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ABSTRACT

Capacitance measurements are crucial for probing the electrical properties of materials. In this study, we develop and implement a capaci-
tance measurement technique optimized for pulsed magnetic fields. Our approach employs an auto-balancing bridge method, leveraging a
high-bandwidth transimpedance amplifier to mitigate parasitic contributions from coaxial cables. This technique enables precise capacitance
measurements in rapidly changing magnetic fields, as demonstrated in experiments on the magnetoelectric material NiCo,TeOg. The results
reveal strong magnetoelectric coupling, including a pronounced hysteresis in capacitance that coincides with magnetization measurements
and an enhanced energy dissipation peak at high sweep rates. Compared to traditional LCR meter measurements in DC fields, our method
exhibits excellent agreement while providing additional insight into field-induced phase transitions. This work establishes a robust methodol-
ogy for capacitance measurements under extreme conditions and opens new opportunities for studying multiferroic and correlated electron
systems under high magnetic fields.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0272814
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I. INTRODUCTION

Capacitance measurements are a foundational aspect of mod-
ern scientific research and material studies, playing a critical role in
deepening our understanding of both natural and engineered mate-
rials. The capacitance of the materials provides invaluable insights
into the fundamental material properties, such as the dielectric con-
stant and loss factor, which are key to the development of innovative
materials and devices. Furthermore, the capacitance measurement
technique can also be extended to other measurements, for exam-
ple, capacitive thermometry,]”’ capacitive torque magnetometry,’
and capacitive dilatometry,* to name a few. For these reasons, the
capacitance measurement is employed by research and engineering
laboratories across the world.

In the study of material properties, researchers investigate the
response of materials by varying external parameters. Common
external parameters include temperature, pressure, and magnetic
fields. Among these, magnetic fields couple to magnetic materials
rather weakly, requiring high magnetic fields to control the prop-
erties of materials.”” Following the research trend of demanding
increasingly strong magnetic fields, efforts in high magnetic field
studies are focused on developing magnets capable of generating
even higher fields."’ "

One method to achieve high magnetic fields is the use of pulsed
magnetic fields.”* Simply put, pulsed magnetic fields are generated
by releasing the energy stored in a capacitor bank into a solenoid
electromagnet over a very short period, creating an extremely high
magnetic field. For instance, the 65 T short pulse magnet most
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FIG. 1. Time-dependent magnetic field profiles of the short-pulse and mid-pulse
magnets at the National High Magnetic Field Laboratory, Los Alamos National
Laboratory.

commonly used at the National High Magnetic Field Laboratory
located at the Los Alamos National Laboratory reaches its maximum
field from 0 T in 8.5 ms and then rapidly decays back to 0 T over
100 ms. A slower mid-pulse magnet can reach up to 59 T, operat-
ing approximately five to six times more slowly than the short pulse
magnet [see Fig. 1(a)]. The details of the magnets can be found in
Refs. 14-16.

In such ultra-fast environments, commercially available capac-
itance bridges or LCR meters cannot be used. This limitation arises
because their measurement speeds are restricted to several millisec-
onds due to the time required for bridge balancing and data averag-
ing, which makes them clearly incompatible with the timescales of
the pulsed fields described above. As a result, these attempts are very
rare. One method utilizes a commercial general radio (GR) capaci-
tance bridge, where the bridge is balanced prior to the measurement,
and the unbalanced signal is then used for the measurement.'” While
this allows for very accurate capacitance measurements, there are
several drawbacks. Not only has the production of GR bridges been
discontinued but also their maximum operating frequency is lim-
ited to 100 kHz, making it difficult to measure capacitance at higher
frequencies. In addition, this limitation of the frequencies makes
it difficult to experiment with relatively faster short pulse magnets.
Finally, if a phase transition occurs and the capacitance is divergent,
the unbalanced signal deviates from a linear relationship requiring
additional data processing for precise quantification.

