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Piezo-orbital backaction force in a rare-earth-doped crystal
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We investigate a system composed of an ensemble of room-temperature rare-earth ions embedded in a
bulk crystal, intrinsically coupled to internal strain via their sensitivity to the surrounding crystal field. We
evidence the generation of a mechanical response under resonant atomic excitation. We find this motion
to be the sum of two fundamental, resonant optomechanical backaction processes: a conservative, piezo-
orbital mechanism, resulting from the modification of the crystal field associated with the promotion of the
ions to their excited state, and a dissipative, nonradiative photothermal process related to the phonons gen-
erated throughout the atomic population relaxation. Our work expands the horizons of research in hybrid
optomechanics, and unveils unexplored interactions that may be key for understanding the dephasing
dynamics of ultracoherent rare-earth ions.
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I. INTRODUCTION

Hybrid mechanical systems consist of a mechanical
oscillator coupled to a quantum degree of freedom. They
have been identified as a promising platform to prepare,
detect, and manipulate nonclassical macroscopic states of
mechanical motion [1]. Amongst various approaches [2,3],
strain-induced coupling is particularly attractive because
it intrinsically enables the design of monolithic devices
exhibiting mechanical and thermal stability together with
scalability [4].

Various hybrid designs based on strain coupling have
been proposed, where the quantum emitter is either a
single system, namely a quantum dot (QD) [4], a nitrogen-
vacancy (N-V) center in diamond [5], or an ensemble of
rare-earth ions in a crystal (REIC) [6,7]. For QDs, the
deformation of the crystal lattice induced by the applied
strain results in a change of the semiconductor band gap,
which directly defines the energy levels of the QD. Con-
versely, in impurity-doped systems, the coupling results
from the sensitivity of the impurity’s electronic orbitals
to the crystal field, which is affected by the deformation
of the crystalline matrix [8]. Because these mechanisms
are fundamentally different, we will further refer to these
strain-coupling mechanisms with suitable terminology,
namely piezo-excitonic coupling for QDs and piezo-orbital
coupling for doped crystals.

*anne.louchet-chauvet@espci.fr

The first step towards controlling the optomechanical
interaction in a strain-coupled hybrid system is to inves-
tigate the sensitivity of its quantum degree of freedom
to an applied strain by measuring the induced detun-
ing of the atomic resonance [9–11]. This mechanism
offers interesting applications such as strain-based sens-
ing in bulk materials [12–14], microstructures [15], and
heterostructures [16].

Further control of a hybrid optomechanical system
requires exploring the associated backaction effect, i.e.,
generating strain or motion by addressing the quantum
states of the atomic system, using an optical excitation. In
REIC, this backaction stems from the alteration of the ion’s
electronic orbital following a change of state. This affects
the crystal field around the excited ion, which results in a
local rearrangement of the host matrix, therefore inducing
strain. From an optomechanical point of view, a distinc-
tion between this piezo-orbital backaction and the recently
reported piezo-excitonic backaction [17] relates to their
associated interaction times: with typical timescales set by
a population lifetime in the millisecond range (to be com-
pared to approximately 1 ns for solid-state QDs), the piezo-
orbital backaction in REIC could give access to highly
attractive regimes, including resolved sideband [1], strong
or ultrastrong coupling [18], and reversed dissipation [7].

In this work, we demonstrate the generation of mechan-
ical motion following resonant atomic driving in a strain-
coupled hybrid mechanical system based on a large ensem-
ble of ions embedded in a cm-scale monocrystal. The
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absence of sharp mechanical resonances in such a bulk
system enables full temporal and spatial reconstruction of
the optically induced motion. We present an ultrasensitive,
time-resolved, tomography setup allowing us to separately
address the dissipative and conservative backaction con-
tributions. Remarkably, the dissipative component is fully
described by the nonradiative relaxation dynamics of the
ions, whereas the conservative contribution is caused by
the piezo-orbital effect. Overall the degree of understand-
ing and control of both the conservative and dissipative
part of the optomechanical backaction confirms the poten-
tial of rare-earth-based systems as hybrid optomechanical
systems.

II. OPTOMECHANICAL TRANSDUCTION IN
Tm:YAG

In REICs, the optical transitions within the 4f configu-
ration are shielded from environment perturbations by the
outer 5s and 5p electrons. Due to this shielding, the rare-
earth ions can exhibit very long population and coherence
lifetimes [19], representing a unique resource for quantum
technologies [20–22]. Amongst the many REICs available,
Tm:YAG shows moderate sensitivity to magnetic and elec-
tric fields [23,24], making it a good candidate to probe the
piezo-orbital dynamics.

