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Mechanical modulation of recoilless nuclear transitions allows the dynamic control of y-ray emission
and absorption. Accessing modulation frequencies well above the nuclear linewidth enables coherent
manipulation of the nuclear response. Here we demonstrate high-frequency control via efficient coupling of

a film of enriched 3’Fe to a 97.9 MHz surface acoustic wave, nearly 2 orders of magnitude higher than the
nuclear linewidth. The mechanical drive produces a comb of absorption sidebands in the Mossbauer
spectrum, reflecting the periodic time modulation of the nuclear transitions. This constitutes the highest
frequency mechanically driven Mossbauer resonance 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.
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Introduction—When low-energy nuclear y transitions
occur in certain solids, the recoil can be coherently
absorbed by the entire lattice. This results in a recoil-free
transition that is characterized by extremely narrow spectral
lines and is known as the Mossbauer effect [1]. 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 [2]. Today,
Maossbauer spectroscopy is a useful tool in chemistry and
materials science; shifts of the extremely narrow resonan-
ces are sensitive local probes to the electric, magnetic, and
structural environments of Mossbauer active atoms. [3].
Beyond precision spectroscopy, the Mossbauer effect is
a fundamental tool in nuclear and x-ray quantum optics
[4-7]. Coherent control of a nuclear ensemble, achieved
through external magnetic fields [8] or mechanical modu-
lation [9-11], has enabled demonstrations such as wave-
form shaping of recoilless y-ray photons [12] and spectral
narrowing of synchrotron pulses [13]. Here, we demon-
strate the coupling of enriched *’Fe nuclei to a traveling
surface acoustic wave (SAW) at 97.9 MHz in a monolithic
device. This approach offers three fundamental advantages
over bulk piezodriven films. First, it enables modulation of
nuclear resonances at frequencies well above the nuclear
linewidth, extending the accessible modulation bandwidth
beyond what has been achieved with conventional piezo-
driven schemes [10—13]. Second, the fabrication of surface
acoustic wave devices is well controlled and scalable, with
considerable flexibility in the design. Third, SAWs con-
stitute a mature solid-state platform well understood in the
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quantum regime [14-16] and compatible with a wide
variety of quantum systems [17-19].

We observe Floquet sidebands of the nuclear transitions,
with intensities following the characteristic Bessel-function
dependence on the modulation strength. To our knowledge,
this represents the highest-frequency phonon-driven modu-
lation of Mossbauer resonances reported to date, and the
first realized in a monolithic device, establishing a new
method for high-bandwidth, time-resolved mechanical
control of nuclear resonances.

Experiment—To enable high-frequency mechanical
modulation of nuclear resonances, an >’Fe film is deposited
on a ST-cut [20] quartz substrate, and the film is driven by
a 97.9 MHz surface acoustic wave. This modulated
Mossbauer absorber is placed in a conventional trans-
mission spectrometer [21] [Fig. 1(a)]. The Maossbauer
absorber is fabricated by thermally evaporating iron en-
riched to 96% in the isotope >’Fe, forming a 200-nm-thick
film. The deposition is obtained in a dedicated setup at a
pressure of 9.5 x 107!° Torr and a deposition rate of
6.1 nm/h. This fully monolithic implementation, using
surface acoustic waves to avoid intermediate, lossy adhe-
sive layers, concentrates the mechanical energy near the
surface, resulting in larger Doppler velocities per unit
power compared to bulk acoustic transducers.

With no SAW excitation, the absorption spectrum is
dominated 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,+£3/2) [purple lines in Figs. 1(b) and 1(c)].
The selection rule Am; =0, +1 then leads to 6 different
allowed transitions [3], spaced by 101 neV (corresponding
to 24.4 MHz, or a Doppler velocity of 2.1 mm/s),
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FIG. 1. (a) Schematic view of the experiment. A (0.9 x
4.0) mm? film of 3’Fe is deposited between two SAW couplers
on a quartz substrate and characterized in a Mossbauer spec-
trometer. The inset shows the setup to scale, with the SAW device
and 3’Fe absorbing film (gray) placed at a distance of 10 cm from
the ¥’Co source (purple). A tungsten collimator (green) blocks all
noninteracting photons from reaching the detector (black).
(b) Nuclear level scheme, showing the unmodulated hyperfine
transitions (purple) and the first-order (magenta) and second-
order (yellow) vibrational sidebands driven by the SAW.
(c) Illustration of the expected spectrum without (purple) and
with (all colors) the SAW drive on.

