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ABSTRACT

Interfacial thermal and acoustic phenomena have an important role in quantum science and technology, including in spintronic and
spincaloritronic materials and devices. Simultaneous measurements of the low-temperature thermal and acoustic properties of a metal/insula-
tor heterostructure reveal distinct dynamics in the characteristic phonon frequency ranges of acoustic and thermal transport. The measure-
ments probed a heterostructure consisting of a thin film of Pt on the ferrimagnetic insulator gadolinium iron garnet (Gd;FesO;,, GdIG)
grown epitaxially on a gadolinium gallium garnet substrate. Ultrafast structural dynamics within the Pt layer were tracked using time-
resolved ultrafast x-ray diffraction and analyzed to probe interfacial acoustic and thermal properties. The rapid heating of the Pt layer by a
400 nm wavelength femtosecond-duration optical pulse produced transient structural changes that provided the stimulus for these measure-
ments. Rapid heating produced a broadband acoustic pulse that was partially reflected by the Pt/GdIG interface. Temporal frequencies up to
740 GHz, corresponding to angular frequencies of several THz, were detected in a wavelet analysis of the acoustic oscillations of the strain in
the Pt layer. The structural results were analyzed to determine (i) the acoustic damping coefficient and phonon mean free path in Pt at fre-
quencies of hundreds of GHz and (ii) the Griineisen anharmonicity parameter. The thermal conductance of the Pt/GdIG interface was
tracked using the slower, tens-of-picosecond-scale, dynamics of the initial cooling of the heated Pt layer. Analysis using a model based on the
Boltzmann transport equation shows that the phonon transmission is lower at the phonon frequencies relevant to thermal transport than for
subterahertz regime acoustics.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/4.0000778

I. INTRODUCTION to each other and fundamentally include the transport and scattering
Thin-film heterostructures present a range of possibilities to of phonons within the layers and at interfaces.' Interfaces in hetero-
understand thermal and acoustic transport and ultimately to control structures can also feature discontinuities in bonding and transport
these properties. Acoustic and thermal phenomena are deeply linked mechanisms that involve, for example, conversion between electronic
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and vibrational mechanisms of thermal transport.” These phenomena
are highly challenging many-body physics problems that have motivated
the development of synthesis, experimental, and theoretical methods
that extend the limits of the present understanding of transport and scat-
tering processes.” © Among these approaches are machine-learning tech-
niques that help to refine fundamental parameters based on input from
experiments.” The development of ultrafast time-resolved x-ray scatter-
ing methods is extending the range of phonon frequencies and mode-
specific lifetimes that can be probed in nanostructured materials into the
THz frequency regime/picosecond time regime.'”'' At present, pulsed
x-ray light sources including hard x-ray free-electron lasers, laser plasma
sources, and spontaneous emission accelerator-based sources have suffi-
ciently high intensity to allow these measurements to be performed in
reasonable experimental times."” "

Characterizing the low-temperature thermal transport and vibra-
tional properties of nanoscale materials is particularly challenging. A
time-domain approach can be highly valuable because the largest con-
tribution of phonons to heat transport occurs for vibrational modes
with frequencies on the order of 1 THz or less."” Processes in this THz
regime overlap the bandwidth of the spectrum of the acoustic pulse
produced by the absorption of a femtosecond-duration optical pulse.'®
Ultrafast time-resolved diffraction studies using x rays and electrons
both have femtosecond-scale time resolution and provide the means to
track heat transport through nanoscale layered structures with time
resolution matching the fundamental acoustic and thermal transport
timescales."”'® The experiments and analysis presented here focus on
the Pt layer of a Pt/complex oxide heterostructure and capture its heat-
ing and cooling, and the acoustic oscillations resulting from a photo-
thermally generated strain pulse. The thermal and acoustic analysis
yields the acoustic damping coefficient and phonon mean free path,
the acoustic mismatch between the Pt and oxide layers, the Griineisen
anharmonicity parameter in Pt, and the Pt/oxide interfacial thermal
conductance. The experimental results also provide insight into micro-
scopic phonon transport parameters based on further analysis using a
complementary Boltzmann transport equation approach.”’

We report the low-temperature thermal and acoustic properties
of a thin-film heterostructure consisting of a 75 nm-thick epitaxial thin
film of gadolinium iron garnet (Gds;Fe;O;,, GdIG) and a polycrystal-
line 13.2 nm Pt capping layer on a (111)-oriented gadolinium gallium
garnet (Gd;GasO,, GGG) substrate.'” The Pt/GAIG/GGG system is
of interest in the study of the spin-Seebeck effect (SSE) and related
phenomena, in which magnetic and thermal phenomena are
coupled.”” Thermal transport at low temperatures underpins spinca-
loritronic and thermoelectric phenomena.'”*’ The temperature regime
considered here, 20-130K, is particularly relevant to SSE phenomena
because the SSE exhibits a sign reversal in this temperature range."’
Experiments in the low-temperature regime can be challenging
because there are significant nonmonotonic temperature dependences
of structural and magnetic parameters."’

