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Photoinduced structural dynamics of multiferroic TbMnO3
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We use time-resolved hard x-ray diffraction to investigate the structural dynamics of the multiferroic insulator
TbMnO3 in the low-temperature antiferromagnetic and ferroelectrically ordered phase. The lattice response
following photoexcitation at 1.55 eV is detected by measuring the (0 2 4) and (1 3 −5) Bragg reflections. A
0.022% tensile strain, normal to the surface, is seen to arise within 20–40 ps. The magnitude of this transient
strain is over an order of magnitude lower than that predicted from laser-induced heating, which we attribute
to a bottleneck in the energy transfer between the electronic and lattice subsystems. The timescale for the
transient expansion is consistent with that of previously reported demagnetization dynamics. We discuss a
possible relationship between structural and demagnetization dynamics in TbMnO3, in which photoinduced
atomic motion modulates the exchange interaction, leading to a destruction of the magnetic order in the system.
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I. INTRODUCTION

Rare-earth manganites are prime examples of complex
materials, where a rich phase diagram is driven by a subtle
interplay of charge, spin, orbital, and structural degrees of
freedom. Identifying the role of each degree of freedom in the
determination of key physical properties in such materials is
essential but often extremely challenging. One way to address
this challenge is to use pump-probe measurements to explore
how different degrees of freedom respond to being driven out
of equilibrium.

Here we focus on insulating TbMnO3, a prototypical
multiferroic with an orthorhombically distorted perovskite
structure (space group Pbnm), which exhibits two magnetic
phase transitions, at TN1 = 42 K and TN2 = 27 K, driven by
ordering of the Mn 3d spins [1]. Below TN1 , TbMnO3 is
ferromagnetic along the a axis, antiferromagnetic along c,
and it exhibits an antiferromagnetic sinusoidal spin density
wave order along b. Below TN2 , a magnetic cycloid forms in
the bc plane which gives rise to a ferroelectric polarization
along the c axis. Pump-probe experiments in the multiferroic
phase (T < TN2 ) [2–7] have shown that the antiferromagnetic
order decreases on a 20–40 ps timescale in response to strong
photoexcitation at photon energies of 1.55 and 3 eV, which
directly excite an intersite Mn 3d transition and an O 2p →
Mn 3d transition, respectively [8,9]. A phenomenological
model [4] has associated this decrease in magnetic order to an
increase in effective spin temperature, from 12 K up to about
45 K for an absorbed fluence of 9.0 mJ/cm2. It is, however,
still unclear exactly how the electronic transitions excited by
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the pump pulse couple to the magnetism, although several
different hypotheses have been suggested [4,6,7,10]. In this
work, we investigate the structural dynamics of TbMnO3 us-
ing ultrafast hard x-ray diffraction in an attempt to investigate
a potential contribution of the lattice to this process.

II. METHODS

The experiments were performed at the FEMTO slicing
beamline of the Swiss Light Source at the Paul Scherrer Insti-
tute [11], using a gated two-dimensional Pilatus detector [12].
Bulk [010]-cut samples of TbMnO3 were cooled down to ap-
proximately 20 K using a liquid helium jet. The temperature at
the sample position was calibrated in advance and monitored
throughout the experiment with the help of a temperature
sensor placed next to the sample. To prevent freezing of water
or nitrogen on the sample, a box was built around it and
purged with helium gas. The p-polarized 1.55-eV pump beam
and the monochromatic 7.05-keV x-ray probe beam were
incident from the same direction but with different grazing
incidence angles on the sample: 5.5◦ (or 10.2◦, in a subsequent
experiment) for the pump and 0.5◦ for the probe. The inten-
sity profile of the pump beam had a penetration depth (1/e),
normal to the surface, of 323 nm for a polarization along the
crystallographic a axis and 671 nm for a polarization along
the crystallographic c axis [7]. The electric field profile of
the x-ray probe had a penetration depth (1/e) of 76 nm [13].
The pumped area was about four times larger than the probed
area. The pump beam diameter was monitored throughout the
experiment on a beam profiling camera placed at the same
downstream position as the sample but on a parallel path,
starting at a leakage from a mirror. The pump and probe pulses
have full width at half-maximum durations of about 100 and
120 fs and repetition rates of 1 and 2 kHz, respectively. The
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FIG. 1. (a) Equilibrium φ scan of the relevant Bragg reflections,
at T = 20 K. (b) Pump-probe delay traces at fixed �φ = φ − φB

