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S1. YIG DISK MICROMACHINING AND MOUNTING ON TORQUE SENSORS

Single-crystal YIG disks of diameter approximately 2.2 ym and thickness approximately 0.6 pym are milled out of a
free-standing YIG plate approximately 0.8 pm thick. These mesoscale disks are ensured to self-demagnetize to vortex
ground states. The YIG plate, from a liquid phase epitaxy-grown thick film with (111) crystallographic orientation
[1], was prepared by mechanical polishing of a small die sawn from a YIG/GGG/YIG wafer. The micromachining
process is summarized through the images in Fig. S1. A Hitachi NB5000 dual scanning focused ion/electron beam
microscope system cuts disks from the thin YIG film with the Ga* beam (40 kV, 0.7 nA) and transfers in-situ onto
prefabricated torsional resonators via nanomanipulation and beam-induced tack-welding (0.07 nA probe current with
tungsten metallorganic precursor gas) [2]. The walls of discs are sloped as a consequence of the spatial profile of
the Ga™ flux being partially imprinted on the edge as the beam cuts through the YIG. The 0.07 nA probe cuts off
the YIG handle used to temporarily connect the disks to the nanomanipulation probe. The principal shortcoming of
this method of fabrication is damage near the surface, manifesting as a magnetically-dead layer with characteristic
thickness in the range of 50 nm [3]. The microscopic mechanisms for inactivating the YIG magnetism are thought
to include lattice damage from passage of the Ga beam and from local heating, and compositional change from Ga
implantation. A full microstructural characterization has not been performed.

Both the welding and the handle cutting are potential sources of magnetic edge roughness introduced through the
sample preparation procedure (Fig. S1d). Smaller limitations to magnetic edge smoothness will arise from fluctuations
in beam current and beam pointing, during the milling procedure. Some top and bottom magnetic surface roughness
is also to be expected, on the top from the pixel dwell time and consequent ion damage from the probe scan , and on
the bottom from residual roughness and possibly tiny YIG particulates from the polishing process and/or redeposition
from YIG during FIB milling.

In the future, to establish a magnetic geometry with much less fractional uncertainty arising from the magnetic
damage caused by the Ga™ beam, significantly larger YIG disks will have to be employed. The downside of larger
disks is the increased difficulty they have self-demagnetizing into a well-defined magnetic ground state.

S2. RF COIL GEOMETRIES, RF FIELD MAGNITUDE AND PHASE CALIBRATIONS

The primary criterion in design of the RF coil assembly used in this experiment is ensuring accurate parallelism of
the sample plane and the RF field used to drive the Einstein-de Haas torques. The admixture of cross-product torque
accompanying the EdH signals is thereby kept to the small scale where it can be separated through data analysis (and
in the low bias field range, neglected entirely). The bias field range over which the EdH torques exceed the maximum
cross-product torques is small enough here that the analogous EdH torque admixture from the cross-product torque
RF driving field is always negligible; however, it should be noted that this will not always remain the case at higher
RF frequencies.

The quasi-Helmholtz H‘,?F drive coil geometry described below also effectively eliminates several possibilities for
mechanical signal artifacts that might arise from more localized RF field actuation such as would be less forgiving
to inaccuracies in positioning of the sample relative to a ‘sweet spot’ of the RF field, such as gradient forces from
inhomogeneity of the RF field, unintentional electrostatic forces if there is trapped charge on the mechanical sensor,
and back-action electromotive force leading to phase shifts of the drive field.
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FIG. S1. The focused ion beam YIG milling and nanomanipulation transfer process. a) A pair of disks with handles, after
outlining by FIB milling and still attached to the YIG plate. Scale bar = 5um. b) A disk pair attached to the nanomanipulation
probe and poised for landing on a double-paddle torque sensor. Scale bar = 10um. c) A section of the pre-fabricated torque
sensor array with two completed devices. Scale bar = 20um. d) Geometry of the beam-induced welds fastening the YIG disks to
the host torque sensor silicon paddles at three spots around each disk perimeter, and of the cut-off of the disk nanomanipulation
handle (all indicated in blue). The dark split-ring is the bitmap pattern used to mill the disk out of the thin YIG plate.

