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We explore layered strongly correlated materials as a platform to identify and control un-
conventional heat transfer phenomena. We demonstrate that these systems can be tailored to
sustain a wide spectrum of heat transport regimes, ranging from ballistic, to hydrodynamic
all the way to diffusive. Within the hydrodynamic regime, wave-like temperature oscilla-
tions are predicted up to room temperature. Temperature waves have a purely electronic
origin, stemming from the existence of two components in the electronic system, each one
thermalized at different temperatures. The interaction strength can be exploited as a knob
to control the dynamics of temperature waves as well as the onset of different thermal trans-
port regimes. The present results pave the way to transition-metal oxide heterostructures
as building blocks for nanodevices exploiting the wave-like nature of heat transfer on the

picosecond time scale.

1 Introduction

Understanding the mechanism of heat transfer in nanoscale devices remains one of the greatest in-
tellectual challenges in the field of thermal dynamics, by far the most relevant under an applicative
standpoint '3, When thermal dynamics is confined to the nanoscale, the characteristic timescales
become ultrafast, engendering the failure of the general assumptions on which the conventional

description of energy propagation relies.

The capability to access ultrafast thermal dynamics recently gave access to striking phenom-
ena that take place in materials at the nanoscale before complete local energy equilibration among

heat carriers is achieved. For instance, non-Fourier heat transport regimes have been reported for
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hot spots dimensions inferior to the phonon mean free-path %®, in which energy is ballistically
carried point to point, or have been engineered via nano-patterning of dielectric substrates *~'!. As
a consequence of the existence of two non-thermal populations, wave-like thermal transport, often
referred to as second sound '>!3, has been predicted in graphene, both in the frame of microscopic
117 and macroscopic models '®. Temperature wave-like phenomena have been recently observed
at high temperatures in graphene '° and 2D materials ?° on sub-nanosecond timescales and scheme
for their coherent control have been proposed 2'. So far most of the effort has been devoted to

phononic non-Fourier heat transport !7-1%:22-24

, where, only recently, a theoretical framework, cov-
ering on equal footing Fourier diffusion, hydrodynamic propagation, and all regimes in between,

has been proposed ?°. On the contrary, despite its applicative relevance, electronic non-Fourier

heat transport remains relatively unexplored '8:20:26,

Quantum correlated materials offer a new platform to control electronic nanoscale heat trans-
fer. The strong electronic interactions give rise to emerging many-body properties, such as collec-
tive and decoupled diffusion of energy and charge 2”-2%. Tuning the interaction strength thus opens
the possibility to investigate novel electronic regimes with no counterpart in conventional weakly-

interacting materials >3,

In this work, we propose layered correlated materials (LCM) as the ideal platform to access
the entire spectrum of unconventional electronic heat transport regimes. We present a microscopic
description of the non-equilibrium dynamics and electronic heat transfer phenomena occurring in

LCM on ultrashort space- and time-scales triggered by an impulsive excitation. We show that on
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sub-picosecond timescales the electronic heat transfer is initially characterized by ballistic wave-
front propagation, followed by an hydrodynamic regime, which eventually evolves into conven-
tional Fourier heat transfer on longer timescales. In the hydrodynamic regime, we predict that
LCM may sustain temperature wave oscillations at THz frequencies and up to ambient tempera-

ture.

The present work rationalizes the microscopic interactions underlying unconventional elec-
tronic heat transfer phenomena in LCM. Our findings enlarge the functionalities of quantum ma-
terials 2%Y to the realm of nanoscale heat transport 3!, beyond the case of radiative energy transfer
3234 Under an applicative stand-point these results pave the way to novel paradigms in thermal

device concepts and to artificial nano-engineered materials 2!.

2 The platform: Layered correlated materials

We consider an impulsive excitation on the surface of a LCM characterized by a strong local
Coulomb interaction U (see Fig. 1). The interaction U can drive fast local thermalization processes
leading to the rapid build up of a hot intra-layer electronic temperature before relaxation via slower
scattering paths takes place. At the same time, the interaction leads to heavier quasiparticles with
enhanced effective mass m™ and a reduced kinetic energy. As a consequence, energy propagation
across the layers is expected to slow down for increasing U. Overall the interaction U may thus
act as a tuning parameter to control the relative inter- and intra-layer energy exchange processes

in LCM. Eventually, as the interaction increases, the two processes can effectively decouple, thus
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opening to novel electronic heat transport regimes occurring on the ultra short space and time

scales.

We investigate the possibility for unconventional heat transport regimes by focusing on the
impulsive thermal dynamics of the layered single-band Hubbard model, which represents a general
framework for understanding the effects of electronic interactions in a large family of correlated
materials. The thermal dynamics is triggered by a sudden increase of the electronic temperature
localized within the first few surface layers of the LCM as can be achieved, for instance, by exci-
tation with a femtosecond light pulse ?°. By tuning the interaction strength U and the anisotropy
of the system through the interlayer coupling ¢, , we demonstrate that it is possible to control the
energy transfer dynamics and explore three different heat transfer regimes: ballistic, hydrodynamic

and Fourier-like.

In order to contextualise the present concepts within the frame of real systems and to con-
nect with the realm of technologically relevant materials, we focus on the correlated metal SrVO3
(SVO). SVO is a paradigmatic representative of the wider class of correlated transition metal ox-
ides (TMOs) and it has been proposed as a platform for a wealth of potential technological appli-
cations ranging from ideal electrode materials 3, to Mott transistors *® and transparent conductors
37 We argue that the degree of correlation of SVO, as measured by the interaction strength, is
such that ballistic transport first, and wave-like thermal transport afterwords, are accessible on the
sub-picosecond timescale. Our results, together with the possibility of heterostructuring TMO to

atomic layer accuracy, promote these materials to ideal building blocks for nanothermal device
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architectures based on non-Fourier heat transport.

The model In order to identify the intrinsic role of electronic correlations, we model the LCM by a
simple single-band layered Hubbard model. We do not include the interaction with phonons, which
is however effective on longer timescales than the ones here addressed and does not significantly

affect the present findings. The Hamiltonian reads:

L L1
H=> hy+ Y Tan (1)
n=1 n=1
with
hn = Z tchnacjna +U Z TintMin| @)
<i,j>0 7
and
Tamtl = O _11ChConi1y + hec. (3)

g

where ¢! is a fermionic creation operator for an electron with spin o at the site 7 belonging to

the layer indexed by n, which ranges from O to L. ¢ and ¢, represent, respectively, the intra- and

inter-plane hopping amplitudes. The sum in the in-plane hopping term runs over pairs of nearest

neighbouring sites and we introduce the number operator n;,, = clmcim.

