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Outline
• Second,sound:,A,synopsis

• conceptual,framework,and,definitions
• basic,theory

• Second,sound,generated,by,a,space&periodic+thermal+
excitation
• this,talk:molecular+dynamics+simulations exploiting,a gedanken<
experiment,on,1D+cumulene+@+room+temperature+inspired,by,real,laser<
induced,transient,thermal,gratings,measurements,on,bulk,graphite

• Second,sound,generated,by,a,time&periodic+thermal+
excitation
• this,talk:,molecular+dynamics+simulations+inspired+by+laboratory,evidence,
in,bulk+germanium+@+room+temperature+as,observed,by,frequency<
domain,optical,reflectance,pump<and<probe,experiment,
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Second'sound:'a'synopsis

• Conceptual framework and'definitions

• second'sound:'spatio7temporal'propagation'of'the'temperature'field'in'the'form'of'waves
Memo:'«first'sound»'is'ordinary'acoustic'sound,'driven'by''mechanical'lattice'waves

• fingerprint'of'a'possible'heat'transport'beyond.Fourier.regime'(anomalous.thermal'transport)

good for'describing'steady7state'heat'transport'in'bulk'materials
questionable.reliability.for'low7dimensional'systems'(infinitely7long'ranged'ballistic'transport,'that'is:'divergent.thermal.conductivity!)
unsuitable for'non'a'steady7state'regime'

• many'ongoing'efforts'aimed'at'unravellig (i)'the'physical'properties'of'thermal'waves
(ii)'the'conditions'for'their'observation'
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More%on%anomalous behaviors
• Different thermal transport regimes explained by%the%dominance of%different
phonon scattering mechanisms

• Thermal2transport regimes:%

ballistic transport when B%≫ N or U
hydrodynamic when N≫ B%≫ U
diffusive2(or2kinetic) when U%≫ N or B
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Total momentum is conserved in normal N processes
Total momentum is not conserved in resistive R processes

more specifically: boundary B scattering
Umklapp U scattering
defect D scattering

Normal%
processes

Umklapp%
processes
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• Second'sound:$a$hydrodynamic transport regime

• N4processes preserve the$heat flux creating a'correlation among phonons
• collective phonon4excitation are$thus generated
• phonons can$develop a$nonzero drift velocity when subjected to$a$temperature$gradient

(very much like the$viscous flow$of$a$fluid driven by$a$pressure$gradient)
• heat propagates as a'wave second sound
• thermal waves eventually dampened on$longer timescales by$the$resistive$processes

N≫ B$≫ U

• Second'sound:$a$fascinaNng,$but elusive$phenomenon

dominance of$momentum conserving phonon scattering with$
respect to$resistive$scattering is the$key physcal mechanism

• hard$to$detect experimentally since the$typical$experimental$observation$time$"#$%& must$be
• longer than normal phonon scattering times "' allows$for$momentum redistribution
• shorter than resistive$phonon$scattering times "( prevents phonons to$decay into equilibrium distribution

") <'"*+,t <'"- (thermal)waves)

• this makes the$use'of'conventional thermal sensors unsuitable
• better strategy: looking for'second sound'occurring in'«modulated phenomena»



• two$crossing$laser$pulses$focused$on$the$system$surface

• thermal expansion gives rise$to$a$surface modulation

• transient(decay(of(the(amplitude(of(the(temperature(profile(sampled$via
diffraction$of$a$probe$laser$beam

• System:$graphite$@$T>100K
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• Second(sound:$experimental setups that inspired this MD$investigations (outline)

