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Measurement of transient strain induced by two-photon excitation
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By ultrafast x-ray diffraction we quantify the strain from coherent and incoherent phonons generated by
one- and two-photon absorption. We investigated the ferrimagnetic insulator bismuth-doped yttrium iron garnet,
which is a workhorse for laser-induced spin dynamics that may be excited indirectly via phonons. We identify the
two-photon absorption by the quadratic intensity dependence of the transient strain and confirm a short lifetime
of the intermediate state via the inverse proportional dependence on the pump-pulse duration. We determine the
two-photon absorption coefficient using the linear relation between strain and absorbed energy density. For large
intensities of about 1 TW/cm2 considerable strain amplitudes of 0.1% are driven exclusively by two-photon
absorption.
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Lattice dynamics is a unifying theme common to all laser-
excited condensed matter systems, since their phonon sub-
system provides a large bath for energy, entropy, and angular
momentum transfer [1–4]. The ultrafast increase of the energy
density in materials drives coherent atomic motion, i.e., siz-
able picosecond strain pulses [5–7], that add to the incoherent
thermal expansion. Ultrafast x-ray diffraction (UXRD) has
quantified these strain amplitudes generated in various mate-
rials, with a dependence on the incident fluence that is usually
linear [5–8] or sublinear if saturation effects play a role [9].
In semiconductors and insulators the excitation of electrons
across the band gap drives lattice strain [10–12]. However,
the stresses by hot phonons often prevail [13]. In GaAs a
nonlinear contribution to the fluence dependence of the strain
adds to the saturating one-photon absorption [14]. Various
time-resolved magneto-optical experiments in metallic mag-
nets demonstrate the possibility to trigger and control magne-
tization precession [15–18], using laser-induced strain pulses.
In contrast, most research on magnetic insulators, mainly
oxides, emphasizes energy-efficient magnetization switching
schemes [19,20] and nonthermal spin manipulation by the
inverse Faraday effect [21], the inverse Cotton-Mouton effect
[22], and photoinduced magnetic anisotropy [23]. Since these
oxides have large band gaps, the processes are thought to
proceed without absorption, and the generation of phonons
is not always mentioned as a mechanism to drive spins. In
some materials hybrid magnetoelastic modes are identified
as the relevant excitations [24,25]. Among the magnetic ox-
ides, yttrium iron garnet (YIG) provides the lowest magnon
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damping. Below the charge-transfer transitions identified with
the band gap of YIG, there are weaker crystal-field d-d
transitions down to about 800 nm [26,27]. A large magneto-
optical contrast is achieved by bismuth substitution [28],
which connects this workhorse of magnon spintronics [29,30]
and spin caloritronics [31] to optomagnetism. Recent publi-
cations on ferrimagnetic garnets reported magnetization dy-
namics via thermally induced crystalline anisotropy modifica-
tion [23,32,33], similar to previous work in antiferromagnets
[34–36]. More specifically, optically excited coherent and
incoherent phonons are reported to generate spin waves (SWs)
[27,37,38]. A quadratic fluence dependence of the spin-wave
amplitude was discovered in several garnets already with
moderate fluences below 15 mJ/cm2 [25,38].

Here, we present nondestructive UXRD measurements on
the very same Bi:YIG film [38], to quantify the lattice dynam-
ics upon below-band-gap femtosecond laser excitation with
fluences up to 100 mJ/cm2. This corresponds to intensities,
which are typical of experiments that manipulate magnetiza-
tion in insulators by femtosecond light pulses [19,33,37,38],
and we find a pronounced quadratic fluence dependence of
the strain amplitude that quantifies coherent and incoherent
phonons as propagating strain pulses and localized thermal
expansion, respectively. The strain amplitude is inversely
proportional to the pump pulse duration, which indicates a
short lifetime of the intermediate state during the two-photon
excitation. This is a quantitative and direct structural measure-
ment of transient strain generated dominantly by two-photon
absorption. We contrast this two-photon absorption process
with direct above-band-gap excitation using near-ultraviolet
(NUV) pulses. In this case, the lattice strain η depends linearly
on the excitation fluence.