We assume in-plane
translational invariance so that we can introduce an in-plane momentum k = (k,, k,) and recast
B =S €(R)ck e U S Mgy, with e(k) = —2t)/(cos(ka)+cos(kya)) and a the lattice
spacing. We fix the chemical potential in order to have an average occupation of one electron per
site (half-filling) corresponding to the perfect particle-hole symmetric case. As a consequence, the

total number of electrons per layer is conserved during the dynamics. This choice allows us to

model energy transport in the absence of mass and charge transport.
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We study the non-equilibrium dynamics in the frame of model (1) by means of a time-
dependent variational approach based on the generalized Gutzwiller approximation for layered

systems %3

. This approach provides a versatile tool for describing, in a non-perturbative way,
the dynamics in the Hubbard model which is governed by the interplay between the hopping terms

£y, t. and the local Coulomb interaction U.

Within this approach, the effect of the interaction is described in terms of the effective mass
renormalization m* = m/Z which is controlled by the interaction U through the quasiparticle
weight Z(U). In the non-interacting limit Z(U = 0)=1, whereas at finite interaction Z < 1
and decreases as a function of U. Eventually, for a critical interaction strength, U, the system
undergoes a metal-to-insulator Mott transition, corresponding to a vanishing quasiparticle weight,
ie. Z(U.) — 0. In this regime, quasiparticle excitations are completely suppressed and the
dynamics becomes dominated by high-energy incoherent excitations at energies ~ U %°. In this
work we focus on the thermal dynamics of hot quasi-particles in the correlated metal regime, where

Z. is finite but significantly smaller than one.

Non-equilibrium protocol We investigate the thermal dynamics by considering the time evolu-
tion, regulated by the interacting Hamiltonian (1), of two electronic populations at different tem-
peratures. To tackle this non-equilibrium problem we define the following protocol. We start from
the solution of the equilibrium variational problem at zero temperature and set an electronic tem-
perature on each layer by coupling each layer to an external reservoir of electrons with dispersion

€patn (k) and non-zero temperature. In practice, this is achieved by considering an auxiliary master
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equation for the quasiparticles and performing a short-time evolution of the coupled system until

equilibration is reached.

We first solve the finite temperature equilibration for the entire system at a base temperature
that we will refer to as 7.y, where the subscript "c" stands for "cold" and "0" indicates the instant
preceding the impulsive excitation, and obtain the finite temperature occupation matrix elements,
(el cuo)(Th), and quasiparticle renormalizations, Z. We then repeat the finite temperature
equilibration with an higher temperature 7, > T, for a smaller subsystem of five layers. At time
t = 0 we switch off the coupling with the reservoirs and we let the system evolve starting from the

condition

<CJlrcnockn’o>(Th) fOf n,n = 17 sy 5 (4)

<CLnoCkn’o>(TCO> for n,n' =6,...,L. %)

Observables We study the thermal transport by tracking the time evolution of the energy density

of the n'" layer

En(t) = (W) |hn + T | V(1)) (6)
and the layer-dependent occupation numbers f,(k, t), defined as
FalRst) = (W) o Crono 2 (1) (7

where in both equations |¥(¢)) represents the time-evolved Gutzwiller wavefunction. The observ-
ables defined by Eqgs. 6 and 7 are used to extract, respectively, the heat flux and the evolution of

the local electronic temperature.
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In order to obtain the layer- and time-dependent electronic temperatures, we need to trans-
form the layer-dependent occupation numbers given by Eq. (7) into energy distribution functions
by means of a proper variable substitution. We note that in the equilibrated initial state at time
t = 0 the occupation numbers reproduce Fermi-Dirac distribution functions, at the corresponding
layer temperatures, expressed as a function of the bath dispersion. We therefore define the non-
equilibrium energy distribution functions by adopting the bath dispersion relation and expressing

the occupation numbers as a function of the energy €pq, (k):

F (e, t) = falesan(k), t) (8)

In the rest of the paper we will measure temperatures by setting the bath dispersion equal to the
bare electronic dispersion, i.e. €yn(k) = €(k). We mention here that a different choice would
corresponds to a simple rescaling of the base temperature 7,y. In the supplemental (Fig. S1) we

show that our results do not depend crucially on this choice.

Typical energy distribution functions are shown in Fig. 1 for a fixed instant of time at different
depths of the layered system. We find that the non-equilibrium distribution function f,S’gg(e, t) can
be fitted with a superposition of two equilibrium Fermi-Dirac distributions: 1) a kot distribution at
the temperature 7}, fixed by the initial perturbation, and of weight py.(n, t); ii) a cold distribution
characterized by a time- and layer-dependent temperature 7'(n, t) and of weight 1 — pp,.¢(n, t). This

decomposition can be written as:

fég&(ﬁa t) = fhotphot(n7 t) + fCOld [1 - phot(na t)] ; (9)

with 0 < ppot(n,t) < 1, frot = f(€,T1) and feoiqa = f(€, T(n, t)). Practically, for each fixed n and

9
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t values, we fitted f,gg%(e, t), computed via Eq. 8, with the expression given by Eq. 9, pnot(n, t) and

T'(n,t) being the only two fitting parameters.

Eq. (9) is found to hold for any instant of time and layer index. This provides a clear physical
interpretation of the transient propagation of energy and the definition of a local time-dependent
electronic temperature. Initially, the perturbation creates a population of hot electrons described
by pnot(n,t) which propagates across the layers. Remarkably, while the temperature of the hot
electrons is fixed at T}, the temperature of the remaining 1 — pyo(n, t) fraction of electrons in
the "cold" state T'(n,t) changes in time !. We therefore identify 7'(n,t) as the spatio-temporal
evolution of the local electronic temperature which is determined by the interaction between the
cold electrons on each layer and the hot electrons propagating through the system. We pinpoint
that T'(n, t) (referred throughout the manuscript as the "cold" electrons temperature) should not be

confused with the initial system’s temperature 7.

The heat flux ¢, at layer n and along the z-direction perpendicular to the planes is extracted

by applying the continuity equation to the energy density (6)

% + OEy,
0z ot

=0 (10)

where the discrete spatial derivative defined with respect to the interlayer distance a, 9 — (Gns1—

Qn)/a'

I'This result is confirmed using different fitting procedures in which 77, is either considered a fixed parameter or

fitting parameter.

