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Coupling of a nuclear transition to a Surface Acoustic Wave
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Mechanical modulation of recoilless nuclear transitions allows the dynamic control of «-ray emis-
sion and absorption. Accessing modulation frequencies well above the nuclear linewidth enables
coherent manipulation of the nuclear response. Here we demonstrate such control by coupling a
film of enriched 5"Fe to a 97.9 MHz surface acoustic wave, which is nearly two orders of magnitude
faster than the nuclear linewidth. The mechanical drive produces a comb of absorption sidebands in
the Mossbauer spectrum, consistent with coherent phase modulation of the nuclear transition. This
constitutes the fastest phonon-driven control of Mossbauer resonances to date. Our solid-state,
monolithic platform establishes a new interface between nuclear transitions and high-frequency
acoustics, with applications in y-ray quantum optics and precision nuclear spectroscopy.

INTRODUCTION

When low-energy nuclear v transitions occur in certain
solids, the recoil can be coherently absorbed by the en-
tire lattice. This results in a recoil-free transition that
is characterized by extremely narrow spectral lines and
is known as the Mdssbauer effect!. Discovered in 1958,
the Mossbauer effect was soon employed in a landmark
experiment to measure the gravitational redshift, one of
the predictions of general relativity?. Today, M&ssbauer
spectroscopy is a useful tool in chemistry and materi-
als science; shifts of the extremely narrow resonances are
sensitive local probes to the electric, magnetic, and struc-
tural environments of Mssbauer active atoms.?. Beyond
precision spectroscopy, the Mdssbauer effect is a funda-
mental tool in nuclear and x-ray quantum optics* 7. Co-
herent control of a nuclear ensemble, achieved through
external magnetic fields® or mechanical modulation® !,
has enabled demonstrations such as waveform shaping of
recoilless y-ray photons'? and spectral narrowing of syn-
chrotron pulses'3. Here, we demonstrate the coupling of
enriched "Fe nuclei to a traveling surface acoustic wave
(SAW) at 97.9 MHz in a monolithic device. This ap-
proach offers two fundamental advantages. First, it en-
ables coherent modulation of nuclear resonances at much
higher frequencies than previously achieved with vibrat-
ing piezo actuators'® '3, thereby extending the accessi-
ble modulation bandwidth. Second, SAW devices are a
mature platform in the quantum regime'* ¢, combining
high coherence, design flexibility, and compatibility with
solid-state quantum systems'”'®. Extending this con-
trol to Mossbauer nuclei opens a promising route toward
phonon-based quantum control of nuclear states?’, estab-
lishing a new interface between nuclear quantum optics
and surface phononics.

We observe coherent modulation of the nuclear en-
ergy levels, with sideband intensities following a char-
acteristic Bessel-function dependence on the modulation
strength. To our knowledge, this represents the fastest
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phonon-driven modulation of Méssbauer resonances re-
ported to date, and the first realized in a monolithic de-
vice—opening a pathway toward fast and scalable nuclear
control using synchrotron light.

EXPERIMENT

To enable fast mechanical modulation of nuclear res-
onances, an °"Fe film is deposited on a ST-Cut quartz
substrate, and the film is driven by a 97.9 MHz sur-
face acoustic wave. This modulated Mdssbauer absorber
is placed in a conventional transmission spectrometer?!
(Figure la). The Mossbauer absorber is fabricated by
thermally evaporating iron enriched to 96% in the iso-
tope 57Fe, forming a 200 nm-thick film. The deposi-
tion is obtained in a dedicated setup at a pressure of
9.5-1071% Torr and a deposition rate of 6.1 nm/h. With
no SAW excitation, the absorption spectrum is domi-
nated by hyperfine Zeeman interactions in the ®’Fe film
which splits the nuclear ground (excited) state into 2
(4) hyperfine states of angular momentum m,; = +1/2
(m; = £1/2,4£3/2). The selection rule Am; = 0,=£1
then leads to 6 different allowed transitions®, spaced by
101 neV (corresponding to 24.4 MHz, or a Doppler ve-
locity of 2.1 mm/s), schematically shown in the bottom
panel of Figure 1 b. The data shown in this letter, was
taken on a device where over etching in the final step
resulted into a reduction of the total amount of iron,
so that the effective thickness was approximately 90 nm
over a region of 4.0 x 0.9 mm? (thickness estimated by
the contrast of the peaks in the absorption spectrum)??.
SAWs are excited in the quartz wafer by two sets of in-
terdigitated transducers (IDTs or “couplers”) deposited
at opposite ends of the chip, with a pattern of double
lines, spaced by a Agaw = 32 pm pitch, illustrated in Fig-
ure 2. The pattern is designed to resonantly couple, by
piezoelectric effect, Qgaw = 27 - 97.9 MHz SAWs propa-
gating across the chip. The two opposite couplers allow
for testing the coupling from electric signals, to acous-
tics, and back to electric signals. To avoid reflections off
the edge of the substrate, the edges of the quartz chip
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Figure 1. a) Schematic view of the experiment. The °"Fe ab-
sorber device is shown in the middle, omitting the collimator
and the acoustic “terminators”, for clarity. b) Nuclear level
scheme including hyperfine structure and the additional lines
added by the SAW drive. ¢) cartoon of the expected spectrum
with the SAW drive.