We consider the geometry depicted in Fig. 1. A pump
beam shines a cm-scale cuboid Tm-doped YAG crystal
close to one of its surfaces, such that the resulting strain
field is mainly directed towards this surface and maxi-
mizes the corresponding time- and position-dependent sur-
face deformation. The latter is retrieved from the angular
deflection of an auxiliary cw probe beam reflected on the
moving surface. The optical pumping process in the Tm3+

ion ensemble is shown in Figs. 2(a) and 2(c). We estimate

FIG. 1. Photodeflection setup geometry for evidencing an
optomechanical backaction in a bulk crystal. A pump beam is
focused in the crystal, propagating close to one of its surfaces.
A probe beam is reflected on this surface with a 45◦ angle of
incidence. In the presence of an optomechanical transduction,
the surface is distorted, leading to a vertical deflection of the
reflected probe beam, captured by a quadrant photodetector.

(a)

(b)

(c)

(d)

FIG. 2. (a) Simplified level system for Tm3+ ions. At room
temperature, the resonant excitation (red double arrow) along the
3H6 →3 H4 transition allows a sizeable fraction of the ions in the
pump beam volume to be stored in the 3F4 level for several ms,
via optical pumping. (b) Lateral, schematic view of the pump and
probe beam geometry. (c) Incident and transmitted pump laser
power at 786 nm through the Tm:YAG crystal. Optical pumping
to 3F4 leads to a progressive increase in the transmitted light. (d)
Measured surface tilt angle (averaged 128 times) for two relative
positions of the pump and probe beam [schematically shown in
(b)]. An exponential decay is shown as a guide to the eye.

that about N = 4 × 1014 ions are optically pumped to the
3F4 state after 3 ms (see Appendix B).

As for a majority of quantum emitters, the relaxation
process in Tm:YAG involves both radiative and nonra-
diative contributions, that will lead to the conservative
and dissipative components of the optomechanical back-
action process, respectively. The former is the aforemen-
tioned piezo-orbital backaction, that is the generation of
strain resulting from the population transfer amongst dif-
ferent electronic states, whereas the latter results from
nonradiative decay mechanisms, and is also known as
the photothermal effect. This effect has been studied in
the literature and triggered on purpose to elucidate the
nonradiative processes in various REICs [25,26]. Disen-
tangling the two backaction contributions is a challenging
problem since they are both optically resonant. In this
work we take advantage of the mechanically nonreso-
nant nature of our bulk sample and reconstruct its time-
dependent deformation in response to a rectangular light
pulse. Because of the distinct time and space signatures
associated with the piezo-orbital and photothermal drives,
the time-resolved mapping of the optomechanical backac-
tion force enables an unambiguous determination of each
of these contributions.

III. EXPERIMENTAL RESULTS

The principle of using time-resolved tomography for
separating the conservative and dissipative contributions to
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the measured surface deformation is depicted in Figs. 2(b)
and 2(d). The time evolution of two photodeflection sig-
nals, acquired well apart on the crystal surface, are shown.
When probed 350 µm away from the pumping region
(located at y = 0), the surface tilt angle exhibits a damped
response, with a delay significantly larger than the pump-
pulse duration. This slow response strongly evokes the
heat-diffusion process originating from a photothermal
effect. When the surface is probed closer to the pump-
ing position (y = −90 µm), a steep, stronger response
is observed, followed by a decay comparable with the
3F4 state lifetime. This is compatible with the expected
piezo-orbital response, synchronized with the population
dynamics.

We repeat this measurement while scanning the position
y of the probe beam around the pumping position. This
enables point-by-point reconstruction of the surface shape,
with a spatial resolution given by the probe beam waist on
the crystal surface. The experimental data [Fig. 3(a)] show
the buildup and decay of a localized surface displacement,
initially contained in a narrow region (|y| < 200 µm), and
progressively spreading after a few ms.

The measured tilts φexp(yi, t) at positions (yi) are fitted
to the following expression:

φexp(yi, t) = �i(yi)gm(t) + ηφtherm(yi, t). (1)

The first term corresponds to the piezo-orbital backac-
tion, whose time dependence gm(t) is imposed by the
atomic population evolution and whose space dependence