We investigate two similar (100)-oriented thin films of
150 and 135 nm BixY3−xFe5O12 (Bi:YIG) with x = 1 and 2,
respectively, grown on a (100)-oriented Gd3Ga5O12 (GGG)
substrate, schematically pictured in Fig. 1(b). The single-
crystalline films were grown by pulsed laser deposition.

2643-1564/2020/2(2)/022013(6) 022013-1 Published by the American Physical Society

https://orcid.org/0000-0003-2091-7476
https://orcid.org/0000-0002-6129-9734
https://orcid.org/0000-0002-5777-5419
https://orcid.org/0000-0002-0952-6602
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.2.022013&domain=pdf&date_stamp=2020-04-13
https://doi.org/10.1103/PhysRevResearch.2.022013
https://creativecommons.org/licenses/by/4.0/


S. P. ZEUSCHNER et al. PHYSICAL REVIEW RESEARCH 2, 022013(R) (2020)

FIG. 1. (a) Sketched pump-probe geometry. (b) Sample structure
and spatial intensity profiles in Bi:YIG for NUV (blue) and NIR
illumination (red). For NIR light the linear absorption is negligible
(dashed line) and it remains small (solid line) when including two-
photon absorption, assuming an intensity of 1 TW/cm2. (c) Scattered
x-ray intensity is plotted as a function of ϑ , showing the (800) Bragg
reflection of Bi2Y1Fe5O12 before 8 mJ/cm2 NUV excitation and for
a selection of pump-probe delays.

X-ray diffraction and spectroscopic ellipsometry reveal sim-
ilar structural and optical properties of both Bi:YIG samples.
Although the bismuth substitution enhances the electronic
d-d transition probabilities for photon energies just below
the band-gap energy [39], the optical properties are essen-
tially identical for both samples at the excitation wavelengths
λNUV = 400 nm and λNIR = 800 nm of our experiments. This
is verified by ellipsometry, which yields an optical penetration
depth of 170 nm at λNUV. For λNIR ellipsometry only yields
a lower bound for the penetration depth which is consistent
with the literature value of 65 μm [26–28]. The intensity
profiles for both excitation wavelengths are depicted true to
scale in Fig. 1(b). For our experiments the relevant difference
of the samples is the higher elastic constant for the lower
bismuth concentration. The larger speed of sound is partially
compensated by the increased layer thicknesses such that we
qualitatively find the same transient response to laser excita-
tion. The increased lattice constant upon doping [40] does not
affect our results as we examine solely the relative changes of
the lattice. Thus the two samples allow us to crosscheck the
amplitudes and timings of the photoinduced strain transients.

The UXRD data, exemplarily depicted in Fig. 1(c), are
measured at the laser-driven table-top plasma x-ray source
(PXS) [41] at the University of Potsdam with a 200-fs x-ray
pulse duration at a wavelength of 154 pm (Cu Kα). The
samples are excited at a 1 kHz repetition rate by p-polarized
NUV pulses at 400 nm or NIR pulses at 800 nm under an
angle of ϕ = 40◦ [see Fig. 1(a)]. The incident fluence Fi is
changed by a combination of a wave plate and polarizer.
Changes in the spot size resulting from self-focusing at higher
intensities, however, led us to adjust the full width at half
maximum (FWHM) of the Gaussian-shaped pump pulses
between 1.5 and 0.7 mm diameter, as controlled by a beam
profiler. Fi is calculated by the top-hat approximation with
the 1/e width for the laser excitation profile. The laser pulse

FIG. 2. Transient lattice strain η for different excitation param-
eters, measured with UXRD. Solid lines act as a guide to the eye.
(a) Fluence series for Bi2Y1Fe5O12 with femtosecond NUV excita-
tion. For Bi1Y2Fe5O12 we show (b) the fluence series with 120 fs
NIR excitation and (c) the pulse duration series with 100 mJ/cm2

NIR excitation. The gray data set has a similar pulse duration but
opposite linear chirp.