The experiments presented here use ultrafast x-ray diffraction, as
shown in Fig. 1(a). The Pt layer is heated by optical pump pulses syn-
chronized with a variable delay with respect to hard x-ray pulses from
the Linac Coherent Light Source (LCLS) free-electron laser. The
femtosecond-duration ultrafast optical pulse, Fig. 1(a), had a duration
of approximately 50 fs. Further experimental details are given in Sec. II.

The laser heating rapidly raises the temperature of the Pt layer by
up to hundreds of degrees for the optical fluences used in these
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experiments. The optical absorption coefficient at 400 nm for GdIG
was far less than for Pt.”"** At early times after optical excitation, on
the order of less than 10 ps, the GdIG layer beneath the Pt thus
remains close to its initial temperature because (1) there is low optical
absorption in the GdIG and (2) a large temperature difference arises
from the finite thermal conductance of the Pt/GdIG interface.

The rapid heating of the Pt layer produces multiple effects that are
apparent in the x-ray diffraction experiments. First, thermal expansion
of the Pt layer leads to an increase in its lattice parameter. Second, the
temperature increase in the Pt layer and its subsequent thermal expan-
sion launch an acoustic strain pulse in the Pt layer that is transmitted
into the GdIG thin film. This acoustic pulse is generated due to the
momentum associated with the expansion of the Pt. Structural features
of the Pt layer, including the lattice parameter and the Debye-Waller
effect, then have picosecond-scale dynamics from which vibrational and
thermal parameters can be extracted. The structural perturbations have
a timescale set by the thickness of the layers and the acoustic velocity, on
the order of 5 ps, and extending to tens of picoseconds. Thermal trans-
port after excitation occurs at a longer timescale, with the maximum
temperature of the GAIG layer expected at approximately 200 ps."”

The experiments presented here probe thermal and acoustic
properties in a different regime than previous studies. Time-resolved
x-ray diffraction studies of thin Pt foils have been used to probe the
room-temperature electron—phonon coupling coefficients and to pro-
vide a measurement of the time over which the expansion of the lattice
occurs.” Experiments reported by Zahn et al. used a freestanding Pt
layer and thus did not probe acoustic transmission and thermal con-
ductance at a Pt/substrate interface.”” An earlier study of thermal
transport in this system probed thermal transport using changes in the
x-ray reflection from the GAIG component of the Pt/GdIG system.'®
The use of a GAIG x-ray reflection to study the dynamics was required
at that time because of the limited x-ray dynamic range available in the
previous x-ray measurements, which were also made without sufficient
time resolution to resolve acoustic effects.'” Calculations of interfacial
thermal transport properties based on the acoustic mismatch model
(AMM) and diffusive mismatch model (DMM) are widely used to pre-
dict the phonon transport through the interfaces.”* These models do
not account for the interaction among the local vibration modes at the
interfaces between two different materials and hence cannot predict
the interfacial phonon transport properties of the interfaces.”* The
experimental measurement of parameters influencing the phonon
transport properties of the interfaces is crucial for caloritronic devices.

Il. METHODOLOGY

The optical pump x-ray probe diffraction experiment was per-
formed at the x-ray pump probe beamline of the LCLS, using the
arrangement shown in Fig. 1(a).”” A collinear geometry was
employed for the optical pump and x-ray probe pulses. The spot sizes
for the optical pump and x-ray probe were 130 x 400 um* and
30 x 60 um?, respectively. The x-ray probe pulses had a photon
energy of 7.935keV and a repetition rate of 120 Hz. Optical pulses
had a wavelength of 400 nm (photon energy 3.1 eV). X-ray diffraction
patterns were recorded with specific delay times At after the optical
pulses. The arrival time of each x-ray pulse relative to the optical
pulses was characterized using the LCLS time tool instrument with
an approximate time resolution of 10 fs.”” The effective time resolu-
tion of the measurement depended on a combination of the steps
selected in the experimental scans and on the binning of the arrival
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FIG. 1. (a) Optical pump/x-ray probe study of transient structural effects in the Pt component of a P/GdIG/GGG heterostructure. (b) Diffracted intensity distribution of the Pt 111
reflection averaged over 100 x-ray pulses with a photon energy of 7.935 keV without optical excitation. The horizontal and vertical lines near —3.5° and 37°, respectively, are
artifacts resulting from the boundary between adjacent panels of the x-ray detector. (c) Shift in 20, and change in intensity of the Pt 111 reflection between diffraction patterns
acquired before optical excitation and at 90 ps after optical excitation. (d) Temperature of the Pt layer, computed using the model described in the text, at a time immediately
after optical excitation for Tiyia =40 and 130 K. Measured time dependence of the longitudinal strain, &,,, computed from the interplanar spacings of the Pt 111 reflection for

(€) Tinita = 40K, and (f) Tipia = 130 K.

time selected during the analysis. The data presented span the range
of values of At from 0 to 30 ps, for which the analysis focused on
acoustic propagation, and 0-90 ps, with the analysis focusing on
longer-timescale thermal transport.

