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Membrane-based torque magnetometer: Enhanced sensitivity
by optical readout of the membrane displacement
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The design and realization of a torque magnetometer is reported that reads the deflection of a mem-
brane by optical interferometry. The compact instrument allows for low-temperature measurements
of tiny crystals less than a microgram with a significant improvement in sensitivity, signal-to-noise
ratio as well as data acquisition time compared with conventional magnetometry and offers an
enormous potential for further improvements and future applications in different fields. Magnetic mea-
surements on single-molecule magnets demonstrate the applicability of the membrane-based torque
magnetometer. Published by AIP Publishing. https://doi.org/10.1063/1.5004045

l. INTRODUCTION

A wide range of experimental techniques are available
to investigate magnetic properties of materials, even many
commercial instruments provide an unprecedented sensitivity.
Most commonly used apparatuses are superconducting quan-
tum interference devices (SQUID), Foner’s vibrating sample
magnetometers, Hall probes, and torque magnetometers.'™
The last of these offer high sensitivity and are mostly employed
for the study of single crystals or thin films.*” Torque mag-
netometry is an important tool in today’s condensed matter
physics, in particular, in the field of nanomagnetic materials,
superconductors, topological insulators, and heavy fermion
systems.

Two types of torque magnetometers are employed. The
first uses a cantilever beam as torque sensor, while the sec-
ond type uses a thin wire attached to the sample, and the
torsion is recorded. Several detection schemes have been
developed, e.g., capacitive,”'? optical,!'~!3 or piezoresistive
methods.'*!® During the past years, torque sensors were
miniaturized in micro/nano-lever systems pushing the sen-
sitivity down to 10~'% Am?. However, the systems became
extremely complex, and these ultra-precise methods impose
severe restrictions on sample size and accessibility.

Here, we present a novel type of torque magnetometer,
which utilizes an ultra-thin silicon nitride (SiN) membrane as
a torque sensor combined with optical detection of displace-
ments, offering a sensitivity down to 2 x 1073 Am?/vVHz
(see Appendix C). The compact and simple design allows for
optical access, and the magnetometer can be operated down to
milli-Kelvin temperatures but still realized at low costs. The
detection via a fiber-optical Fizeau interferometer enables fast
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acquisition to measure dynamics on short time scales com-
pared with common averaging techniques. In the following, we
discuss the experimental implementation of the membrane as a
torque sensor. We demonstrate the capability and sensitivity of
the membrane torque magnetometer (MTM) by measurements
on the well-known single-molecule magnet Mnj,ac.

Il. BASIC PRINCIPLE

While common devices such as SQUIDs and Hall probes
sense the magnetic moment indirectly via the magnetic stray
field, torque magnetometers directly detect the magnetic
moment of the sample. Here, the measured quantity is the
magnetic torque,

T=mXB, (1)

caused by the fact that the sample’s net magnetic moment
m is not collinear with the applied magnetic field B, which
is assumed uniform at this point. This non-collinearity usu-
ally results from a magnetic anisotropy that pins the mag-
netic moment to a specific direction in the particle. In the
weak-field limit, the magnetic susceptibility does not depend
on the magnetic field; thus, the vector product can be writ-
ten as'’ 7= %Bz(xi — ;) sin 26, where y; and y; denote the
magnetic susceptibilities along the principle magnetic axes i
and j, respectively. Further, 6 is the angle between the mag-
netic field B and the i-axis, with B lying in the (ij)-plane.
As the magnetic torque relies on a preferred orientation of
the magnetic moment, it is not affected by an isotropic back-
ground that often poses problems for other magnetometry
techniques.

Torque setups are commonly based on cantilever beams
or torsion wires. Here, we follow a novel approach utilizing a
thin SiN membrane as a sensitive torque meter.'” The sample
is fixed to the membrane; therefore, a torque applied to the
sample causes a deflection in the diaphragm. While the con-
ventional cantilever arm is fixed at one end and can be treated
mathematically by a one-dimensional differential equation, the

Published by AIP Publishing.
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membrane is a stretched foil clamped on all sides. Applying
a force at a certain position constitutes a far more complex
situation leading to a rather intriguing response in three dimen-
sions. A good starting point is the analytical solution for the
deflection of a circular diaphragm used as pressure sensors
presented by Eaton ez al.;'® details are given in Appendix A. It
reveals that the bending is inversely proportional to the built-
in strain of the membrane g; as well as its thickness 4. While
the behavior is independent of the membrane surface area, the
deflection is linear with applied force up to 5 um.