10
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3 Ultrafast thermal dynamics

In this section we show how this model offers the possibility to access different regimes of non-
conventional heat transport on the sub-picosecond timescale. Each regime will be then discussed
and analysed in the following sections. We consider ¢, =t = 60 meV and U = 0.65 eV, which
correspond to an interaction-driven mass renormalization m/m* ~ 0.3, and a lattice spacing a =
5 A. As we shall see, this value of effective mass renormalization is consistent with experimental

estimates for SrvOs.

Initially the system is at the temperature 7., ~ 35 K and we create at time ¢ = 0 a non-
equilibrium population of hot electrons on the first five layers corresponding to a hot temperature

Th =10 x Tc().

Fig. 2a reports the results for the time evolution of the hot population weight and the local
electronic relative temperature variation, AT /T,y (n, t) with AT = T'(n, t) —T,o, recorded on layer
n=15, which we take as representative of the inner region of the slab. For times 0 < ¢ < 150 fs,
both ppet(15,¢) and T'(15,¢) remain fixed to the equilibrium values pnos = 0 and T' = T,y. At
t ~ 150 fs the perturbation reaches the n = 15 layer and the dynamics that follows can be neatly

divided in three steps.

i) In the time window 150 — 400 fs the dynamics is characterized by a significant increase of
Prot (15, t) highlighting the arrival of the propagating hot electron population. On this time scale,

the electronic relative temperature variation remains limited. This is indicative of a ballistic regime

11
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of energy transport in which the energy flows without inducing any heating in the underlying quasi-

equilibrium distribution.

ii) For t = 400 fs the hot electron population displays a sharp drop and, concomitantly,
we observe the activation of a fast oscillatory dynamics in the electronic temperature of the cold
electrons. Initially the oscillations are centered around a value higher than the initial equilibrium
temperature 7, indicating that the transit of the ballistic front of hot electrons induced the heating

of the population of cold electrons on the layer.

iii) Eventually the system equilibrates for ¢ 2> 0.9 ps with the residual damped temperature

oscillations converging to 7.

We gain further insight into the thermal dynamics by comparing the dynamics of the local
electronic temperature with the heat flux ¢, (¢) at layer n. Panel (b) of Fig. 2 reports the spatial
profiles of the heat flux (right axis, blue trace) and of the local electronic temperature (left axis, red
trace) at fixed instants of time. The broad feature at the forefront of the heat flux profile indicates
the propagation of a ballistic energy front accompanied by a small and more localized perturbation
of the electronic temperature. At the back front of the ballistic heat flux, as indicated by the blurred
yellow band in Fig. 2b, we observe the formation of a sharp sinusoidal feature in the spatial profile
of the temperature. In the time domain, this sharp feature marks the separation between the first
two dynamical regimes of the local temperature observed in panel (a) for the layer n = 15. The
presence of this pronounced oscillation of the temperature spatial profile is accompanied by weaker

temperature oscillations with smaller spatial periodicity in the layers behind the ballistic front.

12
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To fully characterize the thermal dynamics regimes occurring after the ballistic front has
transited, we further compare the dynamics of the heat flux with that of the temperature gradient
V. T(t) = (Ths1(t) — T(t))/a perpendicular to the layers. These quantities are shown in Fig.
2c for the n=15 layer. In the time window 0.15 — 0.4 ps, the ballistic regime shows up as a sharp
increase of the heat flux with no sizeable effect on the temperature gradient. In correspondence
of the end of the ballistic regime, i.e. the sharp drop of the heat current, an oscillatory dynamics
is activated for the temperature gradient. The oscillatory dynamics of V7T'(¢) is maintained in
the 0.4-0.9 ps time window, along with a residual positive heat current on the layer. Att = 0.9
ps the heat current displays damped oscillations centred around zero indicating the recovery of
local thermal equilibrium. Remarkably, the equilibration is characterized by the synchronization
between the dynamics of the temperature gradient and the heat flux. In this regime, we can define
an instantaneous proportionality between the heat flux and temperature gradient, i.e. ¢,(f) o
—V T(t), indicating that the heat transfer process is well described by a Fourier-like heat transfer

law.

At intermediate times (0.4 < t < 0.9 ps), before Fourier-like transport sets in, there is a
residual positive flow of the heat current with an oscillatory dynamics of —V  T'(¢) that is not
simply proportional to that of g, (t). This fact reveals the presence of a new heat transport regime
which bridges the ballistic regime established at the arrival of the perturbation (0.15 < ¢ < 0.4 ps)
and the Fourier-like transport setting in at long times after the perturbation has transited (¢ >0.9
ps). This intermediate regime is characterized by a residual population of hot electrons on the layer

and by an oscillatory dynamics of the temperature of the cold electron population. We identify this

13
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regime as a hydrodynamic transport of heat sustained by the exchange of energy between the two
sub-populations of hot and cold electrons. By comparing the dynamics on the single layer (Figs.
2a,c) with the layer profiles at different times (Fig. 2b), we can observe that the emergence of the
hydrodynamic regime coincides with transit of the sharp sinusoidal feature in the spatial profile of
the temperature at the trailing edge of the heat flux ballistic front. As it will be further discussed
in the following sections, this feature can be considered as a temperature wave-packet propagating

through the system.

Summarising, the sub-picosecond thermal dynamics of electrons displays three subsequent
regimes of heat transport: 1) the ballistic propagation of energy at the front of the perturbation; i1)
the hydrodynamic regime at the trailing edge of the ballistic front. The former is characterized by
a wave-like propagation of the electronic temperature; iii) a Fourier-like heat transport driving the
recovery of thermal equilibrium. The time and space extension of the three regimes are indicated
by the arrows in the plots of the dynamics at fixed layer index (see Fig. 2¢) and of spatial profiles
at fixed time (see Fig. 2b). In the remaining of the paper we analyse in detail the different regimes

and discuss the possibility to control their onset in layered correlated materials.

4 Ballistic energy transport

In this section we will address the possibility of controlling the initial ballistic energy transport
by tuning the microscopic parameters entering in the Hubbard model (1). In the ballistic regime,

the energy is mostly carried by the population of hot electrons at temperature 7. The energy

14
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propagates through hopping processes of the hot electrons excited in the first layers. Layered
correlated materials thus offer two complementary ways to control the inter-layer coupling and, in
turn, the velocity of propagation of the ballistic front, namely tuning either the anisotropy of the
system, ¢ /t), or the strength of the interaction, U. The increase of the latter drives a reduction of
the quasiparticle weight Z, which leads to a larger effective mass for the interlayer motion and a

smaller effective hopping, t| = Zt,.