Time$domain$thermoFreflectance$(TDTRR)$– time4modulated(temperature(field

• timeFmodulated$laser$pulses$used$to$heat$the$system$surface

• induced$variation$of$the$surface$temperature

• corresponding$change$in$reflectivity$measured$by$a$probe$laser

• temperature$change @$surface detected as phase lag between pump and$probe

• System:$bulk$Ge @$T=300K

of the temperature) switched places; in other
words, the TTG behaves as a thermal standing
wave. The sign flip is a hallmark of the wave-
like propagation of heat. In the diffusive trans-
port regime, TTG maxima and minima cannot
switch places because heat can move only from
hotter to colder regions. With an increasing TTG
period, the negative dip in the response became
shallower and eventually disappeared. The posi-
tion of the dip shifted to longer times as the
period increased, indicating that the frequency
of the wavelike dynamics decreased. We deter-
mined the frequency from the position of the
first minimum of the response (corresponding
to half of the oscillation period) as a function of
the wave vector q (Fig. 2A, inset). The nearly

linear dependence indicated a velocity of about
3200 m/s (determined from the slope of the
linear fit multiplied by 2p). TTG signals often
contain oscillations due to surface acoustic waves
(SAWs), albeit with much lower damping rates
(27). However, the oscillation frequency we ob-
served did not match the frequency of SAWs or
any other acoustic waves that may propagate in
the basal plane of graphite. The SAW velocity is
1480 m/s (28), which is very close to the slow
transverse velocity, whereas the fast transverse
velocity is 14,700 m/s and the longitudinal ve-
locity is even higher (29). Besides, we know of
no reason for acoustic waves to disappear as the
background temperature or the grating period is
increased.

To simulate the observed dynamics, we solved
the linearized Boltzmann transport equation
(BTE) with the full three-phonon scattering
matrix in the 1D TTG geometry for the initial
temperature profile DT0cos(qx) (22). Rigorous
solutions of the BTE for graphene and graphite
were previously used to calculate the thermal
conductivities of these materials (30, 31) and to
explore the conditions for the phonon hydro-
dynamics regime (9, 19, 20). However, previous
studies dealt with the stationary BTE, which is
unable to capture transient phenomena such
as second sound. Chiloyan et al. (32) described
a technique for calculating frequency-domain
Green’s functions for the nonstationary and
spatially nonuniformBTE. SuchGreen’s functions
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Fig. 1. TTG measurements on graphite at room temperature.
(A) Schematic illustration of the experiment. A thermal grating
is produced by two crossed pump pulses. Thermal expansion gives
rise to a surface modulation that is detected via diffraction of the
probe beam, and the reference beam is used for optical heterodyne
detection. (B) Signal waveforms at 300 K for a range of TTG periods.
The dashed lines correspond to the best fits to exponential decays.
(C) The apparent thermal diffusivity L2/4p2t as a function of grating period

L at 300 K for grating periods of 3.7 to 37.5 mm, plotted alongside
theoretical results from ab initio BTE calculations. In the diffusive
regime, this quantity would be a constant, equal to the thermal
diffusivity a. The reduction of the apparent diffusivity as L is reduced
occurs as the mean free paths of increasing fractions of heat-carrying
phonons become comparable to the grating period. The error bars account
for the measured systematic laser power effect and the statistical
standard error of the mean (22).

Fig. 2. Experimental and simulated TTG dynamics for graphite
at 85 K. (A) The TTG signal at 85 K for a range of grating periods. In the
inset, circles represent the measured second-sound frequency as a
function of the wave vector, and the solid line is a linear fit corresponding

to a phase velocity of 3200 m/s. (B) Absolute value of complex
frequency-domain Green’s functions versus frequency at 80 K
for a range of TTG periods. (C) Simulated thermal grating
amplitude versus time at 80 K.

RESEARCH | REPORT

on Septem
ber 4, 2020

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

Science$Advances 7, eabg4677$(2021)$

LaserFinduced$transient$thermal$gratings$(TTG)$F space4modulated(temperature(field(

Picture$taken from:$

J.$Appl.$Phys.$126,$150901$(2019)

Science$364, 375$(2019)



Second'sound:'basic theory
• Simplest'equation'describing'wave%like)heat)transport
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6: thermal)diffusivity
!77 : thermal)relaxation)time
8:' mass)density))))))))))))))))))))))))))
9:' specific)heat)
/(1⃗,3):' external)power)heat)source)

