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Sensitive magnetometry has been a powerful probe for investigating quantum materials. Extreme condi-
tions, such as sub-kelvin cryogenic temperatures and ultrahigh magnetic fields, demand further durability for
sensitive magnetometry. However, significant mechanical vibrations and rapid magnetic field changes give
enormous challenges to conventional magnetometry. This article presents a possible solution to this problem
by developing a new magnetometry technique using high-frequency quartz oscillators. The technique takes
advantage of the symmetry and geometry of mechanical vibration configurations of standard commercially
available MHz quartz oscillators, and the setup keeps the high quality factor resonance with the sample
mounted on the oscillator. We further demonstrate the sensitivity of the technique using bismuth single
crystals and Feg osTaSy ferromagnetic material. Quantum oscillations are observed in the magnetometry
response below 1 tesla, and the detected oscillation frequency is shown to come from the electron pockets of

the bismuth.

I. INTRODUCTION

Sensitive magnetometry is a powerful probe for the
research and development of solid state quantum mate-
rials and devices. Take the example of correlated quan-
tum materials in which strong electron interactions often
lead to exotic physical phenomena. Resolving the mag-
netic ground state as well as quantum oscillations re-
quires sensitive magnetometry in intense magnetic fields
as high as 30 - 80 tesla (T) »*. There are several magne-
tometry techniques already developed for the operation
in pulsed fields, including micromechanical trampoline
magnetometers’ and cantilever magnetometry . How-
ever, the trampoline magnetometer is better suited to
small samples (~1 pg). The cantilever magnetometry is
limited to a frequency response below 5 kHz and thus
only suitable for long pulse magnets (~0.1-1 s duration).
Therefore, the rapid progress in quantum materials calls
for new sensitive magnetometry that can particularly
adapt to short intense pulsed magnetic fields.

To shed light on the electronic and magnetic struc-
tures in quantum materials, we recently developed a res-
onant torque differential magnetometry using the can-
tilever differential torque resonance mode of a quartz
tuning fork” (the “qPlus” mode” "), which resonates at
~ 30 kHz and is typically not fast enough to respond
to the quantum oscillation (QO) features in the intense
fields of pulsed magnets. The old-generation cantilever-
based magnetometry in intense DC magnets is always
coupled with mechanical vibrations. High-quality reso-
nant magnetometry decouples nicely from low frequency
mechanical noise. Indeed, this early work using quartz
tuning forks established a powerful torque deferential
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magnetometry”’ that works well in DC magnets. How-
ever, a technical challenge still exists due to a relatively
low 32 kHz resonance frequency, limiting the application
of this resonant magnetometry in other extreme condi-
tions, particularly in pulsed magnets in which the mag-
netic field changes by 100 T within a few milliseconds.
More importantly, the quartz tuning fork magnetometry
setup loses its resonance once immersed in liquid >He or
liquid “He. Therefore, resonant magnetometry needs to
be more stable at higher frequencies and should maintain
its resonance in a cryogenic liquid environment.

The resonance of quartz crystals has been core to
the stable frequency references for computers chips®. The
typical symmetric design helps the oscillator run in vibra-
tion modes that are not easily affected by the environ-
mental temperatures. Nevertheless, this advantage raises
a crucial challenge to the idea of magnetometry applica-
tion — regardless of its size and magnetic properties, any
solid state sample attached to a quartz crystal breaks the
symmetry.

This article demonstrates a new technique for
quartz oscillator torque differential magnetometry that
achieves a large Quality factor (Q-factor). We test the
quartz oscillator with different sample mounting posi-
tions on the rotator probe of a Janis variable temperature
insert (VTI) system, which provides a low temperature
environment. We further demonstrate the high sensi-
tivity of our quartz oscillator torque differential magne-
tometry by measuring the dHvA effect in a bismuth sin-
gle crystal. Quantum oscillations are revolved under the
magnetic field using different detection circuits, and the
observed frequency and effective mass are consistent with
the Fermi surface obtained in the previous results’. We
also demonstrate the feasibility of exploiting our oscil-
lator magnetometry in a fast, pulsed magnetic field by
measuring the dHvA effect in bismuth samples. The ob-
served quantum oscillations are highly consistent with
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Figure 1. Experimental setup (a) Pictures of Quartz oscil-
lator Model No. AB308-4.000MHZ of Vendor Abracon LLC
as purchased. (b) Picture of the oscillator after the metallic
case and electrical leads are removed. (c) Schemes for mount-
ing method ASYM and method SYM. The quartz oscillators
are anchored on the sapphire substrate. (d). Diagram for
the direct mode detection circuit. (e). Diagram for the PID
mode feedback detection circuit. (f). Design diagram of the
current-voltage converter.

