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ABSTRACT

Frequency-domain electron spin resonance (FDESR) spectroscopy in the terahertz (THz) region using continuously tunable photomixers
was demonstrated. Spectral resolution was greatly improved with the use of a pair of fiber stretchers. In this setup, the amplitude of the THz
electric field was determined at each frequency by externally sweeping the optical path difference, resulting in a spectral resolution of about
1 MHz. With this technique, we observed narrow ESR spectra with a 20-MHz linewidth, enabling high-resolution FDESR spectroscopy in a

broad frequency range.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0065649

Frequency-domain electron spin resonance (FDESR) spectros-
copy' " in the terahertz (THz) region has gained increasing attention,
since it allows the direct determination of the energy gaps of magnetic
materials. Among such materials, antiferromagnets are known to pos-
sess energy gaps called antiferromagnetic gaps. The energy scale of an
antiferromagnetic gap becomes comparable to the energy of THz
waves for some antiferromagnets, such as nickel oxide (NiO) and
manganese oxide (MnO) [w/2n(NiO) =1.1THz and ®/27(MnO)
= 0.83THz at T=0K]." These materials have recently attracted
renewed interest for application to antiferromagnetic spintronics,”
where antiferromagnetic magnons play essential roles in device opera-
tion. Also, zero-field splitting™” is known to exist in spin systems with
S > 1. The versatile functionalities of transition metal complexes and
metalloproteins are often discussed in relation to the zero-field split-
ting. Therefore, the ability to directly access the gap is a unique advan-
tage of FDESR over the conventional field-swept ESR technique.

The FDESR techniques reported so far have relied on either a
tunable frequency source or a synchrotron radiation source. For the
former, backward-traveling wave oscillators (BWOs) were often used
as tunable sources. However, the output power of BWO depends
heavily on the frequency, so it is difficult to subtract off resonance
data. Active multiplier chains,” combined with sweepable microwave
sources, are a rapidly emerging kind of a solid-state device. Their high

output powers and broad frequency ranges make them suitable for
FDESR. For synchrotron radiation sources, FDESR spectra are
obtained as Fourier transform of THz pulses.” This technique can
cover the broad frequency region between 0.1 and 5 THz, where most
of the interesting phenomena in low-energy magnetic excitations are
observed. However, the spectral resolution of ~300 MHz is worse
than that of tunable-source-based techniques.

In this study, we focused on photoconductive antenna (PCA)-
based photomixers” as frequency-tunable sources. Photomixing of
two-color cw lasers induces amplitude modulation of the photocurrent
through the electrode gap of the emitter PCA, and this beat signal,
whose frequency is in the THz range, generates continuous THz
waves. PCA photomixers have recently emerged as unique THz sour-
ces,” since they allow both continuously tunable operation and high
frequency resolution. Indeed, Roggenbuck et al.’ reported versatile
applications of the cw photomixing technique to the spectroscopy of
solid-state samples. PCA photomixers have also been applied to cw
electron paramagnetic resonance (EPR) spectroscopy in the THz
region. "’

Figure 1 shows a schematic diagram of the experimental setup. A
commercial frequency-domain THz generation/detection system
(Terascan1550, TOPTICA Photonics)'' was employed in this study.
Two distributed-feedback (DFB) lasers operating at around 1550 nm
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FIG. 1. Experimental setup for FDESR spectroscopy using continuously tunable PCA photomixers. All THz components, including photomixers, lenses, and a sample holder,
were accommodated in a room-temperature magnet bore. Reproduced and modified with permission from Ohmichi et al., Appl. Phys. Lett. 116, 051101 (2020). Copyright 2020

AIP Publishing LLC.

were used for the generation/detection of THz waves by photomix-
ing."” When two-color laser light (f; and f;) is irradiated onto the gap
of the emitter PCA, the current flowing in the gap is amplitude-
modulated at a beat frequency fry, = fi — f2, and THz waves are
emitted from the bow-tie antenna. On the other hand, THz waves
were detected at the receiver PCA by homodyne detection. It is noted
that the emitted THz waves were linearly polarized, so that the
antenna directions of both photomixers should be aligned. By chang-
ing the relative frequencies of the two lasers, a continuous tuning range
of 0.05-1.1 THz was achieved. The frequency accuracy was better than
10 MHz, which was determined mainly by the stability of the DFB
lasers. The typical output power was on the order of several tens of
UW at 0.05 THz, but decreased rapidly to less than 1 yW at 0.5 THz.