• describes'the'propagation)of)a)temperature)
wave)with)a)damping)term)given'by':*/:3 and'
a'propagation)))velocity);77 ='(6/!77)1/2

• describes'the'delayed)response)between'
temperature'gradient'and'heat'flux

• describes'different)heat)transport)regimes)
depending'on'the'time?/space?length'scales'
under

• Key to'unlock the'different regimes:'the'thermal iner>al term !""
:)*
:3)

if large'enough,'the)temperature)field exhibits a)wave%like behavior



Second'sound'generated'by'a'space1periodic'
temperature'profile
• Limitations'of'present'TTG'experiments

o reduced spatial resolution limiting TTG'technique to'spatial periods lower than a'few mm'
o reduced time/resolution ∼ns limiting the'frequencies of'the'detectable second sound'signal to'just'a'few GHz

• Limitations even more'severe'when dealing with'1D'materials
o 1D'systems worth of'investigation thermal conductivity κ(L)'could eventually diverge'for'L'→∞
o 1D'systems ideal test'cases for'better understanding the'condition for'the'non1validity of'the'Fourier'law'

• This work:'cumulene prototypical 1D'system 1 highest lattice'thermal conductivity 1 negligible electronic contribution
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carbine isomers

1.1. STRUCTURES: POLYYNE AND CUMULENE

conduction band remains empty: one-dimensional semiconductor. Differences between the two
unit cells not only relate to the electronic properties, but they as well affect the corresponding
vibrational properties.

Figure 1.3: Carbynes schematic structure: polyyne (a) and cumulene (b) [33].

In fact, thinking of phonon dispersion relations, the basic model for cumulene is the one-
dimensional monoatomic chain, while polyyne corresponds to the the biatomic chain since it
is made only by carbon atoms but with different bond lengths (and thus strength) due to the
alternation of single and triple bonds. Thus, simple textbook calculations, based on the basic
nearest neighbor model, may show that cumulene is expected to have only acoustic phonon
branches while polyyne have both acoustic and optic branches in its dispersion relation. Respect
to this simple model, modifications are expected at the center of the Brillouin zone for polyyne
and at the boundary for cumulene, if conjugation effects are taken into account by means of
more sophisticated calculations. These two structures are linked to each other by a transition
mechanism theoretically predicted by Rudolf Peierls in 1930 [34, 35, 36].

Figure 1.4: Electronic bands of cumuene (a) and polyyne (b) and the schematic structure and
electronic charge density of the two carbon chains. Adapted from [21].

According to Peierls, a one-dimensional metal can undergo a metal to insulator transition
since at low temperatures (i.e. below a given Tc) a dimerized chain structure is energetically more
favorable than an equalized one. Thus, the alternated bond structure (dimerized) is the result of
a delicate balance between the elastic strain work to distort the chain and the gain obtained by
lowering the electron energy. There are two main consequences of such a distortion: the doubling
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cumulene

polyyne

single1bond'sequence
stable'up'to'499K • «Thermal)Transport in)Carbon2Based Nanomaterials» (Elsevier,'2017)

• «Carbyne and)Carbynoid Structures»)(Springer Science,'1999)
• J.'Phys.'Chem.'C,'119,'21605'(2015)
• J.'Phys.'Chem.'C,'119, 24156'(2015)
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• Our goal cumulene as a$molecular dynamics Gedanken experiment inspired to2TTG2to$identify
critical features for$observing second sound
Memo: phonon momentum conservation is the$key factor for$the$anomalous behaviour

• Need a good description of$harmonic prts phonon frequencies and$group velocities

good description of$anharmonic prts. phonon scattering rates and$lifetimes

need$to$reproduce2accurately2phonon2dispersion2
relations throughout$the$full$BZ$to$mimic$the$actual$
momentum and$energy conservation conditions
associated with$each scattering event

CLASS$II$force$field

valence
terms

non4bonding
term

Kohn$anomaly

quadradicity of$
TA$branch

Kohn$
anomanly

predictive theory
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• Simulation$protocol$of$the$MD#gedanken experiment
1.1. STRUCTURES: POLYYNE AND CUMULENE

conduction band remains empty: one-dimensional semiconductor. Differences between the two
unit cells not only relate to the electronic properties, but they as well affect the corresponding
vibrational properties.

