources has a superior advantage over solid-state devices.

For the test samples, we used 20 pg of DPPH powder and a Cu(C,H,N,)(NO;),
(CuPzN) single crystal with dimensions of 0.8x0.5x0.08 mm?®. DPPH is an
organic free radical compound that is widely used as an ESR standard. CuPzN is a
one-dimensional quantum spin chain material with a very low Neel temperature of
Ty=107 mK. We extended the temperature region of mechanically detected ESR
measurement to higher region and successfully observed ESR signals near room
temperature at 280 K, as shown in Fig. 13a. This result shows the advantage of the
high-power radiation source. The performance of our system was also demonstrated
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(a) — D=10% (b) D=5%
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Fig. 13 Mechanically detected THz ESR spectra of a DPPH powder and b CuPzN single crystal with
different duty ratios (D) at T=280 K. It is noted that the data for CuPzN showed larger absorption
widths, as D increased. Reprinted with permission from [50]. Copyright 2018 AIP Publishing
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by the measurement of CuPzN single crystals with a broader linewidth than DPPH
(Fig. 13b). The baseline at 280 K was found to have a linear slope, which is related
to the thermal drift of the interferometer tuning. We recently succeed in multi-fre-
quency ESR measurements in a wide frequency up to 400 GHz using the single
gyrotron source, FU CW CII, installed at the University of Fukui, which allowed
multi-frequency radiation using different cavity modes between 108 and 397 GHz.
The peak power at the output port was 439, 251, and 18.8 W for 135.4, 186.6, and
394 GHz, respectively. Therefore, high-sensitive THz ESR spectroscopy at room
temperature will be made possible in the near future.

4 High Pressure THz ESR

We present examples of high pressure ESR measurements in the THz region in
this section. In X-band, since the first ESR measurement under pressure in 1957
[51], various techniques were developed to improve pressure range, sensitivity
and so on. A system having a diamond anvil cell with a gasket which also works
as a resonator achieved a pressure of 10 GPa (1985) [52], and a combination of an
anvil cell and dielectric resonators achieved a sensitivity of about one-third that
of the conventional rectangular cavity TE;j, mode (2005) [53]. Around 2000 the
focus of development has shifted to ones using high magnetic field and high fre-
quency. Among them are a system combining a piston—cylinder pressure cell with
a quasi-optical system [54], and a system combining a millimeter vector network
analyzer with a plastic diamond anvil cell [55]. While the high sensitivity is one
of the features for these two high pressure ESR systems, our systems are oriented
towards the higher frequency range with ensuring the signal-to-noise ratio with
the larger sample space. The most important key of our high pressure ESR system

Fig. 14 Cross section of THz
wave transmission type pressure
cell [17]. The cylinder consists
of an inner NiCrAl cylinder and
a CuBe outer sleeve. The upper
and bottom backups and pistons
are all made of ZrO,-based
ceramics. Reprinted with
permission from [17]. Copyright
2015 Elsevier

clamping bolt

- Teflon capsule
- sample

|_pressure transmitting
fluid
NiCrAl inner cylinder

49 mm

CuBe outer sleeve
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is a THz wave transmission type pressure cell (Fig. 14) [17]. The design of the
pressure cell is based on a double-layer piston—cylinder type one, which is widely
used in solid-state physics. However, all internal parts of our pressure cell are
made of ZrO,-based ceramics, whereas those of the same type of pressure cell are
usually made of metal. The ZrO,-based ceramics has both proper transmission
to THz waves and mechanical toughness. This allows irradiation of THz waves
to the sample subjected to pressure and observation of the transmission inten-
sity. The sample space is about 10 mm height with an inner diameter of 5 mm or
4 mm, and can generate hydrostatic pressures of up to 2.5 GPa [17] and 2.8 GPa
[56], respectively. The relatively large sample space provides a sufficient signal-
to-noise ratio. Some of our developments of high pressure ESR system and its
applications are summarized in the reviews [57, 58].

Pressure is the only means to control the exchange interactions and the mag-
netic anisotropy acting on the spins of magnetic materials cleanly and continu-
ously, and our high pressure THz ESR is a promising tool to observe novel phe-
nomena arising from these changes [18, 59-65]. In spin gap systems composed
of §=1/2 antiferromagnetic dimers, the ratio J’/J of the interdimer interaction(s)
J’ to the intradimer interaction J can be varied by the pressure [18, 64]. Here
we present a result of the spin gap compound KCuCl; [64], which undergoes a
phase transition from a gapped disordered state to a three-dimensional ordered
state as J’/J increases by pressure. In our high pressure THz ESR measurement
of this system, the Higgs amplitude mode, which is an excitation mode pecu-
liar to spin gap systems, was confirmed just above the critical pressure. We
also show a newly developed high pressure ESR technique, where we detect
ESR calorimetrically [66], and its application to another spin gap compound
Cu,(1,4-diazacycloheptane),Cl, (CuHpCl).