�i(yi) is left as a set of adjustable parameters. The sec-
ond term is the photothermal contribution, whose temporal
and spatial dynamics are not separable due to the heat-
diffusion mechanism. For this contribution the factor η is
the only adjustable parameter. The two functions gm(t) and
φtherm(y, t) are inferred from a theoretical model developed
specifically for this geometry and described in detail in
Appendix C. The result of the fit is depicted as filled area
plots in Fig. 3(a). The good agreement with the experimen-
tal data unequivocally demonstrates that the photothermal
backaction alone cannot explain the observed behavior:
indeed, far from the pump beam position (|y| > 300 µm),
the photothermal contribution is the only contribution,
which fully determines the fitting parameter η. Close to
the center, the piezo-orbital contribution accounts for the
difference between the experimental data and the simu-
lated photothermal effect. We observe that in this region,
both contributions are similar in size. Figure 3(b) shows
the values of (�i) describing the piezo-orbital contribu-
tion, as obtained from Eq. (1). The data are well described
by a Lorentzian-shaped surface displacement with a 280-
µm FWHM and a 230-pm amplitude at the end of the
pumping pulse. The photothermal component is slightly
underestimated in our model but captures the proper order
of magnitude (η = 1.9).

In Fig. 4 we study the dependence of the photodeflec-
tion angle with respect to the pump laser wavelength, over
an interval covering four partially overlapping absorp-
tion lines between the Stark multiplets 3H6 and 3H4
[27]. The value of y = −90 µm is chosen such that the
photodeflection signal is the strongest. We observe that

(a)

(b)

(c)

FIG. 3. Time-resolved tomography of the crystal surface when a 3-ms-long, 786-nm wavelength pump pulse hits the crystal 1.4
mm below the surface. The surface tilt angle φ is measured for several values of the relative vertical positions y of the probe and
pump beams. Each curve is the result of 128 averages. The filled areas correspond to the photothermal and piezo-orbital contributions
derived from the fit [see Eq. (1)]. (b) Space dependence �i(yi) (filled circles) of the piezo-orbital contribution to the measured tilt angle
as obtained from the fit by Eq. (1) (error bars are given by the fitting uncertainty on the parameter). A solid line corresponding to a
Lorentzian surface displacement reproduces well the data. (c) Piezo-orbital Lorentzian-shaped maximum surface deformation inferred
from the measured angles (not to scale).
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FIG. 4. Variation of the maximum surface tilt angle with the
pump laser wavelength (squares). The angle is normalized with
respect to the pump-power variations. On the same graph we plot
the absorption coefficient of a 2%-doped Tm:YAG at room tem-
perature (solid line) [28]. The three insets (a)–(c) illustrate the
similar time dependence of the angle for three wavelengths.

the maximum photodeflection angle closely follows the
absorption profile, ruling out the possibility of a nonres-
onant contribution. It is also noticeable that the temporal
variation of the photodeflection angle is unchanged over
the whole wavelength range [Figs. 4(a)–4(c)], indicating a
preserved link between the optomechanical backaction and
the internal atomic dynamics.

IV. DISCUSSION

A. About the piezo-orbital backaction

Using the conservative nature of the piezo-orbital back-
action, and given the experiment geometry, the expected
surface displacement �x due to the excitation of N ions
can be written:

�x = N�
Gstress

wpL
, (2)

where Gstress = ∂ω/∂σ is the pressure sensitivity of the
Tm atomic line, wp is the pump beam waist, and L is the
crystal thickness along the pump laser propagation direc-
tion (see Appendix D). The exact value of Gstress is not
known for the 3H6 →3 F4 transition in Tm:YAG. From
the measured �x = 230 pm displacement we estimate it to
Gstress � 2π × 80 Hz/Pa, compatible with the typical val-
ues observed in a broad range of host crystals, rare-earth
dopants, and transitions [14].

Additional insight can be drawn by quantitatively esti-
mating the force associated with the measured maximal
piezo-orbital displacement, Fpo = EL�x � 0.27 N, where
E is the Young modulus of the crystal (see Appendix D).
This force, obtained with 230-mW pump power, is 8
orders of magnitude larger than the radiation pressure force
exerted by a similar laser beam that would be perfectly
reflected on the surface of the crystal. We note that the
force contribution from a single ion F0

po = Fpo/N � 700

aN is about 10 times larger than the estimated piezo-
excitonic backaction force from a single quantum dot [17],
which may partly result from geometry constraints at the
nanoscale [4].

Interestingly, by comparing the experimental piezo-
orbitally-driven surface displacement [Fig. 3(b)] with the
one predicted by our model (see Appendix C), we can esti-
mate the fractional expansion ξexp of a single Tm ion when
promoted to the 3F4 state, assuming a simple ionic radius
dilation. We obtain ξexp � 2 × 10−4. Our optomechani-
cal setup thus provides a unique access to this parameter,
obtained by only considering the observed macroscopic
displacement field without any exact knowledge of the
microscopic orbital shape change, its propagation to the
crystal field, or the coupling between the latter and the
strain field in the crystal.