Figure 1.3: Carbynes schematic structure: polyyne (a) and cumulene (b) [33].

In fact, thinking of phonon dispersion relations, the basic model for cumulene is the one-
dimensional monoatomic chain, while polyyne corresponds to the the biatomic chain since it
is made only by carbon atoms but with different bond lengths (and thus strength) due to the
alternation of single and triple bonds. Thus, simple textbook calculations, based on the basic
nearest neighbor model, may show that cumulene is expected to have only acoustic phonon
branches while polyyne have both acoustic and optic branches in its dispersion relation. Respect
to this simple model, modifications are expected at the center of the Brillouin zone for polyyne
and at the boundary for cumulene, if conjugation effects are taken into account by means of
more sophisticated calculations. These two structures are linked to each other by a transition
mechanism theoretically predicted by Rudolf Peierls in 1930 [34, 35, 36].

Figure 1.4: Electronic bands of cumuene (a) and polyyne (b) and the schematic structure and
electronic charge density of the two carbon chains. Adapted from [21].

According to Peierls, a one-dimensional metal can undergo a metal to insulator transition
since at low temperatures (i.e. below a given Tc) a dimerized chain structure is energetically more
favorable than an equalized one. Thus, the alternated bond structure (dimerized) is the result of
a delicate balance between the elastic strain work to distort the chain and the gain obtained by
lowering the electron energy. There are two main consequences of such a distortion: the doubling
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q$=$2π/λ wave$vector
λ space$period$$
A0 initial$profile$amplitude$=$10.0$K
T0 average$temperature
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FIG. 3: Time evolution of the sinusoidal temperature profile
for cumulene. The sinusoidal temperature profile is initially
flattened during the first ⇠27 ps. During the next 10 ps we
observe a ⇡ shift of the sinusoidal temperature profile which
is eventually damped out being definitely flat at t⇠200 ps.

agation of heat since in the standard case of a di↵usive
thermal transport maxima and minima should not switch
places because the heat flux moves only from hotter to
colder regions. This scenario is fully confirmed in Fig.
4, where we show the time evolution of the temperature
profile in the case of cumulene. In this case we clearly
observe that the sinusoidal temperature profile is initially
quickly flattened (corresponding to A(t) = 0 ) during the
first ⇠27 ps. Next, the signal amplitude change sign and
we observe a corresponding ⇡ shift of the initial sinusoidal
temperature profile reaching the maximum negative am-
plitude at t⇠37 ps. These oscillations around A(t)=0 are
then subsequently damped until the temperature profile
becomes definitely flat at t⇠200 ps. On the contrary, in
the case of PEDOT (see Fig.. in the Supplemental Ma-
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FIG. 4: Top: Fourier transform of the amplitude A(t) for
temperatures T=30, 300 and 600 K (top) and spatial periods
�=0.404, 4.090 and 40.900 µm (bottom).

terial ) maxima and minima do not switch places since
heat flux moves only from hotter to colder regions. The
di↵erential equation best describing mesoscopic wave-like
thermal transport is the hyperbolic Maxwell, Cattaneo,
and Vernotte (MCV) equation whose solution in this case
will be[19, 24]: A(t)⇠exp(-t/2⌧

ss

)cos(↵ct), where ⌧

ss

is
the thermal relaxation time, ↵ the thermal di↵usivity
and t is the time. We observe from Fig. 3 (dashed or-
ange line) that the use of this functional form to fit A(t)
guarantee an accurate description the amplitude decays
in the case of cumulene, further confirming the wave-like
nature of thermal transport in this case.