KCuCl; is isostructural to a well-known S=1/2 spin dimer compound TICuCls.
The ground state and the first excited state of this system is the nonmagnetic singlet
state (§=0) and the triplet state (S=1), respectively, and it is known to exhibit the
field-induced order [67] and the pressure-induced order [68], which are typical of
the spin gap system. Since the ESR signals due to the direct transition from S=0
to S,=+1 of S=1 were observed, the energy difference between the ground state
and the first excited state at zero field was accurately determined. Although such
direct transition is forbidden in ESR, it was shown that the vector spin chirality on
dimer plays an important role in making the transition probability finite [69]. Fig-
ure 15a shows the pressure dependence of the gap energy determined from the direct
transition ESR modes. Two excitations corresponding to wavenumbers k =(0,0,0)
(A-mode) and (0,0,21) (B-mode) were observed, which reflects the presence of
two types of dimers in the unit cell. The pressure dependence of the gap energy
directly obtained in this measurement is in good agreement with the results of the
ESR measurement at ambient pressure [70], the magnetization (M) measurement
[68] and the inelastic neutron scattering (INS) measurement [71]. By analyzing the
pressure dependence of the gap energy, the critical pressure P, was obtained to be
0.82 GPa. Moreover, the pressure dependences of the intra- and interdimer interac-
tions were determined and both were found to decrease with pressure. However, the
decrease rate for the intradimer interaction is almost twice as much as that of the
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Fig. 15 Pressure dependence of gap energy obtained from the direct transition ESR A- and B-mode at
2 K, HII[201] (a). Data obtained from ESR at ambient pressure [70], INS measurements [71], and mag-
netization measurements (M) [68] are also plotted. The solid lines are the fitting results of the theoretical
curves. The dotted line shows the pressure dependence of the excitation energy for the Higgs amplitude
mode calculated theoretically using the results obtained below P.. Frequency dependence of the spectra
obtained at P=0.84 GPa>P_, 2 K, HII[201] (b), and its frequency—magnetic field diagram (c). The solid
lines are the magnetic field dependence of the excitation energy calculated by the extended spin wave
theory using the pressure dependence of the exchange interactions determined below P, and assuming
that it has the same pressure dependence above P.. E; represents the excitation energy corresponding to
the cross mark at 0.84 GPa in (a). See ref. [64] for details. Reprinted with permission from [64]. Copy-
right 2022 Springer

sum of the interdimer interactions, which results in the increase in the ratio J’/J with
pressure.

The gap closes at P, and the system undergoes the phase transition to the long-
range ordered state at sufficiently low temperature. Figure 15b shows the ESR spec-
tra obtained at 2 K just above the critical pressure. As shown in the figure, the sig-
nal was successfully observed over a wide frequency range. In the pressure induced
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ordered state of the spin gap system, in general, the quantum fluctuation contributes
to the ordered moment significantly in the vicinity of the critical pressure. There-
fore, an excitation mode corresponding to its longitudinal fluctuation along the
moment, or the Higgs amplitude mode, is expected to appear [64]. This is an excita-
tion mode that hardly can be observed in the ordinary antiferromagnet. Figure 15¢
shows its frequency field diagram. The solid lines show the calculated results by the
extended spin wave theory using the pressure dependences of the intra- and interdi-
mer interactions obtained below P.. It shows good agreement with the experimental
results. Thus, the pressure dependence of the gap energy was obtained in this sys-
tem, and the Higgs amplitude mode was successfully observed by our high pressure
THz ESR.

Next, we show a recently developed high pressure ESR technique. In ESR,
excited spins release energy when they relax, and the released energy is eventu-
ally converted to heat. Therefore, the resonance can be observed by detecting the
temperature increase of a sample. The excited spins transfer their energy to the lat-
tice by the spin-lattice relaxation time 7;. Under the continuous wave condition,
the temperature of the sample connected to the heat bath reaches a steady state
with a time constant 7=C/K, where C is the heat capacity of the sample and X is
the thermal conductivity between the sample and the heat bath. Since T is on the
order of microseconds for many solid crystals [72, 73], the condition of 7> >T)
usually holds when K is small. Therefore, the temperature rise of the sample can be
observed in a measurement with a timescale which is longer than 7. Alternatively,