positions and for different Bragg reflections, as labeled. All data
were taken at T = 20 K except for the trace labeled RT (room
temperature). The (1 3 −5) trace was acquired at a pump fluence of
4.5 mJ/cm2, the others at 9.0 mJ/cm2. Full lines are fits to Eq. (1).

temporal overlap between the two pulses was determined by
time-resolved x-ray diffraction measurements performed on
bulk [411]-cut bismuth samples at the start of the experiment,
for calibration [14].

III. EXPERIMENTAL RESULTS

Figure 1(a) shows the variation in intensity I0 of four lattice
reflections as a function of φ − φB, where φ is the angle of
rotation of the sample around the normal to its surface and
φB is the value of φ that maximizes a particular diffraction
peak. Here, the intensity I0 is taken as the number of photons
detected during one second in a region of the detector con-
taining the diffraction peak, for a particular value of φ. Data
are shown for the (0 2 4) and (1 3 −5) Bragg reflections, as
well as for (0 2 −4). Note that for the low-temperature phase
of TbMnO3 (space group Pbnm), (0 2 −4) is equivalent to (0
2 4) and exhibits the same dynamics in this [010]-cut sample
geometry, so that data from the two reflections are equivalent.
A second φ scan for (0 2 4), measured during a subsequent
experiment, is also included in Fig. 1(a) as a reproducibility
check. A small background intensity is visible in some φ

scans, due to incoherent light scattering onto the detector. This
contribution is, however, essentially independent of φ and
therefore has no impact on the results and analysis presented
below.

TABLE I. Summary of estimates for the parameter τ resulting
from fitting the data of Fig. 1(b) (top three values) and Fig. 2 (bottom
four values) to Eq. (1).

Reflection Fluence φ − φB τ

(mJ/cm2) (ps)

(0 2 4) 9 −0.35◦ 24 ± 3
(0 2 4), 2nd 9 −0.2◦ 21 ± 8
(1 3 -5) 4.5 0.7◦ 31 ± 10
(0 2 4) 9 N/A 30 ± 10
(0 2 4), 2nd 9 N/A 18 ± 5
(0 2 -4) 4.5 N/A 19 ± 21
(1 3 -5) 4.5 N/A 40 ± 16

We investigate the structural dynamics of TbMnO3 by
measuring the intensity diffracted from the (0 2 4) and
(1 3 −5) planes following photoexcitation. Given the scat-
tering geometry dictated by these reflections at grazing
incidence, the projection of the p-polarized 1.55-eV pump
wave vector onto the sample surface forms 49◦ and 29◦ angles
with respect to the crystallographic c axis for the (0 2 4) and
(1 3 −5) Bragg reflections, respectively.

Two types of time-resolved measurements were performed.
In the first type, the value of φ is kept fixed and only the
pump-probe delay is varied. Time traces obtained in this way
for absorbed fluences of 4.5 and 9.0 mJ/cm2 are presented
in Fig. 1(b) for different φ values, Bragg reflections, and
temperatures (T = 20 K and room temperature). The data are
shown as the change in peak intensity following photoexcita-
tion, �I (t ) = I (t ) − I0, relative to the unpumped case, I0. No
significant photoinduced effect is detected at the peak of the φ

scan, for �φ = φ − φB = 0. Traces taken on the right (left)
side of the φ scan, for φ − φB > 0 (φ − φB < 0), do show
an increase (decrease) in �I (t )/I0, consistent with a shift of
the peaks towards larger φ values. Fits were performed to a
function of the form

f (t ) = A H (t ) [1 − exp(−t/τ )], (1)

where H (t ) is the Heaviside function, and A and τ are fit
parameters. The resulting fits are included in Fig. 1(b) for the
three traces for which τ can be determined within a meaning-
ful uncertainty such that τ > 2 δτ , where δτ is the standard
error. The fitted τ values are shown in Table I.

