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Phonon drag as a mechanism of delayed terahertz response of metals
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We show that electron drag by nonequilibrium phonons describes the actual duration and spectrum of terahertz
pulses generated during femtosecond laser irradiation of metals. In contrast to previous models, there is a
picosecond delay in the drag force development due to the relatively slow lattice heating and finite phonon
lifetime. We also predict that at high pump fluences a macroscopic deformation wave nonlinearly enhances the
drag force and terahertz response. Our results establish the terahertz pulse wave form as a direct probe of ultrafast

lattice dynamics in metals.
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I. INTRODUCTION

Despite significant advances in coherent phonon control,
probing ultrafast lattice dynamics in solids on picosecond
timescales with conventional methods remains nontrivial. In
this paper we show that laser-induced terahertz emission
from metals offers a direct window into these processes.
We demonstrate that the observed characteristics of terahertz
pulses can be explained by the phonon-drag force—the de-
layed transfer of phonon momentum to electrons—which
naturally imprints the thermal evolution of the crystal lattice
onto the emitted radiation. This makes the terahertz signal
a quantitative probe of picosecond dynamics of heat flux or
macroscopic deformation wave at high pump fluences.

Previous attempts to interpret the terahertz response of
metals [1-5] have failed to explain the essential features of
this effect from a microscopic point of view. The key problem
is the universally delayed character of the terahertz signal:
a femtosecond laser pump generates a much longer low-
frequency pulse with a duration of 1-2 ps and a spectral range
of 0.3-2 THz [6-13].

In experimental papers [6-8], where optical-to-terahertz
conversion on metal surfaces was first observed, only a phe-
nomenological description of this effect was provided in terms
of nonlinear susceptibility x,. The first microscopic mod-
els [1-3], based on the ponderomotive effect, significantly
underestimated the actual terahertz amplitude and predicted
direct laser pulse rectification, which contradicted experimen-
tal observations. Subsequent microscopic models invoked the
gradient of hot-electron pressure and the photon drag force
as the terahertz radiation sources [3-5]. These two sources
are comparable in magnitude [5] and significantly exceed the
ponderomotive force. Despite a slight delay in electron tem-
perature dynamics, the predicted terahertz signal, however,
was still close to the laser pulse envelope.
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Nevertheless, a noticeable outcome of these studies is the
introduction of a Cherenkov interaction geometry for the case
of oblique pump incidence, when a terahertz field is generated
by a light spot moving along the metal surface at a superlumi-
nal phase velocity (see Fig. 1). This framework successfully
explained the terahertz radiation direction coinciding with
the pump reflection. Also, in these papers several electrody-
namical problems of low-frequency radiation from various
nonlinear sources were solved that will be used in the present
work in a generalized form.

II. PHONON-DRAG FORCE

The models discussed above assumed that free electrons
experience a classical “viscous friction” force from the crys-
tal lattice and that momentum transferred to the lattice is
irreversibly lost. This assumption is, however, generally in-
valid: upon collision, electron momentum is transferred to the
phonon subsystem and may, with a certain probability, return
to the electronic subsystem via subsequent collisions. Phe-
nomena of this kind are termed phonon wind or phonon drag
when they involve the exchange of directed momentum, and
thermal drag when the force originates from a temperature
gradient in the phonon gas [14,15]. The eventual dissipa-
tion of momentum of the electron—phonon system occurs
only on picosecond timescales, predominantly through Umk-
lapp phonon scattering (U-processes), whereby momentum
is transferred to the crystal lattice as a whole. In station-
ary regimes, e-ph momentum exchange merely renormalizes
the effective electron—phonon collision frequency. But on pi-
cosecond timescales, when the two subsystems are far from
equilibrium, momentum exchange can induce a pronounced
temporal dispersion of the electronic response.