In this paper, we employ the so-called auto-balancing bridge
method, which leverages the high-quality virtual ground at the input
of a transimpedance amplifier to measure capacitance in rapidly
changing environments using transport measurement techniques.
The primary challenge in capacitance measurements via transport
techniques arises from the coaxial cable, which is connected in
parallel with the sample. Consequently, the measured capacitance
includes contributions from both the sample and the coaxial cable.
While the sample capacitance is typically only a few picofarads (pF),
a 1 m coaxial cable can contribute several hundred pF, making it

ARTICLE pubs.aip.org/aip/rsi

challenging to extract the sample signal accurately. As detailed later,
connecting the sample to a virtual ground eliminates any potential
difference between the inner and outer conductors of the coaxial
cable. This eliminates parasitic contributions from the capacitance
of the cables and enables precise detection of the AC current flowing
through the sample.

Il. CAPACITANCE MEASUREMENTS IN CRYOSTATS
AND PULSED-FIELD MACNETS

To measure the capacitance of the device under test (DUT) at
low temperatures and in high magnetic fields, we employ a custom-
built probe with the sample positioned at its end. Shielded coaxial
cables are used for both excitation voltage and signal detection to
minimize external noise. The residual capacitance of these cables is
represented in Fig. 2 as Cy for the cable connecting the excitation
voltage to the DUT and Cio for the cable linking the DUT to the
signal measurement station. The capacitance of these coaxial cables
typically ranges from a few tens to several hundred pF, which can be
up to two orders of magnitude larger than that of many DUTs.

A. Oscillating voltage source

An analog AC voltage with a sinusoidal waveform Vij,, gen-
erated by a function generator with negligible output impedance,
operates at 101 kHz with an RMS amplitude of 0.5 V [Fig. 3(a)].
This signal is fed into a commercially available voltage amplifier
(Advanced Energy, Trek 2100HF, denoted as Voltage Amplifier 1
in Fig. 2), which has an input impedance of R,; of 50 Q. The signal
is amplified by a factor of 50 to achieve a high signal-to-noise (S/N)
ratio.

The excitation frequency is chosen to be sufficiently high to
ensure an adequate number of data points are collected within the
rise time of the field pulse while remaining below the capacitor’s

Variable High Speed Current Amp.

Voltage Source Voltage Amplifier 1

g Voltage Amplifier 2
I/l RS(\ R‘d() r ]R
W 9 -y
R, Vout
Cio
Cin Virtual Ground
1)
Ry
|
L| |_ Magnet
Cour
Cryostat

FIG. 2. Overview of the circuit for the capacitance measurement system in a pulsed
magnetic field presented in this paper.
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FIG. 3. (a) Excitation voltage (gray dots) and sample signals (red dots) as func-
tions of time, recorded by the digitizer, along with the magnetic field strength as a
function of time (black curve). (b) Enlarged view of the pre-trigger region from (a).

self-resonant frequency (SRF) to prevent parasitic inductance from
dominating the signal. For instance, with a parasitic inductance of 1
nH (typical for a ceramic capacitor) and a capacitance of 1 pF, the
SRF is in the GHz range. We assume that these components are in
series, which is reasonable given that the inductance mainly orig-
inates from wiring and electrode structures within the DUT. The
total impedance is ~1.6 MQ at the frequency chosen in this paper;
the capacitive impedance is ~1.6 M(); and the inductive impedance
is only about 600 yQ—many orders of magnitude smaller. This
confirms that inductive effects are negligible at this frequency, and
the measured impedance reliably reflects the DUT’s capacitance.
However, the frequency can be adjusted as needed as far as the
frequency is well below the SRF and within the bandwidth of the
amplifier.

In addition, the timescale of the chosen excitation frequency
is much longer than the RC time constant determined by the
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capacitance of the DUT and the reference resistor R in the variable
high-speed current amplifier.