In the second type of measurements, full φ scans are mea-
sured at different pump-probe delays for the Bragg reflections
shown in Fig. 1, and for absorbed fluences of 4.5 and 9.0
mJ/cm2. This approach provides a more complete picture
of the structural evolution of the system since it enables a
distinction between changes in the φ integral of the Bragg
peak intensity and shifts of the Bragg reflection along φ. The
φ integral of the peak intensity is seen to remain unaffected
by photoexcitation up to a pump-probe delay of 100 ps within
the resolution of our measurement, which can detect changes
larger than about 1%. A shift in the peak position along φ is,
however, observed, as shown in Fig. 2. Each data point shown
in Fig. 2 is calculated from the first moment of the φ scans

�φB =
∫

(φ − φ0)I (φ)dφ∫
I (φ)dφ

, (2)
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FIG. 2. Photoinduced φ shift for different Bragg reflections, at
T = 20 K. Full (dashed) lines correspond to an absorbed fluence of
9.0 mJ/cm2 (4.5 mJ/cm2). The error bars are estimated by bootstrap-
ping. Dotted lines are fits to Eq. (1).

where φ0 is chosen such that �φB = 0 for the unpumped
sample, and the integration is carried out over the range of
the scan in φ [Fig. 1(a)]. As seen in Fig. 1(a), the (1 3 −5)
φ scan does not perfectly return to the baseline on the
φ − φB < 0 side. This could lead to an overestimate of �φB

for the (1 3 −5) Bragg reflection presented in Fig. 2 but by
no more than 10−3 deg, which is within the noise level of the
measurements.1 From Fig. 2 we see that �φB is positive, as
anticipated from the time traces in Fig. 1(b). The value of
�φB varies approximately linearly with fluence [comparing
the (0 2 4) and (0 2 −4) data sets], and differs between Bragg
reflections, as expected. Figure 2 also shows fits of each data
set to Eq. (1). The fit parameters, all reported in Table I, yield
timescales similar to those extracted from Fig. 1(b), although
with overall larger uncertainties. It is clear from the data of
Fig. 2 and from the fit results that the peak shift dynamics
approach saturation within our 100-ps measurement window.

A conversion from �I (t )/I0 [Fig. 1(b)] to �φB can also in
principle be done, but it relies on an accurate determination
of the derivative of the φ scan at the φ position chosen for the
�I (t )/I0 measurement, as well as on the assumption that there
is no change in the shape of the φ scan. We therefore opt to
extract �φB for Fig. 2 from the full φ-scan analysis, and use
the data in Fig. 1(b) to obtain the timescales shown in Table I.

IV. ANALYSIS

The results presented in Sec. III show experimental ev-
idence of a time-dependent change in the conditions for
diffraction from certain lattice planes. Here we present a
framework for understanding these changes in terms of the
thermal and structural response of TbMnO3 to the pump
excitation.

1The estimate was done by calculating �φB with even more points
removed on the φ − φB < 0 side. Removing up to four points re-
duced �φB (100 ps) by less than 10−3 deg compared to the unaltered
φ scan shown in Fig. 1(a), which is within the noise level of the
measurements. Removing up to four points on the φ − φB > 0 side
had no effect on the calculated �φB value.