The optical absorption lengths for Pt and GdIG at 400 nm are 10
and 360 nm, respectively.”'””* The repetition rate of the optical pump
matched the 120 Hz repetition rate of the x-ray probe pulses. The
experiments were conducted with a fixed x-ray incident angle of
25.07° with respect to the sample surface. The experiment was carried
out at initial temperatures Tiyia of 40 and 130K. At 40K, the mea-
surement was performed with optical fluences of 1, 3, and 5 m]J cm 2
At 130K, the measurement was performed with 3 mJ cm ™~ optical flu-
ence. A summary of the literature values of parameters used in the

analysis here and below is given in Table I.

lll. RESULTS AND DISCUSSION
A. Acoustic strain generation and propagation

A Pt diffraction pattern acquired by averaging the signal from
100 x-ray pulses without optical excitation at an initial sample temper-
ature Tipia = 40K is shown in Fig. 1(b). The Pt 111 diffraction ring
has a maximum intensity along the surface-normal direction that
arises from the crystallographic texture of the Pt layer. The diffracted
intensity is plotted in Fig. 1(b) as a function of two diffraction angles,
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20, and 20y,. The 20, angle spans the conventional 20 angle of thin-
film diffraction. The angle 20}, spans an azimuthal direction along the
Pt powder diffraction ring. The Pt 111 diffraction ring exhibited a
broad azimuthal maximum along 20}, with a full width at half maxi-
mum (FWHM) of 6.2°. The zero of 20, was set using the GdIG x-ray
reflection of the GdIG layer, and the intensity distribution along 20}, in
Fig. 1(b) is thus slightly offset from 20}, = 0. The apparent (111) texture
of the Pt layer is consistent with expectations for face-centered cubic
metals deposited on oxide substrates.”” The distribution of intensity in
the 111 ring had an angular FWHM in the 20, scattering angle of 1.4°.
The size of the crystallites contributing to this width given by a Scherer
analysis was 16.5 nm, approximately matching the thickness of the Pt
layer. The Pt thin film thus consisted of (111)-oriented crystallites
extending through the entire depth of the film.

The analysis of thermal and acoustic effects in the Pt layer was
based on measurements of d;;;, the interplanar spacing of the (111)
planes. This spacing is discussed below in terms of the longitudinal
component of the elastic strain ¢,,, defined as Ad;,,/d, ;. The longitu-
dinal strain was measured using the angular shift of the Pt 111 reflec-
tion, using a fit of a Gaussian function to the distribution of the
diffracted intensity from Pt (111) planes along 20,, extracting Ad;,
from the shifts in 26,. Heating results in a shift in 26, due to thermal
expansion and a decrease in intensity due to the Debye-Waller effect.
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TABLE I. Summary of literature values of parameters used in the calculations.

Quantity Symbol Value Reference

Specific heat capacity Cp Temperature 26,27
dependent

Optical absorption ¢ 10 nm 22

length in Pt

Pt Poisson ratio Upt 0.39 28

Pt longitudinal Vpt 3920m s ! 28

acoustic sound

velocity (literature)

GdIG longitudinal Veai 6500 m s~ 29

acoustic sound velocity

Elastic shear modulus Gpy 53 GPa 30

of Pt

Debye temperature of Tp,pt 246K 31

Pt

Mass density of Pt Pre 21.45gcm™? 28

Volume per Pt atom Vope 1.51x107*cm™>  Based on™

Mass density of GAIG PGdIG 7.08¢g cm ™ 29

Electron effective mass mp, 1.18 x 107%° 32

in Pt

Optical reflectivity of R 0.4 33

Pt at 400 nm

Grineisen parameter VPt 2.5 34

for Pt

Both are apparent in the comparison of the intensity distributions as a
function of 20, just before optical excitation and 90 ps after optical
excitation in Fig. 1(c). The intermediate times, described later in this
section, also include effects arising from the propagation of an acoustic
strain pulse.

Figure 1(d) shows the initial state of the time-dependent simulation
of the thermal profile as a function of depth for a time immediately after
optical excitation. The depth profile of the temperature, shown in
Fig. 1(d), was calculated from the energy absorbed per unit volume in
the Pt layer, given by W(z) = %e‘z/ <, where Ry, is the optical
reflectivity of Pt, F is the optical fluence, A is the illuminated area, and &
is the optical absorption length in Pt. The heat required to raise the
temperature from Tiua to T(zt=0) is given by W(z)

= TT:;;:O) pCp(z, T)dT, where Cp(z, T) is the depth- and
temperature-dependent specific heat capacity. This equation was numer-
ically solved to find T(z,t=0). The value of p was taken to be constant,
which makes the use of Cp without correction for expansion appropriate.
The optical absorption properties of Pt and the temperature-dependent
specific heat were obtained from previous reports.”>”*”” The simulation
in Fig. 1(d) was performed for an optical fluence of 3 mJ cm 2 with
Tinitiar = 40 and 130 K, matching one set of optical excitation parameters.
The increase in temperature for the same optical fluence at
Tinitia = 130K is less than that for T = 40K due to the increase in
the heat capacity of Pt as a function of temperature.