We show these effects in Fig 3 where we report the spatio-temporal dynamics of the hot
electron population py.(n,t) obtained for different values of anisotropy (horizontal gray arrow)
and relative interaction strength (vertical red arrow). Increasing either one the propagation velocity
of the wavefront is diminished. In the inset we plot the velocity of ballistic propagation vy, as a
function of U for ¢,/t; = 1. vy is defined as the slope of the white dashed line in Fig. 3. The
correlation-induced renormalization of ¢’ strongly suppresses the energy propagation along the

z-direction.

For the sake of applications, we note that, in nanosystems with sizes of the order of the
ballistic mean free path, the thermal conductivity becomes a size-dependent property . Na-
noengineering of LCM, combined with proper tuning of U and ¢, /¢, thus offers a new mean to
control, on the picosecond timescale, the velocity of ballistic heat pulses and, therefore, the thermal

conductivity of nanodevices.

15



2,

o<}

2

283

284

285

286

287

290

291

292

293

294

295

296

297

299

300

301

5 Hydrodynamic energy transport: emergent electronic temperature waves

Temperature wave-packets The results reported in Fig. 2 demonstrate that a purely electronic
hydrodynamic transport regime can be achieved in our correlated system on much faster time

scales than the more conventional phononic counterpart '3 1419

. Similarly to the phononic case,
this hydrodynamic regime manifests itself by a wave-like propagation of temperature oscillations,
which emerge after the ballistic front has transited (see arrows in Fig. 2c¢). In this section, we

will quantitatively describe the characteristics of temperature wave-like propagation, as it emerges

from our microscopic model.

In order to characterize this regime we track the position of the minimum of the wave packet
Xmin and we observe that it linearly increases in time (See the inset of Fig. 4a), allowing us to
estimate the wave packet group velocity from the simple relation X.,,;, = v,t. We obtain v, ~
30 nm/ps of the same order of magnitude of the ballistic energy wavefront velocity. A similar
result is obtained when tracking the time-dependent maximum of the wave-packet, X,,.x. This
result suggests that we can approximately describe the wave packet as a superposition of weakly-

dispersive waves with frequencies v, = v,k /2.

In order to identify the barycentric wavevector of the propagating wave packet, in the top
panel of Fig. 4 we report the spatial Fourier transform of the electronic temperature profile in
the spatial window where the propagating packet is present, as highlighted in the three curves of
the bottom panel, which correspond to three different times, ¢t = 0.505 ps, t = 0.735 ps and

t = 0.945 ps. The small number of layers included in the Fourier window produces spectrally

16
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broaden peaks with the maximum occurring at slightly different k£ values for different times. We
estimate the peak wavevector by taking the average of the three peaks observed at the three chosen
times, obtaining k, ~ 2.2 nm™!, corresponding to a wavelength A ~ 2.85 nm. Inserting this result
in the linear dispersion relation we obtain a frequency v, ~ 10.5 THz. We notice that in the time
domain, and at fixed layer index, this frequency corresponds to the inverse of the period of the large
amplitude temperature oscillation originating after the transit of the ballistic energy wavefront, as

shown in Fig. 2a.

Macroscopic model We now compare the predictions of the microscopic model to a phenomeno-
logical model for the description of the hydrodynamic regime characterized by the emergence
of electronic temperature waves. This approach recently proved effective in describing phononic

temperature wave oscillations in graphite '3,

The phenomenological approach is based on the Dual Phase Lag Model (DPLM)*, which
modifies Fourier law by introducing a causality relation between the onset of V7" and the heat
flux

qt+74,2) = —kra VIT (t+770,2). (11)

In other words, the DPLM introduces a delay between the time at which the temperature gradient
VT is established, ¢ 4+ 77, and the time when the interlayer heat flux ¢ sets in, ¢t + 7,. The
expansion of Eq. 11 to first order, and its combination with the local conservation of energy at

time ¢, gives rise to a second order parabolic differential equation for the temperature variation

AT(t, 2)=T(t,z) — Teo-

17
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We look for wave-like solutions of this differential equation starting from a temperature
pulse triggered at initial time on the top side of the sample slab. Following Ref. 18, the pulse
can be described by a superposition of plane-waves of real-valued wave vectors k£ and complex
frequencies v. Underdamped plane-wave solutions for AT'(¢, z) are found if the condition 7, > 277

is met. These temperature waves are characterized by the complex-valued dispersion relation
V(k’,R,Oé) :I/1<I€,R,Oé)—|—il/2(k’,R,Oé), (12)

where vy 5(k, R, ) depend on the wavevector k, and on the parameters R = % and thermal

diffusivity a = KCT—II, kr.e and Cg being the electronic thermal conductivity and specific heat,

respectively.

The analytic expressions for the real-valued 4 and 1, together with the quality factor de-
fined as Q(k, R,«) = 2L, are reported in Supplementary Information. In principle, the quanti-
ties R and « do depend on the electronic temperature 7. However, since the relative variation
|AT(t)|/Two < 1 (see Fig. 2a), the temperature dependence may be taken with respect to the

initial base temperature T, i.e. R=R(T.o) and a=c(T,y).

In order to reveal under which conditions temperature waves are sustained, we exploit the
dispersion v (k) and its quality factor (), upon insertion of the microscopic parameters relevant for
SrVO; as extracted both from solution of the Hubbard model (previous sections) and supplemented
by parameters derived from the literature. We first determine the quantities R and ov. We identify
the time for setting a variation in the temperature gradient, 7, as the electronic thermalization
time. The local thermalization time in SVO is estimated to be as short as ~5 fs on the basis of
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angle-resolved photoemission spectroscopy *¢ and optical conductivity ’ data (see Supplementary
Information). We thus set 7=5 fs. This time scale is compatible with the attribution of an instanta-
neous local temperature on the sub-picosecond time scale, as assumed in the previous sections. On
the other hand, the heat flux dynamics in Fig. 2c shows that the synchronization between V| T" and
q starts at ~ 900 fs, i.e. 500 fs after the ballistic wavefront has transited through the 15" layer. We
can thus assume 7, ~500 fs. Based on these assumptions, we obtain & = 7p / 74 ~ 0.01 which is
well below the threshold R < 0.5 for the observation of a wavelike behaviour. While the electronic
scattering time is expected to weakly depend on the temperature, the temperature dependence of
7, 18 tested by calculating the solution of the single-band Hubbard model at different base tem-
peratures 7. As shown in Fig. S1, the results demonstrate that 7, is almost independent of 7,
thus allowing to assume a temperature independent value of 2. The temperature dependence of
the wave frequencies is instead retained through «. Specifically, for the case of SVO, C,;=~T with
7=2.4x10% Jm PK=2 4. As for kr,(T) we retrieve it from the temperature dependent electrical
conductivity, o(T), of SVO single crystals *’ upon application of the Wiedemann-Franz-Lorentz
relation: k7 =LoT, L=2.44-10% WQK 2 being the Lorentz number. The temperature-dependent

K1, ranges from ~10 Wm~'K~! at 300 K to ~20 Wm™'K~! at 35 K.