are “terminated” by small pieces of kapton tape. A frac-
tion, «, of the SAW is still coherently reflected by the
impedance mismatch from the readout coupler. This re-
flection gives rise to a partial standing wave across the
quartz chip. The resulting modulation of the SAW am-
plitude is included in the spectral analysis. A 1 GBq
57Co source was used for the experiment, where the >”Co
is embedded in a rhodium matrix, resulting in a single
emission line of F, ~ 14.4 keV, an isomer shift with
respect to a-Fe of —5 neV and a linewidth of 7 neV
(1.7 MHz), slightly broader than the natural linewidth of
the nuclear state. The absorption spectrum of the >"Fe
film is scanned by varying the Doppler shift between the
source and absorber. The highest contrast of the absorp-
tion resonances is about 3%, so that the count rate is
dominated by non-resonant s (14.4 keV and Compton
scattering of 122 keV). A tungsten collimator is used
to increase the contrast of the resonances, resulting in a
count rate of approximately 2 kHz, consistent with the
internal conversion coefficient and solid angle defined by
the collimator??. For each spectrum collected, about 10
days of data are required to sufficiently suppress Pois-
son fluctuations. The amplitude of the SAW generated
by the coupler is given by A = C| nv/P,,, where P, is
the applied RF power, n = 0.35 is the overall electro-
acoustic attenuation??, and C is the out-of-plane dis-
placement conversion constant (in units of m/v/W) that
depends on the mechanical properties of the substrate.
The attenuation factor n accounts for losses due to elec-
trical reflection, device geometry, acoustic attenuation,
and other non-idealities. The SAW displacement mod-
ulates the nuclear transition energy via the Doppler ef-
fect. When the SAW is driven at an angular frequency
Qsaw, the nuclear levels are periodically shifted, resulting

Figure 2. Main panel: Microphotograph of part of the ab-
sorber device on the quartz substrate, including sections of
the ®Fe film and of one of the SAW couplers. Inset: higher
magnification detail of one of the SAW couplers.

in sidebands spaced by Qg (Figure 1b-c). For a pure
traveling surface acoustic wave, the resulting absorption
spectrum is given by!'1:22:23;

S(Q) _ Z Z Si Jn(kOA)

CY
= (20— Qs — Q) + (5

where kg is the photon wavenumber, and €2; and s; are
the angular frequency and relative intensity of the i-
th hyperfine transition, J,(kgA) denotes the n-th order
Bessel function of the first kind, and I' is the transmis-
sion linewidth in units of angular frequency, given by
the sum of the linewidths of the source and absorber.
The relative prominence of the side bands depends on
the applied SAW power, which is varied in the exper-
iment to characterize the device. For each setting a
spectrum is acquired by scanning the source velocity
from —19 < v < +19mm/s under constant accelera-
tion. Within this velocity range each spectrum reveals
up to 18 visible absorption peaks, as shown in Figure 3a,
which reduce, due to symmetry and the known hyper-
fine structure, to 7 distinct features with characteristic
amplitudes which follow combinations of squared Bessel
functions J2(m) up to order n = 2. Notably, the natural
Zeeman splitting in a-Fe (24.4 MHz) happens to be one
fourth of the SAW modulation frequency (97.9 MHz),
resulting in spectral overlap between certain sidebands
and the unshifted hyperfine lines, within our instrumen-
tal resolution. While this overlap has no consequence
for our experiment, which employs an incoherent source,
synchrotron-based excitation would lead to interference
between the unmodulated transitions and the overlap-
ping sidebands.

To extract quantitative information, each spectrum is
fit using a sum of Lorentzian peaks overlaid on a fifth-
order polynomial baseline, accounting for the change in
solid angle in the scan, non-uniform channel sampling,
and slow drifts in detector response. The fit yields pre-
cise absorption peak locations that allow the calibration
of the Doppler velocity scale over the full £19 mm/s
range?2. Each spectrum is then normalized by its poly-
nomial baseline, resulting in the spectra in Figure 3a,
and the area under each peak is integrated. From the
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Figure 3. a) Mdssbauer absorption spectra of the device with
no SAW excitation and two cases of increasing SAW drive
power. As the modulation strength grows, higher-order side-
bands emerge while amplitudes decrease to maintain a con-
stant overall integral over the absorption spectrum. Contin-
uous lines, overlaying the data points, represent fits to the
data®?. b) Reconstructed amplitudes of the first three side-
bands accessible within the available velocity range, as a func-
tion of the applied SAW drive power. The solid lines are a
global fit to all three datasets using a model based on the
squared Bessel functions integrated over the SAW amplitude
distribution. The two fit parameters are the modulation scal-
ing factor C'; and the reflection coefficient a, which encodes
the degree of standing-wave formation due to SAW reflections.