As previously stated in the Introduction, the oc-
currence of a wave-like thermal transport has been
mainly attributed to dominance of Normal over Umk-
lapp phonon scattering. In this scenario, a raise of the
average temperature is expected to turn the situation
by increasing the occurrence of Umklapp vs. Normal
scattering resulting in a corresponding transition towards
standard di↵usive thermal transport. We investigate this
phenomenon by studying the time evolution of the am-
plitude A(t) in the case of a cumulene chain with length
L

x

=12.280 µm at three three di↵erent temperatures: 30
K, 300 K, and 600 K. In these simulations we set �=4.09
µm. In order to quantitatively analyze the transition
from wave-like to di↵usive thermal transport, we perform
the Fourier transform of A(t) as shown in Fig. 4 (top).
For T=30 K, we observe a clear peak at a frequency ⇠0.6
GHz in the same range of the ”second sound” peaks ob-
served in graphite in Ref[18] for similar spatial periods.
At T=300 K this peak is significantly damped, while at

Step#2:$removal$of$Langevin$thermostats

! ", $ = !& − (& cos ,"

white#thermostatting: 4 system$divided$in$segments$(PBC$adopted)
4 all$vibrational$modes$excited$by$a$Langevin$thermostat
at$a$local$temperature$value
4 local$temperature$varied$periodically$along$the$chain

Step#3:$transient$relaxation$of$the$cumulene$chain$monitored Time$evoluUon$of$$$$amplitude
temperature#field

• very$small$Ume$resoluUon$(10$ps)
• microcanonical$run

(($)

(($)
! ", $

Step#1:$modulated$temperature$field$imposed
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• Key$features

• a$number$40$<$N <$1600$atomic$trajectories$used$to$average$staHsHcal$fluctuaHons
• several$space$periodicity$invesHgated:$λ =$0.0409,$$0.409,$4.090,$40.90$μm
• system length set$at:$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$Lx =$3 λ
• number of$atoms: 103,$$$$$$$104,$$$$$105,$$$$$106

Lx =%1.228%μm
λ =%0.41%μ

• Very$intense$computational$burden

• plot$of$the$normalized$amplitude$!(#)/!0
• dumped$oscillations
• sign%flip%after%∼ 27%ps

space phase of%the%initial
sinusoidal T5profile shifted by%π
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terial ) maxima and minima do not switch places since
heat flux moves only from hotter to colder regions. The
di↵erential equation best describing mesoscopic wave-like
thermal transport is the hyperbolic Maxwell, Cattaneo,
and Vernotte (MCV) equation whose solution in this case
will be[19, 24]: A(t)⇠exp(-t/2⌧

ss

)cos(↵ct), where ⌧

ss

is
the thermal relaxation time, ↵ the thermal di↵usivity
and t is the time. We observe from Fig. 3 (dashed or-
ange line) that the use of this functional form to fit A(t)
guarantee an accurate description the amplitude decays
in the case of cumulene, further confirming the wave-like
nature of thermal transport in this case.

As previously stated in the Introduction, the oc-
currence of a wave-like thermal transport has been
mainly attributed to dominance of Normal over Umk-
lapp phonon scattering. In this scenario, a raise of the
average temperature is expected to turn the situation
by increasing the occurrence of Umklapp vs. Normal
scattering resulting in a corresponding transition towards
standard di↵usive thermal transport. We investigate this
phenomenon by studying the time evolution of the am-
plitude A(t) in the case of a cumulene chain with length
L

x

=12.280 µm at three three di↵erent temperatures: 30
K, 300 K, and 600 K. In these simulations we set �=4.09
µm. In order to quantitatively analyze the transition
from wave-like to di↵usive thermal transport, we perform
the Fourier transform of A(t) as shown in Fig. 4 (top).
For T=30 K, we observe a clear peak at a frequency ⇠0.6
GHz in the same range of the ”second sound” peaks ob-
served in graphite in Ref[18] for similar spatial periods.
At T=300 K this peak is significantly damped, while at

Local&temperature&maxima converted into minima&
(and&vice%versa)

This&is&the&fingerprint&of&a&wave;like&propaga=on

In$the$diffusive&regime&maxima and$minima$could not
switch just$because the$heat moves only from$hotter to$
colder regions

Science$364, 375$(2019)
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!
""

#
$
%

#&
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+

#%

#&

4 α∇)* = 0

Specific$form$of$the$Maxwell4Vernotte4Cattaneo eqn.