duration is determined by a single-shot autocorrelator. X-ray
pulses with a 0.3-mm-diam spot size probe the samples at
delays up to t = 3 ns at a Bragg angle of ω = 29.5◦ [see
Fig. 1(a)], associated with the symmetric (800) reflection for
both samples. In Fig. 1(c), the scattered x-ray intensity of
Bi:YIG around ω = ϑ , detected with a Pilatus 100k area de-
tector from Dectris, is exemplarily displayed for four different
pump-probe delays after an 8 mJ/cm2, NUV femtosecond
excitation. The transient angular shift �ϑ (t ) of the Bragg
reflection is calculated by the center-of-mass change of the
scattered intensity before and after excitation [42]. From this,
we calculate the mean transient out-of-plane strain (i.e., the
relative change of the layer thickness) in the Bi:YIG layer,
η(t ), via Bragg’s law modified by a geometric scaling factor
f . According to our diffraction geometry, with the sample and
area detector at fixed diffraction angles, and for a convergent
x-ray beam we use f ≈ 2 [43,44],

η(t ) = − f �ϑ (t ) cot(ω). (1)

First, we investigated the transient strain of Bi:YIG as a
function of the excitation fluence for NUV illumination to
determine the response to an above-band-gap excitation. The
results for Bi2Y1Fe5O12 are shown in Fig. 2(a) and yield
the typical linear scaling of the strain amplitude with the
fluence in accordance with other studies on semiconductors
and insulators [12,45]. This dependence is analyzed by the
blue linear fit in Fig. 3(a), where the average strain η in
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FIG. 3. Averaged lattice strain η in Bi:YIG between 75 ps and
1 ns evaluated from the data set in Fig. 2. (a) η as a function
of the fluence at NUV excitation of Bi2Y1Fe5O12 (blue) and NIR
excitation of Bi1Y2Fe5O12 (red). The NUV data are fitted with a
linear function and a quadratic fluence dependence is observed for
the NIR excitation as predicted by the presented modeling [see
Eq. (7)]. (b) Pulse duration dependence of η upon NIR excitation
of Bi1Y2Fe5O12. The gray data point was obtained under different
chirp conditions. The solid line results from Eq. (7) with the same
parameters as in (a). The vertical error bars are the standard deviation
of η and the horizontal error bars are estimated from the pump spot
size fluctuation and the GDD of the mirrors.

Bi:YIG from 75 ps to 1 ns is displayed as a function of
the NUV fluence. The transient strain data in Fig. 2 exhibit
multiple features characteristic of coherent and incoherent
phonons. During the first 50 ps, the rising edge, the local
maximum at 25 ps, and the falling edge are associated with
a coherent and bipolar phonon wave packet launched by
the absorption of an ultrashort laser pulse [12]. The time
to reach the maximum expansion/strain is governed by the
sound velocity in Bi:YIG and the film thickness. The falling
edge relates to the movement of the expansive part of the
bipolar wave packet out of the Bi:YIG layer [12]. The exact
temporal behavior of the measured average strain depends on
the spatial form of the wave packet [12]. The strain beyond 50
ps arises from heating, which is proportional to the absorbed
energy [1,46,47]. Within our measurement window of 3 ns
the thermal expansion shows almost no relaxation because
of the slow heat transport out of Bi:YIG, as expected from
the low thermal conductivity of garnet [48,49]. The dynamics
of the film with x = 1 is identical when we scale the timing
according to the different sound velocity and thickness.

Following the experiments for the excitation of spin waves
[24,25,38,50], we excited Bi:YIG with NIR light with a
short pulse duration (150 fs) and incident fluences up to
100 mJ/cm2. We used the very same x = 1 sample as Deb
et al. [38]. At fluences comparable to the NUV excitation
no significant strain was detected. The results for fluences
larger than 10 mJ/cm2 are displayed in Fig. 2(b) and show
a quadratic dependence of η(t ) on the fluence. Substantiated
by the red line in Fig. 3(a), this quadratic fluence dependence
indicates a two-photon strain generation process. Although
the transient strain response for NIR excitation shown in
Figs. 2(b) and 2(c) is very similar to the above-band-gap
excitation shown in Fig. 2(a), three small differences in the
observed strain signatures require discussion. The maximum
at 25 ps in Fig. 2(b) is slightly delayed, because the higher
sound velocity v1 = 6.3 nm/ps for x = 1 as compared to

