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Abstract

A large variety of the samples of novel magnetic materials, which are of high inter-
est due to their exotic properties, are only available in very small sizes. In some
cases, it is not possible to synthesize large single crystals; in other cases, the small
size itself is the key prerequisite to manifest a specifically interesting property of
the material. The smallness of a sample rises a problem of the detection of the static
magnetic response and of the electron spin resonance (ESR) signal. To overcome
this problem, we propose to use a cantilever-based (torque-detected) setup with the
capability of a simultaneous measurement of ESR and static magnetization. This
setup offers a high sensitivity and the ability to acquire along with the ESR signal
the components of the magnetization tensor in a single experimental run. Here, we
present the working principle of this setup, as well as the estimate of its sensitivity
from the measurements on the standard Co Tutton salt sample.

1 Introduction

Torque magnetometry (TM) is a rapidly developing field in experimental magnet-
ism, which, due to an increased sensitivity of various torque sensors, provides valu-
able insights into the fundamental properties of magnetic materials [1]. It has been
successfully used for studies of molecular magnets [2, 3], low-dimensional antifer-
romagnets [4], and nanoparticles [5], just to name a few. Moreover, due to a steadily
increasing quality of the torque sensors new methods have been developed, pushing
further investigations in this field [6-9]. The torque-detected electron spin resonance
(TD-ESR) has also been used by a few groups worldwide, and has proven to be a
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powerful technique to study magnetic properties of various compounds, especially
when the conventional means of the ESR detection are not sensitive enough. Z.
Zhang et al. showed a ferromagnetic resonance (FMR) measurement on a micro-
crystal of yttrium iron garnet performed in small magnetic fields [10]. E. Ohmichi
and H. Ohta with colleagues demonstrated the measurements extended to strong
static and pulsed magnetic fields and the sub-THz microwave range [11-13]. F. E.
Hallak et al. performed high-frequency ESR measurements on molecular magnets
using the copper beryllium alloy capacitive cantilevers [14, 15]. The authors of the
present paper showed the applicability of the torque detection technique to FMR
studies of thin ferromagnetic films [16] and of layered van der Waals materials [17].
In addition, it is important to mention the magnetic resonance force magnetometry
technique which demonstrated the outstanding results in the detection of spatially
resolved ESR on microscopic samples [18-20].

In the present paper, we report the realization of a combined TM and TD-ESR
techniques in a single device which, besides providing a high sensitivity, enables
a simultaneous acquisition of the ESR signal and the longitudinal and transversal
components of the static magnetization of the studied material in the same exper-
imental run. The working principle of this device, operational at high microwave
frequencies, high magnetic fields and low temperatures, is presented here together
with the estimates of the sensitivity of the torque-detected magnetometry and ESR,
respectively. More generally, the described setup can also be used for the detection
of FMR and antiferromagnetic resonance in the magneticaly ordered materials.

2 Description of the setup

Before describing the implementation of TD-ESR technique it is important to con-
sider the static torque magnetometry first. TM measures the mechanical torque act-
ing on a magnetic sample in a homogeneous magnetic field H due to the non-collin-
earity between H and the magnetization M, which arises due to the presence of the
transverse magnetization My, i.e., the magnetization component perpendicular to the
external magnetic field. For any magnetic material the appearance of M is a conse-
quence of magnetic anisotropy. In a TM experiment the sample is glued to a micro-
cantilever (Figs. 1a and 2). In the low magnetic field limit, the finite M gives rise to
a static cantilever bending [1], whereas the other, longitudinal component of mag-
netization M, yields a shift of the cantilever eigenfrequency Av. [6]. At any applied
magnetic field the complete magnetization tensor can be calculated from the meas-
ured angular dependences of the torque and of the eigenfrequency shift by solving
the equation of motion of the cantilever, as is shown, e.g., in Refs. [1, 5, 6, 21].

The effect of the resonant absorption of the microwave (MW) radiation by a
magnetic sample attached to a cantilever can be understood both from the quantum
mechanical and classical points of view. In the former, it changes the population of
the spin levels split by the Zeeman effect with respect to the equilibrium Boltzmann
distribution in a way which depends on the transition probabilities, on the MW
power, and on the spin-lattice relaxation time. In the latter, it changes the spatial
direction of the magnetization with respect to magnetic field and crystallographic
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Fig. 1 a Typical microcantilever used in the setup. R, , 5 4 indicate four piezo sensors. The structure at the
tip is labeled as Heater. b Schematic diagram depicting the working principle of the cantilever-based TD-
ESR setup with an option of simultaneous static TM measurements

Fig.2 Photo of the cobalt Tut-
ton salt Co(NH,),(S0,), ‘6H,0
microcrystal on the cantilever

axes of the sample. As a result, the resonance absorption leads to a change in the
torque signal—affecting both the eigenfrequency and dynamical bending, i.e., the
vibration amplitude—which can be used to detect magnetic resonance transitions. A
detailed mathematical description of the resonance absorption detected by a cantile-
ver can be found, e.g., in the review by E. Ohmichi et al. [13].