B. Auto-balancing bridge

A commercial high-bandwidth transimpedance amplifier
(TIA) [variable gain high speed transimpedance amplifier (cur-
rent amplifier) DHPCA-100, FEMTO®] is directly connected to the
DUT, with its gain optimized based on the excitation frequency,
typically around 10° Q. We chose this value for two reasons: first,
it provides a larger signal that facilitates signal processing; more
importantly, the time constant—determined by the capacitance of
the DUT and this resistance—is ~3 ns, which is much shorter than
the timescales associated with the frequencies used in this study.
TIA’s input is held at a virtual ground, ensuring the current through
the sample (I, in Fig. 2) equals the current through the range resis-
tor (Ir in Fig. 2), thereby eliminating parasitic contributions from
coaxial cables Cro in the capacitance measurement.'® The TIA out-
put is fed to a commercially available voltage amplifier (SR 560,
Stanford Research Systems, denoted as Voltage Amplifier 2 shown

in Fig. 2) to increase the S/N ratio by amplifying and filtering the
signal.

C. Voltage detection

The output voltage of Voltage Amplifier 2, V., and the input
voltage, V,, are recorded simultaneously using a high-bandwidth
digitizer from National Instruments. These measured values are

then used to calculate the complex impedance of the DUT, Zy,
according to

_ 1 Vou
Ziot = = Vf (1)
ref in
= Ziot| exp (i) . )

In the frequency range of interest, the impedance of the DUT
is on the order of 1 MQ. It is, therefore, appropriate to deter-
mine the capacitance of the sample by modeling it as a parallel
resistor-capacitor circuit,

_ X 1
Ziot = iwCpyr + ( ) . (3)
Rp

By solving for the capacitance and resistance, we obtain the
following:

-1
tot
Cpur = |——

sin ¢, 4)

1

Rp= ——m.
|Zm}| cos ¢

®)

The dissipation factor is commonly expressed as

1

tan () = ———,
an (9) wRpCpyr

(6)

where § = —¢ + 90°.
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I1l. RESULTS

A. Device under test—A multiferroic
and magnetoelectric material

A suitable DUT for our experiment is a magnetoelectric
material, where the electric and magnetic properties are strongly
coupled. In this system, an external magnetic field changes the
electric properties reflected as a change in capacitance through
the changes both from dielectric constant'””’ and dimensional
change.”"*

In this report, we measured a high quality single crystal of
NiCo,TeOgs.”>”* NiCo, TeOg crystallizes in the noncentrosymmetric
rhombohedral R3 structure and exhibits an incommensurate heli-
cal antiferromagnetic order with spins confined to the ab-plane.
Its magnetic ordering occurs at around 52 K, and its magnetic
propagation vector is determined as k = [0, 0, 1.2109(1)]. Notably,
NiCo,TeOg undergoes a hysteretic spin-flop transition at an exter-
nal magnetic field of ~4 T. Dielectric anomalies coincide with
its antiferromagnetic phase transition, and comprehensive tera-
hertz and Raman spectroscopic studies reveal several low-frequency
spin excitations—up to six distinct magnons at 5 K—that are
highly sensitive to external magnetic fields, including the emergence
of new modes and splitting near the spin-flop transition, which
strongly indicate the presence of strong magnetoelectric coupling
and electrically active electromagnons.”

B. Experimental data

In this measurement, the excitation voltage frequency is
101.01 kHz, and the sampling rate is 3.3333 MHz. The phase differ-
ence between the excitation voltage and the sample signal is clearly
visible, primarily arising from the voltage amplifiers, the cables, and
the impedance of the DUT, as shown in Fig. 3(b). To obtain accu-
rate absolute values of the DUT’s capacitance and dissipation, it is
essential to account for phase shifts introduced by the voltage ampli-
fiers and connecting cables. In our experiment, we measured the
phase difference between voltage source and the DUT using an oscil-
loscope before inserting the probe into the cryostat. Similarly, we
measured the phase shift between the other side of the DUT and the
input of the current amplifier, as well as between the output of the
current amplifier and the input of Voltage Amplifier 2. These mea-
sured phase shifts were subtracted during data processing to ensure
accurate results.