our DC field, VTT measurement results. In addition, we
determined the order of magnitude of magnetization sen-
sitivity of MHZ oscillator magnetometry by measuring
the hysteresis loops in the Feg o5TaS, ferromagnetic ma-
terial.

Il. EXPERIMENTAL SETUP

The first important step is taking the quartz crystal
out of the package and leads. The packaging case and
electrical leads are magnetic, which will strongly affect
the performance of magnetic sensing. The quartz crystal
we used has the cylindrical type package case, which is
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Figure 2. Resonance of quartz oscillators mounted with bis-
muth (a,b) and Feg.25TaSs (c) single crystals. (a) When a bis-
muth sample is mounted to a quartz oscillator using the asym-
metric (ASYM) method, a sharp resonance appears when the
driving frequency is tuned close to 4 MHz at 3 K. (b). In con-
trast, the quartz oscillator can barely resonate when a sample
is mounted in the SYM way. (c) Comparison between the
resonance peaks of an unloaded oscillator (red curve), which
has a @Q-factor 27360, and the same oscillator loaded with
Feg.25TaSs sample B (blue curve) using the ASYM method
leads to a Q-factor 6500. The measurement temperature is
300 K.

much easier to remove than the rectangular case. One
way to take the quartz crystal out of the package is to
put the case on the table and then use a steel file to
roll it back and forth modestly until the inside quartz
crystal with leads detaches from the outer case. Next
is to fix the electrical leads with a bench vise and melt
the bottom solder joints with a torch. While the joints
are melting, the quartz crystal can be taken out quickly
using a tweezer. Pictures of the package quartz oscillator
(Model No. AB308-4.000MHZ of Vendor Abracon LLC)



and the bare oscillator are shown in Fig. 1(a) and Fig.
1(b).

We chose single crystals of elemental bismuth (Bi)
for the testing samples because they established sharp
Landau-level quantization patterns in our early low-
frequency differential magnetometry” as well as the rich
physics of Dirac electrons in magnetic fields’. As shown
in Fig. 1(c), we tested sample mountings in two dif-
ferent methods: an asymmetric method (ASYM) and
a symmetric method (SYM). Because the edge part of
a quartz oscillator has nearly no influence on the reso-
nance frequency ', one edge of the quartz oscillator is
anchored on the “L” shape sapphire substrate by ther-
mal epoxy (Model H74F of Vendor EPOXY). The gold
wires are firmly glued near the edge of the oscillator using
silver epoxy (Model H20E) to ensure they have the mini-
mum influence on the Q-factor. This setup compares the
response of the thickness-shear mode of quartz'”. The
mathematical physical analysis of the thickness-shear
mode can be found in Ref." > . The Bi crystals were cut
to 0.5 mm x 0.43 mm X 0.2 mm and glued to the oscilla-
tors permanently with the thermal epoxy. Following, we
will compare the resonance frequency response under the
magnetic fields of these two methods. Further character-
ization of the same resonance magnetometer with Bi was
tested using the 65 T pulsed magnet using the Pulsed
Magnetic Field Facility in Los Alamos National Labo-
ratory (LANL). And a DC response of a ferromagnet
Feg.o5TaSs crystal was measured with the same ASYM
method to estimate the sensitivity of this magnetometry
technique.

