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ABSTRACT

Magnetic resonance force microscopy (MRFM) describes a range of approaches to detect nuclear spins with mechanical sensors. MRFM has
the potential to enable magnetic resonance imaging with near-atomic spatial resolution, opening up exciting possibilities in solid state and
biological research. In many cases, the spin-mechanics coupling in MRFM is engineered with the help of periodic radio frequency pulses. In
this paper, we report that such pulses can result in unwanted parametric amplification of the mechanical vibrations, causing misinterpretation
of the measured signal. We show how the parametric effect can be canceled by auxiliary radio frequency pulses or by appropriate post-
correction after careful calibration. Future MRFM measurements may even make use of the parametric amplification to reduce the impact of

amplifier noise.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0233135

Nanomechanical sensors are excellent devices for spin detection
and provide the basis for several ambitious proposals in quantum
transduction and nanoscale imaging. On the one hand, spin-
mechanics coupling is envisioned to enable readout and transfer of the
polarization states of individual spins." The realization of this proposal
would allow quantum information exchange between remote spin
qubits. On the other hand, spin-mechanics coupling also forms the
basis of magnetic resonance force microscopy (MRFM),”” which
could become a transformative technology for nondestructive imaging
of individual, complex biomolecules. While current proof-of-principle
demonstrations are still too coarse-grained to reveal interesting struc-
tural information,” ” the method will profit greatly from the progress
achieved with optomechanical systems, and especially with high-Q sili-
con nitride resonators.” '

Typical spin-mechanics experiments rely on a non-resonant,
weak coupling between the spins in a sample and the mechanical sen-
sor, mediated by a magnetic field gradient. Non-resonant coupling sig-
nifies that the resonance frequency f; of the sensor is much lower than
the Larmor frequency fi, = yB/2n of spins, where y is the gyromag-
netic ratio and B an applied magnetic field strength. In order to engi-
neer efficient coupling between the spins and the sensor, a number of
different protocols have been developed.””"” A commonly used
method relies on pulsed radio frequency (rf) magnetic fields to periodi-
cally invert the spins.”” With a pulse repetition rate of 2fy, the

interaction between the spins and a magnetic field gradient generates a
force at fy that drives the sensor into measurable oscillations.

Most MRFM setups operate in the weak-coupling regime, where
the averaging time required to pickup a spin signal is much longer
than the effective spin lifetime in the rotating frame 7,,.”" ** In addi-
tion, the thermal spin polarization is negligible for small spin ensem-
bles. As a consequence, the relevant measured quantity is not the
instantaneous oscillation amplitude, which reflects the instantaneous
spin ensemble polarization. Instead, the stochastic fluctuations of the
spin ensemble over times t > T, lead to a force noise that increases
the variance of the sensor’s oscillation.””** The resulting sensor fluctu-
ations in phase space still have a Gaussian distribution in both quadra-
tures (X and Y), but one of the quadratures shows an increase in the
variance.

In this paper, we reveal that the pulsed spin inversion method
can produce a spurious driving effect that manifests as an increase in
the sensor oscillation variance in one quadrature. This effect, while
observed and heuristically avoided in the past, is little understood. The
spurious driving closely resembles a real spin signal and can, therefore,
lead to misinterpretation of data. We propose that the observed effect
is due to phase-dependent parametric amplification (squeezing) of the
sensor’s thermomechanical fluctuations. We demonstrate that the
squeezing artifact can be suppressed by the addition of a second set of
pulses between the spin inversion pulses, which “unsqueezes” the
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phase space distribution. In this way, we are able to obtain an artifact-
free spin signal.

In our setup, the fundamental mode of a silicon cantilever acts as
the mechanical sensor. The cantilever is positioned in the pendulum
geometry above a gold microstrip fabricated on top of a thermally oxi-
dized silicon chip. The cantilever has a resonance frequency
fo = 3500 Hz, an effective mass m = 10" kg, and a quality factor
Q =25000. The ringdown time of the cantilever is reduced to
7=20ms via a feedback-cooling technique.”* For spin-mechanics
experiments, a sample is attached to the tip of the cantilever, which is
cooled down to T ~ 5 K. The spin ensemble inside the sample, which
is the typical subject of study in MRFM, is illustrated by a single blue
spin in Fig. 1(a).