C. Capacitance vs field

Figure 4 presents the magnetization, capacitance [Eq. (5)], and
tan(d) [Eq. (6)] of NiCo,TeOs as a function of the magnetic field
applied along the ab-plane. The oscillatory voltage excitation applies
an electric field perpendicular to the ab-plane. These measurements
were performed at 4 K over a magnetic field range from 0 to 50 T
using the mid-pulse magnet.

In principle, the measured capacitance could be converted into
the dielectric constant by assuming an infinite parallel plate capac-
itor geometry, given that the crystal is relatively thin compared
to its lateral dimensions. The dielectric constant € would then be
given by

€= —, (7)
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FIG. 4. (a) Magnetic field dependence of magnetization and its susceptibility
(dM/dH) for NiCo, TeOs with the field applied along the ab-plane at 4 K. (b) Mag-
netic field dependence of capacitance and tan(d), measured with the magnetic
field along the ab-plane and the electric field perpendicular to the ab-plane, from 0
to 50 T at4 K. (c) Enlarged view of the capacitance, tan(d), and magnetization in
the field range of 0-10 T.

where C is the capacitance, d is the thickness of the crystal, and A is
the electrode area. In a high magnetic field, mechanical deformations
or magnetostriction effects could alter these dimensions, introduc-
ing uncertainties in the extracted dielectric constant. For example,
if the magnetostriction is +100 ppm (see Ref. 9 for magnetostriction
measurements in a similar material) then the ratio of d/A changes by
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~ +0.02% for field perpendicular to the plane of the capacitor plates
or ~ ¥0.01% for field parallel to the plane of the capacitor plates.

As shown in Fig. 4(a), the magnetization exhibits a clear
hysteresis loop between 0 and 4 T, which is more prominently
highlighted in the inset of Fig. 4(c). Due to the steep changes in
magnetization within this hysteresis region, the magnetic suscepti-
bility (dM/dH) displays pronounced peaks, as shown in Fig. 4(a).
Our capacitance measurements shown in Figs. 4(b) and 4(c) reveal
a corresponding hysteresis near the same magnetic fields, indicating
a strong magnetoelectric coupling in this compound. Interestingly,
the tan(d) data exhibit a pronounced peak during the upsweep of
the magnetic field around 3.5 T, suggesting an energy dissipation
process associated with the hysteresis loop. Note that the strong
peak near the zero magnetic field is not from the DUT but caused
by electrical noise generated at the beginning of the pulse, when
the current through the magnet coil is largest. Another notable fea-
ture, albeit weaker, appears around 25 T as a subtle change in the
slope of the magnetization curve. Remarkably, this weak change in
magnetization coincides with a significant variation in capacitance,
underscoring the sensitivity of capacitance measurements in detect-
ing subtle magnetic state changes. This observation directly suggests
that the weak slope change in magnetization near 25 T corresponds
to a phase transition that is accompanied by an electrical phase
transition.

More detailed analysis of the magnetization, capacitance, and
electric polarization data, aimed at further elucidating the multifer-
roic and magnetoelectric coupling of this crystal, will be presented
in a forthcoming publication.”

D. Comparison with commercial equipment

Figure 5 presents a comparison plot showing the capacitance
and dissipation curves measured using a commercially available
LCR meter (Keysight E4980A) in a DC field, alongside the pulsed
field data obtained using the capacitance measurement technique
developed in this study. The frequency, excitation voltage, and num-
ber of moving average points were 101 kHz, 1 V, and 6, respectively.
While our technique measured capacitance values ~0.003 pF lower

: : T T T T 8
090+ Capacitance
— 6
[T
R ra
|
80.89+ Pulsed field up =
E —— Pulsed field down| | 4 g
= ©
O 0.88 5
0.87

Magnetic Field (T)