Following the schemes of Ref.”, the quartz oscilla-
tors are driven with a sinusoidal voltage of a function gen-
erator. The generated currents are measured by a lock-
in amplifier Stanford Research SR 844 either using the
current-input-mode of the lock-in amplifier or through a
home-built I — V' converter. The design of the I — V
converter is shown in Fig. 1(f). Once the resonance is
detected, we apply a magnetic field and detect the shift
of the resonance using two available detection modes: the
Direct mode Fig. 1(d) and the PID mode Fig. 1 (e). The
lock-in output signals are directly recorded in the Direct
mode as the amplitude and the phase. In the PID mode,
a phase-locked loop feedback circuit is built using a PID
controller to keep the oscillation at the resonance’. As
established in Ref.”, both the phase in the direct mode
and the frequency change in the PID mode are propor-
tional to the differential torque d7/df, with the magnetic
torque 7 = m x B, and the magnetic field tilt angle 6
between the sample magnetic moment m and magnetic
field B.

Il. RESULTS

Figure 2(a)(b) shows the output signals of a quartz
oscillator with a Bi crystal mounted in the ASYM
method (Panel a) and the SYM method (Panel b). The
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Figure 3. Result of the differential magnetometry using the
MHz quartz oscillators and a Bi crystal mounted in the ASYM
method. (a) Both the direct mode and the PID mode detect
the large oscillatory magnetic signals of Bi due to the Landau
level quantization under the B-field.

test was carried out at T'= 3 K. The ASYM method shows
a clear resonance with a Q-factor sim 3000, much better
than the resonance in the device mounted in the SYM
method. Therefore, in the following tests, we will focus
on the measurements only on oscillator devices mounted
in the ASYM method. Fig. 2(c) shows the compari-
son between the resonance peaks of an unloaded oscil-
lator (red curve) and the same oscillator loaded with
Feg 25 TaSy sample B (blue curve) measured at room tem-
perature using the ASYM method. After loading the
sample, the @Q-factor dropped from 27360 to 6500, and
the resonance frequency decreased by 80 Hz, which is ex-
pected because the loaded sample will destroy the orig-
inal symmetric thickness-shear mode and shift to a new
resonance frequency.

We applied a magnetic B field to the device with
the B-field about 15° away from the long axis of the
quantum oscillator and the Bi crystal mounted in the
ASYM method. Figure 3 shows the response using both
the direct mode circuit and the PID mode circuit. The
phase shift in the Direct mode closely tracks the fre-
quency change in the PID mode, which directly detects
the differential torque signal. The results demonstrate
the oscillatory patterns are in the magnetic signals of
semimetal Bi, which results from the Landau level quan-
tizations of Dirac electron and hole Fermi surfaces”.

To confirm the Landau level quantization of the os-
cillatory pattern, the oscillatory parts of phase ¢ were
taken by subtracting the polynomial backgrounds. As
shown in Fig. 4(a), the oscillatory patterns (A¢ are
clearly periodic in 1/B for all tested temperatures T.
We determine the oscillation frequency with the Fast
Fourier Transform of the A¢, which is shown in Fig. 4(b),
and the dominating oscillation frequency is about 1.5 T,
which is consistent with the Fermi surface orbital size in
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Figure 4. Landau level quantization analysis for the quantum
oscillation signals detected by the resonant torque differen-
tial magnetometry. (a). After subtracting the polynomial
background, the oscillation pattern is periodic in 1/B, taken
at selected T. (b). A Fast Fourier Transformation analysis
shows the dominating oscillation frequency. (c). The oscil-
lation amplitude of the dominating frequency is plotted as a
function of T', which is consistent with the LK formula. (d).
The angular dependence of the oscillation period.

the B-field orientation’. Furthermore, the peak ampli-
tude of this dominating frequency is tracked with 7' in
Fig. 4(c), and the temperature dependence is consistent
with the Lifzshitz-Kosevich (LK) formula

2n%kpm* T
EFLM()H (1)

sinh( 72”:%3{ T ) ’

Pz (T) o

with m* is the cyclotron mass for motion in the plane
perpendicular to the applied H. The comparison shows
m = 0.011m,., with m, the bare electron mass, which
is consistent with the light effective mass of electron or-
bit in this field orientation. Finally, the orbital size is
consistent with the Bi electronic structure. Fig. 4(d)
shows the angular dependence of the dominating oscilla-
tion period as the magnetic field direction is changed in
the crystalline plane of the binary axis and the trigonal
axis. The angular dependence demonstrates a roughly
symmetric pattern and the oscillation period is consis-
tent with that from the expectation of electron Fermi
surface pockets.