A measurement of ¢,, as a function of time after optical excitation
at an initial temperature of T}, = 40 K is shown in Fig. 1(e) for three
values of the optical fluence. At t=0, immediately after optical
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excitation, the heated Pt layer retains the initial lattice parameter and
has a large thermal stress that induces the subsequent expansion.'®
The expansion begins at the free surface of the film and propagates to
the film/substrate interface. More specifically, ¢,, shows a rapid rise
after t=0 and reaches a maximum at =34 ps. In addition to the
overall thermal expansion, &,, exhibits acoustic oscillations with a fre-
quency determined by the thickness of the Pt layer, L, and the longitu-
dinal acoustic sound velocity vp,. After t=3.4 ps, ¢,, oscillates and the
amplitude of oscillations decays with time. The time dependence of ¢,,
shows this oscillatory behavior for all values of the optical fluence. The
time dependence of the strain for T = 130K, Fig. 1(f), is qualita-
tively similar to Ty =40 K.

The experimentally observed acoustic strain was compared with a
model of acoustic propagation. Temperature-dependent literature values
of the specific heat and the thermal expansion coefficient, adjusted to
account for a mechanical boundary condition at the GAIG/Pt interface,
were used to provide an initial estimate of the magnitude of the strain
pulse based on the thermal caculation.”””””***"” The simulations
employed the bulk Poisson ratio of Pt, vp = 0.39.>"" Possible effects
arising from substrate clamping of the in-plane lattice parameters were
not included in the simulations. The acoustic model considered a strain
pulse originating from the surface of the Pt film traveling toward the Pt/
GdIG interface, and reflections from the Pt/GdIG and Pt/vacuum inter-
faces. After reaching the interface, a fraction of the energy in the acoustic
strain pulse propagated through the interface, and the remainder was
reflected into the Pt film. In a continuum acoustic model, the transmis-
sion and reflection depend on the acoustic impedance mismatch and set
by the densities and sound velocities of the layers.” The acoustic imped-
ance mismatch at the Pt/GdIG interface is™

7 PGdIGVGdIG
PH/GAIG = — -

PpVet

Here, p; and v; are the density and the longitudinal acoustic
sound velocity of layer i, respectively. The reported room-temperature
values of vp, and pp, are 3920 m s~ ' and 21.45 g cm >, 1respectively.2("ZS
For GdIG, the reported values for the acoustic velocity and density are
Vadig=6500 m s~ ' and pgaig =7.08 g cm™?, respectively.”” We have
used these room-temperature values as the starting point for the acous-
tic simulations. The acoustic impedance mismatch for the Pt/GdIG
interface calculated from these values is 0.55.

B. Acoustic damping and phonon mean free path

We define the acoustic phonon damping coefficient for the Pt
layer to be {p,, the inverse of the time constant of the exponential decay
of the acoustic amplitude. The continuum acoustic simulation includes
(1) the generation, propagation, and reflection of the strain pulse aris-
ing from optical absorption in the Pt layer; (2) the damping factor,
e~*»!; and (3) the comparatively long-timescale thermal transport
from heated Pt into the GdIG layer. The phase of the strain pulse
reflected into the Pt layer from the Pt/GdIG interface depends on the
densities of the two layers. The density of Pt is higher than the density
of GdIG, and the reflection thus occurs with a 180° phase change. The
reflected pulse travels through the Pt layer to the surface and is
reflected by the Pt vacuum interface, again with a 180° phase change.
The reflection repeats until the amplitude of the oscillating acoustic
strain decays due to the combined effects of acoustic damping within
the Pt layer and of acoustic transmission through the Pt/GdIG
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interface. The effect of damping was empirically included in the model
by multiplying the strain amplitude at every spatial point by e~
similar to an approach previously applied in time-resolved reflectance
studies of phonon and charge-carrier relaxation dynamics.””*’

The strain in the Pt layer exhibited a long-timescale decay during
the conduction of the heat resulting from optical excitation into the
substrate. The thermal relaxation is evident from the slow decay of the
strain in Figs. 1(e) and 1(f). The long-timescale decrease in the strain
in Figs. 1(e) and 1(f) corresponds to only on the order of 10% of the
initial excitation after 30 ps because the thermal transport through the
Pt/GdIG interface is impeded by the finite interfacial thermal conduc-
tance. The thermal transport behavior is discussed below.

Figure 2(a) shows a simulated map of ¢,, as a function of depth
and time for an optical fluence of 3 m]J cm ™% at Tinia =40 K. A com-
parison of the depth-averaged simulated strain as a function of time
with the measured strain is shown in Fig. 2(b), showing good agree-
ment. The simulated strain profile was compared with the experimen-
tal results by computing the depth-averaged strain in the Pt layer. An
analysis of the simulation results in Figs. 2(a) and 2(b) shows that the
time at which the first peak appears in the strain measurements in
Figs. 1(e) and 1(f) corresponds to the time at which the strain pulse
reached the Pt/GdIG interface. The reduction in the magnitude of the
strain between 3.4 and 6.8 ps corresponds to an acoustic reflection
with a 180° phase change at the interface. The strain decreases until
the reflected pulse is reflected again from the surface. The longitudinal
acoustic sound velocity in Pt was measured from the sequence of max-
ima in Figs. 1(e) and 1(f) and Fig. 2(b) is 3910 (*£20) m s~ for the
temperature Tiyisa = 40K, very close to the reported bulk Pt acoustic
velocity 3920 ms™".

