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Heat Transport without Heating?—An Ultrafast X-Ray
Perspective into a Metal Heterostructure

Jan-Etienne Pudell, Maximilian Mattern, Michel Hehn, Grégory Malinowski,

Marc Herzog, and Matias Bargheer*

When the spatial dimensions of metallic heterostructures shrink below the
mean free path of its conduction electrons, the transport of electrons and
hence the transport of thermal energy by electrons continuously changes
from diffusive to ballistic. Electron—phonon coupling sets the mean free path
to the nanoscale and the time for equilibration of electron and lattice tem-
peratures to the picosecond range. A particularly intriguing situation occurs
in trilayer heterostructures combining metals with very different electron—
phonon coupling strength: Heat energy deposited in few atomic layers of Pt is
transported into a nanometric Ni film, which is heated more than the Cu film
through which the heat is released. Femtosecond pump-probe experiments
with hard X-ray pulses provide a layer-specific probe of the heat energy. A
purely diffusive two-temperature model with increased thermal conductivity
of hot electrons excellently reproduces the observed signals from all three
layers. At the time when the Ni lattice is maximally heated, no significant heat
has entered the Cu lattice. This phenomenon would be enhanced in thinner
layers where ballistic transport dominates. In this context it is shown that
purely diffusive transport can lead to a linear time-to-length dependence that

and the non-equilibrium between these
two subsystems has to be taken into
account at short time and length scales.
Ab-initio modeling of this complex
problem is an active field of theoretical
physics.*7l While the electrons rapidly
acquire a Fermi-distribution, the tempera-
ture of the lattice may not be a well defined
quantity for hundreds of picoseconds.!!
The non-thermal occupation of phonon
modes can be described by mode-specific
temperatures.l’). When the length scale
of the system falls below the mean free
path of the heat carrying quasiparticles, a
superdiffusive and finally ballistic regime
of energy transport is reached as the
number of scattering events per quasipar-
ticle approaches zero (cf. Figure 1a).>
For timescales beyond the thermalization
of the electron system, which is typically

must not be misinterpreted as ballistic transport.

1. Introduction

In macroscopic engineering contexts, heat transport in metals is
well described by the heat equation using macroscopic thermo-
physical parameters of the constituent materials and additional
interface thermal resistances."? This differential equation is
analogous to the diffusion of quasiparticles carrying heat.’!
In metals both conduction electrons and phonons contribute,
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much faster than electron-phonon (e-ph)
coupling, thermal transport within each
subsystem can be approximated within a
diffusive two-temperature model (TTM).
Remarkably, if electrons injected into a metal layer from one
side traverse it ballistically at the Fermi velocity, the electronic
energy is transported through the layer without heating it. In a
superdiffusive regime only a small part of the electron energy
dissipated by few scattering events remains in the layer. In
magnetic metals, the spin degree of freedom not just com-
plicates the problem by offering additional scattering chan-
nels.’! The controlled manipulation of spins by hot electrons
or lattice strain is a growing field of active research as it may
revolutionize data processing and storage.'271¢l Superdiffusive
electrons excited by femtosecond light pulses have been shown
to lead to demagnetization, spin precession, and magnetization
switching both in experiment and theory.®"-"% Electronically
controlled heat pulses highlighted the potential for embed-
ding these phenomena in modern CMOS technology.202U
Time-domain thermoreflectance is becoming an increasingly
useful tool in material science for determining thermal conduc-
tivities of the constituents and interfaces in heterostructures.?!
However, for metal layers thinner than their skin depth the
analysis is complicated. The optical response mixes contribu-
tions of adjacent layers. Thus, layers sandwiched between two
metals cannot be independently analyzed. Femtosecond pump-
probe experiments using X-rays can yield important additional
insights, particularly when probing specific subsystems con-
taining the heat energy.?>?/l Recently, ultrafast X-ray diffraction
(UXRD) experiments revealed the unconventional heat trans-
port in a bilayer of 5 nm Au and 10 nm Ni. It does not matter