B. Perspectives

A key aspect of this work relates to the comprehensive
characterization of photothermal effects, which is generally
difficult in hybrid systems, especially in micro- and nanos-
tructures for which thermal actuation processes largely
depend on defects and asymmetries [17,29], and therefore
remain largely unpredictable. Our time-resolved tomog-
raphy scheme sheds light on photothermal motion as a
fundamental hybrid optomechanical process. This dissi-
pative backaction contribution is directly linked to the
nonradiative relaxation mechanisms of the quantum emit-
ter, thereby providing an alternative access to the internal
atomic dynamics.

Moving further towards quantum hybrid optomechanics
may be achieved by addressing a narrow spectral sub-
set of ions via spectral hole burning (SHB) at cryogenic
temperatures, where coherent quantum state manipulation
becomes possible [30]. In this regime, the relative effect
of strain on such narrow optical lines is increased by sev-
eral orders of magnitude. These result in fluctuations of
their atomic transition frequencies whose readout provides
an access to the vibrations of the crystal [14]. The sub-
sequent effect of the piezo-orbital backaction is to shift
the atomic line, to first order. In our experiment, this fre-
quency shift amounts to �νpo = (Gstress/2π)(E/wp)�x �
250 MHz (see Appendix D), which is small relative to
the absorption linewidth at room temperature (approxi-
mately 700 GHz). Concurrently, in typical SHB condi-
tions, this shift is expected to be comparable or greater than
the homogeneous linewidth. This suggests that the piezo-
orbital backaction may represent a fundamental contribu-
tion in excitation-induced line-broadening mechanisms, in
particular, towards a better understanding of instantaneous
spectral diffusion [31].

Finally, rare-earth ion-doped crystals offer an unprece-
dented level of control that may be very attractive in the
field of optomechanics. Indeed, in these materials, the
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relaxation mechanisms strongly depend on the transitions
addressed, the choice of the ion amongst many possi-
ble atomic species [19] and its direct environment (host
matrix, codoping) [32]. Besides, using volumic nanostruc-
turation has been shown to alter the phonon spectral distri-
bution and corresponding atomic dynamics [33]. All these
degrees of freedom can be exploited to modify the thermal
behavior of the material, and, in turn, tune its optome-
chanical response, to some extent. In particular, Yb-doped
YLiF4 represents a key material thanks to its minimal num-
ber of nonradiative decay channels. This property, already
exploited in the context of laser cooling of solids [34],
should also make this material an interesting candidate for
conservative optomechanics.

V. CONCLUSION

In this work we have considered a hybrid optomechani-
cal system composed of an ensemble of identical rare-earth
ions embedded in a bulk crystal, and coupled to internal
strain. We have evidenced the generation of a mechan-
ical response within this system under resonant atomic
excitation, which we find to be driven by two fundamen-
tal contributions: First, a conservative backaction force
coined as piezo-orbital, appearing with the promotion of
the atoms to an excited state. This effect is expected in all
impurity-doped crystals and reflects the interplay between
the ions’ orbital shape and the crystal field in their host
matrix. The second contribution corresponds to a dissi-
pative, photothermal backaction force associated with the
nonradiative relaxation dynamics of the rare-earth ions.

The resonant nature of the two effects and their fundamen-
tal connection to the internal atomic state dynamics were
quantitatively confirmed.

This work reports a general method enabling to sep-
arately address these two fundamental mechanisms. Our
approach offers a unique insight on hybrid systems and on
the comprehension of nonconservative relaxation mecha-
nisms to determine their associated fundamental quantum
limits. Our results were obtained at room temperature, but
could in principle be transposed to cryogenic temperatures
where rare-earth ion-doped crystals exhibit exceptional
coherence properties, setting interesting perspectives for
quantum hybrid optomechanics and quantum technologies.
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APPENDIX A: Tm:YAG LEVEL STRUCTURE AT
ROOM TEMPERATURE

One remarkable advantage of rare-earth ion-doped crys-
tals (REICs) is the possibility to address a large ensemble
of identical ions, which altogether behave as a single quan-
tum degree of freedom [35]. This enables a strong enhance-
ment of the optomechanical interaction, while fully pre-
serving its quantum hybrid nature. At room temperature,

(a) (b) (c)

FIG. 5. (a) Simplified Tm:YAG level system and main relaxation mechanisms. Each horizontal line represents a Stark multiplet,
referred to as either its spectroscopic term such as 3H4 or a letter such as e. Optical excitation (double arrow) promotes Tm ions to the
excited level. The main relaxation mechanisms are depicted with single arrows. The thickness of the arrows symbolizes the magnitude
of the relaxation rate. (b) Room-temperature absorption spectrum of Tm:YAG [28]. Each peak corresponds to a transition between
a pair of 3H6 and 3H4 Stark sublevels. (c) Schematic optomechanical transduction principle in a bulk crystal. The pumping beam is
sent in the z direction and focused close to an edge of the crystal. The optically induced volumic strain leads to a displacement field
oriented preferentially towards the surface (solid arrows).
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TABLE I. Position and occupancy of Stark multiplet sublevels
in the ground state.