A. Coil design

The two drive coils for this measurement are mutually perpendicular, owing to the orthogonality of the two torque
mechanisms and the mechanical detection that here uses a single torque axis. A Helmholtz-type split coil is used to
generate the field in the in-plane (y) direction while a current loop is used to drive the field in the z direction. Design
parameters are based upon a COMSOL finite element simulation, and the assembly constructed by milling a small
block of polyether ether ketone (PEEK) to make a combination coil form and device chip holder. PEEK is compatible
with high vacuum, is easily machined and rigid enough to accurately hold the finished shape. The RF drive coils are
wound using 30 gauge magnet wire (300 pum diameter including insulation). The HRF coil consists of two vertically
close-stacked loops each of 3.2 mm diameter, with the design position of the sample plane being approximately 0.8 mm
above the center of the upper loop. The Hi‘F coil assembly comprises twelve rectangular turns in total, six on either
side of the sample, with each turns approximately 4.7 mm wide and 4.9 mm high. Each group of six turns begins
3.0 mm from the sample and ends 5.0 mm from the sample. A second copy of the coil assembly is used to perform
reference phase and amplitude measurements outside the vacuum chamber while the experimental measurements are
being conducted, and allows the current probe to be placed close to the coils for minimal phase lag. Confirmation
magnitude and phase calibrations are performed on the vacuum chamber coil assembly after the sample is removed.
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FIG. S2. a) The RF coil assembly on its vacuum chamber stage, with the sample chip installed. b) and c) The inductive probe
in position for measurements of H** and HI", for determining the ratio of RF driving field strengths. d) and e) COMSOL
modeling of the RF magnetic field directions in the neighborhood of the sample position, for the y- and z- drive coils.

B. RF Magnetic Field Magnitude Ratio

An essential input to the calculation of the magnetomechanical ratio, g/, from equilibrium Einstein-de Haas and
cross-product torques is the ratio of the in-plane and out-of-plane RF drive field strengths. The field strength at
the sample position from each coil assembly is computed via Ampere’s law using the COMSOL AC/DC module
[4]. The calculated RF field strength ratio is confirmed through inductive measurements with an RF magnetic field
probe consisting of two 1.5 mm diameter turns of 30 gauge copper magnet wire with twisted pair leads. A three-axis
translation is used to position the inductive probe in the reference coil assembly, and can be rotated 90° in-situ to
switch between amplitude measurements for the respective coils (Fig. S2b) and c¢)). The electromotive force from the
pickup coil is recorded with an SR844 RF lock-in amplifier. The calculation is more accurate for determining the field
ratio at the sample position, on account of the very small sample size and the vertical gradient in the H,-field.

The currents used in the experiments are measured using the Tektronix CT-6 current probe, and found to have
a ratio IgF JIRF = 1.12, differing from unity on account of slightly different RF power amplifier gains in the two
branches. Combining the measured current ratio with the field strength calculation yields

HRF

Yy —
T = 1.41 + 0.05. (S1)

The COMSOL calculation also captures the small variation of RF field directions through a small volume in the
vicinity of the sample (shown in Fig. S2 d) and e)) and confirms that uncertainty in RF field direction arising from
inaccuracy in sample placement is negligible in this design. The only significant departure from ideality in alignment
of the magnetic field and mechanical coordinate systems is the ~ 10 mrad angle between the HRF and the sample
plane from the installation of the chip in the holder, as found through the torque measurements and discussed in the
main text.

In the future, for drive frequencies beyond a few tens of MHz, the methods described above for establishing drive



field amplitude and phase at the position of the sample will be too inaccurate. A much better approach within
that scenario will be switching to in-situ magneto-optical current probing[5], effective to tens of GHz and therefore
presenting no bandwidth limitations within the range of mechanical frequencies that can be envisioned at present.

S3. EDH AND CROSS-PRODUCT TORQUE COMPARISON THROUGH FULL ROTATION OF THE
IN-PLANE DC APPLIED MAGNETIC FIELD DIRECTION (LOW FIELD)

The contrasting phenomenologies of Einstein-de Haas and cross-product torques can also be highlighted through
simultaneous measurements while rotating the DC bias magnetic field direction. This is summarized in Fig. S3, with
signal magnitudes plotted in panel a) and signal phases in panel b). The cross-product torque has two nulls in a full
360° rotation, with the sign of the torque changing at each zero crossing, while the EdH torque magnitude and phase
remain constant (in the raw H, ZlfF -coil driven data, to within the level dictated by the small admixture of cross-product
torque). The in-plane field angle is encoded in the color scale around the perimeters of the polar plots, where the
field direction is controlled for the measurements by rotating a NdFeB permanent magnet. The maximum strengths
of the bias field in opposing directions are unequal owing to asymmetry of the permanent magnet. The strength of
the z-component of the bias magnetic field is shown in the color bar at the right, which uses the same colormap as
for the in-plane field angle.
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FIG. S3. Low-field magnet rotation data (magnitude on the left and phase on the right), acquired with both torques measured
simultaneously with drive frequencies detuned from each other by 200 Hz. The two-inch cube NdFeB permanent magnet
exhibits an asymmetry leading to different maximum DC field strengths in the two half-cycles, as shown by the color bar at the
right (maximum field strength = 0.3578 kA/m, minimum field strength = —0.2844 kA/m). The units of signal amplitude in
a) are pV, and for signal phase in b) are radians. The angle scale in degrees around the perimeter corresponds to the in-plane
bias field direction.