With this parameters at hand, in Fig. 5 we show the dispersion relation for the temperature os-
cillation frequency 1, (top panel) and the corresponding ()—factor (bottom panel) as a function of
wavelength A = 27 /k and base temperature Ty. The temperature wave frequency v, ~ 10.5 THz,
obtained from the microscopic model at the base temperature 7,y = 35 K, falls within the range

of the allowed frequencies and is compatible with two possible wavelengths, A\ ~ 6.5 nm and
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A ~ 1.1 nm. These wavelengths correspond to ()—factors ~ 5 and 0.2, respectively, therefore
only the longest wavelength is expected to be detectable. This wavelength falls pretty close to the

estimate A ~ 2.85 nm obtained from the microscopic single-band Hubbard model.

Given the quite general assumptions on the parameters of the microscopic model and the
realistic values used in the phenomenological model, the above comparison shows an overall good
agreement between the temperature waves dynamics obtained from the sub-picoseconds dynamics
of the single-band Hubbard model and the predictions based on a macroscopic model. Such an
agreement further confirms that LCM can sustain, in the hydrodynamic regime, temperature waves
with wavelengths and periods fully compatible with state-of-the-art materials growth techniques
and time-resolved spectroscopies. More in general, the frequencies and ()-factor values reported
in Fig. 5 show that the manifestation of temperature waves in LCM can be observed up to temper-
atures as high as 300 K. This is the consequence of the fact that the energy scales controlling the
electronic dynamics, i.e. t=t; =60 meV and U=650 meV, correspond to temperatures of ~ 700
K and ~ 7000 K respectively. At variance with the phononic case, the sub-picosecond electronic
hydrodynamic regime is thus expected to be very robust against temperature, giving rise to the

emergence of temperature wave-like oscillations in real materials at ambient conditions.

Control of temperature waves in the hydrodynamic regime We end this section by discussing
how, similarly to the ballistic transport regime, the electronic interactions are key to control the
wave-like temperature propagation. In Fig. 6 we report the temperature dynamics at layer n = 15

for different values of the interaction UU. We observe that the smaller the interaction the smaller is
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the temperature oscillation amplitude triggered in the population of cold electrons by the transit of
the hot electron wavefront. The data further show that the temperature oscillation periods, indicated
in Fig. 6 by the black arrows, decrease as the interaction U is decreased. In general, the thermal
dynamics of quasiparticles become slower as the interaction is increased, a fact also observed
for the case of the ballistic energy propagation. This may be traced back to the effect of the
correlation-driven renormalization of the quasi-particle effective mass. Wrapping up, tuning the
electronic correlations strength, which controls the quasiparticle effective mass renormalization,
can act as a control parameter for the frequency and amplitude of transient temperature waves in

LCM.

6 Recovery of Fourier-like heat transport

After the transit of the ballistic heat wavefront and of the temperature wave-packet, the hydrody-
namic regime gradually evolves into a more conventional dynamics (¢ >0.9 ps in Fig. 2). Here,
the non-equilibrium hot electron population has already left the region of interest, giving rise to
a free oscillatory equilibration dynamics of the temperature of "cold" electrons. The wavelength
of the temperature oscillation is smaller than that of the temperature wavepacket propagating with
speed v, (hydrodynamic regime), as may be seen in Fig. 2(b). In the present regime, the oscillation
frequency (see Fig. 2(c)) exactly matches 4¢* /h, which is the renormalized bandwidth in the direc-
tion perpendicular to the layers (Figure 1). The heat flux left behind by the temperature wavepacket
freely oscillates with a frequency controlled by 7, which is the only intrinsic energy scale of the

Hubbard Hamiltonian playing a role on the hundreds femtoseconds timescale. The oscillating ¢,,(¢)
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thus acts as the source for the temperature gradient, which instantaneously follows the temperature
variation, i.e. without any delay, as expressed in Fourier law ¢ (¢, 2) = —rr¢ VT (¢, 2). For in-
stance, for U = 0.65 eV one has % ~ 0.33¢, =20 meV and the oscillation periods reads h/4t} =~

50 fs.

Interestingly, we can estimate the electronic thermal conductivity by evaluating the ra-
tio between the oscillation amplitude of the heat flux and that of the temperature gradient, i.e.
kra=|qll / ||V LT where the symbol ||...|| represents the oscillation amplitude. As an example of
the moderately interacting regime we consider U = 0.45 eV, resulting in UQ ~0.55, that is quite far
from the Mott transition critical point, U/U. ~1. In doing so we estimate k¢ ~440 Wm K™,
which is in the order of typical zero-frequency electronic thermal conductivity of conventional met-
als. On the other hand, when we increase U, the interactions drive a larger temperature gradient
(see Fig. S2) which in turn results in a very small value of K7 ¢ 8 For instance, when U JU.=0.7-
0.8, the estimated thermal conductivity is in the range 40-2.5 Wm~'K~!, a value of the same order
of the zero-frequency conductivity reported for SVO #’. Thus, despite its simplicity, the layered
Hubbard model predicts the correct order of magnitude of Fourier-like thermal conductivity of

materials for a very wide range of correlation strengths.

7 Conclusions

In conclusion, we have proposed layered correlated materials as a platform enabling to access

a rich variety of heat transport regimes. We consider a paradigmatic layered Hubbard model in
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equilibrium at a given temperature and we impulsively heat one side of the system. The transient
dynamics undergoes, on ultrashort space and timescales, a crossover between ballistic energy trans-
port and electronic temperature wave-like oscillations in the hydrodynamic regime. Eventually, the
Fourier-like heat transport regime is recovered on the picosecond time-scale. Specifically, transi-
tion metal oxides thin films and heterostructures, with typical thicknesses and periodicities in the
few nanometers range, are here predicted to sustain electronic temperature wave-like oscillations
in a parameter space fully compatible with state-of-the-art time resolved calorimetry techniques *°.
The temperature oscillation frequency can be tuned via the correlation strength and is predicted to

persist up to room temperature.