Consider the phonon-drag effect in the case when the
crystal lattice of metal is nonuniformly heated due to the
laser pulse absorption. There is a directed phonon flux that
transports heat away from the near-surface layer, and the
momentum of phonons can be transferred to electrons during
collisions. To make preliminary estimates, we assume the
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FIG. 1. Schematic of phonon-driven terahertz generation. The
yellow gradient is the lattice temperature distribution; wavy blue ar-
rows depict the phonon flux. The thick blue curve shows the terahertz
field E,(z), produced by phonon drag at the metal surface, while the
dotted red curve is the laser pulse envelope. The timeline at the top
marks the time after the pump arrival.

diffusive regime of heat transport, when the phonon heat flux,
I1,p, is governed by Fourier’s law [16]:

My = —34 VT, M

where s and T; are the crystal lattice thermal conductivity
and temperature, respectively. Microscopically, the energy
flux IIp, is created by propagating acoustic phonons with
the dispersion law w = gc;, where ¢ and @ are the phonon
wave number and frequency, respectively, and c; is the sound
velocity. Here we neglect the differences in sound velocity
among the various phonon modes and deviations from linear
dispersion, as they are presently inessential. In this case the
energy of a phonon 7w is linearly related to its momentum
Pph as fiw = ppncy, so that the total energy flux carried by
phonons is linearly related to their macroscopic momentum
per unit volume Ppp: My = ¢2Pyp.

Introducing the phonon-electron scattering rate vp,—. (the
frequency of momentum transfer from phonons to electrons),
we can express the phonon-drag force per unit volume, Fpp:

th = Vph—ePph = _%VTZ (2)
N

This relation between the directed phonon flux and the
lattice temperature gradient also follows from the standard
kinetic theory of phonon transport [14], which reduces to
Fourier’s law in the diffusive limit.

According to Eq. (2), the temporal evolution of the drag
force depends directly on the dynamics of the crystal lattice
temperature, and so, it does not follow the laser pulse enve-
lope. In the relaxation-time approximation, the lattice thermal
conductivity takes the standard form [16]:

2
— CS

G, 3

m =

3l)ph
where vy, is the total scattering frequency of phonons, and
C; is the heat capacity of the crystal lattice per unit volume.
Therefore we obtain

vu, “4)

where U; = C;T; is the thermal energy of the crystal lattice.
The ratio vpn—./Vpnh quantifies the fraction of the phonon mo-
mentum that is returned to the electrons and typically lies in
the range of 0.1-0.9, depending on the strength of electron—
phonon coupling in a specific metal [17,18].

Equation (4) allows us to compare directly the phonon-drag
force with the electronic pressure gradient F, [19], which
was considered as a source of terahertz radiation in previous
models [4,5]:

2
F,=—--VU,, 5)
3
where U, is the average kinetic energy of electrons per unit
volume. One can see that Fp, and F, have similar gradient
form, and their amplitudes depend on the distribution of ther-
mal energy between the electrons and the crystal lattice.

At the initial stage of interaction, the laser pulse energy is
deposited in the electron subsystem so that initially F, will
exceed Fpy, especially if the heat exchange between electrons
and crystal lattice is slow (like in Au). During further thermal-
ization almost all absorbed energy will be transferred to the
crystal lattice, since its heat capacity is much larger than the
heat capacity of electron gas. At this stage the phonon-drag
force (4) will exceed electronic pressure (5) by a factor of
several to several tens, depending on vpy_./vph. In metals with
strong electron—phonon coupling and fast thermalization (like
Fe, Ni, Co), the phonon-drag force is expected to exceed the
electronic pressure force even during the laser pulse action.

Introduction of the phonon-drag force Fpy, which is sub-
stantially delayed relative to the laser pump, allow us, in
principle, to interpret the actual wave forms of terahertz
pulses. However, aiming to correctly describe the phonon flux
dynamics at picosecond timescales, we need to improve the
model of phonon transport. The classical heat conductivity
model, used for the above estimates, assumes that the energy
flux (1) appears instantaneously with the lattice temperature
gradient. But it is valid only at timescales larger than the time
of phonon mean free path 7, = v_h', which is typically equal
to several picoseconds [17,18,20]. At shorter timescales, the
finite phonon lifetime 7, cannot be neglected.

To account for the finite phonon lifetime, we employ
the Boltzmann kinetic equation for the phonon distribution
function. Following the standard moment method in the
relaxation-time approximation [14] and retaining the explicit
time derivatives essential for the picosecond dynamics, we ob-
tain the following equations for the total phonon momentum
P, (r, t) and total phonon energy U, (r, t) per unit volume (see
the derivation in Appendix A):

) SO
—+=VU, = _VUPph - VphfePph + VefphPm (6)

ot 3
aU; 5 ..