In order to manipulate the spin ensemble, amplitude-modulated
rf current pulses swept over a frequency window around fi, are sent
through the microstrip on the chip surface.” The current generates rf
magnetic fields that flip spins once every pulse, see top window in
Fig. 1(b). With a pulse repetition rate of 2fy, the interaction of the
z-component of the spin ensemble I, with the magnetic field gradient
of a nanoscale ferromagnet [Fig. 1(a)] creates a periodic force that
drives the cantilever oscillation at f;. Stochastic spin fluctuations with
lifetime 7, =~ 40 ms slowly change I, and average the mean force signal
to zero over long integration times t > 7,,,. For this reason, it is usually
the added oscillation variance 62, caused by the fluctuating spin force
that serves as the spin signal in MRFM.”"* By selecting the pulse phase
relative to the lock-in amplifier clock at f;, the phase of szm can be con-
trolled; in the example shown in Fig. 1(c), the spin signal is chosen to
be in the X channel. The spin force manifests as a difference between
the variances in the two quadratures, o7, = 0% — 05 Note that the
pulses at 2fy do not cause direct electrostatic driving of the cantilever

ARTICLE pubs.aip.org/aip/apl

mode at fy because they do not break the symmetry over one period
T. = 1/fo.

Surprisingly, a significant imbalance between ¢% and 6% can be
observed experimentally even when spin inversions are suppressed.
This is done by either detuning the window of Larmor frequencies that
are addressed by the pulse, or by reducing the window size to zero.” In
such a situation, one would expect that the pulses have no effect on the
cantilever mode and that the phase space portrait of the thermal fluc-
tuations remains circular as in Fig. 2(a). Instead, we clearly observe a
significant imbalance 6% > 0% in Fig. 2(b). This imbalance could be
misinterpreted as a spin signal. When the phase of the pulse is rotated
by 90° [Fig. 1(d)], the resulting variance is rotated as well, yielding
6% > 0% in Fig. 2(c). When combining both sets of pulses (0° and
90°), we return to a balanced distribution 6% ~ 6%, see Fig. 2(d). Here,
both quadratures are slightly enlarged relative to Fig. 2(a), indicating
an increase in the effective cantilever mode temperature.

To understand the observations in Fig. 2, we need to consider two
independent effects. On the one hand, current pulses dissipate energy,
heating the cantilever mode irrespective of the pulse shape or phase.
We assign the increase in 6% and ¢, which is most clearly visible in
Fig. 2(d) relative to Fig. 2(a), yet also present in Figs. 2(b) and 2(c), to
such Joule heating. On the other hand, we observe that the average
squared voltage (U?) applied to the microstrip can modify the cantile-
ver spring constant k (and the resonance frequency fp) in a roughly lin-
ear manner, see Fig. 3. We tentatively associate this effect with an
electrostatic force F. oc Ug; between the surface bias U and charges g;
on the cantilever tip.”””® When the charges are induced by the voltage
itself as g; o< U, this effect becomes quadratic in voltage as F. u”
similar to the tuning effect observed in carbon nanotube resonators.”*
However, we cannot rule out models based on time-dependent
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FIG. 1. Nanomechanical spin detection protocol. (a) lllustration of the MRFM setup comprising a spin ensemble (blue arrow) at the tip of a cantilever sensor with mass m.
A pulsed current J(t) through a microstrip produces a magnetic field (pink lines) that periodically inverts the spin ensemble polarization /,. The interaction between /, and a
magnetic field gradient from a nanomagnet (grey cone) creates a force F that drives cantilever oscillations x(t). (b) Timing diagram of pulse voltage U (with peak voltage Uy),
spin polarization /, (with maximum value Iy), force F (with amplitude F), and cantilever displacement x (with amplitude Xo) over one cantilever period Ts. (c) Measured fluctua-
tions of the cantilever oscillations in a phase space rotating at f, without and with spin inversion over a measurement time of t = 180s. The quadratures are defined as
x(t) = X(t) cos(2nfot) — Y(t) sin(2xfyt), with a slowly changing amplitude xo = v/X2 -+ Y2. The color code indicates probability density from low (pink) to high (yellow).
The fluctuating spin force manifests as an increased variance of(. (d) Amplitude modulation of 0° pulses and 90° pulses, with relative amplitude Urg.
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FIG. 2. Fluctuations measured while spin inversions are suppressed, with t = 240s.
The color code indicates probability density from low (yellow) to high (dark blue).
Histograms quantify the distributions in X and Y in phase space. (a) Thermomechanical
noise of the cantilever mode when no pulses are applied. The widths of the Gaussian fits
correspond to ax = 96.5pm and oy = 97.9 pm. (b) Fluctuations in the presence of 0°
pulses, with ox = 164.8 pm and gy = 103.1 pm. (c) Fluctuations in the presence of
90° pulses, with ax = 119.8 pm and oy = 172.6 pm. (d) Fluctuations in the presence
of both 0° and 90° pulses, with ox = 142.4 pm and oy = 143.2 pm.