Its$solution$for$the$1D$case$with$PBC

- . ~ 0
1&/)3

44
cos(9:

""
.)

<
==
=$(>/!

==
)1/2

second$sound$velocity

• Increase$of$$:
""
and$$τss with$temperature$as$

observed$also$in$graphene
Nature$communications 6,$6290$(2015)
Nature$communications 6,$1$(2015)$

• :
""
much lower than sound$speed (∼36$Km/s)

An$independent$check :
""

)

= @
A
B
1C

D

E

FG
E,A

(IJ)

F*
A

ℏL
E

1

3

:
E
O :

E

Phys.$Rev.$B$2,$1193$(1970)

:
""
=2.538$Km/s

λ (μm) Τ)(K) P
QQ
(Km/s) τss (ps)

4.090 30 2.47±0.18 75.87±11

4.090 300 3.23±0.23 138.37±23

0.404 30 2.74±0.31 14.2±8

0.404 300 3.54±0.43 18.2±9

• :
""
marginally affected by$space period
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• Hydrodynamic4to4diffusive$transition
• tool:$ calculate$the$Fourier$transform$!" # of$time4dependent $ %

three$temperatures$$30K,$300K,$450K
three$space$periods$λ=0.404$μm$,$λ=4.090$μm$,$λ=40.900$μm$

second)sound)peak

• found$a$second4sound$peak$at$∼0.6$GHz$like$in$graphite
Science$364, 375$(2019)

• second4sound$peak$largely$affected$by$increasing$temperature

• at$large4T$values$!" # ~ (
()*+) Fourier$transform of$,-.

simple$exponential$decay$of$a
purely)diffusive)transport)regime

• second sound)occurs in)cumulene at T)=)300)K for$a$suitably
short)modulation of$the$initial temperature$profile
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• From$peak$frequency$to$velocity$

T=30K

0.04$μm$≤$λ ≤$40 μm

!""=2.68±0.05$Km/s

Excellent agreement for !"" @$30K$with$

previously estimated second sound$velocity

λ (μm) Τ'(K) /00(Km/s) τss (ps)
4.090 30 2.47±0.18 75.87±11

4.090 300 3.23±0.23 138.37±23

0.404 30 2.74±0.31 14.2±8

0.404 300 3.54±0.43 18.2±9

!"" 1 = 34567 8
9

:;9,4
(>?)

:A4
ℏC9

1
3
!9 F !9

!""=2.538$Km/s

1.$Fitting$G(H)

2.$Solving the$kineWc eqn.
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Second$sound$generated$by$a$time4periodic$
temperature$profile

Submitted Manuscript: Confidential 
 

9 
 

 
 

Figure 1. (A) The experimental phase lag at room temperature between the pump and probe lasers 

as a function of the pump excitation frequency is shown in black open symbols. The inset displays 

numerical experiments using NEMD in green full dots. In solid red line we show the prediction 5 

based on Fourier's law. The solutions based on the 3D-HHE are shown in black line with a resulting 

fitted 𝜏௦௦ = 500 ps. (B) Schematic illustration of the geometry used for the NEMD numerical 

experiments. The red (blue) regions corresponds to the regions connected to the hot (cold) 

thermostat, while the regions in white are kept frozen. Heat transport and the development of the 

phase lag is studied in the central, orange region. (C) Frequency dependent thermal penetration 10 

depth calculated using the solution of the HHE (/HHE), the diffusive case (/diff), and the 

penetration depth (/ss) obtained in the high frequency limit from Eq. (1). The high frequency 

experimental phase lag is shown for comparison. The crossover between both curves defines the 

frequency, fc, where /diff =/ss . The penetration depth of the pump (/pump) and probe (/probe) lasers 

are also shown. (D) Phase lag versus frequency for the higher frequency range as a function of 15 

temperature. Three examples at 300 K, 100 K, and 15 K with the corresponding fits to the data 

point using the 3D-HHE. 