The outreach of our results ranges beyond LCM. Among the most interesting applications we
foresee is nanoengineering of superlattices made out of correlated materials, allowing for coherent
control of temperature waves in nanodevices. For instance, LCM can be grown in heterostructures
with control of the physical properties at the level of single atomic layers >° and with the possibility
of engineering artificial periodicities to select high-() modes of temperature waves. The recent
introduction of the temperonic crystal *', i.e. a periodically modulated structure which behaves
like a crystal for temperature waves, provides a new tool to coherently control temperature pulses
in correlated heterostructures. Furthermore, strong correlations, and their control via the interlayer
twist angle, have recently been reported in graphene superlattices '3, The present work paves
the way to the control of electronic ballistic propagation and to the engineering of nanodevices

exploiting the wavelike nature of the electronic heat transfer on the sub-picosecond timescale.

23



440

441

442

443

444

445

446

447

448

449

450

451

453

454

455

456

457

458

459

8 Acknowledgments

G.M. acknowledges financial support from the Swiss National Science Foundation through an
AMBIZIONE grant. Part of this work has been supported from the European Research Council
(ERC-319286-QMAC). M.G. acknowledges financial support from the CNR Joint Laboratories
program 2019-2021. F.B. acknowledges financial support from Université de Lyon in the frame of
the IDEXLYON Project -Programme Investissements d” Avenir (ANR-16-IDEX-0005) and from
Université Claude Bernard Lyon 1 through the BQR Accueil EC 2019 grant. M.G and F.B ac-
knowledge financial support from the MIUR Futuro in ricerca 2013 Grant in the frame of the UL-
TRANANO Project (project number: RBFR13NEA4). C.G acknowledge support from Universita
Cattolica del Sacro Cuore through D.2.2 and D.3.1 grants. M.C. and C.G. acknowledge finan-
cial support from MIUR through the PRIN 2015 (Prot 2015C5SEJJ001) and PRIN 2017 (Prot.

20172H2SC4_005) programs.

1. Chen, G. Nanoscale energy transport and conversion (Oxford University Press, 2005).

2. Volz, S. et al. Nanophononics: state of the art and perspectives. The European Physical

Journal B 89, 15 (2016).

3. Li, N. et al. Colloquium: Phononics: Manipulating heat flow with electronic analogs and
beyond. Rev. Mod. Phys. 84, 1045-1066 (2012). URL https://link.aps.org/doi/10.1103/

RevModPhys.84.1045.

4. Luo, T. & Chen, G. Nanoscale heat transfer - from computation to experiment. Phys. Chem.

24



460

461

462

464

466

467

468

469

470

471

472

473

474

475

476

477

10.

11.

12.

Chem. Phys. 15, 3389-3412 (2013).

. Cahill, D. G. et al. Nanoscale thermal transport. ii. 2003-2012. Appl. Phys. Rev. 1, 011305

(2014).

Siemens, M. E. ef al. Quasi-ballistic thermal transport from nanoscale interfaces observed

using ultrafast coherent soft x-ray beams. Nat. Mater. 9, 26 (2010).

Minnich, J. et al. Thermal conductivity spectroscopy technique to measure phonon mean free

paths. Phys. Rev. Lett. 107, 095901 (2011).

. Johnson, J. A. et al. Direct measurement of room-temperature nondiffusive thermal transport

over micron distances in a silicon membrane. Phys. Rev. Lett. 110, 025901 (2013).

Hoogeboom-Pot, K. M. ef al. A new regime of nanoscale thermal transport: Collective diffu-

sion increases dissipation efficiency. Proc. Natl. Acad. Sci. USA 112, 4846 (2015).

Chen, X., Hua, C., Zhang, H., Ravichandran, N. K. & Minnich, A. J. Quasiballistic thermal
transport from nanoscale heaters and the role of the spatial frequency. Phys. Rev. Applied 10,

054068 (2018).

Frazer, T. D. et al. Engineering nanoscale thermal transport: Size- and spacing-dependent

cooling of nanostructures. Phys. Rev. Applied 11, 024042 (2019).

Guyer, R. A. & Krumhansl, J. A. Thermal conductivity, second sound, and phonon hydrody-

namic phenomena in nonmetallic crystals. Phys. Rev. 148, 778—788 (1966).

25



478

479

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

13.

14.

15.

16.

17.

18.

19.

20.

Beck, H., Meier, P. & Thellun, A. Phonon hydrodynamics in solids. Phys. Stat. Sol. (a) 24,

11-63 (1974).

Lee, S., Broido, D., Esfarjani, K. & Chen, G. Hydrodynamic phonon transport in suspended

graphene. Nature Communications 6, 6290 (2015).

Ding, Z. et al. Phonon hydrodynamic heat conduction and knudsen minimum in graphite.

Nano Letters 18, 638-649 (2018).

Cepellotti, A. et al. Phonon hydrodynamics in two-dimensional materials. Nature communi-

cations 6, 1-7 (2015).

Li, X. & Lee, S. Crossover of ballistic, hydrodynamic, and diffusive phonon transport in
suspended graphene. Phys. Rev. B 99, 085202 (2019). URL https://link.aps.org/doi/10.1103/

PhysRevB.99.085202.

Gandolfi, M., Benetti, G., Glorieux, C., Giannetti, C. & Banfi, F. Accessing temperature

waves: a dispersion relation perspective. International Journal of Heat and Mass Transfer

143, 118553 (2019).

Huberman, S. ef al. Observation of second sound in graphite at temperatures above 100 K.

Science 364, 375 (2019).

Zhang, Y. et al. Coherent modulation of the electron temperature and electron—phonon cou-
plings in a 2D material. Proceedings of the National Academy of Sciences 117, 8788—8793

(2020). URL https://www.pnas.org/content/117/16/8788.

26



497

499

500

501

502

503

504

505

506

507

508

509

510

511

512

514

515

21.

22.

23.

24.

25.

26.

27.

28.

Gandolfi, M., Giannetti, C. & Banfi, F. Temperonic crystal: A superlattice for temperature
waves in graphene. Phys. Rev. Lett. 125, 265901 (2020). URL https://link.aps.org/doi/10.