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. Layer specific UXRD data. a) Sketch of the heat transport from
the exited Pt layer (blue) by electrons through a Cu layer (orange) to a Ni
layer (gray). b—e) Transient lattice strains 7pycyn; for two different excita-
tion fluences (6.5 m) cm™2 [faint colors] and 20 m) cm~2 [bright colors]) of
Pt, Cu, and Ni, respectively. The continuous lines originate from a simu-
lation considering diffusion according to a TTM with the temperature-
dependent electron heat conductivity according to Equation (2).

if the optical absorption occurs in Au or Ni—the electronic heat
energy is very rapidly (S1 ps) captured by the electrons and
phonons in Ni, whereas the Au lattice heats up surprisingly
slowly on a 100 ps timescale. This observation can be rational-
ized by a modified TTM.[*’]

Here we show that electronic heat energy deposited in
a 6 nm Pt film is very rapidly transported by hot electrons
through a 100 nm thick Cu layer without significantly heating
it. The electronic heat energy is rapidly extracted by a 20 nm
thick Ni layer at the backside of the Cu layer, because Ni offers
a large electronic heat capacity, which is proportional to the
electronic density of states at the Fermi level.”®! Rapid e-ph
coupling in Ni cools down the Ni electrons, preserving a large
temperature gradient between the electron systems in Cu and
Ni. We experimentally confirm this model by measuring the lat-
tice expansion of Pt, Cu, and Ni by UXRD with sub-picosecond
time resolution in a laser-based laboratory setup. Directly after
laser pulse excitation of the Pt layer, the buried Ni layer shows
a very rapid expansion, whereas the Cu layer is initially com-
pressed before it slowly expands. A fully diffusive TTM of the
coupled phonon and electron heat transport excellently repro-
duces the data simultaneously for all three layers and for several
excitation conditions with one set of parameters. The model
shows that the Ni lattice is heated by hot electrons much faster
and to higher temperatures than the Cu lattice. Although our
modeling clearly simplifies the analysis by neglecting ballistic
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or superdiffusive transport and non-thermal distributions in
the phonon system,>¢l the observed phenomenon of counter-
intuitive heating of the back-end of the heterostructure is
described correctly. In fact, it is underestimated, since ballistic
or superdiffusive motion of electrons would even increase the
heating of the distant Ni layer.

Moreover, the conceptually simple diffusive modeling made
us aware of a potential pitfall in deducing the transport mecha-
nism in photoexcited metal layers from pump-probe experi-
ments: Our model surprisingly predicts that the rise time 7o
of the Ni electron temperature to the 10% level of its maximum
temperature change depends linearly on the Cu layer thickness
d. Given the exclusively diffusive character of our model, our
finding implies that an interpretation of similar experimental
signatures as a manifestation of ballistic transport may be ille-
gitimate. In contrast, the rise time by an absolute temperature
change AT of the Ni layer shows the dependence 7y; e d?,
which is characteristic of diffusion.

2. UXRD Experiment

We excite a metal heterostructure with a femtosecond laser
pulse which is essentially absorbed in the 6 nm thick Pt cap
layer (see experimental section). Figure 1 shows the transient
average lattice strain of Pt (Figure 1b), Cu (Figure 1c,d) and Ni
(Figure 1e) measured by UXRD for two different excitation flu-
ences. The Pt layer expands immediately after the optical exci-
tation. The maximum expansion is observed at ¢t = 1.5 ps, as
expected from the propagation of the expansion wave through
the Pt layer at the sound velocity vp.2”) The pronounced min-
imum at ¢t = 3 ps indicates the back-reflection of the expansion
wave at the sample surface leading to a strongly damped oscil-
lation of the Pt layer thickness with period Tp, = 3 ps. Within
25 ps the Pt strain decreases to a nearly constant level of
Npy =1 - 1073 by thermal transport to the Ni and Cu layer. Sur-
prisingly, it is the buried Ni layer that expands right after the Pt,
reaching a maximum expansion around 6 ps. The asymmetry
of the maximum is due to the reflection of the Ni expansion
wave at the interfaces of the Ta buffer layer and the glass sub-
strate (see Section 3 for a thorough modeling). The Ni signal
modulation in the 20-30 ps range is caused by the pronounced
acoustic strain pulse launched by the Pt layer and its reflections.
Thermal expansion of the Cu layer, through which the heat was
conducted to the Ni layer, occurs later and triggers a Cu thick-
ness oscillation with 60 ps period, which results from acoustic
reflections at the sample surface and the glass interface.