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 focal point of
the THz waves. The beam waist at 0.3 THz was typically 0.8 mm in
this setup. All optical components were assembled into a compact
optical cage and inserted into the center of a cryogen-free supercon-
ducting magnet. The room-temperature sample bore of the magnet
was 100 mm in diameter. It is noted that a magnetic field does not sig-
nificantly affect PCA photomixers.'’ This contrasts with a situation
where conventional light sources and detectors have to be placed away
from the magnet center to avoid possible influences of the stray mag-
netic field. All measurements were carried out at room temperature.
The use of PCA devices at cryogenic temperatures has been reported
by Crooker,'* but is generally difficult because the optical alignment
between the laser and the PCA gap would be degraded due to thermal
contraction upon cooling. Moreover, condensed water droplet may
give severe electrical damages to PCA during sample exchange from a
cryostat. Another way of low-temperature measurement is to use an
optical cryostat equipped with optical windows, which is put in
between the emitter and receiver photomixers located at room
temperature.

The  detected  photocurrent is  given by Iy
o Erpy cos (2nALfry, /c), where Ery, is the amplitude of the THz
electric field, AL is the difference in the optical path length, and c is the
speed of light. AL is given by AL = Lemiter + LTHz — Lreceiver» Where
Lemitter and Lyeceiver are the optical path length from the laser to the
emitter and receiver, respectively, and Lry, is the length between the

emitter and receiver, including the sample thickness. Therefore, the
photocurrent periodically oscillates due to interference when fry, is
swept. This indicates that in frequency-domain spectroscopy, Ey, has
to be determined from the inherently oscillating photocurrent.

For this purpose, envelope detection is often used in the data
analysis.” In this analysis, the amplitude and phase of the photocurrent
are determined by a set of extrema of the oscillating data. Accordingly,
the spectral resolution is limited by the oscillation frequency. To
improve the spectral resolution, AL should be kept large so as to mini-
mize the spacing between extrema, but the increment of AL causes
intolerable drifts of the photocurrent due to the uncompensated ther-
mal contraction of the optical fibers. Therefore, the spectral resolution
is at most several hundreds of MHz in this case. Another approach
was based upon Hilbert analysis, where the instantaneous Ery, was
determined by the Hilbert transformation. With this technique, a spec-
tral resolution of better than 10 MHz was achieved.'>'®

In this study, we employed a different approach using a pair of
fiber stretchers (PZ2-PM3-APC-E-155P, Optiphase) to precisely
determine Ery,."” A fiber stretcher consists of an optical fiber cable
wound around a piezo device. The fiber length can be changed by volt-
age application to the piezo device. Therefore, the path length AL can
be changed to AL+ oV by externally applying the voltage V, and
Ery, can be determined at each frequency from the oscillation ampli-
tude of the photocurrent when the voltage (o< phase) is swept, as
shown in Fig. 2(a). In this study, to maximize the phase difference, the
voltage polarity for the respective fiber stretchers was set to opposite.
The voltage-to-length conversion coefficient was o = 8.1 um/V, so
the maximum applied voltage of =200V will produce an expected
path difference of about 3.2 mm. It should be noted that two fiber
stretchers must be used in order to compensate for the thermally
induced phase difference of wound optical fibers.

Figure 2(a) shows the oscillating photocurrent when sinusoidal
voltages with opposite polarity were applied to the respective fiber
stretchers. The amplitude of oscillating current can be easily obtained
if the induced phase is greater than 27. In the case of Fig. 2(a), the total
phase difference corresponded to 3.5 x 27, and the amplitude was
|Ion| =101.2nA. The induced phase linearly decreased with decreas-
ing frequency, as expected, and equaled to 27 at 86.2 GHz, as shown
in Fig. 2(b). Figure 2(c) shows the oscillating photocurrent and its
amplitude derived from the envelope detection and the present
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FIG. 2. (a) Photocurrent () vs sampling data points, together with sinusoidal vol-
tages (Vpiezo) applied to the fiber stretchers. The dashed lines indicate the ampli-
tude of the oscillating current. (b) Maximum phase induced by the fiber stretchers
vs THz frequency. The dotted line indicates a linear fit to the data. (c). Oscillating
photocurrent (black) vs THz frequency. The amplitude was obtained by envelope
detection (blue) and the present technique (red). The data are vertically shifted for
clarity.

technique. These techniques gave consistent results. The fine struc-
tures observed from the present technique were reproducible and pre-
sumably originated from multi-reflections effects of the coherent THz
wave.

In cw THz spectroscopy, these oscillatory behaviors of the ampli-
tude have been commonly observed, in particular, in the low fre-
quency region below 0.5THz.'*'” When the wave lengths become
comparable to the size of optical systems, the propagation of THz
waves is strongly affected by reflections and diffractions, giving rise to
additional spurious optical interferences. It is pointed™’ that a hemi-
spherical silicon lens attached to PCA caused a multi-reflections inside
due to a large mismatch of the refractive indexes at the interface.
Indeed, the oscillatory amplitude observed in the frequency region up
to 1.5 THz was analyzed in this context.”' In the conventional setup,
off-axis parabolic mirrors are usually used to minimize unfavorable
multi-reflections, but in our setup, plastic lenses were inevitably used
to collimate and focus THz waves due to the limited sample space.
This may cause additional sources of multi-reflections at the air—plas-
tic interfaces.