resulting integrated spectra, the area of each sideband
can be directly evaluated. Combined with knowledge of
the power delivered to the SAW coupler, this enables
the reconstruction of the modulation indices koA(Piy,).
The residual reflection from the output transducer re-
sults in a spatially inhomogeneous SAW amplitude along
the propagation direction which can then be expressed as
A(zx) = Ag \/1 + a? 4+ 2a cos(ksaw ), where Ag is the am-
plitude of the forward-propagating wave, « is the coher-
ent reflection coefficient, and kgay is the SAW wavenum-

ber. To account for this effect, the model described in
Eq.A14 is integrated over the amplitude distribution,
yielding a modified prediction for the sideband struc-
ture!,22:23 Both the out-of-plane displacement conver-
sion constant C; = (1.69 + 0.02) - 107'° m/+/W, and
the reflected wave fraction a = 0.36 £ 0.02, are then ex-
tracted by fitting this extended model. These values are
consistent with our electromechanical model??24. The
result of this process produces a good fit to the data, as
illustrated by Figure 3b.

DISCUSSION AND OUTLOOK

The results presented here demonstrate the successful
dynamic modulation of Mdssbauer nuclear energy levels
using 97.9 MHz surface acoustic waves. This ultrafast
control, both in speed and in phase coherence, estab-
lishes a new regime of acoustic-nuclear coupling. Un-
like lower-frequency or quasi-static piezo-driven systems,
SAWSs offer the advantage of continuous, propagating
phase control at GHz bandwidths. In addition, this is
achieved in a fully monolithic device, enabling scalable
fabrication with the robustness and flexibility of solid-
state architectures. Looking forward, we envision several
developments of this technology: first, the couplers can
be redesigned in order to couple to a broader spectrum
of SAWs, allowing for arbitrary waveform drive. Such
a device, when combined with synchrotron radiation,
could enable fast, programmable modulation of nuclear
transitions—extending the reach of time-domain control
protocols and advanced nuclear quantum optics'?13. A
different approach would be to couple the nuclear reso-
nance to a surface acoustic wave resonator operated at
cryogenic temperatures!4 1619 opening a path to quan-
tum optomechanics experiments in the X-ray regime?°.
Finally, the ability to couple surface acoustic waves to
nuclear transitions may offer a promising route for the
dynamic control of nuclear clocks?*27, in particular the
229Th isomeric transition which was recently observed in
a 2?ThF, thin film?®, potentially enabling mechanical
modulation of ultra-stable, nuclear optical transitions,
and establishing a new interface between solid-state me-
chanics and nuclear quantum metrology.
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I. THEORY
A. Quantum model for Méssbauer absorption under surface acoustic wave modulation

The interaction between the nuclear transition and the phonon field can be modeled via the coupling of the quantized
~-ray field to a phonon-dressed nuclear dipole operator. The phonon dressing accounts for lattice vibrations at the
nuclear site, while the SAW drive introduces a time-periodic modulation of the transition, resulting in Floquet
sidebands. We define coordinates with v-rays traveling along the z direction, the SAW propagating along x, and the
SAW-induced nuclear displacement along z (see Figure Al. To derive the interaction of the SAW with the nucleus,
we start from the dipole interaction with the electric field?*

Hini = —d - E, (A1)

where d = d(64¢™=t + 6_ e~™at) is the dipole operator with 64 = |e) (g] and 6_ = |g) (e|, describes the lowering
and raising operator and w, the transition frequency of the absorber. The quantized electric field associated with the
~-rays emitted by the radioactive source is given by

E=c (&e—iwot-‘riko% + &Teiwgt—ikoi) , (A2)

where a and a' are the photon annihilation and creation operators, respectively, wg is the v-ray frequency, and kg is

ho.)()

the associated wave vector. € = e

denotes the coupling strength of the electromagnetic field, with V' the mode
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Figure Al. Definition of the coordinate system: the -rays travel along z, encountering an 3” Fe film parellel to the x — y plane
and driven by a SAW travelling along x.

volume and ¢y is the vacuum permittivity. The position operator Z reflects the spatial dependence of the field and
will later incorporate modifications due to mechanical motion induced by the surface acoustic waves?®. Plugging the
dipole operator and the quantized electric field A2 into the interaction Hamiltonian A1, results in