? + Cy div Pph = Se, (7)
where S, describes the crystal lattice heating by electrons, P,
is the momentum of electrons per unit volume, vy is relaxation
rate due to U processes, and v,_p, and vp,_, are the frequen-
cies of e-ph and ph-e collisions, respectively. The frequencies
Ve_ph and vy, obey the balance relation ve_phi, = Vph—ef1ph,
where np, and n, are the concentrations of phonons and free
electrons, respectively. At room temperature np, exceeds 7,
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by 1-2 orders of magnitude, so the phonon lifetime is much
larger than the electron free path time. In the limit of the sta-
tionary heat flux, when 9 /d¢ is much smaller than the phonon
relaxation rate vy + vpn—. and when the electron current is
zero (i.e., P, = 0), Egs. (6) and (7) transform into the classical
diffusion equation for the crystal lattice temperature, with the
heat conductivity given by Eq. (3) and the source S,.

In contrast to quasistationary treatments of phonon drag,
the full system of Eqgs. (6)—(7) captures the transient buildup of
the phonon flux, which is responsible for the delayed terahertz
response. According to these equations, the phonon flux does
not arise instantaneously with the crystal lattice heating, while
its growth rate is proportional to the gradient of the lattice ther-
mal energy VU,. The stationary flux is established during the
time fp, ~ (vy + vph,e)_l, i.e., in a picosecond timescale. At
timescales ¢ > t,, this system describes the classical regime
of diffusive thermal conductivity.

The relaxation rates v,_pp, Vph—e, and vy are, in general,
mode and temperature dependent [17,18,20]. For example, hot
electrons primarily excite longitudinal acoustic (LA) phonons,
while transverse acoustic (TA) phonons are populated indi-
rectly via anharmonic decay on a timescale of ~0.2-0.5 ps
[20]. The full thermalization of the phonon subsystem and the
corresponding dissipation of the directed phonon momentum
occurs within 1-3 ps due to Umklapp scattering. This natu-
rally introduces the picosecond delay required to explain the
observed terahertz pulse durations.

Since the phonon-drag effect is an integral characteristic
of the phonon distribution, and since for acoustic phonons
the energy—momentum relation is linear (v = gc;), the total
momentum Py, transferred to electrons depends only on the
integrated energy flux, not on its mode composition. That is
why here we use the two-temperature model for S, [21,22],
assuming that the heat flux arises on the background of locally
thermalized distribution of phonons f, with the temperature
T;. As it was recently demonstrated [17], the two-temperature
model accurately captures the integrated energy exchange be-
tween the electrons and the crystal lattice.

Regarding the temperature dependence, in the low-fluence
regime (the main focus of Secs. II and III) the lattice temper-
ature increase is modest (A7; < 100 K), so the rates can be
treated as constants. At high fluences (Sec. V), the phonon
distribution becomes strongly nonthermal and the dynamics
are dominated by the coherent deformation wave; in that
regime, we rely on macroscopic mechanical parameters rather
than on microscopic rates in our estimations.

In the two-temperature model, the energy transfer from the
electrons to the crystal lattice is described by the following
equation:

Se = GC(T, — T)), ®)
where C, = ne%zk;—lT is the heat capacity of degenerate elec-
tron gas per unit volume [19] (k is the Boltzmann constant,
Ep is the Fermi energy), and G is the temperature relaxation
rate. For the evolution of electron temperature, we can write
the diffusion-type equation [21,22]:

aT, 97T, ne@Egy
¢ =D —G(T—T)+ —— 2y,
o g O Tt ACETN ®

where D, is the electron thermal diffusivity, e is the electron
charge, v, is the total collision frequency of electrons, w is the
laser pulse frequency, and Eqpy is the amplitude of the optical
field inside the metal (decaying exponentially on the scale of
the skin depth). Here D, can be expressed as D, = vf- /3v,,
where vp is the Fermi velocity [16]. The last term in Eq. (9)
expresses the absorbed power density, derived from the Drude
model as the work of the optical field on electrons [23], while
the term G(7, — T;) describes the heat transfer to the crystal
lattice.