The delayed slow heating of the Cu layer is directly evidenced
by the initial compression of Cu prevailing for more than 5 ps
(Figure 1c). Only the first t = 3 ps can be explained by the com-
pressive leading part of the bipolar strain wave launched by the
Pt expansion. After this time, even the expansive part of this
bipolar strain pulse has completely entered the Cu layer.?6?1 The
additional prolonged compression of Cu must originate from the
leading part of a bipolar strain wave generated in the buried Ni
layer that is almost four times thicker than the Pt. The combined
experimental data of Figure 1 directly show that the Ni layer
expands much faster and stronger than the Cu layer, through
which the heat is conducted toward the Ni layer in the first place.

© 2020 The Authors. Published by Wiley-VCH GmbH
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3. Modeling

In the previous section we have implicitly used the lattice
expansion as a layer-specific thermometer. Indeed, the thermal
strain 7 o< o'is proportional to the driving stress o= I'p<, which
is in turn proportional to the energy density p& Here, T is the
macroscopic Griineisen constant. In metals, at least two contri-
butions to the stress must be distinguished, namely, electrons
and phonons. At room temperature the specific heat of the pho-
nons Cpy, is nearly constant in the Dulong-Petit limit. There-
fore, the change of the phonon energy density Apg, = Cp ATy,
due to the laser excitation is proportional to the phonon tem-
perature rise ATy, This makes our X-ray thermometer simple
to read at timescales beyond 1 ps, when the energy in the
electron system can be neglected. In this limit, the measured
strain is directly proportional to the phonon temperature rise,
1 o< AT, In contrast, the energy density change in the electron
system Aps = C.(T.)AT. has a quadratic contribution in AT,
due to the Sommerfeld model of the electronic heat capacity
C.(T.) = y*(T) + AT.) where y3 is the Sommerfeld constant
and T/ is the starting temperature. The electronic stress contri-
bution o, = T.pg is only present in the first picosecond, but it
strongly influences the shape and size of the strain waves.

The timings of the three measured strain transients in
Figure 1 already indicate that Ni heats up strongly before Cu
even gets warm. In the following we lay out a more quantitative
analysis using a diffusive 1D TTM.% The model describes the
evolution of the electron and lattice temperatures due to diffu-
sion and mutual coupling using the classical TTM:

o2 AT
C.(T.) o = aZ(K‘e(Te,Tph) 3z )+g(Tph Te)+Se(z,t) )
JaT, d JaT,
Con atph = a_z(Kph a:‘)+g(Te_Tph)

The laser pulse heats the electrons via the source term S.(z, t),
Kejpn are the electron and phonon thermal conductivities,
respectively, and g is the e-ph coupling parameter. The spatial
coordinate z is directed perpendicular to the sample surface.