Level Energy (cm−1) Occupancy
3H6 (0) 0 0.35
3H6 (1) 27 0.31
3H6 (2) 215 0.12
3H6 (3) 239 0.11
3H6 (4) 247 0.11

this enhancement is considerable, all the ions of the crys-
tal being virtually equivalent, due to the thermal line
broadening that conceals the inhomogeneous broadening.

The spectroscopic properties of room-temperature REIC
are well documented, motivated by the development of
solid-state lasers [36]. Tm:YAG is no exception [37]
thanks to its central role in the development of 2-µm lasers
[38]. For the same reason, the quality of Czochralski-
grown oxides has made significant progress over the past
40 years and the quality of Tm:YAG monocrystals is
now very good [39] precisely driven by the need of laser
materials with low parasitic losses to avoid damages.

Let us focus on the Tm ion’s four Stark multiplets that
take part in the laser operation in Tm:YAG, namely 3H6,
3F4, 3H5, and 3H4, denoted as g, m, h, and e in the fol-
lowing, respectively. The four-level system is depicted in
Fig. 5(a), together with the room-temperature absorption
spectrum around 780 nm [Fig. 5(b)]. The crystal exhibits
well-resolved lines reflecting the Stark multiplicity of the
electronic levels [27]. The strongest lines are found at 781
and 786 nm, corresponding to transitions from the low-
est two, almost equally populated, Stark sublevels of 3H6
(see Table I). Pumping Tm ions along one of these lines
promotes them to the excited state e, from which they
essentially decay into state m, partly cascading through
the short-lived state h. Note that when the doping concen-
tration exceeds 1%, Tm-Tm cross relaxation significantly
contributes to populate level m [40]. This optical pumping
scheme can lead to a sizable fraction of a Tm ion ensemble
stored for several ms in the metastable state.

APPENDIX B: EXPERIMENTAL DETAILS

The sample used in this work is a commercial YAG
(Y3Al5O12) single crystal (Scientific Materials) where
Tm3+ ions substitute to cTm = 2% of the Y3+ ions. It is
a 4 × 10 × 10 mm cuboid, polished on all six faces. The
crystal sits on a piece of aluminum, and contacted with
a thin layer of thermal paste. The rest of the crystal is in
contact with air. A 230-mW pump beam is focused on a
wp = 22 µm waist radius spot inside the crystal, entering
the 10 × 10 surface of the crystal with normal incidence
at position (−D0, 0) according to Fig. 5(c). The associated
depth of focus is 4 mm, matching the crystal length L along
the pump beam propagation axis.

The number of thulium ions in the pump beam volume
is about nYcTmπw2

pL = 1.7 × 1015 where nY = 1.38 ×
1028 m−3 is the volumic density of yttrium ions in a pure
YAG matrix. Each electronic level is split into several sub-
levels due to the crystal field in the YAG matrix. At room
temperature, the thulium ions are distributed among the
ground-state 3H6 multiplet following a Boltzmann distri-
bution (see Table I), leading to an effective number of ions
addressed by the pump beam around NTm = 5.9 × 1014

and 5.2 × 1014 ions in the lowest and second lowest Stark
sublevel, respectively.

The pump beam is temporally chopped into TP = 3 ms-
long rectangular pulses sent with a 86-ms period, using
an acousto-optic modulator. The transmitted pump beam
intensity is initially attenuated by a factor e−αL � 0.5
according to the Beer-Lambert-Bouguer law, where α =
2 cm−1 is the absorption coefficient at 786 nm. The trans-
mitted intensity [see Figure 2(c)] slowly increases during
the pulse, revealing the effective optical pumping from the
ground to the metastable state m.

The pump beam is generated by a Toptica DLPro
extended cavity diode laser, injected into a tapered ampli-
fier. The laser is coarsely tunable over tens of nm around
785 nm. The amplifier, on the other hand, is optimized for
793-nm operation and its 3-dB bandwidth is limited to a
few nm. Therefore the optical power at the output of the
amplifier drops by a factor of approximately 5 when the
wavelength is varied from 793 to 781 nm.

The probe beam is provided by a Nettest Tunics exter-
nal cavity diode laser emitting a few mW at a completely
different color (1550 nm), focused on the crystal dis-
torted surface with a 60-µm waist radius. The reflected
beam is then collimated and directed towards the center
of a Thorlabs PDQ30C quadrant photodiode with 150-
kHz bandwidth. The quadrant photodiode signal is filtered
via a dc block and averaged over 128 shots to filter out
slow technical noise due, for example, to air turbulence in
the lab.