For the present purpose, numerical simulations and visu-
alizations appear more instructive; hence, we conducted a
finite-element analysis with regard to sample position and
geometry. The details of the model are given in Appendix A.
We should note, however, that this model describes only very
small displacements correctly and does not consider any ten-
sile stress. Figure 1 illustrates the response of the membrane,
when a magnetic sample is attached to it. If the specimen is
located in the center [Fig. 1(a)], in the presence of a magnetic
field opposite forces act on both ends of the crystal leading to
an indention of the membrane on one side and a raise on the
other. Only if the crystal under study is positioned off center
close to the edge of the diaphragm, it pulls or pushes the mem-
brane forming a single bump in the center, as illustrated in
Fig. 1(b).

In order to measure the tiny displacements Ad of the mem-
brane, we employed a Fizeau-type interferometer, which has
already been implemented successfully by Rugar and others in
the context of atomic-force microscopy.'”>! Monochromatic
light is guided to the center of the membrane via a single-
mode optical fiber: a small fraction of the light is reflected
right at the cleaved end of the quartz fiber (refractive index

FIG. 1. Finite element analysis of the deflection when a sample is placed onto
the membrane and experiences a certain torque; in our case, the area shown
corresponds to approximately 1 mm X 1 mm. The simulation is obtained by
the Autodesk Inventor 2016 stress analysis tool using the material properties
of the SiN foil: density p =3.18 g/cm’, Young’s modulus E = 427.18 GPa,
and Poisson’s ratio v = 2.3. The software does not consider nonlinear effects
introduced by stress in the material and thus does not allow quantitative esti-
mates of the response. Beside this restriction the software enables us to apply
a torque on a certain crystal geometry and, therefore, to qualitatively simulate
the response with respect to the sample position. (a) When the crystal is placed
in the center of the membrane with a magnetic field applied perpendicular, it
experiences a torque—indicated by the golden ring—that pulls up one side,
while it pushes down the opposite side. (b) If the crystal is located on one side
of the membrane, the force lifts only the central part.
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n = 1.444 at A=1550 nm) and comprises one of the two
interfering beams. About 96% of the light exits the fiber and
is reflected off the membrane surface. A part of the reflected
light reenters the fiber. This optical detection scheme allows
for a precise and continuous measurement of sub-nanometer
deflections. By using both a laser diode as light source and an
all-fiber construction, the sensor features a small size while
still maintaining full mechanical robustness. The system can
be operated in an ambient environment but also in vacuum;
and it can be cooled down to low temperatures. Since the light
propagates through fibers except for the small gap between
the tip and the membrane, the sensor is insusceptible to air
turbulences, in particular, to acoustic noise.

The two interfering waves are guided back into the opti-
cal fiber and detected by a photoreceiver. Its output voltage
V is given by V=V, — Vy cos {4n(d + Ad)/\} with fiber-
membrane spacing d and laser wavelength A. The parameters
Vi = %(Vmx + Vmin) and Vp = %(Vmax — Vinin) correspond to
the mean value and amplitude, respectively. The sensor is most
sensitive where the slope of the interference signal is the steep-
est, i.e., where the phases of the two reflected components are
in quadrature: d =A/8,3L/8,5L/8, . . .. At these points of oper-
ation, a small variation Ad transforms into a significant change
in output voltage yielding a linear relation between voltage and
distance,

. [4nAd Ad
AV =V sin

~Vodnr— . 2
)\ Gy 2
The signal strength crucially depends on the interference
amplitude V. Ata wavelength of 1.5 um, the reflectivity of the
SiN is 38%, and the optimal distance of fiber tip to membrane
is dope ~ 105 um, leading to a spot diameter of 14.5 um.

lll. EXPERIMENTAL SETUP

As a torque sensor, we use low-stress SiN membranes,
which are frequently deployed as vacuum windows in x-ray
spectroscopy or sample holders for transmission electron
microscopy. In recent years they also became popular in other
fields, e.g., to study quantum effects in opto-mechanical sys-
tems, as nano-torsional resonators or for membrane-based
nano-calorimeters.'"'>22-24 The membranes are readily avail-
able in different thicknesses ranging from 5 to 1000 nm. We
chose the model NX5150C by Norcada, Inc.? featuring a
1.5 x 1.5 mm SiN square membrane with a thickness of 100
nm, embedded in a 5 X 5 mm silicon frame, as illustrated in
Fig. 2(a). Since a variety of membrane models with differ-
ent geometries are available, we can select the one that fits to
the sample requirements best, for instance, a particular sample
geometry or signal intensity. All diaphragms come with a ten-
sile stress of approximately (250 + 50) MPa causing a built-in
strain y; = o /E =250 MPa/427GPa=0.59 X 1073, where E
is Young’s modulus.