The phonons contribute to heat transport; however, already
in thermal equilibrium the electron heat conductivity domi-
nates by far.l?®l For a correct description of the non-equilibrium
transport, it is vital to include the dependence of the electron
heat conductivity x. on the phonon and electron tempera-
tures.?14 In the relevant temperature range the electronic
specific heat can be approximated by C, = yST. and the mean
scattering time of the electrons 7, e 1/T,, is dominated by
e-ph scattering.}134 For the conduction band electrons of Cu,
kinetic gas theory yields

1. - 1 T.
Ke(T., Tpw) = ECevFl = ECEVére =K== (2)

ph

The empirical equilibrium conductivity k¢ encodes y5, the
Fermi velocity vg and the proportionality constant in 7, o 1/ T,
The mean free path | =v;7, is independent of T. and only
depends on Ty,. This text-book model was recently applied
to model the in-plane heat transport in a nanometric metal
film 3
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Table 1. Thermophysical parameters of Pt, Cu, Ni, Ta, and the glass
substrate taken from the indicated literature. Values in brackets are opti-
mized values for the simulation.

Pt Cu Ni Ta Glass
75 (m) cm™ K 0.741% 0.10131 1.0613 0.3805 -
Con () cm™ K7 2.8512 3.44 3.94 2.33651 1.801%3
kO (W m™ K™ 6604 396131 81133591 52 -
Kop (W m™ K 50541 5 9.60%%1 5 11931
g (PW m2 K™ 400061 63161 360061 100 -
p(gcm™) 21.45 8.96 8.91 16.68 2.5415%
v (nm™" ps) 4.267,58] 5.2156.90] 6.3167 4.2 5.715%
e 2,462 (0.9)  0.91% (1.1) 2.0062] 1.362 -
T 3,002 (2.5 1762 (2.1 1.65/62 1.5062 0.35%

ph

The thermophysical parameters used in our modeling
are listed in Table 1. For an incident excitation fluence of
20 m] cm™ we obtain the spatio-temporal temperature maps
Tpn(z, t) of the electron and phonon systems shown in
Figure 2. For convenience, the heterostructure is shown at the
top of Figure 2. We find that the hot electrons (Figure 2a) very
rapidly (few 100 fs) diffuse from the Pt through the Cu into the
Ni layer. Due to the strong e-ph coupling in Ni, the electron
energy is rapidly dissipated to the Ni lattice, thus preserving a
large temperature gradient between the electron systems in Cu
and Ni. The electron temperature equilibrates throughout the
heterostructure within 1.4 ps. Figure 2c emphasizes the deci-
sive role of the large electronic heat capacity of Pt and Ni, which
originates from the large electronic density of states at the
Fermi level. The Ni layer is buried far beyond the skin depth of
the metal heterostructure and can only be heated by transport
through Cu. Figure 2b reveals that the lattice temperature of
the Ni layer rises within 1-2 ps. The Pt lattice gets heated on a
similar timescale to even higher temperatures, because the Pt
layer directly absorbs the photon energy. The rapid diffusion of
hot electrons competes with the strong e-ph coupling in Pt. The
energy density of the phonons in Figure 2d is nearly identical to
the temperature map in Figure 2b since the lattice heat capacity
is constant close to the Dulong-Petit limit. Note that the exist-
ence of interfaces between different metals may give rise to
thermal interface resistance. The fact that we do not need to
take interface resistances into account in order to obtain agree-
ment between experiment and calculations suggests that such
interface effects are negligible here.

After e-ph equilibration the phonons carry the vast majority
of energy density. Thus they dominate the reading of our ther-
mometer. In order to compare the calculated lattice temperature
to the measured strain at short timescales, we must include a
modeling of the strain waves launched in the heterostructure,
which are considerably driven by the electronic stress. There-
fore, the spatio-temporal electron and phonon temperature
maps in Figure 2 are used as input to calculate the transient
strain by integrating a one dimensional masses-and-springs
model.*® It takes into account the absence of in-plane strains
and the concomitant out-of-plane contraction.’”) The spatio-
temporal strain 7(z, t) (Figure 3) is used to calculate the X-ray
diffraction pattern by dynamical X-ray diffraction theory.[26:30:38]

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. Result of the diffusive TTM of heat transport with temperature-dependent electron heat conductivity: a) Electron temperature, b) phonon tem-
perature, c) change of electron energy density, and d) change of phonon energy density of the hetero-structure after excitation with an incident fluence of

20 m) cm™2

The evaluation of the simulated Bragg peak shifts is plotted as
continuous lines in Figures 1 and 4.