In TbMnO3, photons with an energy of 1.55 eV excite
intersite d-d transitions between neighboring Mn3+ ions, cre-
ating Mn2+-Mn4+ pairs [8,9]. This initially purely electronic
energy is then partially transferred to the lattice as heat. One
consequence of this lattice heating is an increase in dynamic,
atomic-scale structural disorder over the region of the sample
that has absorbed the pump light. This increase in disorder
results in a change in the thermal stress over the heated region.
On sufficiently long timescales, this change in thermal stress
drives a change in lattice strain that can modify the lattice
parameters of the crystal, and therefore modify the diffraction
conditions.

In our experiment we are in principle sensitive to the
increase in dynamic disorder via the Debye-Waller factor,
which generally leads to a decrease in the peak efficiency of
diffraction from a given lattice plane. We do not, however,
observe a significant decrease of this efficiency for either the
(0 2 4) or (1 3 −5) planes. This suggests that the increase in
dynamic disorder, if present, is too small for our experiment
to quantify directly.

Since the development of lattice strain modifies diffraction
conditions, this is a likely cause of the observed time-
dependent shifts in the optimal value of φB for diffraction. We
now consider the quantitative connection between the thermal
stress and the structural changes. The thermal stress due to
heating can be generally written as

σi j =
∑

kl

Ci jkl
(
ηkl − η�T

kl

)
, (3)

where σi j are the components of the stress sensor in a Carte-
sian basis, Ci jkl are the components of the fourth-rank elastic
stiffness tensor, ηkl = (∂uk/∂xl + ∂ul/∂xk )/2 are the compo-
nents of the strain tensor, and η�T

kl is the strain that is observed
in equilibrium when raising the temperature by an amount
�T . We define x1, x2, and x3 to be coordinates along the a,
b, and c axes of the orthorhombic crystal, and u1, u2, and u3

to be the components of the displacement. In our experiment
the b axis is the surface normal, so that we also have the free
surface boundary condition σ2 j = 0 at x2 = 0. The equation of
motion for the components of the displacement ui is

ρ
∂2ui

∂t2
=

∑
j

∂σ ji

∂x j
. (4)

In this experiment the probe spot size is significantly smaller
than that of the pump, and so we can set all spatial derivatives
with respect to the lateral coordinates x1 or x3 to zero as
long as we consider pump-probe delay times small compared
to Dlaser/v3 = 74 ns, where Dlaser = 500 µm is the smallest
pump spot dimension and v3 = 6780 m/s is the highest in-
plane longitudinal acoustic wave speed [15]. The symmetry
of the point group for TbMnO3 includes a twofold rotation
about the b axis, and so we can also conclude that thermal
stress at the surface cannot lead to nonzero displacements
along in-plane directions, and so u1 = u3 = 0 everywhere.
Thus, the only nonzero element of the strain tensor is η22 =
∂u2/∂x2. The full solution for η22 is obtained by solving
Eq. (4) in a manner analogous to that discussed by Thomsen
et al. [16] for an isotropic system. The solution consists of a
superposition of a strain wave that travels from the surface at
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the longitudinal acoustic velocity v2 and a time-independent
strain profile that satisfies the condition σ22 = 0. In TbMnO3

the room-temperature value of v2 has been measured using
Brillouin scattering [15] as 5468 m/s, and may increase some-
what at lower temperatures [17]. In the limit of instantaneous
heating, the traveling wave contributes most significantly to
the strain for times less than or comparable to Lx-ray/v2 = 14
ps, where Lx-ray = 76 nm is the x-ray probe depth. Afterwards,
we are left with the time-independent component which, using
Eq. (3), can be written

η′
22 = 1

C2222

∑
i

C22iiη
�T
ii (5)

thereby relating the transient strain to the temperature increase
�T .