The optical interferometer consists of the laser diode pack-
age model QDFBLD-1550-5 supplied by QPhotonics LLC?’
and operating at a wavelength of A =1550 nm, a 99:1 fiber
coupler 10202A-99-APC and a single mode fiber CCC1310-J9
purchased from Thorlabs,?® and a low-noise variable gain pho-
toreceiver OE-200-IN2-FC obtained from Femto GmbH,?’
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(a)

consisting of a InGaAs PIN photodiode delivering a maxi-
mum output of 10 V (mostly operated with a conversion gain
of 1 x 107 V/W where the bandwidth is 50 kHz). The laser
diode package includes a thermoelectric cooler and thermistor

Feedthrough for
sensor and piezo wires

i

Sample head
-—

Sample piston
Membrane i

Fiber feedthrough
Pinhole

/Ferrule
N\

Fiber positioner

FIG. 3. Tllustration of the piston and sample head designed to fit into the
sample compartment of a helium flow cryostat. The sample piston features
a central feedthrough for the fiber, wires to contact the piezo element, and
a temperature sensor. The opening at the bottom ensures a stable gas flow
and reduces turbulences. The sample head enables alignment of the fiber with
respect to the membrane. The tubular design allows rotation around the central
axis to vary the angle between the magnetic field and membrane plane, with
the easy axis i lying in the membrane plane. The entire insert can be translated
up and down along the axis in order to place the sample in the central position
of the magnetic field. Furthermore, the pinhole allows for optical transmis-
sion measurements. This way the frequency dependent output power of the
microwave source can be monitored when torque-detected electron spin reso-
nance spectroscopy is performed. Additionally, it simplifies the alignment of
the sample probe with respect to the microwave beam.
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FIG. 2. (a) Optical photograph of the SiN membrane in
a silicon frame. The membrane (1.5 mm X 1.5 mm)
has a thickness of 100 nm and is supported by a Si
frame 5 mm X 5 mm of 0.2 mm thickness. (b) Photo-
graph of a Mnj,ac single crystal on the SiN diaphragm
(1.5 x 1.5 mm?2). The crystal has a rod-like shape point-
ing along the crystallographic c-axis, representing the
magnetic easy axis i.

to stabilize and control the operational temperature. The laser-
diode pump current is supplied by the laser diode controller
LDC201CU by Thorlabs. A Rohde & Schwarz SMG sig-
nal generator modulates the pump current at a frequency of
17 MHz in order to reduce the coherence length of the laser.
Decreasing the laser coherence suppresses other modes in the
fiber, which makes us only sensitive to the small mode formed
between our fiber and sample. Thanks to the low bend-loss
specifications of the chosen fiber, a 5 mm bending radius
attenuates the signal less than 0.1 dB.

The torque magnetometer can be operated in conventional
electromagnets, superconducting magnet systems, and dilu-
tion refrigerators. The scheme displayed in Fig. 3 was designed
to fit into a magneto-optical cryostat Oxford Instruments Spec-
tromag 4000 in order to conduct magnetization measurements
down to low temperatures (1.7-300 K) and up to high magnetic
fields (9 T). The setup provides an additional optical access
required to study light-induced effects in magnetic materials.
The main part is machined out of a single piece of brass, with a
diameter D =20 mm and length L = 55 mm, to ensure stability
and good thermal coupling. It can be rotated within the cryostat
by a stepper motor to adjust the sample with respect to the hor-
izontal magnetic field. The fiber is fed through the supporting
tube (4 mm diameter) into the sample chamber that contains
the sample head with the torque sensor. Vacuum tight sealing
is achieved by Teflon (PTFE) tape and Apiezon M grease as
shown in Fig. 4(b).