S4. TORQUE-MIXING MAGNETIC RESONANCE SPECTROSCOPIC CHARACTERIZATION OF
SPIN DYNAMICS IN THE DISKS

To determine the frequencies of the lowest spin resonances of the micrometer-scale YIG disk, mechanically-detected
spectroscopy measurements are performed with the torque-mixing method [6]. Of particular interest in the present
context are the lowest frequency modes that are observed. The fundamental gyrotropic mode in the vortex state is
found at 50 MHz (Fig. S4). In the field sweep-down branch of the hysteresis (not shown), the lowest mode tunes down
to below 40 MHz just above the spin texture transition back into the vortex state.
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FIG. S4. Mechanically-detected spin resonance spectra of a single YIG disk sample in the vortex regime. The color bar shows
the torque-mixing signal intensity.

S5. NANOMECHANICAL GEOMETRIES AND THERMOMECHANICAL TORQUE SENSITIVITY
CALIBRATION

An ideal device for this kind of study would have its fundamental torsion resonance as the lowest frequency mechan-
ical eigenmode, and with reasonable frequency separation from the fundamental flexural mode [7]. This condition is
difficult to achieve in practice. The construction of a nanomechanical torque device always results in some degree of
mechanical asymmetry such that torsional displacement involves a component of circular motion of the center of mass
about the axis of rotation. At torsion resonances, the asymmetry introduces periodic acceleration that only can be
countered by elastic flexion. The resonance eigenmodes, therefore, become admixtures of twisting and translational
motion.

For the fundamental modes, the flexing displacement is in the same phase across the whole device, whereas the
torsional displacement is in opposite directions on either side of the torsion axis. As a consequence, the two displace-
ments add together on one side, and subtract on the other. The resulting motion of the paddle appears as if the
center of rotation has shifted to one side.

For optimal torque detection sensitivity, the motion should be monitored on the side where the two contributions to
displacement add. The interferometer can be calibrated by using the Brownian (thermomechanical) motion to deter-
mine the conversion factor from pV (output of photoreceiver from an optical intensity change) to pm (displacement
at the device). A generalized method of performing the calibration involves a finite element mechanical simulation
to determine the total energy of the eigenmode from the displacement profile at a turning point of the motion, and
equating this to %k‘BT [8]. Equivalently, the kinetic energy at an instant of zero displacement can be used.

To complete a calibration of torque sensitivity, the conversion factor from torque drive (here in aNm, the natural
unit for this study) to pm. To simplify this final calibration step for hybridized modes, a three spring analytical toy
model is used to complement the finite element simulation. The analytical model aids in estimating the strength
of coupling between the torsional and translational motions, and then in determining the amplitudes of the two
contributions to displacement arising from a pure torque drive.

A. Finite-element mechanical simulation and analytical toy model of hybridized twisting and flexing
resonances

The admixture of torsion and translation is easily visible in Fig. S5, which shows the lowest frequency twisting
eigenmode from a COMSOL finite-element simulation for a single-paddle sensor loaded with a YIG disk. The torsion
arms have a uniform color map along their cross section, revealing the translational displacement occurring in concert
with the clear rotational motion. This introduces a perturbation on the torque sensitivity calibration.

To characterize the efficacy of a given mode for torque sensing about a given axis, a Degree of Torsionality (DoT,
0 < DoT < 1) figure of merit is defined. A harmonic motion that exhibits admixture behaviour can be separated
into energetic components relating to the rotational and translational motions. Our definition of DoT takes the ratio
maximum rotational kinetic energy to the total energy of the motion. A pure torsion mode then has DoT = 1 while
a purely flexing mode has DoT = 0. Determining DoT from a COMSOL simulation involves obtaining the instan-



taneous rotational and transverse velocities and performing a volume integration over the entire resonator geometry,
If fV pv2dV (where v separates into components of rotational and translational velocity, vg and v respectively). The
total energy expression can be separated into three contributions,

Erotal = / / /V pvEdV + / / /V pv2dV + / / /V porvrdV. (S2)

The cross term of rotational and translational velocity is generally smaller than the individual rotational and trans-
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FIG. S5. Simulation (COMSOL) of a torsional eigenmode with an easily visible admixture of flexing motion arising from
significant asymmetry in the distribution of mass around the torsion axis. The color map represents normalized displacement.
The degree of torsionality for each axis corresponding to this mode is found in the table presented.