  

• A$simulation$protocol$mimicking$a$TDTR$measurement
o a Ge sample$at first ketp under)thermal bias @)Tave=300K)by$NEMD$for$2$ns
o Tersoff force$field
o Nosé4Hoover$thermostatting (no$simulation of$the$light4matter interaction)$

• Oscillatory heat flux imposted
o hot$thermostat temperature$varied as !"#$(&) = !) + ∆! sin /&
o ∆!=90K$and$70 234 ≤ / ≤ 30$GHz$choosen so$to$assure heat flux from$hot$to$cold

thermostat inward heat flux condition
o Data$accumutated over$20+$ciclyes

• Heat flux vs.$local temperature
o time$derivative$of$the$work$performed by$the$hot$thermostat789(&)
o no$need to implement a microscopic formulation of the heat flux

Indeed a very critical issue: Phys.$Rev.$B$92$094301$(2025)$
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• The$temperature$field$calculated$along$the$sample

time$variation$of$the$
temperature$@$z=0

thermostat$work

! = 1$%&

A$phase&lag is$observed$between$the$oscillating&thermostat&
work and$the$resulting oscillating&temperature&field

' & = 0, * = '+ + ∆' sin 1*
2 * = 2+ + sin 1* + 3

dephasing$angle

Temperature$and$work$fitted$by
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• Predicted$phase$lag
o local T4value averaged over 1 ps time
o simulation repeated at different modulation frequencies
o A"non%monotonic behaviour is observed

Ph
as
e
la
g(
de

gr
ee
)

Frequency of$the$
temperature$modulation$(Hz)

MD$data

• at$low$frequency$the$phase$lag$
increases$with$frequency

• at"high"frequency,"the"trend"is"
inverted:$the$phase$lag$decreases$
(absolute$value)$with$increasing$
frequency



107$Congresso$Nazionale$SIF$4 Milano,$September$13417$2021 19

• MD$prediction$fully%consistent%with%experimental%findings

pump$excitation$frequency

TDTR$data

• Experimental$situation$matching$MVC$eq.

!"" #
$%
#&$ +

#%
#& 4 α∇

)* = ,
-. / 1⃗, 3 + !"" #4 5⃗,&#&

harmonic$thermal$excitationresponse$temperature$field

• theory$predicMons

Fourier$solution$

full$MVC$solution$

!"" #
$%
#&$ =$0

• Fourier$works$at$low$frequency
• deviations$from$TDTR$data$start$@$1MHz
• high4frequency$trend not consistent$with$Fourier$transport

• fitting$MVC$eqn.$to$TDTR$data$leads$to

!""678& = 500 ps =678& = 3×10Am/s D""678&=$250$m/s

MVC$eqn.

Fourier$eqn.
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• In#both#TDTR#experiments#and#MD#simulations#a#non7monotonic#phase#lag#vs.#pump#frequency#caused$
by$rapidly#time7varying#temperature#field although$there$generated$by$an$unalike$physical$mechanism

• The$key$concept:$while$reproducing$qualitatively$the$same$laboratory$situation,$the$MD$simulation$is$
different$in$that$

(i) there$is$no$optical$excitation;$
(ii) there$are$no$electron4holes$pairs;$
(iii) there$are$no$electron4related$scattering$mechanisms;$
(iv) there$is$no$surface,$nor$any$issue$related$to$the$penetration$depth$of$whatever$perturbation.$

Nevertheless,$a#phase7lag#signal#is#observed#in#both#cases.

• We$argue$that$the#physical#origin#of#such#a#commonly#observed#phase7lag#is#the#rapidly#time7varying#
temperature#field,$although$differently$originated$in$laboratory$or$numerical$experiments

• Phase#lag#is#unambiguously#a#second#sound#effect,$associated$to$the$second$order$time$derivative$term$
appearing$in$the$hyperbolic$heat$equation

• Elaboration
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