As seen in the drawing of Fig. 3, the design of the
sample head enables us to align the fiber towards the center of
the membrane torque sensor. The cleaved fiber is glued into a

FIG. 4. (a) The spacing of fiber (top) to membrane (bot-
tom) can be monitored through a hole in the sample head.
Here, the distance is around 100 pm. (b) The photograph
of the tube holder design illustrating how the fiber is fed
into the piston tube. The fiber is sealed by a Teflon tape. In
order to revolve the sample piston, the entire piece can be
rotated without breaking the fiber. The stepper motor is
connected via an adjustable adapter to enable translations
along the rotational axis.
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ceramic ferrule for better handling. The membrane is placed on
a piezoelectric chip (travel range: 2.8 um at room temperature,
but only 300 nm at helium temperature;’ operated by a Keith-
ley 2400 sourcemeter up to 75 V) to adjust the fiber-membrane
spacing to the operation point of the interferometer, where the
phases of the two reflected light components are in quadra-
ture [see Eq. (2)]. Once, this position is reached, the voltage
applied to the piezoelectric chip is fixed. The piezo is perma-
nently glued to the brass base plate. For easy exchange of the
membrane, we fix it to the piezo element by grease. Addi-
tional silicon spacers between membrane and piezoelectric
chip enable pressure compensation. Otherwise helium flow
and pressure variations between the two sides of the mem-
brane might cause substantial noise or even damage of the
SiN membrane.

IV. EXPERIMENTAL PREPARATION

As we have seen from our finite-element analysis, the
correct position and alignment of the sample is essential for
performing torque measurements. Due to the small thickness,
the SiN membrane is very fragile, making the sample prepara-
tion challenging. The micrometer stage of a four-point probe
station provides precise control in all three spatial directions
together with a 50 um thin wire. This way we precisely deposit
a small amount of low-temperature vacuum grease on the
membrane. In a second step the sample under study is placed
on the grease spot. While the crystal can still be aligned and
slightly moved using the micrometer stage, the grease freezes
at cryogenic temperatures and thus provides stable mounting
of the sample onto the membrane.

The loaded membrane is then put on the piezoelectric
chip, once again utilizing vacuum grease to steady it. To adjust
the cleaved fiber to the membrane surface, it is glued into
a ceramic ferrule, which snugly fits the hole drilled in the
positioner (Fig. 3). Employing a micrometer stage the fiber
can be gradually traversed in the direction of the membrane.
The fiber-membrane spacing is monitored via a USB cam-
era through a hole, as illustrated in Fig. 4(a), as well as by
the interferometer signal itself. The optimum fiber-membrane

Rev. Sci. Instrum. 88, 094707 (2017)

spacing is achieved when the interference minimum takes the
lowest possible value. Once the correct position is reached,
the fiber positioner is locked by a set screw. Optionally, the
fiber position can be checked by driving the piezoelectric chip.
This also reveals the maximum and minimum interferometer
signals under constructive and destructive interference con-
ditions, which is necessary when analyzing the raw data. The
fiber alignment procedure has to be followed once, as the sam-
ple can easily be exchanged by simply removing the bottom
plate of the sample head and substituting the membrane by
another one prepared externally.

V. TEST MEASUREMENTS

In order to test the novel membrane-based torque
magnetometer, we have chosen the best studied single-
molecule magnet Mnj,ac as a sample, which stands for
[Mnlzolz(CH3COO)lG(H20)4]'2CH3COOH-4H20.31 The
magnetic core consists of eight manganese(IIl) ions (spin
S =2) and four manganese(IV) ions (S = 3/2), which are cou-
pled antiferromagnetically resulting in a total spin ground state
of § = 10. In a magnetic field the energies of the ground state
are described by the spin Hamiltonian Hcp = DS? + Bgog +
Bin + gupSB with the axial zero field splitting parameter
D/kp = 0.66 K, the fourth rank parameters Bg/ kg=3.2+0.2)
x 107 K and Bj/kp=(x6 + 1) x 10° K and the g-factor
g~ 2.3 Due to the high energy barrier DS?/kp = 66 K, the slow
relaxation and quantum tunneling effects can be observed
already at temperatures of about 3 K.!7-26:32-33

Figure 2(b) shows a photograph of the investigated sin-
gle crystal mounted onto the SiN membrane with the help
of vacuum grease. During the cooling process of the system,
the interferometer signal passes through several interference
cycles, as the brass components, the vacuum grease and the
used adhesives experience thermal contraction with decreasing
temperature. Additionally, thermal contraction and degassing
of the vacuum grease leads to sudden jumps in the signal.
The temperature dependence of the signal slows down with
decreasing temperature until it becomes basically tempera-
ture independent below 15 K. Thereby the noise level of the