Hint — g(O’ ezwa —|—0'_ e —iwgt ) [de—zwot ikoZ _|_a1‘ iwot —1koz]’ (AS)

where we have defined the coupling constant ¢ = € - d. The expansion produces fast terms e**(“atwo)t which in the
rotating-wave approximation average to zero. Defining the detuning between the incoming photons and the nuclear
resonance as §) = w, — wy, the interaction Hamiltonian becomes:

Hi = —g [(}Jrae’memoz + 6,aTe*’Qt6ﬂk°ﬂ —i—le) (e]. (A4)

where the non-Hermitian term —zg e){(e| is introduced to incorporate spontaneous decay via the Weisskopf-Wigner

approximation®232. The displacement of the nucleus due to the phonon field, denoted by 2, can be described as the
sum of an average coherent term and a fluctuating term:3?

2(t) = 2(t) + 62 = Acos(Qsawt) + zopi(b + b1). (A5)

where, A is the amplitude of the nucleus driven by the surface acoustic wave, g,y frequency of the driven SAW,
Zopf = 1/ 2/)%% the zero-point fluctuation of that SAW mode (vs: speed of sound in the substrate, p: mass density of

quartz, Ag.y: mode area of the SAW mode)'*. Note that in principle the fluctuating part of the displacement operator
is spread over all frequencies supported by the material. For simplicity the analysis is limited to the single mechanical
mode at s,y defined by the creation and annihilation operators BT, b. Substituting the nuclear displacement 2(t) and
the decay term into the interaction Hamiltonian yields the full time-dependent Hamiltonian that captures both the
classical drive and quantum fluctuations of the SAW:

A~ . . Sn ] T
Hint =g [&e—iﬂtelkozzpf(b—i-bf)e“lcoS(Qsawt)&+ + ]’LCj| — Z§ |€> <6| . (AG)

The interaction Hamiltonian is periodic in time and can be treated as a Floquet Hamiltonian. According to Floquet’s
theorem, such a Hamiltonian can be expanded in terms of its Fourier components. Given the structure of the
interaction, we can apply the Jacobi-Anger expansion®*, e?#0s(6) =3¢ jn ] (2)ei"? to rewrite the Hamiltonian
as a sum over harmonic components. These are known as Floquet sidebands, weighted by Bessel functions of the
first kind, J,,(z). This decomposition allows to express the interaction as a sum over discrete frequency components
indexed by n, each corresponding to a sideband in the modulated spectrum. Then the interaction Hamiltonian takes

the form of

ZZ o (ko A [aa e—i(Q—nﬂsaw)teikozzpf(5+5T)+dTa,iei(Q—nﬂsaw)te—ikozzpf(l;-i-l;f) —ig|e> (], (A7)

’L’I’Lt__

showing the emergence of n periodic sidebands. The periodic time dependence introduced by the SAW results
in a Floquet Hamiltonian, with quasi-energy sidebands from the modulation of the nuclear state. To obtain the
experimentally observable quantity, the absorption spectrum, it is necessary to calculate the transition amplitudes
between the relevant quantum states. For each nucleus, the emission process corresponds to a transition from the



excited state |e) to the ground state |g), accompanied by the emission of a photon. In addition, the phonon occupation
number changes during the transition (m — m’). The corresponding transition amplitude is then given by

My (t) = =g Y (=1)"Ju(koA) /Pt~ T/2 (A8)

The phonon matrix elements are given as ¢ = (m/| e~ ikozape (b151) |m) = 1+ O(v/mkoz,pe), capturing the influence of
lattice vibrations through transitions in the phonon Fock space. However, at room temperature (m = kpT/hQsaw)
the system operates in the Lamb-Dicke regime, where m(kozzpf)2 << 1, and interactions with thermal phonon
fluctuations become negligible?®. Accounting for Zeeman splitting into multiple hyperfine transitions with amplitudes
s; and frequency shifts €); the absorption spectrum is:

O = o L Tt 0 s (O )

This expression captures the signature of Floquet-dressed nuclear states, manifesting as energy sidebands spaced by
integer multiples of ()g.y in the emission spectrum.

B. Correction for a non-uniform drive amplitude

Because the readout coupler partially reflects the SAW, the displacement in the °Fe film is a coherent superposition
of a forward-traveling wave and a weaker reflected component. Denoting the reflected-to-incident amplitude ratio by
«, and assuming a coherent phonon state, the coherent displacement can be written as:

Z(t,x) = Age (1 — a)e™ v 4 20 cos(ksaw)]- (A10)
which can be rewritten as:

Z(t,x) = Aof(x) cos(Qsawt + ¢') (A11)

with f(x) = \/ 1+ a2 + 2 cos(2ksawe) . In the present experimental implementation, there is no spatial resolution.
Consequently, the measured spectrum corresponds to a spatial average over the standing-wave amplitude!'23. To
obtain the corresponding probability distribution for the local amplitude, the wave must be integrated over the full
interaction length (L=4 mm). The resulting normalized amplitude distribution is given by:

=1 [ aws s % (A12)
=— x — f(x)) = .
P 0 Y /4o — (y2 —1—a?)?