Harmonic analysis of the time dependence of the strain was con-
ducted using continuous wavelet transform (CWT). The CWT was
performed using a predefined function in MATLAB R2022a
(MathWorks, Inc.) using a Morse wavelet."""* The CWT amplitude
plotted in an angular frequency-time (w-t) space in Fig. 2(c) shows
higher harmonics of the frequency corresponding to the acoustic tran-
sit time. The wavelet transform analysis reveals mechanical oscillations
at frequencies up to at least 740 GHz, the fourth harmonic of the fre-
quency of the fundamental acoustic oscillation frequency.

A further complication arises because the acoustic pulse propa-
gates in the heated Pt layer. The average effective temperature Teg of
the Pt layer for each value of Ty for several optical fluences is plot-
ted in Fig. 3(a). The temperature of the Pt layer following optical exci-
tation of 3 mJ cm 2, for example, was Teg= 340K for Tjpya= 40K
and T;=407K for Ti,a= 130K. The acoustic pulse in Pt should
thus be thought of as propagating at these high temperatures, instead
of at Tipjgiar.

The value of Zpygaig was determined by comparing the experi-
mental results with simulations. The decrease in the strain from 3.4 to
6.8 ps provides a way to measure the amplitude fraction of the strain
pulse reflected from the Pt/GdIG interface, given by Zpycaig. The ratio
of strain at t=3.4 ps and t=6.8 ps was used to determine ZpyGaic-
Simulated values of the ratio of ¢,, at t =3.4 ps to its value at t = 6.8 ps
were computed from simulations for several values of Zpygaig. The
minimum root-mean-squared deviation (RMSD) between simulation
and experiment was observed for Zpygaig = 0.37 with T.g= 340K and
Zpycaig = 0.39 for T.;=407 K. The values of Zp,gaig as a function of
Tes are plotted in Fig. 3(b). The uncertainty in the values of Zpygaig
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FIG. 2. (a) Simulated depth and time dependence of the strain ¢, in the Pt layer.
(b) Comparison of the time dependence of the measured strain &,, with simulated
average strain based on the acoustic and thermal models for an optical fluence of 3
mJ cm 2 at Ty =40K. (c) -t space map of the amplitude of the continuous
wavelet transform (CWT) of the time dependence of the strain shown in (b). The
right panel shows the line cut at t=1 ps.

shown in Fig. 3(b) was estimated from the difference between the
experimental data and the simulation. The values of Zpygaig range
from approximately 0.28 to 0.45, lower than the predicted value of
0.55, possibly due to imperfections at the Pt/GdIG interface.

Under all experimental conditions, the strain reached an initial
maximum at the same time, 3.4 ps. The experimental results do not
exhibit a significant change of more than approximately 5% in the
sound velocity as a function of temperature between T.s= 203K and
Teff =490K.

We have evaluated the simultaneous effect of acoustic damping
within the Pt by comparing the relative magnitudes of successive
extrema in the strain pulse, which exhibit an additional decrease
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FIG. 3. (a) Simulated effective temperature Te of the Pt layer immediately after
optical excitation as a function of optical fluence for experimental values of the
Tinitial- (b) ZpiZgaic as a function of T. (c) Damping coefficient as a function of Te.

beyond the effects of acoustic transmission into the substrate. The
acoustic phonon damping coefficient {p, was measured by comparing
the average values of the neighboring maxima and minima in ¢,,. The
decrease between successive maxima arises from the combined effects
of the damping of the strain amplitude and acoustic transmission
through the Pt/GdIG interface. The acoustic simulation was repeated
for a range of values of (p,, and the corresponding average values of
the neighboring maxima and minima were calculated for each simula-
tion. The minimum RMSD was observed for {p,=9.7 and 10.3ns ™"
for Ter= 340 and 407 K, respectively. The values of {p, as a function of
Tegare shown in Fig. 3(c).

Damping is often discussed in terms of a mean free path, defined
to be the product of the relaxation time corresponding to the mean
time between scattering events, and the acoustic sound velocity."” For
the model here, the relaxation time is 1/{p."* The value of the damping
coefficient can be used to determine the phonon mean free path I'p,
with ['p.= vpy/{p..”” The phonon mean free paths ranged from 444 nm
at Ter=200K to 355nm at 490 K nm. The temperature dependence
of the mean free path determined from the analysis is shown in Fig. 4.
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FIG. 4. Experimental mean free path measurements for several temperatures
(points). Fits of the high-temperature approximation (dashed line) and a combination
of high-temperature approximation and electron—phonon scattering (solid line).

The mean free path is greater than both the Pt thickness and the wave-
length at the primary frequency of the longitudinal acoustic sound
wave in the strain pulse.