300
200 -
€ 100 f .
£ FIG. 5. Test measurement of a single
c crystal of the molecule magnet Mnj;ac.
o ok i The data are taken at 7 = 9 K with
'8 different magnetic fields as indicated.
é Variation of the membrane deflection is
v -100 | . shown as the angle between membrane
o) X —0.10T and external magnetic field is varied.
Easy axis _ 8;8 ¥ The easy axis is located at 0°.
—200 |- —025T 7
—035T
_ 300 1 1 1 1 1
0 50 100 150 200

Angle 6 (°)
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interferometer stays constant at 10 mV, which corresponds to
amembrane deflection of 0.25 nm. In the following we present
angle and field dependent measurements on the Mnj,ac sin-
gle crystal for different temperatures and magnetic field sweep
rates.

A. Angle-dependent measurements

When the crystal is rotated in a constant magnetic
field, the resulting torque varies with the angle between the

aof Zp s~ —ile T !
—70deg —90deg —110deg — 125 deg
— 75 deg —95 deg
200} .
=
£ 100} ]
g
= O S E
(]
o \
T —100f 1
A
—200} .
—300 . . . . . .
0.00 0.02 004 006 0.08 010 0.12
B2 (T2)

FIG. 6. Membrane deflection Ad o< AV plotted as a function of the magnetic
field squared for different angles of rotation recorded on a Mnjjac single
crystalat 7 = 1.8 K.
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magnetization axis and the external field B, according to
Eq. (1). The interferometer signal is collected continuously
while the sample head revolves in the field. In this way the
acquisition time is reduced to about 90 s for a 180° rota-
tion with a resolution of 0.4°. With a reduced step rate at the
motor, an accuracy of up to 0.05° can be achieved. Using a
python-based homemade software program, multiple angle-
dependent measurements at different fields are conducted in
an automatized manner. The actual membrane deflection Ad,
which is proportional to the magnetic torque, is calculated from
the interferometer signal using Eq. (2). Figure 5 displays the
angular dependence for various magnetic fields ranging from
B=0.1Tto0.35T, recorded at T = 9 K. The curves exhibit a
sinusoidal behavior with twofold periodicity as expected for a
magnetically anisotropic easy-axis system. From the intersec-
tions of curves taken at different fields, we can determine the
angle between the easy axis and the applied magnetic field.
Figure 6 demonstrates the quadratic field dependence of the
torque signal in the weak-field regime, which is obeyed for all
angles measured.

B. Field-dependent measurements

When going to higher magnetic fields, Mnjac reveals
its peculiar behavior due to quantum tunneling of the mag-
netization at low temperatures.>! Thus, we performed field-
dependent magnetic torque measurements on Mnj,ac at a fixed
angle of 4.3°. At different temperatures ranging from 3 K to
13 K, the magnetic field was driven from —=1.9 T to +1.9 T

FIG. 7. (a) Magnetic-field dependence of the deflection
measured on a Mnjpac single crystal at different tem-
peratures and sweep rates as indicated. (b) The magnetic

moment of Mnj,ac as a function of the magnetic field
as obtained from membrane-based torque measurements.
For T <3 K steps in the hysteresis curve become clearly
visible due to quantum tunneling of magnetization in
Mn,ac single-molecule magnets.>®

I I I I I I I
300 1@ — 3K, 0.8T/min P
NN 3K, 0.2T/min
N “ 5K, 0.8 T/min
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g 100} §
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and back again with a rate of 0.8 T/min. To determine the
dependence on the sweep rate, an additional measurement was
conducted at T = 3 K with a rate of 0.2 T/min. In Fig. 7(a) the
deflection is plotted versus external magnetic field, where the
data were already corrected for a remanent field of the magnet
of approximately B, = 6 mT.

At elevated temperatures no hysteresis is present, and the
deflection follows the expected behavior. In the weak-field
limit—below 0.5 T—the signal increases quadratically and
then changes to a linear behavior as the magnetic moment
of the sample crystal saturates. For magnetic fields above 1 T,
however, the deflection starts to converge approaching a sat-
uration value determined by the magnetic anisotropy of the
Mnjsac crystal.*® For small magnetic fields B < 1 T, where the
torque signal is proportional to the magnetic field, the field
dependent behavior of the magnetic moment can be deter-
mined by dividing the deflection Ad by the magnetic field B
as presented in Fig. 7(b). The magnetic moment calculated in
that manner decreases slowly towards zero as the magnetic
field increases.