Figure 4 compares two limiting cases calculated in the TTM
to the continuous lines reproduced from Figure 1. The calcula-
tions leading to the dotted lines depict the dynamics that follow
an instantaneously thermalized electron system that adopts a
spatially homogeneous electron temperature throughout the
heterostructure. This mimics the fastest possible electron trans-
port that one would expect for approximate ballistic motion.
We note, however, that homogeneous heating of the electron
system necessarily would require also efficient scattering events
within the Cu film. It strongly overestimates the expansion of
the Ni layer and the relative amplitude of the Cu compression.
As an opposite limit of slow transport, the modeling that yields

Pt Cu

. In the buried Ni film the energy density of the electron system and the lattice temperature rise faster than in the heat-conducting Cu layer.

the dashed lines assumes a temperature-independent electron
heat conductivity. This leads to slower heat transport exag-
gerating the expansion of the Pt layer and underrating the Ni
expansion, since the e-ph coupling dumps the energy to the Pt
and Cu lattice before propagation to Ni. In this case also the ini-
tial compression of Cu is too short-lived because it now exclu-
sively results from the Pt expansion.

We emphasize that only the TTM with temperature-
dependent electron heat conductivity (continuous lines) can
model the fluence dependence shown in Figure 1 with a fixed
set of parameters. Figure 4d—f shows the simulated fluence
dependence for the strain in all three layers normalized by the
excitation fluence. The increased relative energy transport can
be identified by the disproportionally increasing strain of the

Ni Ta glass

delay t (ps)

0 25 50

C_o 1) L urens sonye)

75 100 125

sample depth z (nm)

Figure 3. Calculated spatio-temporal strain 7(z, t) for an incidence fluence of 20 m) cm™2. After the excitation, the lattice starts to expand at the
interfaces sending strain waves through the heterostructure. As indicated by the blue color, the Pt and Ni layers compress the Cu layer directly after

excitation.
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Figure 4. Limiting cases of electron transport and fluence dependence: Simulations of the UXRD data in comparison with the 20 m) cm™2 UXRD
data for a) Pt, b) Cu and c) Ni. The continuous lines originate from a simulation considering the temperature-dependent electron heat conductivity
according to Equation (2). The dashed lines assume a constant electron heat conductivity with T, = T, in Equation (2) and the dotted lines result
from an approximate ballistic model, which assumes a homogeneous initial electron temperature throughout the metal layers. The simulated fluence
dependence with temperature-dependent electron heat conductivity reveals characteristic features: The strain of d) Pt and e) Cu normalized to the
excitation fluence decreases with increasing fluence, whereas it increases for f) Ni. This is a manifestation of the enhanced thermal conductivities at

elevated electron temperatures.

Ni layer with increased excitation fluence. The heat capacity
of conduction electrons increases with temperature. Hence,
for a temperature-independent e-ph coupling constant, the
relaxation time in Pt is shorter at low fluence. This drives the
high-frequency coherent oscillations originating in Pt more
efficiently. Accordingly, at 22 ps the leading compression of the
bipolar strain pulse originating from Pt strongly compresses
the Ni layer. Normalized to the deposited energy, this compres-
sion is larger at low fluence. At high fluence, the increased
electron heat conductivity in Cu (Equation (2)) and in parts also
the longer e-ph coupling time in Pt facilitate a more efficient
energy transport toward Ni. This causes the enhanced initial
expansion of the Ni layer.

4, Discussion

Our diffusive model predicts that on a time scale of several tens
of picoseconds heat is transported from Ni into the Cu lattice,
that is, in the opposite direction of the initial heat flow in the
electron system. This can be clearly seen in the temperature
map at the Cu/Ni interface in Figure 2c. The inclusion of bal-
listic and superdiffusive aspects would even increase the elec-
tronic transport out of Pt through Cu into Ni and therefore
enhance this backward heat transport.