As shown in Fig. 2, our data show a laser-driven shift
in the value of φB over a time scale of 20–40 ps (Table I).
This is comparable to the timescale of 14 ps predicted for the
traveling wave contribution to η22, although somewhat longer.
The longer timescale may indicate that the thermal stress
does not appear instantaneously, but develops over several
picoseconds and thereby extends the duration of the traveling
wave component. Under the assumption that the observed
dynamics in �φB are indeed due to the thermal expansion
scenario outlined above, we can estimate experimental values
of η22(t ) from the measurements of �φB for the (0 2 4) and
(1 3 −5) diffraction peaks. The Laue condition for scattering
from a plane (h k l) for a crystal under uniform normal b-axis
strain η22 can be written as

2ki · G + G · G = 0, (6)

where

ki = 2π

λ
(sin φB cos αx̂1 − sin αx̂2 − cos φB cos αx̂3) (7)

is the incoming x-ray wave vector and

G = 2π

(
h

a
x̂1 + k

b(1 + η22)
x̂2 + l

c
x̂3

)
(8)

is the reciprocal lattice vector for the strained crystal. Here,
λ = 1.76 Å is the x-ray wavelength, α = 0.5◦ is the incidence
angle, and a = 5.3167 Å, b = 5.8198 Å, and c = 7.3968 Å
are the unstrained lattice constants [18] at the initial tempera-
ture of 20 K. Equations (6)–(8) define an implicit relationship
between φB and η22, which can be differentiated to obtain

dη22

dφB

∣∣∣∣
η22=0

= b2

k2λ

(
h

a
cos φB + l

c
sin φB

)
, (9)

where we used α � λ/b to simplify the relation. This allows
us to relate our experimentally measured �φB with a value
of η22. Figure 3(a) shows the result of converting the data
of Fig. 2 to η22(t ). We see that, as expected, the experimen-
tally estimated strain dynamics do not depend on the lattice
plane, but do depend on the pump fluence. At a fluence of
4.5 mJ/cm2 the strain increases over a 20–40 ps timescale
to approximately 0.008%, and for 9.0 mJ/cm2 it increases to
approximately 0.022%.

We can compare these experimentally measured values
with the predictions of Eq. (5) under the assumption that all of

FIG. 3. (a) Photoinduced strain η22(t ) along the b axis normal
to the sample, estimated from Fig. 2 as described in the text. Full
and dashed lines correspond to an absorbed fluence of 9.0 and 4.5
mJ/cm2, respectively. (b) Axial strains and volume change as a
function of temperature for bulk TbMnO3 (from Blasco et al. [18]),
relative to T = 20 K.

the absorbed energy from the pump pulse is used to increase
the temperature of the sample along the excitation profile. As
discussed in the Appendix, we estimate (assuming an initial
temperature of 20 K) a temperature increase �T = 157 K
for the data collected on the (0 2 4) peak with 9.0 mJ/cm2

absorbed fluence, and �T = 107 and 93 K for the (0 2 −4)
and (1 3 −5) peaks, respectively, at an absorbed fluence of
4.5 mJ/cm2. To estimate the resulting strain, we need the
equilibrium thermal strain tensor elements η�T

ii . These tensor
elements are equivalent to the relative change in the lattice
constants upon increasing temperature by �T . Figure 3(b)
shows the relative change of the lattice constants under equi-
librium conditions as a function of temperature measured
by Blasco et al. [18]. Using these data to estimate η�T

22 , in
combination with experimental and DFT-based estimates of
the elastic constants C2211 = 114 GPa, C2222 = 212 GPa, and
C2233 = 157 GPa reported by Hemme et al. [15], we estimate
a transient strain η′

22 = 0.266% for an absorbed fluence of
9.0 mJ/cm2, and strains η′

22 = 0.136% and η′
22 = 0.113% for

the (0 2 −4) and (1 3 −5) peaks at an absorbed fluence of
4.5 mJ/cm2, respectively. These estimates assume an initial
temperature of 20 K; in the experiment there is likely some
amount of average heating of the sample that raises the initial
temperature to a somewhat higher value. As discussed in
detail in the Appendix, increasing the assumed initial temper-
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ature up to 65 K does not result in substantial changes to the
estimated values of η′

22.
Notably, there is an order-of-magnitude difference between

the estimated η′
22 and the measured η22 at 100-ps pump-probe

delay time. The measured strain η22(100 ps) = 0.022% can
instead be directly used to calculate a temperature increase
�T using Eq. (5). We estimate �T < 50 K, which would
correspond to an absorbed fluence approximately eight times
lower than experimentally measured for the data on the (0 2 4)
peak. These observations are consistent with those from mag-
netic order dynamics, mentioned above, where a 33-K spin
temperature increase was determined following photoexcita-
tion with a 9.0-mJ/cm2 absorbed fluence [4].