Around T =5 K a small hysteresis gap starts to open up
and increases further as the temperature is lowered; below
3 K the hysteresis loop ranges from approximately —1 T to
+1 T.36 Most interesting, abrupt steps appear in the magneti-
zation curve due to quantum tunneling of the magnetization.
These steps in magnetization occur at magnetic field values,

B;=0.030 T,
B> =0.465 T,

B;=0.885 T,
By=1320 T, 3)

in excellent agreement with previous results.’’*® Care is
required when interpreting the data around zero magnetic
field, as very small values are divided. Hence some points
close to zero need to be disregarded. A great advantage of the
setup is that the deflection is continuously measured and thus
fast relaxation processes can be investigated much better than
by standard SQUID magnetometry. In Appendix B we com-
pare the data obtained by our novel membrane-based torque
magnetometer with SQUID data obtained on Mnj,ac. Addi-
tional improvements in the sensitivity can be achieved by the
implementation of lock-in and averaging techniques.

VL. CONCLUSION AND OUTLOOK

Here, we present the design and realization of a novel
torque magnetometer based on a SiN membrane combined
with highly sensitive optical displacement detection. The sys-
tems operate at helium temperatures and in magnetic fields
up to 8 T and higher. Using simulations of the membrane
by a finite-element analysis and by an analytical approach,
we determine the ideal sample position and reveal a linear
torque deflection behavior up to a deflection of 5 um. To
test the system we compare the results with standard SQUID
magnetometry. The signal-to-noise ratio is superior, and angle-
dependent measurements become faster by a factor of 200 with
no losses in angle resolution or signal sensitivity.

The membrane-based torque magnetometer allows for a
broad range of applications and has the potential for multisen-
soric techniques. By applying a gradient field, it is also possible

Rev. Sci. Instrum. 88, 094707 (2017)

to investigate magnetically isotropic samples. Furthermore,
the setup can be easily adjusted to allow torque-detected
electron spin resonance and photoinduced measurements by
replacing the piezoelectric chip with a piezo ring, as this makes
the sample accessible by terahertz radiation and visible light. It
is also possible to guide a second fiber towards the membrane
for irradiation of the sample crystal. Additional potential lies
within the flatness of the membrane surface which is suitable
for thin film deposition and enables deposition of a small tem-
perature sensor directly on the membrane.” This even offers
the possibility for differential nanocalorimetric measurements
for investigations of phase transitions.
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APPENDIX A: ANALYTIC SOLUTION FOR MEMBRANE
DEFLECTION

The analytical solution presented by Eaton et al.'® pro-
vides a powerful tool to estimate the response of a clamped
circular membrane for large deflections under the influence of
built-in stresses and a uniformly distributed load. Even though
the solution holds for circular membranes, it still provides a
good approximation for a square membrane with comparable
dimensions.

The fact that the analytical approach accounts for built-
in stresses is particularly important in our case, since the SiN
membranes are produced with a tensile stress of <250 MPa.?’
This inner stress significantly influences the response of the
membrane to a load. For small deflections of less than 1/5 of
the membrane thickness, the solution is well known and the
deflection w under a uniform pressure P is given by>’

Pa* r\21?
Waman(r) = 64_D[1 -(%) ] , (A1)
with r the radial coordinate, a the membrane radius, and the
flexural rigidity D given by

ER3

b=may (A2)

where E is Young’s modulus, 4 is the plate thickness, and v is
Poisson’s ratio.

From now on we will only discuss the deflection w at the
center of the plate » = 0. In small deflection theory, wgmay is
linear with respect to the applied pressure. This of course can-
not be true for larger deflections where the relation is highly
non-linear due to intrinsic stresses introduced by the deflec-
tion. By taking these stresses and a built-in residual strain
g; into account, Eaton er al. derived the following solution
for the maximal deflection wjae at the center of a circular
membrane:'®
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wlarge=i/—§+7+i/—§—7, (A3)
a,3 ﬁz
7 - 2_7 + T’
4h% +3a%e;,(1 +v)
a= s
(1+v)23-9v)
—TPa*h?
’8 =

8D(1 +v)(23 - 9)’

The solution is found to be in good agreement with finite ele-
ment analysis and experimental data of a Si3N4 pressure sensor
with a radius @ =50 um and a thickness £ =1.2 ym.