After demonstrating the high sensitivity of our os-
cillator magnetometry in the DC magnet, we measure
the response of the same MHz oscillator magnetometry
in pulsed magnets in LANL. Fig. 5 shows the quantum
oscillations of the Bi sample measured by the MHz os-
cillator magnetometry using direct mode, compared with
the results measured in the VTI system. The subtle QO
frequency difference should come from the setup align-
ment. The same quantum oscillation patterns prove the
usability of oscillator magnetometry in the fast pulsed
magnetic field, and the response time of our oscillator
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Figure 5. Result of the quantum oscillations measured by
the MHz oscillator magnetometry with a Bi sample mounted
in the pulsed magnetic field (Red curve), compared with the
quantum oscillations of the same Bi sample measured in the
VTI magnet (Blue curve). The magnetic field is approxi-
mately perpendicular to the [001] direction. Both curves were
measured by direct mode, and the phase changes A¢ are plot-
ted after background subtraction with the inverse of the mag-
netic field. The result in the pulsed magnet was taken when
the field was down from the maximum to zero.
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Figure 6. (a) Profile of magnetic field pulse duration in a short
pulse magnet in LANL (b) The change of phase of quartz
oscillator with Bi sample mounted measured by direct mode
at 1.5 K, measured in the down-sweep of the pulsed magnet.

magnetometry is short enough to catch the magnetic fea-
tures. A typical profile of a field pulse can be seen in Fig.
6(a). The magnetic field pulse total duration time is less
than 80 ms, with a rise time of 8 ms, and Fig. 6(b) shows
the response of quartz oscillator with Bi sample at 1.5 K.
The field was down from the maximum to zero when the
data was taken. From Fig. 5, we notice that one prob-
lem with using the MHz oscillator magnetometry in the
pulsed field is the noise level. The blue curve taken in the
DC field has a much lower noise level than the red curve
taken in the pulsed field in Fig. 5. While the red and



blue curves measured the same magnetization signal, we
can make a quick sensitivity estimation on the DC field
and pulsed field. The phase resolution of the blue curve
in Fig. 5 is around 0.02 degrees, while the resolution of
the red curve is about 0.1 degrees. Therefore, the sensi-
tivity of MHz oscillator magnetometry in the pulsed field
is 5 times worse than in the DC field. One important
reason for the difference is the vibration-induced noise in
the pulsed field is much larger than in the DC field. An-
other reason could be the difference in data acquisition
instruments. In the DC field, the data is acquired from
the SR 844 lock-in amplifier, while in the pulsed field,
the data is obtained by the National Instruments Data
Acquisition card, which has a higher noise level and does
not have a pre-filter. Thus, future development is needed
to reduce the vibration noise and design appropriate fil-
ters. Moreover, this current quartz oscillator setup is too
long to fit into the narrow rotator probe in the LANL
pulsed field magnets due to the small magnet bore sizes.
for future experiments, we will search for smaller quartz
oscillators that can fit into these rotator probes used in
the LANL pulsed field magnets.

Sensitivity and response time are two critical at-
tributes of our quartz magnetometer in the pulsed field.
The 4 MHz resonance frequency can provide a fast
enough response time to catch the QOs in bismuth with-
out lag in the short pulsed field, as shown in Fig. 5.
Next, To estimate the sensitivity and calibrate the order
of magnitude of the magnetic moment measured by the
MHz quartz oscillator, we measure the hysteresis loop of
a well-studied ferromagnetic material Fego5TaS,. The
Feg o5 TaSs samples were grown by the chemical vapor
deposition method The magnetization of this mate-
rial is extremely anisotropic, with the magnetic moments
aligned parallel to the ¢ crystallographic direction
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Figure 7. Hysteresis loop in Feg 25 TaS2. (a) magnetic moment
curves for H||c measured by VSM in sample A at 2 K. (b)
Frequency shift versus magnetic field measured by a MHz
quartz oscillator PID mode in sample B at 2 K.  is the angle
between field and c axis.