To determine the actual power P, in each sideband n, the corresponding Bessel function must be integrated over all
possible amplitudes, weighted by their probability distribution:

14+«
Py (koAy) = / dy p(y)J2 (ko Aoy). (A13)

e’

This integral is evaluated numerically, and the resulting values are used as input to fit the experimental data. The
spectrum is finally:

B 8i Pn(koAo)
S = Zzn: Q=2 — 1) + (5)° (A

II. FABRICATION
A. Enriched 5"Fe deposition

In order to deposit Enriched °"Fe film in a clean environment we designed and built a dedicated thermal evaporator.
The growth chamber base pressure is 9.5- 107! Torr. The chamber includes a load-lock, a rotating substrate holder,
a substrate heater, a ®"Fe effusion cell, and a quartz crystal monitor. UHV pressure measurements were performed



with a Bayard-Alpert gauge and the results agree with the pressure inferred from the current consumption of the
Agilent 500 L/s noble diode ion pump. A 2”7 O.D., 500 um thick SSP ST-Cut quartz wafer (MSE supplies). is placed
in the substrate holder of the deposition chamber, set to rotate at approximately 12.5 rpm, and the substrate heater
is set at 400 °C for for 6 days. After wafer baking, the crucible in the 5“Fe effusion cell is heated to 1270 °C for
approximately 5 minutes. The crucible temperature is then lowered to 1220 °C for a deposition time of 32 hours
and 43 minutes. During deposition, the pressure in the growth chamber is around 9.5 - 10~'° Torr, and the average
temperature of the substrate holder is approximately 75 °C.

B. SAW transducers design and fabrication

A delay-line SAW device with finger spacing of A\/4 is designed in KLayout. Each coupler (interdigital transducer,
IDT) comprises 800 fingers (200 sets of 4 finger periods) at a design wavelength of 32 pm. The IDT width is 970 pm,
the distance between transducer centers is 12 mm, and the fingers are connected by a 250 pm-wide bus bar. Using a
custom vacuum deposition apparatus, a 300 nm film of enriched ®*7Fe is deposited on an ST-cut quartz wafer. A 1.6 um
layer of AZ-1512 photoresist is then spun and baked at 95 °C for 5 min. The wafer is exposed in a MicroWriter ML3
(nominal A = 385 nm) at 0.6 um resolution to define an array of 11 devices, with doses spanning 110-170 mJ cm~2.
After development in Microposit MF-319, the pattern is is wet etched for 40 s in 4 M HCIl. The wafer is rinsed in
deionized (DI) water, dried with nitrogen, and descumed in a weak oxygen plasma. A 60 A Ti adhesion layer and 600A
Au are e-beam evaporated, and liftoff is achieved by gentle sonication in acetone. Post-liftoff, the wafer is cleaned
in isopropanol (IPA) and nitrogen-dried. After fabrication of the SAW transducers a second round of lithography is
executed to define the °“Fe interaction window. A 900 x 4000 pum? rectangle centered on each SAW device is defined
on a new layer of photoresit with a resolution of 1.0 um and 150 mJ cm~2 dose. After development and cleaning 60 A
Ti and 60 A Au are deposited in the e-beam evaporator. Liftoff is achieved by gentle sonication in acetone. Finally the
wafer is protected with an overcoat of AZ-1512. The wafer is diced into individual chips, which are optically inspected
for shorts and defects. A representative device is selected, solvent-cleaned (acetone, then IPA) and nitrogen-dried,
then briefly etched in dilute FeCls until the majority of the quartz substrate becomes optically transparent, leaving a
film of ®"Fe at the center of the device. After a final DI rinse, IPA clean, and nitrogen dry, the chip is mounted to a
carrier PCB with double-sided tape, and the IDT bus bars are wire-bonded to the PCB. Small pieces of Kapton tape
are attached to the quartz ends to suppress edge reflections.