V. DISCUSSION

To better understand the discrepancy between the measured
and expected values of the strain, we have considered several
possibilities. Potential technical issues include an incorrect
estimate of the absorbed fluence and of the deposited energy
density. Regarding the accuracy of our determination of the
absorbed fluence, in addition to the TbMnO3 samples we
measured the structural response of bulk [411]-cut bismuth
samples and found the data to be comparable to those from
published reports [14], and certainly not inaccurate by a factor
of 8. Calculating the energy density from the absorbed fluence
requires knowing the penetration depth. As detailed above, we
performed a careful estimate based on the optical conductivity
data from Baldini et al. [7], taking into account the anisotropy
in the material. Using other available optical conductivity data
[8], obtained on samples with cuts different from ours, only
leads to an enhancement of the discrepancy we observe. We
can therefore rule out that the low transient strain values are
due to inaccuracies in the determination of the experimental
parameters.

We now consider possible explanations for the low values
measured for η22(t ) arising from the physical properties of
the material. Summarizing the discussions above, 1.55 eV
photons promote intersite d-d transitions between Mn3+ ions
[8,9]. This electronic energy is then transferred to the lattice
in the form of heat, typically in about a picosecond [7,19].
Heating the lattice creates expansive thermal stress near the
surface, leading to expansive uniaxial strain due to coherent
longitudinal acoustic phonons [16]. Given that the transient
strain we measure is one order of magnitude smaller than that
expected from the absorbed energy, there must be a bottleneck
in one of these steps. Starting with the last step, it is difficult
to imagine a process by which the lattice temperature would
increase but the generated strain would be much smaller than
expected. One possibility would be that heat conductivity is
very high, such that the lattice cools down before strain has
time to arise, but this is not expected in insulating TbMnO3

[20]. The most likely scenario is that there is a bottleneck
in the transfer of energy between the electronic and lattice
subsystems. In addition to accounting for the discrepancy
between expected and measured values of η22, this scenario
could lead to a delayed transfer of energy to the lattice, which
would explain our observation that the strain develops on a
somewhat longer timescale (Table I) than the 14 ps predicted
by the sound velocity and the probe depth. Within this sce-

nario, one hypothesis would be that there is extremely weak
coupling between the electron and lattice subsystems, i.e.,
an extremely low electron-phonon coupling constant (gener-
ally challenging to determine experimentally), which would
extend the typical 1-ps timescale to beyond our 100-ps mea-
surement window. This would be quite unexpected, and would
hinder the production of strain waves, which relies on heating-
induced stress being created at the surface of the sample on a
timescale faster than that of acoustic wave propagation [16].
The small strain we measure could, however, still arise from
direct coupling of excited electronic states to long-wavelength
acoustic modes via deformation of the ionic potential, without
any contribution from lattice heating. Theoretical modeling
would be required to validate this hypothesis. An alternative
hypothesis is that a large fraction of the electronic excita-
tions gets trapped and does not immediately contribute to
lattice heating. With such reduced lattice heating, the strain
wave amplitude [16] would also decrease, consistent with the
small value of η22(t ) that we measure. One possible trap-
ping mechanism that was proposed relies on the formation
of anti–Jahn-Teller polarons [4,7,10,21]. According to this
mechanism, the photoexcited Mn2+-Mn4+ pair leads to a local
relaxation of the Jahn-Teller distortion which prevents further
hopping. The lifetime for this charge localization could well
exceed the 100-ps pump-probe delay time accessible through
our measurements. A direct test of this second hypothesis
would be to use a technique sensitive to polaron formation,
such as x-ray diffuse scattering or pair distribution function
(for smaller polaron sizes). Independently of the origin of the
bottleneck in the transfer of energy between the electronic and
lattice subsystems, this scenario could in principle be con-
firmed by measuring the structural response of TbMnO3 well
beyond 100 ps and seeing whether the lattice slowly expands
over time, or by using a technique sensitive to the lattice tem-
perature such as transient Raman scattering. A lattice heating
process that is too gradual may, however, be compensated by
heat diffusion and therefore be difficult to detect.

