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ABSTRACT

In this article, we demonstrate terahertz (THz) electron paramagnetic resonance (EPR) spectroscopy using a frequency-tunable photomixing
source/detection system to investigate the electronic structure of solid-state samples in a microscopic manner. Fiber-coupled photoconduc-
tive antennae were used to generate and detect continuous THz waves obtained as the beat signals from two laser beams with different wave-
lengths. We will show some examples of EPR spectroscopy obtained by multi-frequency EPR measurements at room temperature. The
technique reported here has several advantages, including high spectral resolution, wide frequency-range operation, high dynamic range,
owing to the continuous-wave (cw) and tunable generation/detection of THz waves.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5133414

Terahertz (THz) waves” have attracted increasing attention
because of their unique properties. Many THz-wave applications have
been proposed in a wide variety of fields such as spectroscopy,”*
biomedicine,” telecommunication,” and imaging.7’8

To date, a number of techniques for generating THz waves have
been reported, including solid state devices,”'’ nonlinear optical crys-
tals,"" air plasma,'” frequency combs,"* and photoconductive antennae
(PCA)."*"” Among these THz generation techniques, continuous-
wave (cw) generation of THz waves by PCA-based photomixers has
recently emerged as a unique THz source.'” Photomixing of two-
colored cw lasers induces amplitude modulation of the photocurrent
through the gap, and this beat signal, whose frequency is in the THz
range, generates continuous THz waves. This photomixing technique
has a higher spectrum resolution in the frequency domain and is more
suitable for spectroscopy. Indeed, Roggenbuck et al.'” reported versa-
tile applications of the cw photomixing technique to the spectroscopy
of solid-state samples.

As another application of the cw THz source, electron paramag-
netic resonance (EPR) spectroscopy in the THz region is promising.
EPR is a unique characterization technique used in many research
fields, including chemistry, biology, and engineering."® It will make it

possible to obtain microscopic insights into sample properties using
electron spins as a probe.

Commercial EPR spectrometers are usually operated in the
microwave region, but its frequency extension to the THz region pro-
duces several unique advantages.'” ** First, the sensitivity increases as
the Zeeman splitting is increased. Second, field-dependent interactions
(e.g., the anisotropic Zeeman interaction) can be better resolved.
Third, spin systems with large zero-field splitting (ZFS) are EPR-silent
or difficult to detect at low frequencies, but can be detected by using
THz waves, whose energy is comparable to ZFS. In addition, multi-
frequency EPR measurement allows the spectroscopic investigation of
spin-related phenomena.””**

In THz EPR experiments, backward traveling-wave oscillators
(BWOs) or solid-state multiplier chains are used as the THz source,
while liquid-helium-cooled bolometers are often used as the detector.
However, these combinations require considerable space, operator
experience, and cost. In addition, BWOs are quasi-tunable cw oscilla-
tors in that the output power is strongly frequency-dependent.

In this article, we report a unique application of PCA-based cw
photomixers to electron paramagnetic resonance (EPR) spectroscopy
in the THz region. The developed technique possesses high spectral
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resolution in the frequency domain, typically better than 10 MHz, and
continuously frequency-tunable in a wide frequency range, thus
enabling seamless EPR spectroscopy of versatile samples in the THz
region.

Figure 1(a) shows the experimental setup for EPR spectroscopy.
Two InGaAs PCAs (emitter and receiver) purchased from
TOPTICA™ were used for cw THz generation/detection in this study.
Two distributed-feedback (DFB) lasers operating at around 1550 nm
(f; and f;) were used to generate THz waves (f;—f, = fru,) by photo-
mixing,* In our setup, THz waves in the range of 0.05-1.1 THz could
be generated by sweeping the laser frequency, and the frequency reso-
lution of the emitted THz wave was better than 10 MHz (mostly deter-
mined by the stability of DFB lasers). The typical output power of the
source was several tens of uW at 0.05 THz and rapidly decreased to
less than 1 W at 0.5 THz. Since bow-tie antennae were used in this
study, the polarization direction of the emitter and receiver was
adjusted to coincide beforehand.