The presence of mass asymmetry about the moment of inertia and close proximity of other deformational eigenmodes
in frequency space is manifest in an admixture of mode shape. This admixture can be described as simultaneous
torsional and translational deformational behavior. The response of such a system to a purely torsional drive may be
explored by use of a toy model in which a torsional resonance dictated by a torsion spring of constant, x, and moment
of inertia, I, is coupled to a linear mass-spring system (spring constant k and effective mass m). The two resonators
are coupled through a third spring, with spring constant K = ek. A sketch of the model is shown in Fig S6. The
two resonators are damped to mimic the experimental resonance quality factor. The torsion spring alone is actuated
directly by a pure sinusoidal torque with magnitude 7, set to a value characteristic of the maximum torque during the
experimental hysteresis measurements. The following coupled differential equations then describe the displacement
of each spring from its equilibrium position, with x; representing the torsion spring and xo the linear spring:

d20 do
=5 —(k0 + Kx1Rer) + K Rera — y1— = + 7p cos(wt) s
S3
d2$2 dxg
M- = —(k+ K)zs —yL— Kz,

The first of the two equations describes the torsional motion coupled to the spring system while the second equation
describes translational motion due to the linear spring. The two oscillatory solutions represent symmetric and an-
tisymmetric motions of z; and x2. Representative solutions plotted in Fig. S6b) and c) show that z; and x5 have
developed similar peak amplitudes already when the coupling parameter is € = 0.04. The relatively small frequency
redshifts of the lower mode quickly vanish as € increases and the symmetric motion ceases to stretch the coupling
spring. At the same time, the higher mode continues to blueshift on account of the increase in stiffness against
antisymmetric motion as the coupling spring becomes less compliant.

The experimental identification of the primarily torsion-like and primarily flexion-like modes is from the displace-
ment patterns observed in raster-scanned images of the interferometric signal (thermomechanical and RF torque-
driven). The flexion-like mode is found to have lower frequency than the torsion mode in the present work. This
torsion mode is 5% higher in frequency, yielding an upper bound estimate for the coupling parameter of € = 0.025.

B. Thermomechanical Calibration

The total energies of the modes are given by
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FIG. S6. a) A torsion spring (illustrated as a straight line) with effective torsional spring constant, , coupled to a linear spring
with spring constant, k, through a linear spring with spring constant, K. The respective mechanical frictions are vz (torsional)
and ~z, (linear). Panels b) and ¢) show amplitude response due to a simulated torsional drive frequency sweep of the toy model
spring system for various coupling factors. The solutions are obtained with a Python differential equation solver. The dashed
lines show the uncoupled case, where only the torsion spring responds to the drive.
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FIG. S7. Squared thermomechanical (undriven) displacement signal recorded with a 46 Hz noise-equivalent power bandwidth.
The solid line is a Lorentzian fit. The shaded peak area above the technical noise floor calibrates the torque response.

1 xpeak
Etot — 1 + = k( Peak) + K( peakimpeak) 7 (84)
2 Reqr
where ‘=’ and ‘+’ in the third term correspond to the symmetric and antisymmetric modes. The thermomechanical

calibration is obtained by parsing the %kBT thermal energy between the k, k,and K contributions.

The model parameters as obtained from a COMSOL model using device dimensions measured from an electron
micrograph are m = 1.79 x 107 kg, I = 4.78 x 10726kg m?, and x = 1.7 x 1073 Nm/rad. To estimate the
upper bound on € it is assumed that the two modes are nearly degenerate when uncoupled (a 0.5% initial frequency



separation is chosen for clarity of the plots in Fig. S6). The thermomechanical signal in Fig. S7 then yields a peak
Brownian displacement of 2.2 x 10~ m. The final result is close to the value obtained by a simpler calibration treating
the resonance as a pure torsion mode [9]. The loss of transduction efficiency from translational motion also being
driven by torque is partially offset by selecting the measurement location where the two displacement contributions
add. The corresponding equivalent torque to drive the thermomechanical optical signal amplitude of 120 nV/ Hz!/?
is 7=6.0 £ 0.5 zN-m.
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