As a final discussion topic, we address the poten-
tial relationship between magnetic and structural dynamics.
Specifically, we are interested in finding out whether coupling
to the lattice could be responsible for the relatively long 20–40
ps demagnetization timescale [2,4–7]. The magnetic order
in TbMnO3 is dictated by the superexchange interaction J
between Mn3+ ions, bridged by O2− ions. J can be modified
by changing (i) the valence of the Mn3+ ions or (ii) the relative
position of the Mn3+ and O2− ions [22]. A change in ionic
position can be achieved directly via strain or indirectly via
heating, which leads to disorder and eventually to a change in
the average position of the ions. Regarding (i), photoexcitation
at 1.55 eV creates an Mn2+-Mn4+ pair from two Mn3+ ions,
meaning that it locally alters the valence of the Mn3+ ions.
This process occurs in <1 ps [2,7,23] but is seen to not lead to
a large enough disorder in the spin system for the long-range
magnetic order to be affected on this short timescale [4,6],
contrary to what is observed in, e.g., antiferromagnetic CuO
[24] and ferrimagnetic compounds [25]. Trapped anti–Jahn-
Teller polarons have been suggested as an explanation for
the 20–40 ps demagnetization time [4,7,10,21], the picture
being that hopping is restricted until the lattice expands due
to heating. We have observed, however, that the lattice heats
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up much less than expected up to 100 ps (�T < 50 K instead
of the expected �T = 157 K), where the dynamics appear
to saturate, a result that is consistent with demagnetization
dynamics data from Johnson et al. [4] (�T = 33 K), as
discussed above. If anti–Jahn-Teller polarons do form, we
therefore expect them to be more long lived than the 20–40
ps demagnetization timescale.

An alternative explanation for the demagnetization is re-
lated to (ii), where a change in ionic position causes a change
in J by changing the hybridization between Mn3+ and O2−
ions [22,25–28]. Our measurements provide a direct estimate
of η22(t ) and can be summarized as follows. First, the value
of η22(t ) created by photoexcitation [Fig. 3(a)] is smaller than
expected but nevertheless similar to the b-axis strain which
accompanies a loss of magnetic order in the system [i.e., cor-
responding to a lattice temperature larger than TN1 , Fig. 3(b)].
Second, strain propagates in TbMnO3 on the same 20–40 ps
timescale (Table I) as is observed for demagnetization. Third,
the lattice heating which creates η22(t ) (if any) necessarily
occurs on a timescale faster than that of η22(t ), although we
could not measure the heating timescale directly. Based on
these observations, we cannot unequivocally distinguish be-
tween direct strain and heating-induced disorder as the driving
force behind the changes in the average ionic position which
are responsible for demagnetization. However, independently
of the details of the process, the fact that the demagnetization
timescale coincides with the lattice dynamics and is over
an order of magnitude slower than the electronic excitation
enables us to conclude that the magnetic order in TbMnO3

is robust to changes in the valence of the Mn3+ ions and
controlled by changes in the position of the Mn3+ or O2− ions.