The principle scheme for a high-sensitive detection of the TM and TD-ESR sig-
nals is shown in Fig. 1b. It implements a simultaneous measurement of the canti-
lever bending, eigenfrequency and vibration amplitude as will be explained below.
The microcantilevers (Fig. 1a) were manufactured by SCL-Sensor.Tech. Fabrica-
tion GmbH (see also Ref. [22]). The key elements of the setup, the instrumenta-
tion amplifier, phase shifter and automatic gain circuit (AGC) were homemade. The
frequency counter, DC voltmeter and lock-in amplifier are commercially available
devices from Keysight, Keitley and Stanford Research Systems, respectively. The
amplitude modulated microwave source was produced by Virginia Diodes, Inc., and
the superconducting magneto-optical cryostat for the generation of magnetic field
equipped with a “He variable-temperature inset (VTI) was made by Oxford Instru-
ments. The microcantilever with the sample attached (Fig. 2) was placed inside the
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VTI on a sample holder. The MW radiation was guided to the sample through the
cryostat windows by optical means using focusing polypropylene lenses. The sam-
ple holder can be rotated in the VTI to change the angle between the sample axes
and the direction of the magnetic field.

As can be seen in Fig. la, the microcantilever has four piezo sensors (R, 3 4)
arranged in the Wheatstone bridge [22]. Two of them are in the bending part and the
other two are in the body of the cantilever. Application of a constant voltage to two
poles of this bridge produces a DC voltage across the bridge if the cantilever is bent
and an AC voltage if the cantilever is vibrating. There are several methods of modu-
lation of the cantilever’s vibration amplitude. At the tip of the cantilever there is a
structure (heater) to which one can apply a DC or AC current. Such current induces
a magnetic moment of the heater structure perpendicular to the cantilever. In the
DC mode it will result in a bending of the cantilever in an external magnetic field,
whereas in the AC mode it will induce its vibration. Another options are the use of a
piezo-shaker, or the amplitude modulation of the MW radiation, as described below.
All these options are available in the present setup.

As shown in Fig. 1b, the amplitude-modulated MW source emits radiation, which
is focused using lenses on the cantilever with the sample attached to it. If the mod-
ulation frequency of the microwave matches the eigenfrequency of the cantilever,
then due to the mechanical resonance its vibration amplitude drastically increases.
This vibration is picked up with piezo-resistors and transformed into an AC voltage
across the Wheatstone bridge. This voltage is then amplified with the instrumenta-
tion amplifier and sent to four devices (see Fig. 1b). The DC voltmeter measures a
constant component of the voltage, which is proportional to the static bending of
the cantilever. The frequency counter measures the cantilever oscillation frequency
(eigenfrequency). The signal is also sent directly to the lock-in amplifier to meas-
ure the vibration amplitude. Part of the signal is branched off to the phase shifter
and the AGC connected to the reference input of the lock-in amplifier. The phase
shifter provides matching the phase for stable oscillation and the AGC [23] keeps a
constant level of the signal sent to the reference channel. Further, the reference out-
put of the lock-in amplifier is connected to the modulation input of the MW source,
which makes this circuit self-excited, i.e., the reference frequency always follows the
eigenfrequency of the cantilever enabling a precise measurement of the latter and
enhancing the overall sensitivity.

3 Testresults

For the calibration of the above described setup a standard sample of the cobalt
Tutton salt (CTS) Co(NH,),(SO,), ‘6H,0 was used. This magnetically anisotropic
compound was investigated before with the TD-ESR technique in Ref. [24]. In
our measurements, a microcrystal of CTS was placed at the tip of the cantile-
ver, as shown in Fig. 2. The mass of this sample was = 0.5 pg corresponding to
Ngpins 7+ 10 Co spins S = 1/2 in the sample volume. The vibration amplitude
of the microcantilever with the sample measured as a function of magnetic field
at a MW frequency vyw = 120 GHz and at a temperature 7 = 7 K for different

@ Springer



All-on-Chip Concurrent Measurements of the Static... 559

directions of the applied magnetic field is shown in Fig. 3a. Note, that the spectra
are shifted vertically for a better presentation of the systematic shift of the reso-
nance fields. Here two well-defined ESR lines (A and B) are clearly visible. They
show an angular dependence which is expected for this material, as documented
in Ref. [24]. Both lines are also present in the magnetic field dependence of the
shift of the cantilever eigenfrequency. Its is shown in Fig. 3b as Av./(uoH)? vs.
H for clarity. Here the data is plotted as measured, i.e. without any vertical shift,
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Fig.3 TD-ESR and static TM results obtained on the CTS test sample at 7 = 7 K. Vibration amplitude

(a) and the shift of the eigenfrequency Avc/(uyH)? (b) of the cantilever as a function of magnetic field.