In this article we do not take the challenge to fully model
superdiffusive transport in this heterostructure, which would

Adv. Funct. Mater. 2020, 30, 2004555
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require a precise description of the band structures and all
possible scattering processes of electrons and phonons of
each material. Modeling the role of the interfaces would add
yet another level of complexity. The mean free path & = 25 nm
of electrons excited in Cu by 800 nm photons is considerably
shorter than in noble metals,3%%! making diffusive transport
a reasonable approximation for 100 nm films. Therefore, we
compare the diffusive to the ballistic limit in a simple manner.
Figure 5a shows the normalized electron and lattice tempera-
ture evolution in Ni for different Cu layer thicknesses according
to our fully diffusive model with temperature-dependent elec-
tron heat conductivity.

In order to illustrate that certain evaluations of experimental
signatures may lead to erroneous conclusions regarding the
mechanism of heat transport, we show different evaluations of
the rise time of the Ni electron temperature in the first 6 ps in
Figure 5b. The blue lines indicate the time at which the elec-
tronic temperature rises by selected absolute values AT.". They
show the expected depth dependence z o</t for diffusive trans-
port. Note that, for example, for d 2 400 nm the 10 K threshold
in Ni is not overcome on the time scale of non-equilibrium
electron conduction according to Equation (2). Instead, Ni is
heated up by 10 K much later at about 1.5 ns (c.f. Figure 5a)
via transport of locally equilibrated electrons and phonons. In
contrast, the orange lines in Figure 5b report the time it takes
the electron temperature in Nickel to rise to f= 1%, f = 10%
and f = 33% of the maximum electronic temperature in Ni

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Dependence of the temperature evolutions in Ni on the thick-
nesses of the Cu transport layer. a) Transient layer-averaged electron and
phonon temperature in Ni normalized to the respective maximum elec-
tron temperature for various thicknesses of the Cu layer. Up to approx.
400 nm the maximum temperature is reached within 2 ps by non-
equilibrium heat transport according to Equation (5). Beyond this thick-
ness near-equilibrium transport yields the maximum in the ns range.
b) Rise time of the electron temperature in Ni to various absolute tem-
perature thresholds AT," in blue color code, together with arrows indi-
cating up to which depth T has reached this threshold immediately by
direct absorption of photons. Red color code for the rise time to various
fractions f of maximum electron temperature, f. The time-length relation
is linear for the relative threshold, whereas the absolute threshold yields
the expected quadratic behavior.

within the first 6 ps for the respective Cu thickness. This rise
to a certain percentage of the maximum is analogous to nor-
malizing transients to their respective maximum and infer-
ring the time-thickness relation by reading the crossing time
for a given threshold fas reported in many studies.’>*3] This
approach was first presented in the seminal paper by Brorson
et al. on Au films!* which are much thicker than the Cu films
in similar early experiments.”] The linear time-thickness rela-
tions found in those studies were interpreted as a manifesta-
tion of ballistic electron transport. Despite the purely diffu-
sive character of our model, the analysis considering the rise
time to a relative threshold f (orange lines in Figure 5b) also
yields a linear dependence z o t which is therefore obviously
not a sufficient observation to conclude ballistic electron trans-
port.®! For comparison, the black dashed line in Figure 5b
depicts the arrival time of ballistic electrons with Fermi velocity
Vg = 1.57 x 10° m s728] at the backside of a Cu layer of thickness
d. For very thin Cu films and small relative temperature thresh-
olds the diffusion appears to be faster than the ballistic motion.
This is partially caused by the slight direct optical excitation of
the Cu layer (see experimental section and arrows in Figure 5b).
However, generally the diffusion approximation may yield
heat transport that is faster than the group velocity of the heat
carrying particles, that is, inconsistent with underlying con-
cepts of the specific heat and heat transport by quasiparticles.