1103/PhysRevLett.125.265901.

Cepellotti, A. & Marzari, N. Transport waves as crystal excitations. Phys. Rev. Materials 1,

045406 (2017). URL https://link.aps.org/doi/10.1103/PhysRevMaterials.1.045406.

Torres, P., Alvarez, F. X., Cartoixa, X. & Rurali, R. Thermal conductivity and phonon hydro-
dynamics in transition metal dichalcogenides from first-principles. 2D Materials 6, 035002

(2019).

Machida, Y., Matsumoto, N., Isono, T. & Behnia, K. Phonon hydrodynamics and

ultrahigh—room-temperature thermal conductivity in thin graphite. Science 367, 309-312

(2020).

Simoncelli, M., Marzari, N. & Cepellotti, A. Generalization of Fourier’s Law into Viscous

Heat Equations. Phys. Rev. X 10, 011019 (2020).

Gandolfi, M. ef al. Emergent ultrafast phenomena in correlated oxides and heterostructures.

Phys. Scripta 92, 034004 (2017).

Hartnoll, S. A. Theory of universal incoherent metallic transport. Nature Physics 11, 5461

(2015).

Lee, S. et al. Anomalously low electronic thermal conductivity in metallic vanadium dioxide.

Science 355, 371-374 (2017).

27



516

517

519

520

521

522

523

524

525

526

527

528

529

530

531

533

534

29.

30.

31.

32.

33.

34.

35.

36.

Tokura, Y., Kawasaki, M. & Nagaosa, N. Emergent functions of quantum materials. Nature

Physics 13, 10561068 (2017).

Basov, D. N., Averitt, N. D. & Hsieh, D. Towards properties on demand in quantum materials.

Nat. Mat. 16, 1077-1088 (2017).

Ordonez-Miranda, J., Ezzahri, Y., Joulain, K., Drevillon, J. & Alvarado-Gil, J. J. Modeling of
the electrical conductivity, thermal conductivity, and specific heat capacity of VO,. Phys. Rev.

B 98, 075144 (2018). URL https://link.aps.org/doi/10.1103/PhysRevB.98.075144.

Cesarini, G. et al. Quantitative evaluation of emission properties and thermal hysteresis in the
mid-infrared for a single thin film of vanadium dioxide on a silicon substrate. International

Journal of Thermal Sciences 146, 106061 (2019).

Ben-Abdallah, P. & Biehs, S.-A. Near-field thermal transistor. Phys. Rev. Lett. 112, 044301

(2014). URL https://link.aps.org/doi/10.1103/PhysRevLett.112.044301.

Ordonez-Miranda, J., Ezzahri, Y., Tiburcio-Moreno, J. A., Joulain, K. & Drevillon, J. Radia-
tive thermal memristor. Phys. Rev. Lett. 123, 025901 (2019). URL https://link.aps.org/doi/10.

1103/PhysRevLett.123.025901.

Moyer, J. A., Eaton, C. & Engel-Herbert, R. Highly conductive srvo3 as a bottom electrode

for functional perovskite oxides. Advanced Materials 25, 3578-3582 (2013).

Zhong, Z. et al. Electronics with Correlated Oxides: SrVO3;/SrTiO3 as a Mott Transistor.

Phys. Rev. Lett. 114, 246401 (2015).

28



535

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

37.

38.

39.

40.

41.

42.

43.

44,

Zhang, L. et al. Correlated metals as transparent conductors. Nature Materials 15, 204-210

(2015).

Fabrizio, M. The out-of-equilibrium time-dependent gutzwiller approximation. NATO Science

for Peace and Security Series B: Physics and Biophysics (2012).

Mazza, G., Amaricci, A., Capone, M. & Fabrizio, M. Electronic transport and dynamics in
correlated heterostructures. Phys. Rev. B 91, 195124 (2015). URL https://link.aps.org/doi/10.

1103/PhysRevB.91.195124.

Georges, A., Kotliar, G., Krauth, W. & Rozenberg, M. J. Dynamical mean-field theory of
strongly correlated fermion systems and the limit of infinite dimensions. Rev. Mod. Phys. 68,

13-125 (1996).

Mingo, N. & Broido, D. A. Carbon nanotube ballistic thermal conductance and its limits.

Phys. Rev. Lett. 95, 096105 (2005).

Muiioz, E., Lu, J. & Yakobson, B. 1. Ballistic Thermal Conductance of Graphene Ribbons.

Nano Letters 10, 1652—-1656 (2010).

Bae, M.-H. ef al. Ballistic to diffusive crossover of heat flow in graphene ribbons. Nature

Communications 4, 1734 (2013).

Caddeo, C. et al. Thermal boundary resistance from transient nanocalorimetry: A multiscale

modeling approach. Phys. Rev. B 95, 085306 (2017).

29



553

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

45.

46.

47.

48.

49.

50.

51.

52.

Tzou, D. Y. Macro-to microscale heat transfer: the lagging behavior (John Wiley & Sons,

2014).

Aizaki, S. et al. Self-Energy on the Low- to High-Energy Electronic Structure of Correlated

Metal SrVOg3. Phys. Rev. Lett. 109, 056401 (2012).

Inoue, 1. H., Goto, O., Makino, H., Hussey, N. E. & Ishikawa, M. Bandwidth control in a
perovskite-type 3d'-correlated metal Ca,_,Sr, VOs. 1. Evolution of the electronic properties

and effective mass. Phys. Rev. B 58, 4372—4383 (1998).

Karrasch, C., Kennes, D. M. & Heidrich-Meisner, F. Thermal Conductivity of the One-
Dimensional Fermi-Hubbard Model. Phys. Rev. Lett. 117, 116401 (2016). URL https:

/Mink.aps.org/doi/10.1103/PhysRevLett.117.116401.

Giannetti, C. et al. Ultrafast optical spectroscopy of strongly correlated materials and high-

temperature superconductors: a non-equilibrium approach. Adv. Phys. 65, 58 (2016).

Hwang, H. Y. et al. Emergent phenomena at oxide interfaces. Nature Materials 11, 103—113

(2012).

Cao, Y. et al. Correlated insulator behaviour at half-filling in magic-angle graphene superlat-

tices. Nature 556, 80784 (2018). URL http://dx.doi.org/10.1038/nature26154.

Seyler, K. L. et al. Signatures of moiré-trapped valley excitons in MoSe,/WSe, heterobilayers.

Nature 567, 66-70 (2019).