In our setup, we eventually attained a spectral resolution of 1 MHz,
which was limited by frequency setting of the software at this moment.
The linewidth of the DFB lasers used in our system was 650 kHz on a
timescale of 100 ys."® This value corresponds to a beat signal linewidth
of V2 x 650kHz=920kHz. Thus, a slightly better resolution than
1 MHz might be possible without the software restriction.

In this study, a powder sample of 2,2-diphenyl-1-picrylhydrazyl
(DPPH) was measured at room temperature. DPPH is known as an

scitation.org/journal/apl

ESR standard sample and exhibits a temperature-independent g value
(g=2.0036).”” The resonance condition of ESR absorption is theoreti-
cally given by hv = guyB,”’ where h is the Planck constant, v is the
frequency, g is the g value, up is the Bohr magneton, and B is the mag-
netic flux density. In the high-frequency region, the linewidth of
DPPH exhibits a gradual broadening”* and the full width at half maxi-
mum (FWHM) is typically in the range of AB =1-2mT in the field-
sweep setup. It was reported that the linewidth depended substantially
on the sample batch and the solvent from which DPPH was crystal-
lized.”> The frequency resolution (Av) necessary for ESR detection
should be better than (AB/B)v ~ 30-70 MHz.

In all measurements shown below, the wave vector of THz waves
was parallel to the magnetic field (k||B||z, Faraday configuration). In
this setup, where oscillating magnetic field components are always
orthogonal to the static magnetic field (Bos.LB), conventional ESR
transitions satisfying AS, = *1 will be observed. If the wave vector is
perpendicular to the field direction (k_LB, Voigt configuration), there
are two cases: Oscillating magnetic field components B are either
perpendicular (L) or parallel (||) to the magnetic field B. In the former
case, ESR transitions similar to those in the Faraday configuration are
allowed, while in the latter case, forbidden transitions (e.g.AS, = *£2)
are observed for integer spin systems.”

Figure 3(a) shows the observed FDESR spectrum for DPPH at
3.20 T. The size of a pellet-shaped powder sample was 10 mm in diam-
eter and 0.5mm in thickness. The data were shown after subtraction
of the background data measured at the off resonance field. Frequency
was swept between 92.15 and 92.35GHz with a step of 2MHz. A
sharp decrease in the photocurrent at 92.25 GHz was observed. In this
case, the observed FWHM was Af =20MHz, corresponding to
Af /f ~ 2 x 10~%. This value was much sharper than those of the typ-
ical THz absorption spectra. Indeed, the linewidth of water vapor
absorption at 1.10 THz was about 9 GHz, two orders of magnitude
greater than that of DPPH. We carried out similar measurements at
several magnetic field values, as shown in Fig. 3(b), and confirmed
that the resonance frequency shifted linearly with the applied magnetic
field. In our setup, the maximum field range was limited merely by the
maximum field of the magnet. Therefore, in principle, there are no
experimental constraints in the frequency or in the magnetic-field
range.

Figure 4 shows FDESR spectra of a mixed powder sample of DPPH
and  1-oxyl-2,2,6,6-tetramethyl-4-hydroxypiperidine (TEMPOL)™ at

Af=40 MHz

Photocurrent (arb. units)
Photocurrent (arb. units)

B=6.95T
DPPH + DPPH
r Room temp. Room temp.
92.2 92.3 199.1 19§.2 199.3
Frequency (GHz) Frequency (GHz)

FIG. 3. FDESR spectra for DPPH radical at room temperature at (a) 3.20 and (b)
6.95T. The frequency steps were 2 and 5 MHz, respectively.
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FIG. 4. FDESR spectra of a mixed powder sample of DPPH and TEMPOL at room
temperature. The data (red) and a fitting curve (a solid line) composed of two
Lorentzian curves (dotted lines) are shown. The frequency step was 2 MHz.

7.0 T. This magnetic field value was chosen to demonstrate a benefit of
high-field measurements, while keeping a substantial signal-to-noise ratio
and background stability. The measurement was carried out with a fre-
quency step of 2 MHz. The data are basically reconstructed with the sum
of two Lorentzian curves. A deviation from the fitting was attributed to a
long-term drift of the photocurrent induced by temperature fluctuations,
arising from the optical path difference between the emitter and receiver
branches. The resonance frequencies were fpppy = 200.045GHz and
frempor = 200.172 GHz, which are consistent with gpppy = 2.0036 and
grempor, = 2.0062, respectively. The two absorption lines separated by
Afres = 127 MHz were well resolved. The observed line widths for DPPH
and TEMPOL were 103 and 192 MHz, respectively. The broader line-
width of DPPH, compared to that in Fig. 3, was due mostly to field inho-
mogeneity induced by sample thickness. It is known that the ESR
spectrum of a TEMPOL solution sample exhibits a hyperfine structure,
which is smeared out to yield a broader ESR line in solid-state samples.”’