Finally, to close the system, we add the equation of low-
frequency electron motion:

P,
Y

where E is the self-consistent low-frequency electric field in-
side the metal. The terms vyp_Ppy and ve_py P,, which appear
symmetrically in Egs. (6) and (10), describe the drag force
between the electrons and phonons.

For brevity, we do not include the gradient of electron
pressure in Eq. (10), since the problem of radiation from this
source has already been solved [4,5] (see also Appendix B).
We also omit explicit treatment of electron collisions with
impurities and defects, since electron—phonon scattering dom-
inates at room temperature and above (so that v, is close
to Ve_ph). Finally, we neglect e-e Umklapp scattering, which
contributes significantly to momentum dissipation only when
the electron temperature is comparable with the Fermi energy.

The numerical values of the relaxation rates used in the
calculations below are taken from the recent theoretical papers
[17,18,20] and varied in physically reasonable ranges. For
gold we use the basic value of G =2 x 10'2, correspond-
ing to an electron—phonon thermalization time of ~ 0.5 ps,
consistent with first-principles calculations at elevated elec-
tron temperatures [17,20]. The total phonon damping rate is
varied in the range vy, = (1 = 5) x 10'2s™!, which matches
the calculated lifetimes of transverse acoustic phonons in Au
[20] (since TA phonons make the main contribution to the
phonon-drag effect).

= —enE + 1)phfel)ph - VefphPev (10)

III. LOW-FREQUENCY RADIATION

To relate the resulting model to the terahertz emission, one
must solve the problem of radiation from electrons driven by
the phonon-drag force. Similar problems for various sources
have already been thoroughly analyzed in [1-5]; the relevant
results are summarized in Appendix B. Briefly, because the
plasma frequency in metals is extremely high (~ 10'¢s71),
any potential force acting on the electron subsystem is
screened almost instantaneously by charge-separation field E
(with rot E = 0, since the field is quasistatic). Consequently,
the electric current is negligible, so that P, = 0. Radiation
from this system arises solely due to the presence of the
boundary and the slow variations of the quasistatic fields.

The phonon-drag force Fyn = vpp—Ppn, driven by inho-
mogeneous heating of the crystal lattice, is also a potential
force and is therefore compensated by a quasistatic charge-
separation field E inside the metal:

enE = vyp_oPpp. (11)
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FIG. 2. Wave forms of terahertz pulses in the far-field zone dE,(t)/dt (left panel) and their spectra (right panel) calculated for the
parameters of gold. Solid black curve on the left panel is the laser pulse envelope (FWHM is equal to 50 fs). Material parameters used in
the modelling: G =2 x 10"2s7!, v, = 2 x 10" 5™, and the phonon damping rate vy, is (1 +5) x 1057,

Using this relation, one can rewrite Eq. (6) as the equation
on E:
oE Vph—e
— 4+
9 + ph
where vy = vpn_. + vy is the total collision rate of phonons.
Equation (12) gives an analytical solution for the electric field
E:

vu,, (12)
" 3e en,

1 C
E(r, t)——gvph d

f VTi(r,t)e™ " Ddr’.  (13)
e —00

In its spatial structure, E(r, t) resembles that of an electri-
cal double layer with a time-varying surface charge o (z, ).
The normal component of the field is localized inside the
metal: at the boundary E, = 0 since % =0 (no heat flux
across the surface). The tangential component E,, however,
is nonzero and continuous across the boundary, so it can be
used to find low-frequency radiation.

The most transparent analytical solution can be obtained
for the Cherenkov geometry, which is typical for real experi-
ments. Consider a laser pulse obliquely incident on the metal
at an angle « so that the terahertz signal is generated within
a narrow interaction region that moves along the surface with
a superluminal phase velocity c¢/sin « (see Fig. 1). If the laser
spot diameter is large compared to the terahertz wavelength,
all distributions become stationary in the reference frame
comoving with the mteractlon reglon Mathematically, this
translates into the relation 2 £ "

Under these conditions, Eq (13) ylelds the following ex-
pression:

E.(1) = S0 Voh-eGi / DT - gy (14)
< c  3en, J_o Ot ’

which gives the explicit relation between the tangential low-
frequency electric field and the “history” of the crystal lattice
temperature 7;(r,t’) at a given point, including the metal
boundary x = 0.