THz waves were collimated and focused with two plano-convex
lenses made of polymethylpentene (TPX).” A pellet-shaped sample
was mounted on a polyethylene sheet and placed at the focusing point
of the THz waves. The beam waist at 0.3 THz was typically 0.8 mm in
this setup. All optical components, including two PCAs, lenses, and a
sample holder, were packaged into a compact optical cage, and the
whole assembly was inserted at the center of a cryogen-free
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FIG. 1. (a) Experimental setup of EPR spectroscopy using a cw tunable THz gener-
ation/detection system. (b) The assembly of the emitter and receiver PCA, lenses,
and a sample holder. (c) The principle of EPR absorption. The energy level for
S =1/2, which is degenerated at zero field, is split into two Zeeman levels in the
presence of the magnetic field. Because of the population difference between
S; = =1/2 levels, a net absorption at the EPR transition was given by the left-
circularly polarized component upon EPR transition.
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superconducting magnet, as shown in Fig. 1(b). We note that THz
generation/detection by PCA is superior to other THz-EPR setups,
since PCA devices are largely unaffected by the magnetic field.”*
Indeed, the conventional light source and detector have to be placed
away from the magnet center to avoid possible influences due to the
stray magnetic field.

By adopting the transmission-type setup rather than the cavity
setup, multi-frequency measurement becomes possible. The emitter
PCA generated linearly polarized THz waves, which can be expressed
by a linear combination of right- and left-circularly polarized electro-
magnetic waves. At the EPR transition, a left-circularly polarized wave
is selectively absorbed by electron spins [Fig. 1(c)], and hence the line-
arly polarized THz waves are converted to the elliptically polarized
waves detected by the receiver PCA. The photocurrent flowing in the
receiver PCA is given by Ly, oc Ergy, cos (2nALfry,/c), where Eryy, is
the amplitude of the terahertz electric field, AL is a difference in the
optical path length, and c¢ is the speed of light. AL is given by
AL= Lemitter + LHz — Lreceivers where Lemitter and Lieceiver are the Opti‘
cal path length from the laser to the emitter and receiver, respectively,
and Ly, is the length between the emitter and receiver, including the
sample thickness. Therefore, it was found that interference fringes
appeared when fry, was swept. In this study, we first tuned fry, so
that the photocurrent showed the local maximum of a fringe and
monitored it while a magnetic field was swept. Then, EPR signals were
detected as a decrease in the photocurrent when the EPR resonance
condition was satisfied.

In order to increase the sensitivity, THz waves were amplitude-
modulated at several kHz by changing the bias voltage of the emitter
PCA and demodulated at the receiver PCA using a lock-in amplifier.
The dynamic range of this system was typically around 90 dB with a
time constant of 300 ms. The room-temperature sample bore was
100mm in diameter. All measurements were carried out at room
temperature.

The inset of Fig. 2 shows a typical EPR spectrum of a 2,2-diphenyl-
1-picrylhydrazyl (DPPH) radical observed at fry, = 0.1606 THz. DPPH
is known as an EPR standard sample and exhibits a temperature-
independent g value (g=2.0036).”" The sample was a pellet-shaped
powder with a diameter of 10 mm and a thickness of about 0.5 mm.
It is clearly observed that the transmitted intensity sharply decreased
at 5.694 T. We carried out similar measurements at more than 20
frequencies and confirmed that the resonance field shifted linearly
with THz frequency, as shown in Fig. 2. The resonance condition of
EPR absorption is theoretically given by hv = gupB,'® where h is the
Planck constant, v is the frequency, g is the g value, ug is the Bohr
magneton, and B is magnetic flux density. Therefore, the observed
signal was in good agreement with the expected behavior of EPR.
The slope of the fitted straight line corresponds to the g value, which
is a material-dependent parameter. The upper frequency was
0.27 THz in this setup but was merely limited by the maximum field
of the magnet. Therefore, in principle, there is no experimental con-
straint in the frequency range.