In the time-resolved tomography experiment (Fig. 1),
the relative height of the pump and probe beams (y) is var-
ied by vertically shifting the lens focusing the pump beam
on the crystal, with the help of a manual linear translation
stage.

APPENDIX C: MODELING THE
OPTOMECHANICAL BACKACTION

In this section we first describe the atomic population
evolution under resonant laser excitation, using a simple
rate equation formalism. Then we present how we model
the piezo-orbital and photothermal backaction mechanisms
associated to this population evolution, in our specific bulk
geometry.

054004-6



PIEZO-ORBITAL BACKACTION FORCE... PHYS. REV. APPLIED 20, 054004 (2023)

1. Rate equation modeling of the population evolution
in Tm:YAG

The complete relaxation mechanisms at room tempera-
ture in the Tm ion’s four-level system are represented in
Fig. 6. The excitation along the g → e transition is rep-
resented by a time- and space-dependent pumping rate R,
proportional to first order to the optical irradiance of the
pump laser. The pumping rate is derived experimentally

from the measurement of the transmitted pump power [see
Fig. 2(c) in the main text]. As an example, a 230-mW
pump pulse focused on a 22-µm waist radius corresponds
to a R = 340 s−1 pumping rate along the g → e transition
during the pumping pulse in the center of the Gaus-
sian beam. We model the population dynamics with a
rate equation model, leading to the following differential
equation system:

d
dt

⎛
⎜⎝

ng
nm
nh
ne

⎞
⎟⎠ =

⎛
⎜⎜⎝

−R mg hg R + eg − WCR

0 −mg hm em + 2WCR

0 0 −hm − hg eh

R 0 0 −R − em − eg − eh − WCR

⎞
⎟⎟⎠

⎛
⎜⎝

ng
nm
nh
ne

⎞
⎟⎠

and the populations verify ng + nm + nh + ne = 1. The
notations are as follows: ij is the total relaxation rate
from level i to j , including radiative and nonradiative chan-
nels. WCR is the concentration-dependent cross-relaxation
rate. Solving this differential system yields the time- and
space-dependent atomic populations in all four levels.

2. Piezo-orbital surface displacement

The spatiotemporal variations of the atomic popula-
tions excited by a pulsed pump beam are given by the
rate-equation formalism described above. Considering the
Gaussian pump beam profile, we obtain the space- and
time-dependent atomic populations dynamics in the four
Tm levels. In Fig. 7(a) we plot the atomic populations at

FIG. 6. Relaxation mechanisms in the Tm ion level system.
The vertically oriented numbers correspond to the relaxation
rates (in s−1) inferred from Refs. [37] and [41], assuming a 2%
Tm doping concentration. The nonradiative relaxation rate from
m to g according to [37] is 10 s−1, but we extend it to 100 s−1 in
our model so that the metastable state lifetime matches the one
measured in our sample (5 ms).

(a)

(b)

FIG. 7. (a) Atomic populations in a room-temperature
Tm:YAG four-level system, at the center of a 230-mW pumping
pulse focused on a 22-µm waist spot. The pulse is rectangular
and 3 ms long. (b) Solid line: calculated heatload due to phonon
emission triggered by a 3-ms rectangular pulse in a Tm:YAG
crystal. The heatload power is normalized with respect to the
incident power (230 mW in this calculation). The heatload is cal-
culated at the center of the pump beam and broken down into its
four contributions according to Eq. (C3).
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the center of the beam and observe that more than 60 % of
the population reaches the metastable state in the center of
the beam at the end of the pumping pulse.

Since the populations in levels e and h never exceed
5% in the center of the beam, we focus only on the
piezo-orbital backaction triggered by the population trans-
fer between levels g and m. For simplicity, we consider that
the effect of this population transfer is a mere change of
the ionic radius, defined as ξ = (rm − rg)/rg where rm, rg
refer to the ionic radii in the metastable and ground states,
respectively. We focus on the fraction of the displace-
ment field exclusively oriented in the x direction towards
the nearby crystal surface at x = 0. We estimate the dis-
placement epiezo of the surface as the sum of the local
displacements along the x direction:

epiezo(y, t) = 3
√

nTm 2rgξ

∫ 0

−∞
nm(x, y, t)dx, (C1)

where nTm is the volumic density of Tm ions in the crystal,
and nm is the fractional population in the m state at position
(x, y) and time t. The ionic radius of Tm3+ in the ground
state (rg = 0.994 Å) is found in Ref. [42]. Equation (C1)
reflects the instantaneous nature of the piezo-orbital back-
action and its direct connection to the atomic population in
the metastable state.