30



st 53. Lu, X. et al. Superconductors, orbital magnets and correlated states in magic-angle bilayer

572 graphene. Nature 574, 653-657 (2019).

31



E-Er (meV)

Figure 1: Setup. Cartoon of the layered correlated material impulsively excited on the top surface
by ultrafast light pulses. We assume that the excitation drives a fast thermalization of the electronic
population establishing an electronic temperature 7j,.; on the topmost layers of the sample. The
right panels display the calculated transient electronic distributions at different depths. f,.; and
feola are Fermi distribution functions at temperatures 7}, and 7' respectively. In the right-middle
panel the non-equilibrium distribution is plotted in grey. In red and blue we report the "hot” and
"cold" contributions to the non-equilibrium distribution function (see text). The transient temper-
ature of the so-called "cold" electrons can be different from the initial temperature 7 (see text).
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Figure 2: Sub-picosecond thermal dynamics. (a) Dynamics of the hot electron population (top)
and relative temperature variation of the "cold" electronic population (bottom) recorded on layer
n = 15. (b) Layer profiles of the temperature of the "cold" electronic population (red, left axis) and
of the heat flux (blue, right axis) at different instant of times. The blurred yellow band highlights
the wave packet of temperature oscillations that follows the ballistic front. (c) Dynamics of the
heat flux (blue, right axis) and temperature gradient of the "cold" electronic population (red, left
axis) on layer n = 15. Arrows indicates the three regimes of thermal transport discussed in the
main text.
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Figure 3: Control of ballistic energy propagation. The four panels matrix displays the bal-
listic dynamics of the hot-electron population for varying values of the correlation strength U and
anisotropy ¢, /t| (,=60 meV). The color scale represents the amplitude of pyot (72, t) (yellow: max-
imum; black: minimum). The inset displays the speed vy, of the ballistic wavefront (see dashed
lines in the main panels) for different values of U at {) =t .
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Figure 4: Spectral analysis in k-space of the electronic temperature waves. Top panel: spatial
Fourier transform of the layer profile of the electronic temperature at three different times, ¢ =
0.505 ps (diamonds), ¢ = 0.735 ps (squares) and ¢ = 0.945 ps (circles). The inset shows the
position of the minimum of the temperature oscillation, indicated in the bottom panel, as a function
of time. The vertical dashed line indicated by k, shows the average of the position of the three
peaks. Bottom panel: Portions of the temperature profiles at different times used to compute the

discrete Fourier transform.
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Figure 5: Temperature wave dispersion in SVOj3. Top panel: electronic temperature oscillation
frequency, v=w; /2, vs oscillation’s wavelength, A, at a base temperatures 7T.o=35 K (blue line)
and 300 K (red line). Bottom panel: quality factor (colormap) vs oscillation’s wavelength, A\, and
base temperature 7. Calculations based on Ref. '8 upon insertion of input parameters from exper-
iments, « and 77, and from non-equilibrium thermal dynamics results from the layered Hubbard
model (see text), 7,. In both panels a linear-log plot is adopted.
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Figure 6: Control of temperature wave-like oscillations. Temperature 7(¢) of the "cold" elec-
tronic oscillation at the n = 15 layer for different values of U (the same values used in the inset of
Fig. 3) Some of the data have been magnified and the curves shifted for graphical reasons. The hor-
izontal arrows highlight the oscillation periods that match the frequency v, extracted from spectral
analysis of the temperature wave packet.
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Figure 1

Setup. Cartoon of the layered correlated material impulsively excited on the top surface by ultrafast light
pulses. We assume that the excitation drives a fast thermalization of the electronic population
establishing an electronic temperature Thot on the topmost layers of the sample. The right panels display
the calculated transient electronic distributions at different depths. fhot and fcold are Fermi distribution
functions at temperatures Th and T respectively. In the right-middle panel the non-equilibrium distribution



is plotted in grey. In red and blue we report the "hot" and "cold" contributions to the non-equilibrium

distribution function (see text). The transient temperature of the so-called "cold" electrons can be different

from the initial temperature TcO (see text).
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Sub-picosecond thermal dynamics. (a) Dynamics of the hot electron population (top) and relative
temperature variation of the "cold" electronic population (bottom) recorded on layer n = 15. (b) Layer

profiles of the temperature of the "cold" electronic population (red, left axis) and of the heat flux (blue,

right axis) at different instant of times. The blurred yellow band highlights the wave packet of
temperature oscillations that follows the ballistic front. (c) Dynamics of the heat flux (blue, right axis) and
temperature gradient of the "cold" electronic population (red, left axis) on layer n = 15. Arrows indicates
the three regimes of thermal transport discussed in the main text.
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Figure 3

Control of ballistic energy propagation. The four panels matrix displays the ballistic dynamics of the hot-

electron population for varying values of the correlation strength U and anisotropy t?=tk (tk=60 meV). The
color scale represents the amplitude of phot(n; t) (yellow: maximum;black: minimum). The inset displays

the speed vb of the ballistic wavefront (see dashed lines in the main panels) for different values of U at tk
= ti.
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Figure 4

Spectral analysis in k-space of the electronic temperature waves. Top panel: spatial Fourier transform of
the layer profile of the electronic temperature at three different times, t = 0:505 ps (diamonds), t = 0:735
ps (squares) and t = 0:945 ps (circles). The inset shows the position of the minimum of the temperature
oscillation, indicated in the bottom panel, as a function of time. The vertical dashed line indicated by k,
shows the average of the position of the three peaks. Bottom panel: Portions of the temperature profiles
at different times used to compute the discrete Fourier transform.
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Figure 5

Temperature wave dispersion in SVO3. Top panel: electronic temperature oscillation frequency, b=w1=2p,
vs oscillation’s wavelength, at a base temperatures Tc0=35 K (blue line) and 300 K (red line). Bottom
panel: quality factor (colormap) vs oscillation’s wavelength, A, and base temperature Tc0. Calculations
based on Ref. 18 upon insertion of input parameters from experiments,a and TT , and from non-
equilibrium thermal dynamics results from the layered Hubbard model (see text), Tq. In both panels a
linear-log plot is adopted.
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Figure 6

Control of temperature wave-like oscillations. Temperature T(t) of the "cold" electronic oscillation at the n
= 15 layer for different values of U (the same values used in the inset of Fig. 3) Some of the data have
been magnified and the curves shifted for graphical reasons. The horizontal arrows highlight the
oscillation periods that match the frequency v* extracted from spectral analysis of the temperature wave
packet.
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