FIG. 5. (a) Capacitance and tan(8) measured by a commercially available LCR
meter in DC field and capacitance and tan(&) measured in a pulsed field with the
same magnetic field and electric voltage configuration.
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than those obtained with the LCR meter (less than 0.5%), the overall
shape of the capacitance curve remained highly consistent between
the two methods. Furthermore, the variation of capacitance as a
function of the magnetic field showed excellent agreement between
our technique and the LCR meter, confirming the reliability of our
approach. The small discrepancy originates from a small signal dis-
tortion introduced by Voltage Amplifier 1, causing the sinusoidal
waveform to become slightly triangular. This distortion leads to a
slight underestimation of the amplitude in the Fourier transform
analysis. The noise level in our measurements was determined to
be ~0.001 pF. We anticipate that this noise can be reduced by an
order of magnitude through data averaging, particularly by increas-
ing the number of recorded data points. This suggests that with
further optimization, our technique could achieve even greater pre-
cision in capacitance measurements. Although we do not present the
higher frequency data here, we have confirmed that our measure-
ment setup produces results consistent with those of the LCR meter
up to 300 kHz.

For tan(4), values obtained with both the LCR meter and our
measurement technique (with a noise level of about 1 x 107?) were
nearly identical. However, while no anomalies were observed in a
DC magnetic field (with a maximum field sweep rate of 0.01 T/s), a
pronounced peak emerged at around 3.5 T during pulsed field mea-
surements, where the maximum sweep rate reached ~15 kT/s. If the
observed hysteresis loop originates from changes in magnetic and
electric domains, it is plausible that under a rapidly varying mag-
netic field, these domains undergo rapid reconfiguration to achieve
equilibrium, resulting in significant energy dissipation. This suggests
that the dissipation mechanism is highly sensitive to the field sweep
rate, further supporting the strong coupling between magnetic and
electric domain dynamics in this system.

Finally, we would like to address issues that can arise from envi-
ronmental differences between DC and pulsed field measurements.
A primary concern in pulsed field experiments is eddy current heat-
ing caused by the ultra-fast field sweep rate. Since the sample studied
in this work is an insulator, we do not expect significant eddy cur-
rent heating from the sample itself. However, eddy currents can
arise if the metallic electrodes used for capacitance measurements
are oriented perpendicular to the magnetic field. In our setup, the
electrodes are aligned parallel to the field, effectively mitigating this
effect. As a result, we believe any temperature rise due to eddy cur-
rents is negligible. Nevertheless, temperature variations arising from
the sample’s intrinsic magnetocaloric effect remain possible. To mit-
igate this, we introduced a sufficient amount of *“He exchange gas
(more than 100 mbar) to ensure good thermal coupling between the
sample and its environment.

IV. CONCLUSION AND OUTLOOK

In this work, we have developed and implemented a capaci-
tance measurement technique optimized for use in pulsed magnetic
fields, demonstrating its capability to capture subtle magnetic and
electric phase transitions. Our method shows excellent agreement
with commercial LCR meters under DC field conditions while
revealing unique features under extremely rapidly changing pulsed
field environments. In particular, we observed a pronounced hys-
teresis in capacitance that aligns with magnetization measurements,
confirming strong magnetoelectric coupling in NiCo, TeOs. In addi-
tion, the presence of a significant peak in tan(§) under fast magnetic
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field sweeps suggests an energy dissipation process likely tied to
rapid domain reconfiguration. These results highlight the advan-
tage of our capacitance technique in detecting field-induced phase
transitions that might otherwise remain elusive in conventional
magnetization measurements.

Looking ahead, this capacitance measurement approach can be
readily employed to enhance other experimental techniques. In par-
ticular, it is well-suited for general high-impedance measurements
where minimizing leakage currents is critical. The setup developed
in this study also offers a foundation for new measurement capa-
bilities, such as capacitive torque magnetometry, magnetostriction
detection, and magnetic-field-independent thermometry—enabling
highly sensitive magnetocaloric and heat capacity measurements in
pulsed magnetic fields. This approach thus opens new avenues for
a comprehensive understanding of magnetoelectric interactions in
complex materials. Its ability to resolve subtle changes in electronic
and magnetic states under pulsed fields underscores its versatility,
establishing it as a powerful tool for future high-field research. The
potential applications extend beyond magnetoelectrics to a broad
class of systems, including correlated electron materials, topological
phases, and quantum phase transitions, offering fresh insight into
emergent phenomena under extreme conditions.
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