Joule heating and associated length contractions. In either case, when
the field power is modulated in time with a rate close to 2fy, it causes
positive and negative parametric amplification of the orthogonal oscil-
lation quadratures.”” " As the amplification is far below the threshold
for parametric oscillation, no spontaneous time-translation symmetry
breaking occurs.”* However, the phase space portrait of the resonator
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FIG. 3. Spring constant (k = 47?mf?) of the cantilever mode measured as a
function of average pulse power (U?). We observe a roughly linear decrease in k
with (U?).
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FIG. 4. (a) Squeezing factor S = 62 /4% as a function of the pulse amplitude U,
for 0° pulses applied to the cantilever. A line quantifies the expected trend, see
main text. This trend describes the data well up to U, ~ 0.4V, beyond which we
found instabilities in our pulse generation setup. (b) Same as in (a) but for 90°
pulses, showing 1/S instead of S. (c) Squeezing factor when both pulses are
applied simultaneously. A dashed line at S =1 is a guide to the eye. (d)—(f)
Discrete Fourier transforms (DFT) of the measured pulse shapes used in (a)—(c),
respectively. Real and imaginary components of the DFT are shown as filled
squares and open spheres, respectively. We find that the DFTs have positive, nega-
tive, and vanishing amplitudes at f /fy = =2 for the three respective situations.

is squeezed, i.e., X and Y experience positive and negative amplifica-
tion, respectively.

To show that parametric amplification can be used to model our
experimental observations, we examine the measured squeezing factor
S = 0% /% in Fig. 4. When only the 0° rf pulses are applied (without
inverting any spins), S increases monotonically with the maximum
pulse amplitude Up,. In contrast, when only the rotated 90° pulses are
used, the inverse 1/S increases monotonically with U,. Both findings
are in agreement with the observations in Fig. 2. Beyond U, ~ 0.4V,
the squeezing saturates for both pulse types. In this voltage regime, we
found spurious effects in our pulse protocol that may cause further
artifacts. We avoid this voltage range in our MRFM experiments and
also ignore it in the following discussion.

To quantify the changes in S, we plot in Figs. 4(a) and 4(b) the
expected parametric squeezing ratio (1 + SU,)/(1 — BU,)" as solid
lines, where f = 1.11 V™! is a heuristic factor to account for the inter-
action efficiency between the pulses and the cantilever displacement.
This simple model accounts well for the observed increase in S and
1/, respectively, in the relevant range U, < 0.4 V. When parametric
amplification is applied to both quadratures simultaneously, symmetry
between fluctuations in X and Y should be restored. Indeed, in
Fig. 4(c) we show that S ~ 1 when both 0° and 90° are combined.
This entails that 90° pulses can be used to counter unwanted squeezing
during spin detection measurements. In the past, this spurious driving
was avoided by heuristic pulse optimization without full knowledge of
the mechanism described in this Letter.”*** >

The origin of the parametric squeezing, and its cancelation by the
combination of 0° and 90° pulses, can be confirmed by a Fourier anal-
ysis of the applied pulse shapes. In Fig. 4(d), we display the discrete