v2 = 5.4 nm/ps for x = 2 [40,51] is overcompensated by
the layer thickness d . Second, the subsequent falling edge
shows an almost linear strain decrease from 25 to 50 ps
for NIR excitation, whereas for NUV excitation the slope
shows an exponential-like decrease. This is observed for both
samples and is due to the nearly homogeneous nonlinear
absorption in contrast to the steeper intensity profile for linear
absorption, displayed in Fig. 1(b). The absorption profiles lead
to different stress profiles inside the layer. Consequently, a
rectangular-shaped bipolar strain wave is launched upon NIR
excitation and a semiexponential-shaped bipolar strain wave is
launched upon NUV excitation [8]. The average strain in the
Bi:YIG layer is shaped accordingly [52], which we monitor
directly with UXRD [3,8,53]. The different intensity profiles
also determine the deposition of heat. This explains the third
difference observed at timescales beyond 1 ns when η(t )
retains a constant value for NUV excitation and decreases at
NIR excitation. We attribute this to a stronger heat gradient at
the Bi:YIG/GGG interface and faster cooling to the substrate
for NIR excitation.

We conclude our measurements with a variation of the NIR
pulse duration to examine the lifetime of the transient state
of the two-photon process. At a fluence of 100 mJ/cm2 we
tuned the pump pulse duration from τ = 75 to 400 fs. The
transient strain response, depicted in Fig. 2(c), is qualitatively
very similar to the data in Fig. 2(b). The dependence of the
average strain η(τ ) on the pulse duration τ is analyzed in
Fig. 3(b). The fit shows an inverse proportionality between
η and τ . The two-photon absorption for the shortest pulse
durations of 75 fs with opposite linear chirp show deviations
which we attribute to a higher-order chirp. The fit in Fig. 3(b)
only includes the red data points which have the same sign
of the linear chirp which was controlled by the grating com-
pressor of the laser system. We corrected the pulse durations
measured at the autocorrelator according to the group delay
dispersion GDD ≈ −500 ± 200 fs2 of the mirrors between
the autocorrelator and the sample.

Both the fluence and pulse duration dependence of the
strain are consistent with a model which is based on one- and
two-photon absorption processes. In the following we present
the modeling to fit the strain data in Fig. 3 and to determine the
two-photon absorption coefficient β of Bi:YIG for NIR light.
Lambert-Beer’s law can be modified by a second-order term
to account for two-photon absorption [see Eq. (2)] [54,55].
Starting from the attenuation of light in matter at the depth z
due to one- and two-photon absorption, we solve the following
equation for the intensity I ,

∂I

∂z
= −αI − βI2, (2)

where α is the one- and β the two-photon absorption coef-
ficient. In the case of linear one-photon absorption, i.e., for
NUV light, we set β = 0, which results in Lambert-Beer’s
law [see Eq. (3)]. In the case of NIR light, we set α = 0 to
model the strain generated solely by two-photon absorption as
suggested by the data in Fig. 3(a). If I0 is the incident intensity
on the Bi:YIG layer, the solutions of Eq. (2) are

I (z) =
{

I0e−αz for NUV,
I0

1+βI0z for NIR. (3)
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Since the layer thickness is much smaller than the penetration
depth of the NIR light, we may Taylor-expand Eq. (3) at
z = 0, i.e., I (z) = I0 − βI2

0 z + O(z2). The linear spatial in-
tensity dependence is a good approximation for NIR light
[see Fig. 1(b)]. For time-resolved measurements, the inci-
dent intensity I0 is time dependent. In this experiment, the
excitation pulse can be well approximated by a Gaussian
envelope I0(t ) = 2

√
ln 2/π Fi/τ exp (−4 ln 2 t2/τ 2), where Fi

is the incident fluence, and τ is the pulse duration at FWHM.
The absorbed fluence inside the Bi:YIG layer Fa(Fi, τ ) is
calculated via temporal integration of the intensity difference
from the sample surface (z = 0) to the layer-substrate inter-
face (z = d)

Fa(Fi, τ ) =
∫ ∞

−∞
I0(t ) − I (z = d, t )dt (4)

=
{

(1 − e−αd )Fi for NUV,√
ln 4
π

βd F 2
i
τ

− O
(F 3

i
τ 2

)
for NIR.