Given the values of the maximum pumping rate R =
340 s−1 at the center of the pumping beam and of the
pump-pulse duration TP = 3 ms, we have RTP � 1. There-
fore, we consider the population to be linearly dependent
on the laser power. Consequently the atomic populations
can be written as the product of two separable functions
of time and space. For example the metastable popu-
lation reads nm(x, y, t) = nm(x, y, TP)gm(t) where gm(t) =
nm(0, 0, t)/nm(0, 0, TP).

Using this property for the metastable population,
Equation (C1) simplifies to

epiezo(y, t) = epiezo(y, TP)gm(t). (C2)

3. Photothermal surface displacement

We now address the mechanical deformation associ-
ated with the heating contribution of the pumping pulse
linked to the phonons emitted throughout the atomic relax-
ation process. The modeling is done in two steps. First,
we use the population dynamics to estimate the nonra-
diative phonon contribution to heat using the parameters
documented in the laser literature. Second, we solve the
associated heat equation to obtain a thermal map of the
crystal in space and time.

a. Phonon-driven heatload

According to Fig. 6, each step of the decay of the Tm
ions from the excited to the ground state is partly nonradia-
tive and generates heat. In addition, in the cross-relaxation

mechanism, phonons are produced to compensate for the
detuning between the g → m and the e → m transitions
[40]. Overall, the total heatload power reads as the sum of
four contributions:

Pheat(r, t) = NTm [PCR(r, t) + Peh(r, t)

+ Phm(r, t) + Pmg(r, t)
]

, (C3)

where NTm is the number of atoms addressed by the pump
beam in the illuminated volume. Each term of the sum can
be expressed in terms of atomic populations:

PCR(r, t) = WCR�CRne(r, t),

Peh(r, t) = NR
eh �ehne(r, t),

Phm(r, t) = NR
hm �hmnh(r, t),

Pmg(r, t) = NR
mg �mgnm(r, t),

(C4)

where �CR is the energy detuning between the two tran-
sitions involved in the cross-relaxation process, �ij is the
energy splitting between levels i and j . NR

ij is the nonra-
diative part of the relaxation rate along transition i → j .
Each contribution to the heatload therefore exhibits a time
dependence related to the population evolution in the four-
level system, and a space dependence originating from
the pump laser Gaussian profile. Note that we do not
include radiation trapping [43] for photons emitted from
the metastable state, because this mechanism occurs in
the whole crystal volume, given the moderate absorption
coefficient along the g → m transition [38].

The total calculated heatload Pheat(r = 0, t) in the cen-
ter of the beam is shown in Fig. 7(b). Interestingly, the
total heatload rapidly grows during the pulse and slowly
decays after the end of the pulse. This persistence origi-
nates from the phonon generation along the m → g decay
path. This contribution is proportional to the metastable
state population nm(t), which decays within a few ms.

The shortest timescale of the heatload variation is
around τheat = 1 ms, leading to a corresponding thermal-
diffusion length Ldiff = √

αdiffτheat � 60 µm (where αdiff =
4 × 10−6 m2 s−1 is the thermal diffusivity in YAG [44]). In
a sample smaller than Ldiff, the diffusion of such a heatload
would be considered instantaneous. In a bulk monocrystal
with millimetric dimensions however, the diffusion mech-
anism becomes prominent and must therefore be taken
into account for predicting the time-dependent temperature
distribution.

b. Heat equation

Given the problem geometry, we write the heat equation
in cylindrical coordinates, assuming translational invari-
ance along the cylinder axis (pump laser beam) as a
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simplification, and rotational invariance around its axis:

∂T
∂t

= αdiff
1
r

∂

∂r

(
r
∂T
∂r

)
+ q(r, t)

ρcp
. (C5)

The temperature at the start of the pumping pulse is
assumed uniform and equal to zero. The source term q(r, t)
is the time- and space-dependent volumic heatload derived
from Pheat(r, t) [see Eq. (C3)].

The presence of the nearby surface alters the heat-
diffusion mechanism. Indeed, the low air conductivity
imposes a zero heat flow through the surface. To account
for this boundary condition we make the problem symmet-
ric by assuming a second identical cylindrical heat source
inside the infinite crystal centered at position (D0, 0).