III. EXPERIMENT CHARACTERIZATION
A. SAW electromechanical characterization

The transducer is modeled as an acoustic conductance (G,) and an acoustic susceptance (B,) in parallel with a
capacitor Ct and in series with a resistor Ry,. The form of the acoustic admittance is taken from the cross-field model
described by Slobodnik?*, and the capacitor and resistor describe the non-acoustic electrical response of the SAW
transducer. Equation A16 describe the s-parameters for a single transducer (i.e. the ratio between the source and the
SAW amplitude). Defining the normalized detuning as z = N7(2 — Qsaw)/Qsaw (IV: number of finger periods), the

Surface Acoustic Wave

Figure A2. Model of the surface acoustic wave transducer device.
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acoustic admittance and electrical capacitance of the transducer can be written as:
. 2
sin

4 in(2z) — 2
Ba(m) = ;k2 Qgaw CVFFJV2 (Sln(;zzm) y

4
= = k% Quw Crr N2
™

Ga(x)

(A15)

Ct = NW Cpr,

where k? is the electromechanical coupling factor, Cyr is the capacitance per finger period per transducer width, W
is the width of the IDT aperture and Cr is the total IDT capacitance. For a single transducer, the source impedance
at port 1is Z; = 50 Q, the impedance at port 2 is Zy = 1/G,(z) and the impedance of the shunt is calculated as

Z1, = Ry + (j wCr +]j Ba(x)) - Following the scattering parameter formalism>® the s-parameters for each transducer
is:
) Z{(Zy, + Z5)
U 212+ 2020+ Za)

D7 - Z5(Z+ Zh)
2 Z0Zy + Zo(Zn + Zh)

(A16)
S/ :S/ — Re(Zl) ZL(ZQ+Z;)
2 2 VRe(Zy) Z1Z2+ Z1(Z1 + Z2)
The s-parameters for the entire device, which can be directly measured (Figure A3) can be approximated to:
S S, S (Sp) (A17)

2 K
where 1, models the attenuation of the surface acoustic wave due to propagation and diffraction effects in quartz.
For the devices described here, the calculated loss amounts to —1.68 dB?*. The attenuation of the input wave up to

the center of the device (1) and the fraction of the surface acoustic wave that reflects off the second transducer and
reaches the center of the SAW device («) are calculated as:

n n
n= \/3512(Qsaw)7 = ?psé2(QSﬂW)

Fitting the s-parameter equations A18 to the measured data in A3, we extract an electro-acoustic attenuation coeffi-
cient of 7 = 0.35 and a surface acoustic wave reflection coefficient of a = 0.34.

(A18)
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Figure A3. Measurements (blue lines) of the S11 (a) and Si2 (b) , and fit (orange lines) to the model defined in equations A16

The FEI Helios NanoLab 600i DualBeam FIB-SEM was used to characterize the ®"Fe films.

B.

SEM film characterization

Two specimens

were imaged: (i) a quartz-supported °Fe film prior to wet etching and (ii) a section taken from a completed SAW
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device after the final fabrication etch. To enable high-contrast cross-section imaging while minimizing milling-induced
damage, we first deposited a carbon cap over a 15 um X 2 pm area by electron-beam-induced deposition (EBID),
followed by a 1 um platinum protective layer by ion-beam deposition. Cross sections were prepared by milling to a
depth of 2 um, followed by a cleaning cross section to improve surface quality. Interior views were acquired at a stage
tilt of 52°, together with plan-view images of the film surface (Fig. A4). The post-etch cross-section (Fig. A4c) shows
voids created by the etching process due to holes in the etch stop. Because these features are much smaller then the
SAW wavelength, Asaw = 32 wm, the device’s mechanical response are unchanged. The effect of the over etch is the
reduction by about a factor of 2.2 of the absolute Mdssbauer contrast due to the reduced °7 Fe filling fraction, which
corresponds to an effective thickness of the iron film of about 90 nm.

b) 100 nm

Figure A4. SEM of the ®" Fe film. (a,c) Cross-sections at 52°; (b,d) plan-views. (a,b) Before etch; (c,d) after etch. In
(a) the 60 A layer of gold is visible between the carbon layer and the iron. Because of the crystalline topography in the iron
growth, this gold layer is only partially effective as an etch stop. The over etch produces ~ 300 nm wide pits (c) that reduce
the contrast of the Mdssbauer lines, but leave the SAW mechanics and Zeeman-line ratios unaffected.

C. Efficiency and Loss Budget of the Md&ssbauer Spectrometer

We characterize the background count rate and detection efficiency of our spectrometer. The total count rate
includes not only resonant 14.4 keV photons but also significant contributions from non-resonant processes. In
particular, Compton scattering of the 122 keV photons from the de-excitation of the 136 keV state of >"Fe fed by
the °"Co EC to the 14.4 keV Mossbauer state, contributes a substantial background component. By using reference
targets of various thicknesses and accounting for the known attenuation lengths at different photon energies, we
estimate that, off resonance, for each detected 14.4 keV photon, there are approximately 0.38 additional counts due
to Compton background.

With the SAW-modulated device in place, additional background counts arising from a geometric mismatch between
the tungsten collimator and the actual size of the 5"Fe absorber are observed. While the iron film spans (4-0.9) mm? the
collimator aperture measures 4.3 - 1.3 mm?. This mismatch results in approximately 0.36 extra counts per Mossbauer
photon, originating from photons that travel across regions outside the active iron film.