Damping times in the few-ps to ten-ps range have been reported
in optically pumped Ag and Au nanoparticles.”* The damping time
reported here, 1/{p,=90-100 ps, is thus inconsistent with previous
reports and perhaps arises because the Pt thin film forms a two-
dimensional layer with comparatively smooth planar interfaces. In
principle, longer damping times could be observed at lower tempera-
tures. Low-temperature mean free paths in freestanding AuPd alloy
layers are on the order of 25 nm."’

The Debye temperature of Pt is Tp p, = 246 K.*! For temperatures
much higher than Tp, p,, the probability of Umklapp scattering is pro-
portional to the effective phonon population.”” Under these condi-
tions, the dominant scattering rate relevant to the mean free path
is inversely proportional to T."*"" The mean free path for
Umklapp scattering in the equipartition limit at high temperatures, i.e.,
T> TD,PD iS‘S“‘L

[Umkiapp _ GpeVopfppe Ve 1 )
Pt Anpfiky T

Here, Gp, is the elastic shear modulus, Vj p, is the volume per Pt
atom, fp p is the Debye frequency, vp, is the phonon group velocity, kg
is the Boltzmann constant, f is the acoustic oscillation frequency, and
7pe is the Griineisen anharmonicity parameter. A key point is that the
acoustic propagation occurs in the optically heated layer at tempera-
ture T= Teg The effective temperature of the Pt layer for the fluences
used with Tiyia = 40K is plotted in Fig. 3(a). The temperature of the
Pt layer is approximately constant within 40 K over the time, in which
the acoustic data were analyzed. An unconstrained best fit of the pre-
diction based on this high-temperature model, plotted as a function of
Tesr in Fig. 4 fails to explain the experimentally observed temperature
dependence of the mean free path.

The phonon mean free path is also affected by the scattering of
acoustic phonons by electrons. The electron-phonon scattering mean

WX*VZ
free path is T, ”" o 73", where m" is the electronic effective mass."*
Since the high-temperature Umklapp approximation is not a good fit
to the data, we have assumed that a combination of these two effects
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contributes to the value of the mean free path. If multiple processes are
involved, the net mean free path is given by Matthiesen’s rule,
1 _ 1 1 i . . . .

il e where I, is the contribution from process with

index i."” The combined model for the mean free path is
m;l Vf’t

1 e
= 2kg T
T ki T+ kye T, )

4nypfoks
Here k = s B
1 GpeVopefope ver?

parameter  describing the contribution of electron-phonon
scattering. The temperature dependence of the mean free path was fit-
ted using the combined model described above, shown in Fig. 4 for
the values k, =184x10°nm ' K !, k,=0002nm ', and
mp =128 x 107 kg. The effective electron mass in Pt is reported as
1.18 x 10~ *’kg, which is close to the value of 1.28 x 10~ *’kg derived
from the temperature dependence.”

The measured value of k; was used to estimate the value of the
Griineisen anharmonicity parameter (yp,) at the fundamental fre-
quency of the acoustic pulse. The parameters for Pt used to calculate
yp are Gp, = 53 GPa,” V, p, = 60.467 A%, and vp,= 3910 m s~ *. The

from Eq. (1), and k; is an unknown adjustable

2n Vopr

fope=6.3THz" In the low-frequency limit, the experimental values
of y for metals such as Au, Ag, and Cu determined from low-
temperature thermal expansion data are ~3, ~22, and ~1.8,
respectively.”” The value of yp, calculated from the low-temperature
thermal expansion data is 2.5.”* In our case, the product of the fre-
quency and Griineisen parameter is ypf=4.4 x 10'' Hz. Taking
=170 GHz, the principal frequency of the longitudinal acoustic strain
pulse gives yp, = 2.6, similar to the previous measurements for Pt and
other metals.

Debye frequency fpp; was calculated using fp pr = 5 (67‘!2v2,t>§, giving

C. Thermal transport and interfacial thermal
properties

The thermal transport parameters of the Pt/GdIG were probed
using the time dependence of the integrated intensity of the Pt 111 x-ray
reflection. Figure 5(a) shows the time dependence of the intensity of the
Pt 111 reflection measured for T =40K and 1 mJ cm™2 fluence,
corresponding to Ter=203 K. Figure 5(a) spans 0 to 90 ps, a longer
time range than the measurements in Figs. 1 and 2. The heat conducted
into the substrate from the Pt layer during this time is on the order of
tens of percent of the absorbed optical energy. The intensity shown in
Fig. 5(a) decreases rapidly after t=0 and then shows a slow relaxation
toward the initial value. The uncertainty resulting from photon counting
statistics in the intensity, shown as the error bars in Fig. 5(a), is smaller
than the systematic changes in intensity due to heating.

Thermal diffusion simulations were conducted to understand the
thermal transport behavior in the heterostructure. The thermal diffu-
sion equations were solved using the forward Euler method.”" The
method was similar to our previous study of the dynamics of the lattice
parameter of the GAIG layer.'® Values of the thermal conductivities of
Pt and GdIG for the simulations were taken from Refs. 52 and 53.