Appl. Phys. Lett. 125, 164101 (2024); doi: 10.1063/5.0233135
© Author(s) 2024

125, 164101-3

€1:8%'80 ¥20T 1890100 82


pubs.aip.org/aip/apl

Applied Physics Letters

Fourier transform (DFT) of the measured squared pulse voltage (the
pulse power) for the 0° pulse. The spectrum has a peak at 2fy, as
expected from the amplitude modulation of the pulse, as depicted in
Fig. 1(d). This Fourier component at 2f; is responsible for parametric
amplification and squeezing of the cantilever oscillations. We obtain
the same result for the 90° pulse in Fig. 4(e). However, the sign of the
component at 2f; is inverted, as expected for the DFT of a squared and
7/2 phase-shifted sinusoidal signal. Finally, when both pulses are com-
bined, the positive and negative peaks of the pulses cancel and the
resulting spectrum has almost no signature near 2f;. As a consequence,
no parametric squeezing effects are present.

Our understanding of the parametric amplification effect can
be used to efficiently cancel the spurious driving in the presence of
a spin signal by applying compensation pulses shifted by 90° rela-
tive to the spin inversion pulses. Note that the 0° and 90° pulses can
have different amplitude modulation functions and peak ampli-
tudes, cf. Fig. 1(d). As long as the 2fy-component of both pulses is
equal in magnitude, the parametric squeezing is compensated. This
enables significant freedom in optimizing spin inversion protocols.
To find a suitable compensation pulse, we perform the following
calibration measurement: first, a spin inversion 0° pulse is selected,
but modified such that spin inversions are suppressed (see above).
Thus, the pulse generates a spurious driving effect that is identical
to that in a spin measurement. The optimal 90° compensation pulse
is then chosen by minimizing the quadrature mismatch ofpur
= 0% — o%. Finally, the spin inversion pulse parameters are
switched back to enable spin sensing. In this way the measured
imbalance afpin stems from the spin force, not from spurious driv-
ing. The measurements presented in Fig. 1(c) were obtained using
this compensation pulse calibration: the left panel shows data mea-
sured with a non-spin-inverting 0° pulse, while the right uses a
spin-inverting 0° pulse with identical amplitude modulation.

In summary, we reveal that spin inversion pulses in MRFM can
result in the parametric squeezing of cantilever vibrations, which yields
a signal that closely resembles that of a real spin force. The effect can
be canceled by combining two sets of phase-shifted pulses: the 0°
pulses are applied at a carrier frequency f;, to invert nuclear spins
within a selected Larmor frequency band, while the 90° pulse are
detuned from f;, and do not excite spins. This method is very robust:
once a suitable 90° pulse is found, the compensation works regardless
of the instantaneous cantilever frequency or the pulse amplitude scal-
ing, which is very beneficial for scanning experiments. A disadvantage
of adding the 90° pulses is increased Joule heating, as shown in
Fig. 2(d). For this reason, it is worth considering alternative methods
for reducing the squeezing effect of the 0° pulses.

With a careful calibration of the parametric interaction, the
squeezing can be removed from the collected spin force data in post
analysis by applying the inverse function (1 — pU,)/(1+ pU,),
where the value of f§ can be obtained from a measurement series as
shown in Fig. 4(a). With this method, no second pulse is required to
cancel the resonator oscillation squeezing, and hence Joule heating is
reduced. Squeezing can potentially even turn into a resource for
enhancing the spin signal relative to amplifier noise, leading to an
enhanced signal-to-noise ratio. However, note that the ratio between
the measured spin force and force fluctuations acting on the sensor is
not changed by squeezing, hence no sensitivity increase relative to the
dominant thermomechanical force noise is expected.

ARTICLE pubs.aip.org/aip/apl

We expect that the understanding of parametric effects related to
spin driving will enable researchers to design better pulse shapes via
optimal control theory’® and machine learning, thereby leading to
improved spin sensing protocols. Such design rules will be crucial for
establishing spin sensing protocols with mechanical sensors in the
MHz regime. These are expected to improve spin sensitivity, but come
with the need for much faster nuclear spin manipulations.'>'*"**
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