Adv. Funct. Mater. 2020, 30, 2004555

2004555 (6 of 8)

Several approaches can be taken to cure this property
of the heat equation,>'#! which occurs when the length scale
of the system is below the mean free path of the heat-carrying
particles. The blue arrows in Figure 5b indicate, however, that
the direct heating of Cu in a depth of 100 nm by the absorption
of photons cannot be neglected when discussing tiny tempera-
ture changes (see figure caption for further details).

In the following, we investigate the origin of the surprising
linear time-thickness relation from a fully diffusive model in
more detail. For that purpose, we derive an analytic expression
for electronic heat diffusion in the presence of e-ph coupling by
solving the diffusive TTM (Equation (1)) for an isolated semi-
infinite surface-heated Cu layer. For simplicity, we assume
a constant phonon temperature Ty =T., approximating
Cpn > C,, and a temperature-independent electron heat con-
ductivity x.. This results in an uncoupled heat equation with a
term accounting for the loss of heat from electrons to phonons:

OAT, _ K, 0°AT, 8
o C, 97 C

AT, (3)

e

with AT, = T, — T,,. The solution is given by

[C C.2° g
AT, (z,t) <, |—— - —=t 4
(=1 47Kt exp( 4Ket)exp( Ce. ) @

which is a product of the Gaussian textbook solution of the heat
equation and an exponential damping term due to e-ph cou-
pling. At a distance z = d from the heated surface, the electron
temperature attains its maximum at time

b = &( b g _1] o)
4g K,

This expression is asymptotically linear for thick Cu layers
with thickness d>> /k./4g =40 nm which is consistent with
our numerical solutions presented in Figure 5. The e-ph cou-
pling strength g is crucial for the existence and timing t,,,, of
the maximum electron temperature, and hence for the linear
asymptotic dependence of Equation (5). We note that the
numerical modeling including a temperature-dependent elec-
tron heat conductivity according to Equation (2) yields the same
asymptotically linear behavior.

In summary, we emphasize the relevance of the non-equi-
librium heat transport at small lengths scales as illustrated in
Figure 5a: The normalized transient electron temperature rise
in Ni is the decisive parameter, since it is the large electron heat
capacity of Ni together with the large e-ph coupling in Ni which
dominates the counter-intuitive phenomena. For thin Cu transport
layers the maximum electron temperature in Ni is reached within
the first 2 ps. For d 2 400 nm, the electron temperature has its
maximum three orders of magnitude later, as the transport now
occurs dominantly close to thermal equilibrium (cf. Figure 5a).

5. Conclusion

In conclusion, we presented ultrafast X-ray diffraction experi-
ments that unveil unconventional heat transport by hot

© 2020 The Authors. Published by Wiley-VCH GmbH
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electrons in a metallic heterostructure. After laser-heating the
front end of the structure, the lattice of the back end is heated
much more rapidly and efficiently than the part through which
the heat is transported via conduction electrons. We highlight
the crucial role of the high density of states at the Fermi level
of the Ni layer at the back end of the structure. It attracts the
heat energy ultrarapidly into its large heat reservoir and dumps
the energy into lattice vibrations of Ni owing to its strong e-ph
interaction. Subsequently, the lattice of the intermediate Cu
layer is even heated from the backside. Our modeling approach
considering purely diffusive transport reproduces our data very
consistently, although partially ballistic or superdiffusive heat
transport definitely occurs in Cu. The conceptual simplicity of
our approach, however, also brings to light that the mere exist-
ence of a linear space-time relationship in the experimental
data is not sufficient to identify a ballistic transport mechanism.

6. Experimental Section

Sample Growth: The metal heterostructure (Figure 1a) was sputtered
onto a glass substrate (Corning 1737 AMLCD) in the following layering
sequence: 6.6 nm Pt on 104 nm Cu on a 22 nm Ni on a 5 nm amorphous
Ta adhesion layer. As described below, static X-ray diffraction reveals a
(11 1)-orientation of the relaxed Pt, Cu and Ni layers.