Magnetization is taken with the Quantum Design
Physical Property Measurement System (PPMS) using
the vibrating-sample magnetometer (VSM) option at 2
K. The Fego5TaSs sample A measured in PPMS has a
dimension of 1.25 x 0.625 x 0.025 mm. A sharp hystere-
sis loop is observed when Hl|c, as shown in Fig. 7(a).
The magnetization saturates at 5.3 T, and the saturation
magnetic moment is around ms4 ~ 2.6 x 1073 emu. The
torque differential of Fego5TaSs sample B is measured
by the PID mode of MHz quartz oscillator in Janis VTI
system at 2 K, as shown in Fig. 7(b). The dimension of
sample B is 0.6 x 0.26 x 0.013 mm. The angle 6 between
field and ¢ axis is 4.4°. The torque differential response
and transition field are consistent with the magnetization
in Fig. 7(a). The hump around -3.5 T can be attributed
to the environment noise. The frequency shift A f corre-
sponding to the magnetic transition at 5.3 T in the torque
differential response is about 16.5 Hz. Then we can es-
timate the saturation magnetic moment of sample B by
comparing the sample size, which is msp ~ 2.7 x 1074
emu. We should notice this is the saturation magnetic
moment when field along ¢ axis. We know

Af x % ~ mBcosf (2)
When 6 = 4.4°, Af(0 = 4.4°) = 16.5 Hz, so Af(0 =
0°) = Af(0 = 4.4°)/cosf = 16.55 Hz. Further, the sen-
sitivity of magnetic moment can be estimated as

of

= W X AmsB (3)

om

Here §f is the uncertainty of frequency measurement,
which comes from the output of PID. The uncertainty for
the PID output is about 3 x 1072 V, which corresponds
to df = 0.03 Hz. Finally, the sensitivity of magnetic
moment is estimated at ém ~ 4.9 x 1077 emu at 5 T,
which is comparable to the best claimed sensitivity of
the latest MPMS (~ 8 x 1078 emu at 5 T) by Quantum
Design.

IV. DISCUSSION

Our results based on semimetal Bi demonstrated
the power of the ASYM mounting method for resonant
magnetometry for solid state quantum materials. As
mentioned in the introduction, the method took advan-
tage of the thickness-shearing mode and kept the high-Q
resonance even with sizable target samples. In the 1990s,
the scanning microscopy community realized using the
g-plus mode'" to the quartz tuning forks to isolate only
one mode for the detection of the magnetic force gradi-
ent for the atomic force microscopy (AFM) and magnetic
force microscopy (MEFM). After two decades, almost all
the high-end commercial AFM and MFM instruments
are based on this g-plus mode tuning fork application.
We believe that our new ASYM mode is a similar reso-
lution step. Therefore, we may envision magnetometry



as what we demonstrate in the results. We propose us-
ing the ASYM mode to mount the AFM tip or MFM tip
to the high-frequency quartz oscillator for advanced mi-
croscopy. The higher resonance frequency is more likely
decoupled from mechanical vibrations. We note further
that the ASYM setup is robust: the resonance keeps the
high @Q-factor in a vacuum and cryogenic gas environ-
ments and cryogenic liquids such as Liquid “He and Lig-
uid 3He. These are just a few technical advantages of
using the ASYM mounting method and the quartz oscil-
lators for experiments in solid state materials.

In summary, we developed the asymmetric (ASYM)
mode mounting method in quartz oscillators for magne-
tometry for solid state materials. The test with Bi single
crystals revealed clear quantum oscillation patterns due
to the Landau Level quantizations of the electronic pock-
ets both in DC and pulsed magnetic field. We estimated
the sensitivity of magnetic moment measured by the MHz
oscillator magnetometry by measuring the hysteresis loop
of Feg.o5TaSs ferromagnetic material. Furthermore, the
high-@Q resonance in the MHz resonance frequencies in-
dicates the great potential for the application in magne-
tometry and even for scanning microscopies.
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