The observed linewidth was about 1 mT in the frequency region
up to 0.1 THz but gradually increased to 1.5mT as the frequency
increased to 0.26 THz. These values were larger than that of typical
EPR spectra in the microwave range. The origin could be attributed to
the g-value anisotropy, which was apparent in the THz region.”’ The
observed single absorption line can be used as an EPR standard in the
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FIG. 2. Resonance field vs frequency derived from multi-frequency EPR measure-
ments of a powder sample of DPPH radical. The g value can be obtained from the
slope of a fitted straight line. The inset shows the raw EPR spectrum for fry,
=0.1606 THz at room temperature.

THz region, though it was reported that the linewidth substantially
depended on sample batch and solvent from which DPPH was
crystallized.”

From the signal-to-noise ratio and sample mass, we estimated
the minimum detectable spin number Ny, at room temperature as
Npin ~ 1 x 10'° spins. The detection sensitivity was defined by Nyin
divided by the linewidth and estimated as 4 x 10'> spins/mT in the
present case. The former refers to the total spin numbers necessary for
EPR detection of a specific sample, while the latter refers to the sensi-
tivity inherent in the apparatus.

In order to demonstrate high spectral resolution, a single crystal
of copper sulfate (CuSO, - 5H,0) was measured at different THz fre-
quencies. The sample was a blue-colored, plate-like crystal mounted on
a polyethylene sheet so that the magnetic field was perpendicular to the
plane. In this compound, a divalent copper ion (Cu®") is EPR-active
(3d°, S=1/2) and located at the center of a distorted octahedron.™
Since there are two inequivalent copper sites in the crystal, we expected
two EPR absorptions in the field-sweep data. However, in the micro-
wave region, these two EPR signals were merged into one EPR spec-
trum, due to the exchange interaction between the two copper sites.

Figure 3 shows the EPR signal of CuSO, - 5H,O in the units of the
g value, where a magnetic field was converted to the g value according
to ¢ = hv/ i B. This plot simplifies the comparison of data observed in
different field ranges. In the data at fryy, = 0.2460 THz, a clear splitting
of the EPR signal was visible, as expected. As shown in the inset, these
two absorptions obeyed the linear relationship. Note that the splitting is
negligibly small in the microwave region but becomes wider as the THz
frequency increases. The g values were g; = 2.083 and g, = 2.311, which
were in agreement with previous research.”**

There are few reports of the application of PCA to EPR measure-
ments, except for the work by Kozuki et al.”” Their setup was similar
to those of THz time-domain spectroscopy (TDS), and the transmitted
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FIG. 3. Room-temperature EPR spectra for DPPH powder, LiMn,O, powder, and
single-crystalline CuSO,4 - 5H,0 shown in the units of the g value. The inset shows
resonance field vs frequency for LiMn,O, and CuSO, - 5H,0, obtained from multi-
frequency EPR measurements. Dotted lines are the fitted results assuming the
EPR resonance condition.

intensity through the sample placed in a static magnetic field was mea-
sured by the cross-polarization configuration to increase the sensitiv-
ity. EPR signals in the frequency domain were obtained by Fourier-
transformation of THz pulses. They observed EPR signals of CuSOy, -
5H,0 at different applied magnetic fields, but the spectral resolution
was 1.25 GHz, two orders of magnitude worse than our setup. In addi-
tion, the signal-to-noise ratio was insufficiently low, compared to the
present work.

Taking advantage of the high spectral resolution, applications to
transition metal compounds will be promising. This is because these
compounds often exhibit rather broad EPR spectra due to strong mag-
netic interactions, which makes EPR detection quite difficult by the
standard EPR spectrometers. As one of such candidates, lithium-
containing transition metal compounds are proposed. In recent years,
the search for superior electrode materials to be used in the develop-
ment of lithium ion batteries (LIBs)** " has become important for
improving LIB performance. Many types of lithium-containing transi-
tion metal compounds have been tested.””"" However, fundamental
magnetic properties such as the g value remain unknown in these
compounds. Therefore, EPR measurements would be useful to deter-
mine g values, hyperfine and exchange interactions, and zero-field
splitting, which are sensitive to their valence state and their local coor-
dination environment. In this sense, our system is simple but useful
for investigating these systems in a spectroscopic manner.