(5)

The stress σ on the lattice resulting from the energy
density deposited by the pump pulse ρQ = Fa/d is given
by the macroscopic Grüneisen parameter � via σ = �ρQ

[3,46,47,56]. In the one-dimensional (1D) geometry of a ho-
mogeneously excited thin film with a cubic symmetry aligned
to the sample surface, the strain response perpendicular to the
surface is given by η = σ/C11, where C11 is the cubic elastic
constant. We estimate the mean strain in the Bi:YIG layer via
the linear NUV absorption (β = 0),

ηNUV = �

C11d
(1 − e−αd )Fi. (6)

The 2.1 × 10−4 per mJ/cm2 calculated from Eq. (6) is in
reasonable agreement with the strain ηNUV = 2.3 × 10−4 per
mJ/cm2 extracted from the blue line in Fig. 3(a). Here,
we used a film thickness of d = 135 nm, the linear ab-
sorption coefficient for NUV light α = 6 × 104 cm−1, the
elastic constant C11 = 190 GPa for Bi2Y1Fe5O12, and the
Grüneisen parameter of YIG, � ≈ 1, reported in the literature
[26,40,51,57]. The lattice strain η generated via nonlinear NIR
absorption can also be calculated in the same manner with a
different value of C11 = 230 GPa for Bi1Y2Fe5O12,

ηNIR = �

C11

√
ln 4

π
β

F 2
i

τ
. (7)

This equation describes the functional dependence of the
strain on the fluence Fi and the pulse duration τ which
we discovered experimentally upon NIR excitation. The red
curves in Fig. 3 are calculated with Eq. (7), fitting the data
precisely if we use β = 2.4 cm/GW as the two-photon ab-
sorption coefficient. We visualized the spatial intensity profile
according to two-photon absorption in Fig. 1(b) by the red
solid line. As a crosscheck we note that αI < βI2, already

for comparably low intensities of I = 0.1 TW/cm2 if we
use the literature value α = 150 cm−1 for NIR light [26].
This justifies neglecting the linear absorption term during the
evaluation of the NIR data, since βI2 is orders of magnitude
larger than αI at intensities higher than I = 1 TW/cm2.

A two-photon absorption coefficient of βYIG =
130 cm/GW was reported for undoped YIG at photon
energies of (1.17 + 1.93) eV = 3.1 eV [58]. Mainly, a
two-step process via the 6A1g(6S) → 4T1g(4G) and subsequent
4T1g(4G) → 4T1g(4P) Fe3+-ion transitions in YIG and Bi:YIG
accounts for the two-photon absorption in both materials
[27,59,60], i.e., the two-photon transition proceeds via real
and short-lived levels. The bismuth substitution affects the
electronic and optical properties of YIG, e.g., increasing
spin-orbit coupling, absorption, and even second-harmonic
generation (SHG) efficiency [39,61,62]. In particular, the
very weak 6A1g(6S) → 4T1g(4G) transition energy shifts with
doping and therefore modulates the one- and two-photon
absorption coefficients. According to our modeling the
previously reported βYIG would yield a strain of 4% and an
absorption of 60% at large peak intensities of 1 TW/cm2,
which contradicts the measured values of 0.1% strain and less
than 5% absorption.

To summarize, we used UXRD to directly measure the
strain in nanolayered Bi:YIG excited via one- and two-
photon absorption. We identify the two-photon process by the
quadratic fluence dependence and the inversely proportional
pulse duration dependence of the photoexcited strain. The
latter also proves that the intermediate state is short lived. We
substantiate our findings by a quantitative fit with Lambert-
Beer’s law with a two-photon absorption extension in com-
bination with the Grüneisen approach, where the absorbed
energy is proportional to the lattice strain, independent of how
the photon energy is absorbed. From this, we determine the
two-photon absorption coefficient β ≈ 2 cm/GW for exciting
Bi1Y2Fe5O12 at 800 nm. We believe that our quantitative
evaluation of the strain generated by two-photon absorption
is particularly important for a full understanding of light-
driven spin manipulation in magnetic insulators [23,27,32–
38], but it has more general relevance for ultrafast science
on supposedly nonabsorbing or transparent matter. The large
peak intensities around 1 TW/cm2 necessary to drive 0.1%
strain can be achieved both by high pump fluences and short
pulse durations.
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