4 L ¥ T T T T T
) b) 130GHz
sample —> <« FRP plate Hlb 50K
3F ]
Gopperplate «~__thermocouple
chromel-AuFe Q "
pressure calibration é ob ]
coil stycast2850 =
< I —
< CuBe plug 1F ]
5 mm

4.0 4.2 44 4.6 4.8
oH (T)

Fig. 16 Schematic diagram of sample setting for thermally detected high pressure ESR (a). The sam-
ple is glued to a copper plate on the FRP plate, and the temperature of the sample is measured by a
chromel-AuFe thermocouple through the copper plate. The pressure in the sample space is calibrated
by the superconducting transition temperature of tin in a pressure calibration coil. Thermally detected
ESR spectra obtained at 0 GPa and 1.0 GPa for CuHpCl at 130 GHz, HIlb and 50 K (b). The base line is
shifted for clarity
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the technique of AC calorimetry [74] can also be used. When we use the ampli-
tude modulating electromagnetic wave with an appropriate period @ whose recip-
rocal satisfies the condition of T <w~ ' <7, the temperature of the sample reaches
a steady state at a certain quantity proportional to (wC)~!, and its temperature can
be observed. Our group has demonstrated the thermally detected ESR in the THz
region [75] and successfully applied this method to the measurement under pres-
sure [66]. Figure 16a shows a setup around the sample. Instead of the lower piston
shown in Fig. 14, the plug in Fig. 16a is set. A sample and one junction of AuFe-
Chromel thermocouple is glued to a copper plate fixed to a fiber reinforced plastics
(FRP) plate, where they are thermally connected through the copper plate, and the
reference junction of the thermocouple is in the pressure medium. The temperature
difference AT between the sample and the reference is measured by the ac calori-
metric technique. Since the electromagnetic wave only needs to irradiate the sample,
the bottom parts made of metal can be used. This enables us to introduce an ac coil
as well as the thermocouple through an electrical feedthrough of the plug and the
backup, and precise pressure calibration based on the pressure dependence of the
superconducting transition of Sn is also utilized [76].

As an example of the application of this technique, we present a result of an
S§=1/2 spin gap material CuHpClI. Although the temperature and field dependences
of magnetization of this system are typical of spin gap system, the magnetic network
is still controversial [77]. We found that a large change in the magnetic network
occurs about 0.7 GPa from the magnetization measurements under pressure [78].
Figure 16b shows the thermally detected ESR spectra obtained at 0 and 1.0 GPa
in the paramagnetic state. As shown in the figure, the ESR signal was very clearly
observed. The temperature increase was about 2 mK in this experimental condition,
and it depends on the conditions and changes up to about 100 mK. We found the
resonance field shift to the higher field side and the line broadening by applying the
pressure, and the g value changes from 2.165 to 2.139. The change in g value in the
paramagnetic state suggests a change in the crystal field of the magnetic ion. On
the other hand, no clear crystal structure change was observed under pressure [79],
which implies that only the magnetic network changes while the crystal symmetry
is preserved. By the combination with a split pair magnet we succeeded in obtain-
ing the field angle dependent ESR spectra [75], and we plan to conduct this ESR
measurement under pressure for this system. Further detailed information about the
change in the magnetic network under pressure will be obtained in the near future.

5 Summary

Multi-extreme THz ESR system developed in Kobe is reviewed. After introduc-
ing the advantages of THz ESR in contrast to the conventional X-band ESR, three
aspects of multi-extreme THz ESR, which are the pulsed magnetic field, the mechan-
ical detection and high-pressure THz ESR measurements, are discussed. The meas-
urement efficiency of 15 T mini-pulsed magnetic field THz ESR compared to the use
of super conducting magnet is discussed with the multi-frequency results of hemin,
Li,Cu0O,, CsCuCl; and the finite Haldane chain substance Y,BaNij,osMg (4O5. As
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an advantage of 55 T pulsed magnetic field THz ESR, the study of magnetic phase
transitions in deformed diamond chain antiferromagnet Cu;(CO;),(OH), (Azurite)
is shown. Mechanically detected THz ESR using the nano-membrane device has the
advantage of highly sensitive THz ESR of the order of micrograms. The THz ESR
results of frozen solutions of hemin chloride and aquomet—myoglobin observed at
120 GHz are discussed as examples. Furthermore, the mechanically detected THz
ESR results of DPPH powder and CuPzN single crystal at 280 K using a high power
gyrotron are also introduced. Finally, the high-pressure THz ESR results of dimer
antiferromagnet KCuCl; using the transmission-type double layered pressure cell
are discussed. Moreover, the recent development of thermally detected high-pres-
sure THz ESR is also shown with the example of CuHpCl. In summary we hope
that this review will convince the readers about the power and the future of multi-
extreme THz ESR.
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