In order to relate this solution to a square membrane, we
compared it with a solution for clamped rectangular plates
derived by Timoshenko and Woinowsky-Krieger.*® This solu-
tion is based on the suggestion by Lévy*? that the solution u
of the equation of deflection,

*u *u *u _q

— 22—t — ==, A4
ox*  0x20yr oyt D (A4)
with an arbitrary load ¢, takes the form of a series,
= mnx
= Y,, sin —, A5
u ,; sin P (AS)

where a is the edge length of a square plate in the x-y-plane
and Y, is a function of y only. Timoshenko and Woinowsky-
Krieger obtain a dependence for the deflection at the center of
the plate under uniform pressure P of the form:

Pa*
Usmall = a’?’ (A6)

where « is determined as @ = 0.00 126, which is confirmed by
recent calculations.*! The solution takes the same form as the
one for circular plates, except for a slightly different prefactor.
The solution ugygy is only valid for small deflections. In order
to estimate the response ujaree Of a clamped square membrane
for large deflections and a residual built-in strain &;, we make

the assumption,
Harge _ %_ (A7)
Usmall ~ Wsmall
The solution is shown in Fig. 8(a) for different values of
g;. It is evident that the deflection behaves linearly with an
applied load for deflections smaller 5 ym. Additionally, from
Eq. (A3), we get that the deflection behaves inversely propor-
tional to the thickness % of the membrane. By using a thinner
membrane with a thickness of 50 nm, the sensitivity of the
membrane-based torque magnetometer can be improved by a
factor of 2.

APPENDIX B: SQUID MAGNETIZATION
MEASUREMENTS

The saturation magnetic moment of the single crystal with
amass of m= (2.2 + 1.0) ug was determined beforehand by an
additional SQUID measurement to be M ~ 1.3 x 1077 Am?;
in excellent agreement with the value expected using the molar
mass of py =2060 g/mol. As seen from Fig. 9, quantum
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FIG. 8. (a) The deflection of the membrane reveals a linear behavior under an
applied load for deflections smaller than 5 m. The solid lines, corresponding
to a linear fit, serve as a guide to the eye. The tensile stress related to a resid-
ual built-in strain &; strongly affects the response of the membrane. (b) The
deflection behaves inversely proportional to the thickness / of the membrane.
The solid line corresponds to a 1/h fit to uarge,

tunneling steps can barely be resolved by the SQUID mag-
netometer, mainly due to the slow response time; in contrast
to the measurements with our novel membrane-based torque
magnetometer (see Figs. 7 and 10).

APPENDIX C: SENSITIVITY

For estimating the sensitivity of the membrane-based
torque magnetometer, we used a crystalline single molecule
magnet Fe3Cr.*> From SQUID measurement the magnetic
moment was determined to M =1.7 x 1077 Am?. In a mag-
netic field of 0.12 T and at a temperature of 1.9 K the maximal
deflection of the membrane at an angle of 45° of the easy
axis to the field axis was 130 nm. The noise level of the out-
put voltage was 10 mV, corresponding to a deflection noise of
0.25 nm, leading to a signal-to-noise ratio (SNR) of 520. Since
the magnetic torque behaves linearly with magnetic field up to
approximately 1.2 T, we would increase SNR to 5200 at this
field. Furthermore, by using a membrane with a thickness of
50 nm, the sensitivity gets improved by a factor of 2 (see Fig. 8).
This gives a SNR of 10 400 for a magnetic moment of
M=1.7 x 1077 Am? resulting in a detectable magnetic
moment smaller than 1.6 x 10~'" Am?. The bandwidth of
the measurement is limited by the integration time of 0.2
ms of the Keithley 2400, corresponding to a bandwidth of
Af =5 kHz (The bandwidth of the photodiode is Af = 50
kHz). This results in a sensitivity of 2.3 x 10713 Am?>/VHz =
2.5% 10" yz/vHz at 1.2 T. For comparison, the commercial
torque magnetometer option P550 for a PPMS (Physical
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Properties Measurement System, Quantum Design) offers a
sensitivity of about 5 x 10~ Am?/VHz at 1.2 T. Whereas the
MPMS 3 SQUID magnetometer (QuantumDesign) provides a
sensitivity of about 1 x 10~!! Am?/ VHz.

Further, we would like to note that the noise level of 10 mV
is mainly caused by turbulent helium flow. By encapsulating
the membrane sensor, we expect an improvement of noise level
of about a factor of 4.
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