Here, we show THz EPR results for lithium manganese oxide,
LiMn,O,,"" as a practical example. This compound is well known as a
positive-electrode material for LIB,"* and undergoes antiferromagnetic
transition at low temperature.’’ The sample was purchased from
Sigma Aldrich and used as received. As shown in Fig. 3, a broad and
single EPR absorption was observed at around g=2.01 at room
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temperature. A more precise g value was g=2.015, as determined by
multi-frequency EPR and shown in the inset of Fig. 3. The linewidth
of LiMn,0, was greater than 1T for fry, = 0.2246 THz; hence, THz
waves were indispensable for detecting EPR signals in this compound.
In the present setup, we measured a pristine sample where the valence
of the manganese ion was Mn™*>%, It is expected that the valence may
be changed during the charge/discharge process, which would sub-
stantially affect the EPR spectra. Thus, operando EPR**** (in situ EPR
of devices in operation) of LIB-related materials in the THz region
would be a promising application in the future.

In the present setup, the magnetic field was swept at a fixed fre-
quency to measure EPR spectra, but frequency-sweep measurements
at a constant magnetic field using the chosen emitter/receiver are
another option. Since frequency sweeps can be performed much faster
than field sweeps, this modality may potentially lead to strongly
reduced measurement times. In our setup, the maximum frequency
sweep rate was 0.1 THz/s, which was limited by the response time of
temperature control of the laser module. When the frequency is swept,
however, the photocurrent oscillates due to the interference fringes
between the emitter and receiver branches, and envelope detection of
the fringes is needed to obtain EPR spectra. For this purpose, a fiber
stretcher was used as a phase modulator for envelope detection.”’

In the context of high-frequency EPR, multi-frequency EPR
(MFEPR),”** frequency-domain EPR (FDEPR),""” and Fourier-
transform EPR (FTEPR)" in the THz region are compared. MFEPR
and FDEPR combine a relatively high sensitivity with a high spectral
resolution and cover a wide frequency range up to 1 THz, though mul-
tiple light sources (typically, backward travelling-wave oscillator or
solid-state multiplier chain) are needed to cover the entire range.
FTEPR can be performed in a broad frequency region between 0.1 and
5 THz, though the sensitivity and spectral resolution (~300 MHz) are
worse than those of other EPR techniques. Between 0.1 and 0.4 THz,
the coherent synchrotron radiation source works best among the avail-
able light sources. The PCA-based technique has a high spectral reso-
lution (~10 MHz) and covers a wide frequency region up to 1.1 THz
using a single emitter (up to 2.7 THz with an additional laser*’) The
sensitivity is currently worse than that of MFEPR and FDEPR, but
would be improved with developments of PCA devices. A unique
advantage of the PCA-based technique is the compact setup in which
the source and detector are incorporated together.

In summary, we developed a unique EPR spectroscopy technique
in the THz region using a cw THz generation/detection system based
on PCA photomixers. This frequency-tunable source enabled seamless
EPR spectroscopy in the frequency range of 0.05-0.3 THz. This upper
limit was merely set by the available magnetic field, and in the future,
EPR measurement in the higher frequency region will be possible. We
observed room-temperature EPR absorptions of transition metal com-
pounds, in addition to a DPPH radical, and demonstrated high spec-
tral resolution for samples with broad EPR spectra. In addition, all
components including the emitter and receiver PCA can be assembled
in the magnet bore, making the experimental setup compact and sim-
ple. In principle, our technique can be applied to other commercial
PCA systems (e.g, verTera system supplied by Bruker’’) and will offer
good opportunities for detailed EPR analysis in the THz region.

We thank S. Okubo for supplying single crystals of copper
sulfate and for useful discussions. This work was supported by
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