Accounting for all losses—including the branching ratio for 14.4 keV emission, internal conversion, solid angle, and
attenuation in the 500 pm quartz substrate—the resulting net count rate of 14.4 keV photons is 1.3 kHz. Combined
with background contributions, the total detected rate is 2.2 kHz, corresponding to an average of 2.2 Hz per energy
bin of the spectrometer.
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Losses EC branching fraction to 136 keV state 0.998
Probability of the 14.4 keV transition 0.89
Internal conversion survival probability 1+8+56 =0.11
Solid angle fraction 3.2-107°
Attenuation of 14.4 keV s in 500 pm SiO (device substrate) 0.42
Detected fraction of 14.4keV-v per *"Co decay 1.3-107°

Rates 5TCo source activity 1 GHz
Rate of detected 14.4keV 1.2 kHz
Rate of Compton events 0.5 kHz
Collimator-Fe overlap mismatch 0.4 kHz
Total detected rate 2.1 kHz

Table Al. Estimate of losses in the spectrometer and rate of detected 14.4 keV ~s.

D. Baseline and Peak fitting

To accurately extract spectral features in the presence of non-ideal detector response and source noise, each acquired
Moéssbauer spectrum is fitted with a model composed of a polynomial background and a sum of the expected 18
Lorentzian peaks. This approach allows to decouple the slowly varying baseline from the narrow resonant absorption
features associated with the hyperfine transitions of ®”Fe. The baseline is modeled with a fifth-order polynomial,
capturing slow variations due to inhomogeneous illumination or detector drifts. Each resonance peak is modeled as a
Lorentzian. The linewidth is kept fixed across all peaks, since linewidth variations across the peaks are subdominant.
In the absence of SAW modulation, the model includes six Lorentzian lines corresponding to the allowed magnetic
dipole transitions between hyperfine-split nuclear levels. Under SAW drive, each parent line is replicated into multiple
sidebands, symmetrically spaced by integer multiples of the SAW frequency. The number and intensity of visible
sidebands depend on the modulation index and follow a squared Bessel distribution, as detailed in Eq. (1) of the
main text. For symmetry reasons (see Figure Aba) the fitting parameters are reduced to 7 Lorentzian amplitudes,
18 Lorentzian resonances, 1 global linewidth, 5 polynomial coefficients for baseline modeling, and 1 offset. As shown
in Figure A5 the quality of each fit is assessed using the reduced chi-squared statistic, which consistently yields
values close to unity, indicating that the model captures the essential spectral features within statistical uncertainties.
Residuals between the data and fit show no systematic structure and are randomly distributed across the velocity
range, further supporting the validity of the fitting model and confirming that instrumental and background effects
are well accounted for. Note that the accelerating and decelerating part of the cycle are calibrated separately and
each side contributes as an independent measurement.

E. Velocity Calibration

To determine the relationship between channel number and effective Doppler velocity, the spectrometer is calibrated
using the known positions of the six Zeeman-split hyperfine transitions in a-Fe. These transitions are spaced by 24.4
MHz (101 neV), corresponding to Doppler shifts of 2.1 mm/s. The expected velocities for the six resonances in aFe,
relative to a 57Co source embedded in a Rhodium matrix, are : {—5.42, —3.19, —0.95, +-0.72, +2.96, +5.19} mm /s3738,
This spectral pattern is expected to repeat at offsets of £+ n-8.244 mm/s, corresponding to the SAW-induced sidebands
of order n. These values define the reference positions against which we compare the measured absorption peaks
recoded from fitting the spectrum in Section IIID. The calibration yields a velocity scale that is linear across the full
scan range (+£19 mm/s) as shown in Figure A6 a). Figure A6 b) shows that the velocity calibration factor of our
spectrometer varies by less than 2% over the whole dataset (10 days per point), likely due to environmental conditions.
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Figure A5. Measured spectra for all modulation settings while the source is accelerating and (a) and decelerating (c). Black
lines are the fits to the curves, while the dashed lines represent the fit to the baseline only. b) and d) show the normalized
residuals (each offset by 5 for clarity) and reduced chi-square x2 value for each fit.
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14

IV. DATA ANALYSIS
A. Sideband Power Estimation

We estimate the sideband power by analyzing the spectral weight redistributed by the acoustic modulation of the
absorber. Once the locations of the 18 peaks in the modulated absorption spectrum have been identified, the power
in each sideband is extracted by integrating the area of these peaks over a bandwidth of twice the linewidth I". The
resulting values are labeled symmetrically as y = [yo,y1, .., ys]. This integration approach provides results that are
comparable to those obtained by fitting the peak contrast, but it is less sensitive to systematic uncertainties such as
drifts in the velocity calibration, which can broaden peaks and reduce their effective contrast. Each of these peaks
originates from the convolution of the six Zeeman-split nuclear transitions with the acoustic sidebands generated by
the surface acoustic wave (SAW). By measuring the relative intensities of the unmodulated nuclear transitions as
a, b, and ¢, the matrix A mapping the unknown sideband powers x = [Py, P, P»] to the observed peak integrals is
constructed. This relationship is expressed as (see Figure A7a):

with the matrix A defined by:

(A20)

I
cCoococoon o
OO0 > 8 o0 O
f e cnocoocooo

The overlap between peaks from different sidebands is a consequence of the specific choice of SAW drive frequency
and the resolution of our spectrometer. By inverting Equation A19, the sideband powers for each measurement is
calculated:

x =My, where M=A"1 or M= (ATA)'AT (A21)

The uncertainties in the estimated sideband powers are propagated from the measurement uncertainties encoded in
the covariance matrix 3, = diag(oi)7 using standard linear error propagation:

¥, =My, M” (A22)

This yields the covariance matrix ¥, for the inferred sideband areas p.

B. Global Fit of Sideband Amplitudes

To quantitatively interpret the evolution of the sideband amplitudes with increasing SAW drive power, a global fit
of the three measured datasets corresponding to sidebands of order 0, 1, and 2 was performed. The model assumes
that the local nuclear transition experiences a sinusoidal Doppler modulation due to the SAW, producing sidebands
whose relative amplitudes are given by squared Bessel functions J2. However, because the SAW amplitude varies
spatially due to partial reflections and standing-wave formation, the total response is modeled by integrating the
Bessel contributions over an inhomogeneous amplitude distribution. Specifically, the local SAW amplitude is assumed
to follow a square-root-transformed cosine profile, leading to an asymmetric distribution p(y) for the amplitude y (see
Section I). In practice, this results into an inhomogeneous amplitude profile, the poer in each sideband P, (x) can be
numerically integrated. For each sideband order n and RF drive amplitude = /P;,, the predicted signal is given
by:

Py () = / p(y) J2(may) dy. (A23)

The parameters m (a global scaling factor between RF amplitude and mechanical modulation) and « (describing the
degree of SAW inhomogeneity) are fit globally across all powers and sideband orders. The fit minimizes the residuals
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Figure A7. a) Schematic representation of the contribution of the sidebands P; of each fundamental absorption peak {a,b, c}
to the 16 (8 for symmetry) distinct peaks y;. The grayed out lines fall out of the measurement range b) Four examples of the
measured spectra, normalized by the fitted baseline, and the integration area considered for each peak around the resonances
extracted from the fit.

between model predictions and experimental data, normalized by the measurement uncertainties. The best-fit values
obtained from least-squares optimization are:

m = 4.34 £ 0.04, a = 0.36 £0.02, (A24)

The reduced chi-squared of the global fit is x2 = 2.56, indicating moderate tension between the model and the data.
However, this value is dominated by just two outlying data points(see Figure A8b); removing these brings the reduced
chi-squared down to x2 = 1.38, consistent with statistical noise and within experimental uncertainty. The value of
a from the fit is in excellent agreement with the one (0.34) calculated in section IITA. From the fitted value of m,
the out-of-plane displacement constant C'| is extracted. This sets the proportionality between applied RF power and
SAW amplitude via the relation A = C'; nv/P. Using the known values of the SAW wavevector ky = 7.3 x 107 m~*
and attenuation coefficient 1 = 0.35:

C, = % = (1.69 £ 0.02) x 10~° m/vV/W. (A25)

This value quantifies the device’s mechanical response to RF excitation and provides a consistent basis for modeling
the evolution of the Mossbauer sideband spectrum across the full power range.
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Figure A8. a) Reconstructed amplitudes of the first three sidebands accessible within the spectrometer range, as a function
of the applied SAW drive power. The solid lines are a global fit to all three datasets using a model based on the squared
Bessel functions integrated over the SAW amplitude distribution. The two fit parameters are the out-of-plane displacement
constant C'; and the reflection coefficient «, which encodes the degree of standing-wave formation due to SAW reflections. b)
Normalized residuals for the global fit. The two outlying points responsible for the large x2 are visible at the highest power for
the 0" and 1°* order sidebands.



	Coupling of a nuclear transition to a Surface Acoustic Wave
	Abstract
	Theory
	Quantum model for Mössbauer absorption under surface acoustic wave modulation
	Correction for a non-uniform drive amplitude

	Fabrication
	Enriched 57Fe deposition
	SAW transducers design and fabrication

	Experiment characterization
	SAW electromechanical characterization
	SEM film characterization
	Efficiency and Loss Budget of the Mössbauer Spectrometer
	Baseline and Peak fitting
	Velocity Calibration

	Data Analysis
	Sideband Power Estimation
	Global Fit of Sideband Amplitudes