The key parameter for thermal transport from Pt to GdIG is the
Pt/GdIG interfacial thermal conductance, hpygaig. The temperature
dependence of the interface thermal conductance is commonly
described using a power-law model:™*
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FIG. 5. (a) Measured (points) and calculated (lines) intensity of the Pt 111 x-ray
reflection as a function of time, measured at Tiyia = 40K with 1 mJ cm 2 optical
fluence. (b) Root-mean-squared deviation (RMSD) of measured intensity and the
intensity calculated using the Debye—Waller factor for the simulated thermal profile
as a function of the parameters mpycaic and n of the model for the temperature
dependence of the PY/GdIG interface thermal conductance. (c) P/GdIG interface
thermal conductance as a function of temperature according to the model using the
parameters extracted from fitting the observed Pt 111 x-ray diffraction intensity.
Literature values of the thermal conductance of Rh/Al,O5 and Al/Al,O3 interfaces
are plotted for comparison.”’

n
hpyjcarc = mpryaicT"

Here, n is a small scalar parameter and mpyGai is a constant.”* The
thermal diffusion equation was solved for a series of values of mpycarg
and # to obtain the spatiotemporal temperature profile in the Pt layer.
The comparison of the simulation with the measured integrated inten-
sity was used to determine the thermal parameters of the Pt/GdIG sys-
tem. A simulated time-dependent x-ray intensity was calculated from
the results of the thermal diffusion simulation by computing the depth
average of the temperature and then calculating the change in inten-
sity. The temperature dependence of the diffracted intensity was
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calculated using the temperature from the thermal simulation by
assuming that the intensity I(T) is proportional to the Debye-Waller
factor e~ 7 (T), where Q is the x-ray scattering vector for the Pt 111
reflection and ¢*(T) is the mean square displacement. Reported
temperature-dependent values of ¢*(T) for Pt were used for this
calculation,” ¢

The temperature increases arising in the Debye-Waller analysis
in Fig. 5(a) are consistent with the temperature increase required to
produce the strain resulting from the corresponding 1 mJ cm™ > laser
fluence in Fig. 1(e). The time dependences of the two measurements
are also similar. The conduction of the thermal energy into the sub-
strate is apparent in both Fig. 1(e), as a change in the strain, and
Fig. 5(a), as a change in intensity. The slow decrease in ¢,, in Fig. 1(e)
corresponds to a change in strain at 30 ps by ~0.04% compared to its
value immediately after excitation. The decrease in temperature deter-
mined from this strain would be ~45 K, which is consistent with the
Debye-Waller analysis.

The RMSD was calculated for a range of values of mpygaig and n
from measured and predicted intensity variation with time calculated
from the Debye-Waller factor. The RMSD map as a function of mipy,
Gaig and n is shown in Fig. 5(b). The minimum value of RMSD was
obtained for #pygaig = 0.0036 GW m™ % K~ ' and n = 0.8. Pairs of val-
ues of Mpygarg from approximately 0.0045 to 0.002 and of #n from 0.7
to 1 have RMSDs that are close to the global minimum. A solid line
plots the temperature dependence of hpygaic with  mpy
Gaig=0.0036GW m 2 K and n=0.8 in Fig. 5(c). The shaded
region in Fig. 5(c) corresponds to the ranges of hpyGaig calculated with
values of mpycaig and n giving RMSDs near the minimum.

Values of the thermal conductance of Rh/AlL,O; and Al/Al,O3
interfaces reported in previous studies are also plotted in Fig. 5(c) for
comparison with the Pt/GdIG results.”” The comparison shows that
the temperature dependence has a similar trend. We can also compare
these results with our previous study, which analyzed the thermal
transport using a linear temperature dependence of hpygaig, corre-
sponding to 1= 1."" The current study suggests that the linear temper-
ature dependence is a higher limit on the temperature dependence of
hpycaic. The intensity measurements presented here place a precise
limit on the temperature dependence of kpyGarg, shown in Fig. 5(c).

The experimental results were also compared with a computa-
tional study considering the phonon transmittance of the Pt/GdIG
interface, using the model shown schematically in Fig. 6(a).” A com-
plete description of the interface would include the combination of
phonon transmittance with a detailed balance considering the phonon
properties of both layers. Here, however, we used the single parameter
¢ as an effective/reduced descriptor for interfacial phonon transport.
The calculation considers the time-dependent phonon population dis-
tribution g(t,z,0), which is a function of ¢, depth z, and phonon fre-
quency o, in the Pt layer using the one-dimensional (1D) phonon
Boltzmann transport equation:”

0g(t, z,w)
ot

0g(t, z,w)
0z
g(t,z, ) —g*(T(t,z), )
() '
Here, vg() is the magnitude of the frequency-dependent group veloc-
ity vector vy(w) shown in Fig. 6(a), 7(w) is the frequency-dependent
relaxation time, and ¢ € [0, 7] is the angle between the direction of

+ cos((p)vg(w)
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FIG. 6. (a) Schematic of the phonon transport simulation. The phonon population
9(t,z,w) is denoted as g. The group velocity is vp. The z=0 and z= L, boundary
conditions are diffuse reflections of left-going and right-going phonons with energy
loss described as ¢ =0 and &, respectively. (b) Comparison of results of
simulation (lines) with experimentally observed time dependence of the intensity for
different values of the interface phonon transmittance &y, for a T =40K and
1'mJ cm~2 optical fluence.