UXRD Measurement: A reciprocal space map of the multilayer sample
is obtained by detecting the symmetrically and asymmetrically diffracted
X-rays on an area detector (Dectris PILATUS 100K) while sample and
detector are rotated in a classical 6 — 26 scheme. The reciprocal space
map shows three material specific (1 1 1)-oriented Bragg peaks, which
are located at 6p, = 19.75°, O, = 21.65°, and 6y; = 22.25°. The sample
was excited with p-polarized 100 fs laser pulses at 800 nm having an
incident laser power of 330 mW or 110 mW at 1 kHz repetition rate. The
footprint of laser beam was approximately 1.1 X 0.9 mm? (major and
minor FWHM-diameter). For the 330 mW measurement the incidence
angle of the laser was 50° (47.5°) with respect to the surface normal
for the measurements on the Pt (Cu and Ni) Bragg reflection(s), which
results in an incident fluence of 19 (20) m) cm™2. For the 110 mW
measurement the incidence angle was 47.5° resulting in an incident
fluence of 6.5 m) cm™2. The optical absorption profile calculated from
the respective dielectric functions by a matrix formalism2>48] reveals that
over 86% of the absorbed energy of the near-infrared pump (800 nm)
deposited inside the Pt layer and 14% are deposited in the first 12 nm
(1/e) of the Cu layer. The sample was probed under a fixed angle with
200 fs X-ray probe pulses at a wavelength of 1.54 A(Cu K,) derived from
the laser-driven plasma X-ray source (PXS)“! and detected by an area
detector at a fixed position. For each layer, the strain derived from the
transient shift A6 of the Bragg peak (center of mass) was used as a
proportional measure of the average energy density in each layer.[2526:50]

Simulation Methods: The TTM, strain, and X-ray diffraction simulations
are carried out using the ubpkm1DsiMm MATLAB toolbox.P% For each
material, values for the heat conductivities i, the specific heats C, g,
the Sommerfeld constants y°, and the electron-phonon coupling
constants g are taken from the literature as given in Table 1. Constant
values were applied for the specific heat and heat conductivity of the
phonon system. Also the e-ph coupling parameter g was assumed to
be temperature-independent, which is a reasonable approximation in the
temperature range of the study. The electronic specific heat C(T,) = 7°T.
depends on temperature according to the Sommerfeld model, and
the temperature dependence of the non-equilibrium electron heat
conductivity is given in Equation (2). The laser excitation is accounted
for by the source term S.(z, t) whose spatial profile is dictated by the
optical absorption calculated by a matrix formalism.[2>48 The calculated
spatio-temporal electron and phonon temperature maps (Figure 2) were
used as input to calculate the transient strain by integrating a linear

Adv. Funct. Mater. 2020, 30, 2004555

2004555 (7 of 8)

masses-and-springs modelP® considering the geometrical limitation of
thin films on ultrafast timescales.””-¥”l The modeled strain was leveled
to the 330 mW UXRD data by scaling the source term accordingly. The
Griineisen coefficient of Pt and Cu had to be adjusted by approximately
+20% to match the observed expansion between 300 ps to 1 ns,
where the temperatures of all metal layers are in equilibrium. This is
reasonable given that properties in thin films often slighlty differ from
to bulk properties. All values are kept fixed for both fluences, that is,
for the simulation matching the 110 mW UXRD data only the source
term is divided by the factor 3. From the resulting strain map 7(z,t)
(Figure 3), the X-ray diffraction pattern was calculated by dynamical
X-ray diffraction theory. The calculated time-dependent Bragg peaks were
evaluated in the same way as the experimental UXRD data to obtain the
simulated transient layer-averaged strains shown in Figures 1 and 4.
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