Finally, we show an example of the direct determination of the
antiferromagnetic gap of nickel oxide (NiO) in magnetic fields. NiO is
known as a collinear antiferromagnet with a Neel temperature of
Tnx =525K in which ferromagnetically coupled NiO layers are
stacked along the (111) direction alternately to exhibit the antiferro-
magnetic order. The spin excitation of NiO was studied previously by
inelastic neutron scattering” and recently by more advanced techni-
ques.”””” The magnetic structure has been basically understood by a
two sublattice model,” but a more sophisticated model taking account
of eight sublattices has been proposed to explain the observed antifer-
romagnetic resonance (AFMR) branches.”*

The NiO sample used in this study was a pellet-shaped polycrys-
tal sintered at 930 °C for 16 h. Figure 5(a) shows the frequency depen-
dence of the photocurrent amplitude at various magnetic fields. As
shown below, the resonance became broad as the magnetic field
increased and was not discernible at B = 10 T. Therefore, the data are
normalized by the photocurrent data at 10 T in order to remove field-
independent components, such as the aforementioned spurious oscil-
latory components and water vapor absorptions (at 0.988 and
1.098 THz). This analysis makes quantitative evaluation of the
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FIG. 5. (a) Normalized photocurrent /(B)/I(10T) vs THz frequency of NiO poly-
crystal at various magnetic fields. The data are vertically shifted for clarity. Magnetic
field dependence of (b) the resonance frequency and (c) the linewidth. The dotted
lines (red) are a guide for the eyes.

linewidth more reliable. The measurements were carried out at every
100 MHz step. The data at B=0 T showed a dip around 1.01 THz,
which is in good agreement with the reported antiferromagnetic gap.”’
As the magnetic field increased, the resonance frequency shifted
slightly to a higher side, while the linewidth increased, as shown in
Figs. 5(b) and 5(c). Since the frequency shift was small, it was quite dif-
ficult to measure the field dependence of the gap by field-swept ESR
techniques, but our FDESR technique makes such measurement possi-
ble in the frequency-field diagram.

For the case of an easy-plane type antiferromagnet, such as NiO,
non-degenerate two magnon modes are theoretically predicted.”” The
observed mode at around 1THz corresponds to the higher mode,
which has been observed dominantly in most AFMR measure-
ments.”"” The other mode predicted in much lower frequency region
was not observed in this study. It is shown that field dependence of the
magnon mode exhibits different behavior, depending on the field ori-
entation.”® * Accordingly, the signal for a polycrystal sample should
be averaged over entire field orientations, thus producing a broadening
and an averaged shift of the resonance. While no effect was observed
under 1.07 T in the previous literature,”* the present results were in
good agreement with these behaviors.

In this study, the spectral resolution was limited predominantly
by the spectral resolution of DFB lasers used for photomixing. To fur-
ther improve the spectral resolution, the use of tunable lasers with
sharper line widths, such as external cavity diode lasers (ECDLs),
would be interesting. The linewidth of ECDL is typically 100 kHz or
less, so further improvement by two orders is possible. This extremely
high spectral resolution will make it possible to resolve the hyperfine
structures of dilute magnetic samples, from which more detailed anal-
yses of the local environments of spin species would become possible.

In summary, we developed a frequency-domain ESR spectros-
copy technique in the THz region using continuously tunable PCA
photomixers. This technique covers the frequency range of
0.05-1.1 THz and a magnetic field range up to 10 T. To improve the
spectral resolution, which was previously limited by the oscillating
photocurrent, a pair of fiber stretchers were used to externally modu-
late the optical path difference. This technique enabled the precise
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determination of the amplitude |I,| at each frequency above 86 GHz,
and a spectral resolution of 1 MHz was attained in this study. Using
this technique, we observed sharp ESR spectra of organic radicals,
whose line widths were as narrow as 20 MHz for DPPH. Also, the
antiferromagnetic gap of NiO polycrystal showed a gradual shift to a
higher-frequency region as well as a line broadening as the magnetic
field was increased to 10T. The compact setup and broad operating
frequency of our technique are promising for versatile applications to
magnetic materials with energy gaps, such as antiferromagnetic gaps
and zero-field splittings.

See the supplementary material for more detailed data processing
of NiO.
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