vg(@) and the z axis to account for all solid angles in the 1D model.
The phonon energy distribution is as follows:”

g(t.z,w) = ﬁth(a))f(t, z,m),

where f(t,z,) is the phonon population and D(w) is the density
of states. The equilibrium energy distribution g°4(7(#,z),w) corresponds
to the Bose-Einstein distributed phonon population (ie.,

fa=1/ [exp( o ) — 1}) given the local temperature T(t,z). The

kpT(t.z)

phonon density of states was determined using the Debye model and
the reported Debye temperature Tp, p= 246 K. The group velocity
was taken to be the literature longitudinal acoustic sound velocity of
Pt, vp, = 3920 m s~ . The relaxation time was 7 = I'p/vp, given by the
mean free path I'p, determined above.

The Pt/vacuum interface at z=0 was modeled using a diffuse
boundary condition such that all outgoing phonon energies u are
reflected diffusely

0
glz=0,u0>0)=¢gYTp) —2(1— al)J Ve g(z =0, p) pdu.
-1
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The transmission coefficient at z= 0 is &; = 0. The Pt/GdIG inter-
face at z=L, was also described as diffusely reflecting, with energy
transmission 0 < &, < 1. We assume that no energy is transported
from the GdIG to Pt. This assumption is reasonable because the Pt
layer has a much higher temperature rise than the GdIG layer such
that the energy is transferred into the GdIG layer from Pt but not from
GdIG into Pt. The expression for the Pt/GdIG interface is

0
g(z= 1L u<0)=2egTo) +2(1 — 8z)J g(z =L, p) pdp.
~1

The initial distribution g(t=0, z, w) is an equilibrium distribu-
tion with the temperature profile determined using the optical fluence
of the pump laser and the thermal parameters of Pt.

The system of equations was discretized in space using the finite
volume method with grid size Az=0.25nm. The time evolution was
solved by the forward Euler method with time step At=50 fs.
The computational details can be found in the supplementary material
of Ref. 9.

A comparison of the results of the simulation with the experi-
mentally measured intensity is shown in Fig. 6(b). The best agreement
is obtained with a value of &, = 0.05, corresponding to a phonon trans-
mittance of 0.05 at the Pt/GdIG interface, with values of 0.025 and
0.075 providing notably worse agreement. The uncertainty due to
counting statistics did not affect this estimate of ¢,. The best agree-
ment, & = 0.05, corresponds to a reflectance of 0.95. In comparison,
the acoustic amplitude reflectance measured above for the strain pulse
was 0.28, corresponding to a power reflectance of 0.08. The contrasting
observation of purely diffuse phonon reflection at the Pt interface for
thermal transport and highly specular reflection for the acoustic propa-
gation above is a result of the difference in relevant phonon frequen-
cies. The difference between the relatively low reflectance of the low-
frequency acoustic pulse and the higher reflectance (corresponding to
low &,) at the higher THz-range frequencies of heat transport may also
arise from the frequency-dependent mismatch between the acoustic
properties of Pt and GdIG. Further experiments may narrow the time-
domain difference between the range of acoustic and thermal
experiments.

IV. CONCLUSION

The acoustic and thermal properties of Pt/GdIG heterostructures
have immediate consequences for the design of materials, interfaces,
and devices for spincaloritronics. These devices depend fundamentally
on linking a heat current mediated by phonons to a current of mag-
netic excitations mediated by magnons.'” The temperature profile and
heat flux are separate but important parameters of emerging descrip-
tions of the spin-Seebeck effect.”® The thermal parameters determined
here are relevant to the heat transfer between a heated Pt layer and
GdIG, helping to provide the temperature distribution within the
GdIG layer in spin-Seebeck models. The temperature changes deter-
mined using the lattice expansion, Debye-Waller analysis, and esti-
mates of the energy absorbed from the optical pulse are all mutually
consistent, pointing to future opportunities to use these methods in
complementary ways during ultrafast thermal transport experiments.

More generally, thermal transport phenomena provide the means
to observe phase transformation physics and dynamics via the cou-
pling among the electronic, lattice, and magnetic degrees of freedom of
materials. Phonon lifetimes and transition rates for specific processes
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are the keys to steps such as the generation of Floquet states and the
manipulation of specific modes linked to phase transformations.” "’
The crossover between coherent phonon dynamics and thermal trans-
port occurs in a range of phonon frequencies, layer thicknesses, and
lifetimes in the THz range that are accessible via time-resolved x-ray
diffraction methods."®" The results here provide insight into the spe-
cific predictions of atomic-to-mesoscopic descriptions of acoustic
properties and interface thermal phenomena and provide a combined
experimental/analysis method that can be used to provide insight into
other systems. Further directions include the coupling of the acoustic
pulse to the spin-wave modes of the GdIG layer, the dynamics
and damping of magnetoelastic modes, and magnon-phonon
hybridization.”” **
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