schematically shown in the bottom panel of Fig. 1(b). The
data shown in this Letter were taken on a device where
overetching 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 (0.9 x 4.0) mm?
(thickness estimated by the contrast of the peaks in the
absorption spectrum) [22]. SAWs are excited in the quartz
by two sets of interdigitated transducers (IDTs or “cou-
plers”) deposited at opposite ends of the chip, with a pattern
of double lines, spaced by a Agaw = 32 pm pitch, illus-
trated in Fig. 2. The pattern is designed to resonantly
couple, by piezoelectric effect, Qgaw = 27 x 97.9 MHz
SAWs propagating across the chip. The two opposite
couplers allow for testing the coupling from electric
signals, to acoustics, and back to electric signals. To avoid
reflections off the edge of the substrate, the edges of the
quartz chip are “terminated” by small pieces of kapton tape.
A fraction, a, of the SAW is still coherently reflected by
the impedance mismatch from the readout coupler. This
reflection gives rise to a partial standing wave across the
quartz chip. The resulting modulation of the SAW ampli-
tude is included in the spectral analysis. A 1 GBq *'Co
source was used for the experiment, where the SCo is
embedded in a rhodium matrix, resulting in a single
emission line of E, ~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 3’Fe film

FIG. 2. Main panel: microphotograph of part of the absorber
device on the quartz substrate, including sections of the 3’Fe film
and of one of the SAW couplers. Inset: higher magnification
detail of one of the SAW couplers.

is scanned by varying the Doppler shift between the source
and absorber. The highest contrast of the absorption
resonances is about 3%, so that the count rate is dominated
by nonresonant y rays background (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 [22]. For each spectrum collected, about 10 days
of data are required to sufficiently suppress Poisson
fluctuations. The amplitude of the SAW generated by
the coupler is given by A = C,n+/P;,, where P;, is the
applied rf power, n = 0.35 is the overall electroacoustic
attenuation [22], and C, is the out-of-plane displacement
conversion constant (in units of m/y/W) that depends on
the mechanical properties of the substrate and the width of
the IDTs. The attenuation factor # accounts for losses due to
electrical reflection, device geometry, acoustic attenuation,
and other nonidealities. The SAW displacement modulates
the nuclear transition energy via the Doppler effect. When
the SAW is driven at an angular frequency Qgaw, the
nuclear levels are periodically shifted, resulting in side-
bands spaced by Qgaw [Figs. 1(b) and 1(c)]. For a pure
traveling surface acoustic wave, the resulting absorption
spectrum is given by [11,22,23]

s@=3 % Q- QSJ(kOA) o

i n*—oo - ”QSAW> 2

where k is the photon wave number, and Q; and s; are the
angular frequency and relative intensity of the ith hyperfine
transition, J, (kyA) denotes the nth-order Bessel function of
the first kind, and I' is the transmission 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 experiment to characterize the device. For each
setting a spectrum is acquired by scanning the source
velocity from —19 < v < 419 mm/s under constant accel-
eration. Within this velocity range each spectrum reveals up
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FIG. 3. (a) Mossbauer absorption spectra of the device with no

SAW excitation and two cases of increasing SAW drive power. As
the modulation strength grows, higher-order sidebands emerge
while amplitudes decrease to maintain a constant overall integral
over the absorption spectrum. Continuous lines, overlaying the
data points, represent fits to the data [22]. (b) Reconstructed
amplitudes of the first three sidebands accessible within the
available velocity 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
modulation scaling factor C, and the reflection coefficient a,
which encodes the degree of standing-wave formation due to
SAW reflections.

to 18 visible absorption peaks, as shown in Fig. 3(a), which
reduce, due to symmetry and the known hyperfine struc-
ture, to 7 distinct features with characteristic amplitudes
which follow combinations of squared Bessel functions
J%(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 un-
shifted hyperfine lines, within our instrumental resolution.