There are two important limits of Eq. (14). If the phonon
relaxation time, vl;l' is much larger than the characteris-
tic time of lattice temperature variation; we obtain E,
(T;(t) — Tp)e "', where Tp is the initial lattice temperature.

In the opposite case E, o< - 81;(’ ) which corresponds to the
Vph t

diffusion limit [Egs. (2) and (3)]. Thus the phonon-drag force
produces a terahertz pulse with the wave form determined by
the dynamics of the crystal lattice temperature 7;(¢) and by the
relaxation of phonons. Under the chosen geometry of oblique
incidence, the magnetic field H, on the metal surface is given
by H, = —E_./cosa, which allows us to find the Poynting
vector and calculate the total terahertz pulse energy for given
size of the laser spot.

The results presented in Figs. 2 and 3 were obtained by
numerical solution of the coupled system of Egs. (6), (7),
(9), and (11), with the far-field wave form computed from
Eq. (14). The normalized pump envelope is also provided
for comparison. In the numerical modeling, we use the full
Drude expression for the absorbed power [last term in Eq. (9)],
including the Fresnel transmission coefficient and the spatial
profile Eqp(x) o< exp (x/lx). The pulse envelope is explicitly
included as sin*(r¢/1,), where 7, is the full pump pulse du-
ration. The prefactors are chosen consistently with the Drude
model; however, since the wave forms and spectra in Figs. 2
and 3 are normalized to their respective maxima, the absolute
amplitude of the optical field does not affect the temporal
shape of the terahertz response. For further high-fluence es-
timates in Sec. IV, we use independent macroscopic values
that do not rely on these prefactors.

Depicted graphs of dE,/dt describe the terahertz signal
wave forms in the far-field zone, and the chosen range of
voh = (1 = 5) x 10'?s! corresponds to the lifetime of TA
phonons, which is 0.2-1 ps, according to calculations from
Ref. [20]. As Fig. 2 shows, the phonon-drag mechanism
predicts terahertz pulses of picosecond duration, with the
spectral maximum in the range of 0.3—1 THz, depending on
the phonon relaxation rate vy, and the electron-lattice ther-
malization rate G.

The previous models of terahertz generation, based on
purely electronic response (ponderomotive force, photon drag,
or electronic pressure), predicted terahertz pulses with the
duration and spectrum close to the laser pulse envelope. But
the spectrum of the pump envelope is typically peaked at a
frequency ~10 THz, which is about 10 times higher than the
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FIG. 3. Normalized wave forms of terahertz pulses in far-field zone dE,(¢)/dt (left panel) and their spectra (right panel) calculated for the
phonon damping rate vy, = 3 x 10'2 57! and various electron-lattice thermalization constants G = {0.5, 2, 8} x 10'?s~!; the other parameters
are the same as in Fig. 2. The solid black curve on the right panel shows the spectrum of the pump envelope, which is peaked at ~10 THz, i.e.,
an order of magnitude higher than the terahertz signal peaks (0.3—1.5 THz).

spectral peak of terahertz signals, measured experimentally
and predicted by the phonon-drag model (see right panel of
Fig. 3 and Table I for comparison).

Figure 3 illustrates the dependence of the terahertz signal
wave form on the electron-lattice relaxation rate G. Figures 2
and 3 show that the roles of parameter G and the phonon
relaxation rate vp, are similar: they determine the buildup
and decay time of the phonon wind and therefore affect the
spectrum of the generated terahertz radiation in a comparable
way. Their increase shortens the signal duration and shifts
the spectral maximum toward higher frequencies (but still not
higher than ~1.5 THz).

At the same time, variations of the electron collision fre-
quency v, within reasonable limits of 10'“~10"3s~! (and
corresponding variations of the diffusivity D,) have a rather
weak effect on the resulting terahertz signal. In this range
the heat diffusion from the skin layer is faster than other
relaxation processes, so that the phonon pressure dynamics
is determined mainly by the relaxation rates G and vy, rather
than by electronic diffusion.