VI. CONCLUSION

We have investigated the structural dynamics in the multi-
ferroic phase of TbMnO3 and have observed the appearance
of tensile strain along the b axis, perpendicular to the sample
surface, following photoexcitation at 1.55 eV. The 0.008%
and 0.022% tensile strain at 100 ps is an order of mag-
nitude smaller than the 0.113%–0.136% and 0.266% strain
that arises in the system upon heating from 20 K up to
the expected final temperature after photoexcitation with an
absorbed fluence of 4.5 and 9.0 mJ/cm2, respectively. We
attribute this discrepancy to a bottleneck in the energy transfer
between the electronic and lattice subsystems, possibly related
to an extremely low electron-phonon coupling constant or
to the formation of anti–Jahn-Teller polarons. Furthermore,
the strain arises on the same 20–40 ps timescale that was
reported for demagnetization, suggesting that the stability of
the superexchange interaction that governs magnetic order in
TbMnO3, which remains robust against local variations in
Mn3+ ionic valence, is controlled by the lattice structure. Our
conclusions contribute to building a general phase diagram
of rare-earth manganites, which is essential for our physical
understanding of these systems as a whole, as well as for
future plans to include them in technological devices.

Data underlying the results presented in this paper are
available in the ETH Research Collection [29].
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APPENDIX

For our estimates of the temperature-driven transient strain,
the laser induced �T is estimated from the specific heat [30]
and the energy density deposited by the pump pulse, which
in turn depends on the absorbed fluence and the penetration
depth. Given the strong in-plane anisotropy [7,8] of the [010]-
cut TbMnO3 samples, we estimate a penetration depth of
323 nm for a polarization along the crystallographic a axis and
671 nm for a polarization along the crystallographic c axis [7].
The projection of the p-polarized 1.55-eV pump wave vector
onto the sample surface forms 49◦ and 29◦ angles with respect
to the crystallographic c axis for the (0 2 4) and (1 3 −5)
Bragg reflections, respectively, so that the deposited energy
density depends on whether we are investigating the (0 2 4)
or (1 3 −5) reflection. These projections are used to determine
the ratio of the absorbed fluence along the a and c axes; the
change in reflection is negligible. The deposited energy den-
sity along each axis is then calculated as the ratio between ab-
sorbed fluence and penetration depth, and the total deposited
energy density as a weighted sum of those two contributions.

Another consideration is the temperature dependence of
the specific heat, which makes the estimate of �T dependent
on the initial temperature Ti. This is particularly relevant in
the case where the sample temperature does not fully recover
from the laser-induced heating before the arrival of the fol-
lowing pump pulse, an effect which we refer to as “average
heating.” We investigated possible effects from average heat-
ing by comparing the φ shift, �φB, between a φ scan on the
(1 3 −5) Bragg reflection when the pump laser was off and
one where it was on but arriving after the probe pulse and
leading to an absorbed fluence of 4.5 mJ/cm2. We observe
a shift �φB = 0.06◦, which can be related to the equilibrium
temperature using Eqs. (6)–(8), setting η22 = 0, and the data
of Fig. 3(b), namely the temperature-dependent values of
lattice parameters a, b, and c in equilibrium. Based on this we
estimate an effective initial temperature of 65 K. While this
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observation changes the absolute temperature values in our
discussion, the discrepancy we report between the measured
η22(100 ps) and the expected η′

22 [from Eq. (5)] remains, as
does the fact that a much lower absorbed fluence would be
required to explain our data. In detail, in the main text we as-
sume Ti = 20 K and an absorbed fluence of 4.5 mJ/cm2, from
which we calculate �T = 93 K for the (1 3 −5) Bragg reflec-
tion, and for which we would expect a strain η′

22 = 0.113%

[from Eq. (5)] instead of the η22(100 ps) = 0.008% that we
measured. If we account for average heating by changing the
initial temperature to Ti = 65 K and we keep the absorbed
fluence of 4.5 mJ/cm2, we obtain �T = 61 K for the (1 3 −5)
Bragg reflection. This leads to approximately the same ex-
pected strain η′

22 = 0.133% as with Ti = 20 K, meaning that
the predicted η′

22 remains one order of magnitude larger than
the measured η22(100 ps) = 0.008%.
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