While this overlap has no consequence for our experiment,
which employs an incoherent source, synchrotron-based
excitation would lead to interference between the unmodu-
lated transitions and the overlapping 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, nonuniform channel sampling, and slow
drifts in detector response. The fit yields precise absorption
peak locations that allow the calibration of the Doppler
velocity scale over the full =19 mm/s range [22]. Each
spectrum is then normalized by its polynomial baseline,
resulting in the spectra in Fig. 3(a), and the area under each
peak is integrated. From the 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(P;,). The residual reflection from the output trans-
ducer results in a spatially inhomogeneous SAW ampli-
tude along the propagation direction which can then be
expressed as A(x) = Agy/1 + a® + 2a cos(ksawx), where
Ay is the amplitude of the forward-propagating wave, « is
the coherent reflection coefficient, and kgaw is the SAW
wave number. To account for this effect, the model
described in Eq. (1) is integrated over the amplitude
distribution, yielding a modified prediction for the sideband
structure [11,22,23]. Both the out-of-plane displacement
conversion constant C, = (5.35 £ 0.37) x 10~° m/v/W
and the reflected wave fraction o =0.36=+0.02 are
extracted by fitting this extended model [Fig. 3(b)].
These values are in excellent agreement with electro-
mechanical calculations for an ST-cut quartz substrate
supporting a Rayleigh-type surface acoustic wave, based
on the known elastic constants of quartz [22,24,35], and are
consistent with near-unity transfer of the SAW displace-
ment to the 3’Fe film within experimental uncertainty.

Discussion and outlook—The results presented here
demonstrate the successful dynamic modulation of
Mossbauer nuclear energy levels using 97.9 MHz surface
acoustic waves. This high-frequency control, both in speed
and in phase coherence, establishes a new regime of
acoustic-nuclear coupling. Unlike lower-frequency or qua-
sistatic piezodriven systems, SAWs offer the advantage of
continuous, propagating phase control at gigahertz band-
widths. In addition, this is achieved in a fully monolithic
device, enabling scalable fabrication with the robustness
and flexibility of solid-state architectures. Looking for-
ward, we envision several developments of this technology.
First, SAW transducers can be engineered to allow nearly
arbitrary mechanical drive, enabled by multiharmonic
excitation [36] or by chirped designs [37]. Combined with
synchrotron radiation (with x-ray spot sizes smaller than
the SAW wavelength) such devices would allow fast,
coherent programmable modulation of nuclear transitions,
extending the reach of time-domain control protocols in
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nuclear quantum optics, including fast phase-jump and
interferometric schemes [12,13,38]. Beyond waveform
control, the broad tunability of the SAW frequency and
amplitude provides a stable and precisely controllable
Doppler shift of thin Mdssbauer absorbers. This capability
could significantly enhance the dynamic range of
Mossbauer spectrometers, enabling high-precision spec-
troscopy at much higher Doppler shifts. A complementary
direction is to couple the nuclear resonance to a surface
acoustic wave resonator operated at cryogenic temperatures
[14-16,19], opening a path toward optomechanical experi-
ments in the x-ray regime [39]. While single-phonon,
single-photon strong coupling is not currently accessible
with state-of-the-art SAW resonators, such devices in the
quantum regime can nevertheless serve as high-fidelity,
quantum-calibrated probes of the local mechanical and
thermal environment governing the nuclear states of
Mossbauer films. Finally, the ability to couple surface
acoustic waves to nuclear transitions may offer a promising
route for the dynamic control of nuclear clocks [40-42], in
particular the 2*°Th isomeric transition which was recently
observed in a ?>ThF, thin film [43], potentially enabling
mechanical modulation of ultrastable, nuclear optical
transitions, and establishing a new interface between
solid-state mechanics and nuclear quantum metrology.
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