Solving the heat equation yields the temperature distri-
bution in the crystal volume T(x, y, t). The thermal expan-
sion of the crystal in any direction is given by κT where
κ = 8 × 10−6 K−1 is the YAG linear thermal-expansion
coefficient. Finally, considering again only the displace-
ment field directed towards the nearby surface at x = 0, the
displacement of the crystal surface due to the photothermal
effect reads as

etherm(y, t) = κ

∫ 0

−∞
dx T(x, y, t). (C6)

(a)

(b)

FIG. 8. Surface displacement for the (a) piezo-orbital and
(b) photothermal backactions as predicted by our two models,
assuming a 3-ms pumping pulse. Note the different scales for
the two graphs. For the piezo-orbital backaction we represent the
surface displacement normalized by the fractional ionic radius
change ξ .

To sum up, besides being deeply linked to the internal
dynamics of the Tm ions via the source term of the heat
equation, the photothermal effect also reflects the diffusion
mechanism that occurs in a bulk sample through the time-
and space-dependent temperature distribution.

4. Surface displacement and photodeflection signal

In Fig. 8 we plot the expected surface displacements
epiezo(y, t) and etherm(y, t) provided by our two models
described in Appendices C 2 and C 3. Both effects give
rise to a bump on the crystal surface, centered in y = 0. In
the piezo-orbital case, the bump exhibits a constant spatial
width, while its time dependence is given by the metastable
population evolution gm(t) [see Eq. (C2)]. The photother-
mal contribution, on the other hand, exhibits a progressive
spatial broadening due to heat diffusion. In addition, its
time evolution strongly depends on the value of y: the
photothermal response is quasi-instantaneous on the cen-
ter of the bump (y = 0), closely resembling the piezo-
orbital response, but it is manifestly delayed away from
the bump. The corresponding surface tilt angles φpiezo(y, t)
and φtherm(y, t) are then obtained by from the derivative
of the displacements epiezo(y, t) and etherm(y, t) along the y
dimension. To account for the finite size of the probe beam
on the surface, we convolve the simulated angles with the
Gaussian profile of the probe beam. The results are shown
in Fig. 9. Again, the photothermal effect reveals the dif-
fusion process inherent to heating mechanisms, whereas

(a)

(b)

FIG. 9. Deflection angles φ(y, t) derived from our piezo-
orbital (a) and photothermal (b) models, including the effect of
the probe beam Gaussian profile.
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the piezo-orbital contribution is more localized spatially
and directly reflects the evolution of the metastable state
population.

APPENDIX D: MACROSCOPIC ESTIMATION OF
THE PIEZO-ORBITAL EFFECT MAGNITUDE

In this section we demonstrate that the magnitude of the
piezo-orbital effect is fundamentally related to the pressure
sensitivity of the atomic line Gstress = ∂ω/∂σ , expressed
in Hz/Pa. We consider the mechanical system made of a
dx × dy × dz rectangular cuboid (see Fig. 10). The piezo-
orbital effect of N excited ions within this volume creates
a pressure σ on the yz surface that we can relate to the
expansion �x along the x dimension via Hooke’s law:

σ = E
�x
dx

, (D1)

where E is the Young modulus of the medium. The con-
servative piezo-orbital force resulting from this pressure in
the x direction reads as Fpo = σ dydz. Using Eq. (D1) we
derive km, the mechanical stiffness of the material associ-
ated with the normal deformation of the crystal yz surface,
assuming dx = dy :

km = Fpo

�x
= E dz (D2)

Fpo can also be written as the spatial derivative of the N
excited ions’ internal energy and undergoing the volumic
change [45].

Fpo = ∂

∂x
(N�ω) = N�

∂ω

∂x
. (D3)

The factor ∂ω/∂x is the atomic line sensitivity to a dis-
placement of the yz surface. Again, using Hooke’s law, we

FIG. 10. Notations used for the macroscopic estimation of the
piezo-orbital magnitude in Appendix D.

obtain

Fpo = N�
E
dx

Gstress. (D4)

The number of ions is given by N = NTmnactive where
NTm was estimated in Appendix B and nactive � 0.6 is the
fraction of ions in the volume that generate the volumic
change (see Fig. 7). Relating pressure and force [Eqs. (D1)
and (D4)] we obtain

�x = N�
Gstress

dydz
. (D5)

The pressure σ in the cuboid volume due to the piezo-
orbital backaction leads to a shift of the atomic reso-
nance frequency, that we can relate to the piezo-orbital
displacement using Hooke’s law [Eq. (D1)]:

�νpo = Gstress

2π
σ = Gstress

2π

E
dx

�x. (D6)

We apply these results to the geometry of our photodeflec-
tion experiment, using dy = wp and dz = L, to obtain the
relevant expressions used in the main text:

�x = N�
Gstress

wpL
, (D7)

Fpo = EL�x, (D8)

�νpo = Gstress

2π

E
wp

�x. (D9)
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