In the left, the color coding shows the angles between the sample and magnetic field. ¢ M| /(u,H) and
M /(uoH) as a function of angle between the sample and magnetic field at ygH = 1T
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in contrast to Fig. 3a. Since the eigenfrequency and the static bending amplitude
of the cantilever are determined by the longitudinal and transversal components
of the static magnetization tensor M = [M; , M], these measurements provide
simultaneously the field and the angular dependence of M| and M. For instance,
collection of the values of Av./(uyH)?* at the magnetic field of y,H =1 T and
at every angle (triangles in Fig. 3b) enables plotting M; /u,H as a function of
angle (Fig. 3(c), triangles). The same procedure applied to the measurements of
the cantilever bending (not shown) yields an angular dependence of My /u,H at
uoH = 1T (Fig. 3c, circles). Note, that the torque signal, and therefore the sen-
sitivity, strongly depend on the direction of the external magnetic field, since all
torque components vanish if the field lies along a principal magnetic direction
[15, 25]. However, in the present setup with a simultaneous detection of the static
bending, the eigenfrequency and of the vibration amplitude, when the measured
torque is zero, the eigenfrequency shift is maximum, thereby allowing to perform
the measurements at any direction of the magnetic field with respect to the sam-
ple without significant loss of the sensitivity.

Admittedly, the sensitivity of such TD setup is quite difficult to estimate, because
it depends on many parameters including the applied magnetic field, MW power,
the magnitude of the magnetic anisotropy of the studied material, the spring con-
stant of the cantilever, and the sensitivity of the piezoresistors. However, basing
on the test measurements of CTS, we can estimate the sensitivity for this particu-
lar compound on the cantilever with the spring constant value of 17.1 N/m, which
was used in these measurements. This can be done by calculating a signal-to-noise
ratio (SNRy,,) for the frequency shift and static bending. The division of the num-
ber of spins by SNRy,, yields an estimate for the sensitivity SNz, = Nyyins/SNRpy,
for the particular measurement. The result is that for the torque magnetometry at
UoH = 1T and T = 7 K the minimum number of 1.5 - 10'3 Co spins (~ 1077 emu)
and 3 - 10'2 Co spins (~ 3 - 10~ emu) can be detected in the measurement of the
static bending amplitude and frequency shift, respectively. These values compare to
the ultimate sensitivity of a standard SQUID magnetometer with a vibration sample
magnetometry (VSM) option [26], which can be achieved by using the signal aver-
aging technique during a considerable amount of time. The practical sensitivity of a
SQUID magnetometer without the VSM option is one or even two orders of magni-
tude lower. Moreover, the SQUID sensitivity drops with increasing magnetic field,
whereas the torque sensor sensitivity increases. It is important to mention, that in the
case of our TM setup the measurements were performed without any signal-to-noise
ratio improvement technique. A respective improvement of the setup planned for
future should further increase its sensitivity far beyond the capability of a SQUID
magnetometer. Furthermore, unlike a standard SQUID magnetometer, the TD setup
can measure simultaneously two orthogonal components of the magnetization tensor
M = [M; , M].

The sensitivity of the TD-ESR detection is estimated similar to the
torque magnetometry, but with taking into account the ESR linewidth (LW):
SNgsr = Nypins/(SNR - LW). SNRggy is given by the ratio of the ESR signal ampli-
tude and the noise level. SNgggr amounts to 2 - 108 spins/G and 9 - 10° spins/G, for
the measurement of the vibration amplitude and the frequency shift, respectively.
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Here only in the measurement of the vibration amplitude the lock-in technique was
used to improve the signal-to-noise ratio, which results in a better sensitivity value.
These numbers surpass by few orders of magnitude the sensitivity of a commercial
X-band spectrometer amounting typically to 10'! — 10'2 spin/G [27], and are about 5
times better than the sensitivity reported for the previous TD-ESR measurements of
the same CTS compound [11, 12].

4 Conclusions

The torque detected ESR and magnetometry setup presented here appears to be a
very sensitive tool to study magnetic properties of the micrometer size samples with
by orders of magnitude better sensitivity as compared to a standard ESR spectrom-
eter and a SQUID magnetometer. The ability to measure the resonance absorption
of the microwaves simultaneously with two perpendicular components of the static
magnetization enhances the sensitivity and increases the quality of the acquired data,
because the experimental conditions are identical for the TD-ESR and TM measure-
ments. In addition, this also reduces the time needed for the measurements. Still,
there is a sizable room for the improvement of the sensitivity of the setup. Imple-
mentation of the averaging techniques, the use of more powerful MW sources, can-
tilevers with a lower spring constant etc., can boost the performance of this setup,
which likely will enable measurements of the samples with even smaller number of
spins. At present the described setup is capable to perform measurements on rather
anisotropic magnetic materials. If a sample is magnetically isotropic, the magnetiza-
tion will follow the direction of the magnetic field without exerting any torque on
the cantilever. However, it is possible to perform torque measurements also in mate-
rials without anisotropy. To measure such samples it will be necessary to create a
magnetic field gradient at the sample, which will generate a force at the sample and
pull the cantilever, as, e.g., demonstrated in Refs. [7, 13]. Such upgrade of the setup
is planned as well.
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