Passing to more detailed discussion of experimentally
measured terahertz signals, we should note that their direct
comparison with the theoretically predicted ones is strongly

limited by the spectral characteristics of terahertz detectors.
The experimental schemes for terahertz wave-form recon-
struction with nonlinear crystals usually have a frequency
limit of about 1.5-2 THz, so that they miss high-frequency
components of the signal and, consequently, sharp rising
edges in the terahertz wave form. This comes mostly from the
velocity mismatch between optical and terahertz pulses and
phonon absorption in the nonlinear crystals used as detectors.

In Table I the experimental results on the laser-induced
terahertz generation from flat metal surfaces and gratings are
summarized. The duration of the main oscillation in the ter-
ahertz signal is provided separately, since residual terahertz
oscillations are commonly associated with multiple reflec-
tions, water vapor reemission, and other parasitic effects.
These data show that the detected terahertz signal is undoubt-
edly much longer than the pump pulse, but its duration and
spectral maximum significantly vary depending on the sample
parameters and, apparently, detection scheme. According to
the cited papers [6-9,12,13,24,25], no spectral calibration or
deconvolution of the detector response has been performed
in these studies. The quantities that can be reliably extracted
from the available data are the typical pulse duration (0.5—
1.5 ps) and the spectral peak position (0.3—1.5 THz), which

TABLE 1. Characteristics of the terahertz pulses observed during femtosecond laser irradiation of flat metal surfaces and gratings. Notes:
(1) in paper [24] (row 6), several pump pulse durations were used, and the significant shift of the terahertz spectral maximum was observed for
the pump duration of 980 fs; (2) in paper [25] (row 7), the terahertz radiation was generated by a two-color pump.

Sample Duration of the first oscillation ~ Spectral maximum Pump References
1  Flat Au film, 100 nm 1.5 ps - 810 nm, 50 fs Kadlec, 2004 [7]
2 Flat Au films, < 260 nm - 0.3 THz 810 nm, 50 fs Kadlec, 2005 [8]
3 Flat Fe film, 12 nm 4-5 ps 0.2 THz 800 nm, 50 fs Hilton, 2004 [6]
4 Au grating, 30 nm 1.5 ps 0.75 THz 800 nm, 100 fs Welsh, 2007

& Welsh 2009 [12,13]
5  Au grating, 100 nm 0.2-0.8 ps - 800 nm, 50 fs Ramanandan, 2014 [9]
6  Bi, bulk - ~ 0.6 THz 790 nm, 50-225 fs Ilyakov, 2016 [24]
~ 0.3 THz 790 nm, 980 fs

7  Flat Au films, 5-30 nm 0.75 ps 0.75-1.6 THz 800 nm + 400 nm, 50 fs  Dai, 2014 [25]
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are in good agreement with the theoretical predictions of the
phonon-drag model.

We also note that the enhanced terahertz emission ob-
served from grating-structured surfaces [9,12,13] is naturally
explained by the resonant absorption increase due to sur-
face plasmon—polariton excitation [26], while the underlying
phonon-drag mechanism remains the same. Conversely, the
absence of terahertz generation from thin gold films (<100
nm) reported in [8] follows from the absence of a directed
phonon flux in the uniformly heated film. Quantitatively,
for Au with vy =~ 1.4 x 10® cm/s and v, ~ 10'*s~! (in the
moderate heating regime), the electron thermal diffusivity
is D, ~ 70 cm?/s. During the electron-lattice thermalization
time of 1-2 ps, heat diffuses over a distance Iy ~ \/D¢Te—pn ~
70 — 100 nm. Hence, in films thinner than ~ 100 nm, the
lattice is heated almost uniformly and no directed phonon
flux and phonon-drag force develops, so the terahertz emis-
sion is suppressed, in full agreement with the experimental
observations [8].

IV. ESTIMATES FOR HIGH-FLUENCE REGIME

The analysis above assumes a phonon distribution close to
thermal equilibrium. At pump fluences of about 0.1 J/cm? and
higher, however, the situation changes dramatically: the over-
heated region emits a coherent deformation wave, which can
evolve into a shock wave. As shown in molecular dynamics
simulations and experiments (see, for example, [27,28]), at
absorbed fluences of 0.5-1 J/cm?, such a deformation wave
accumulates tens of percent of the absorbed energy.

In terms of phonons, this can be viewed as the stimulated
excitation of a selected phonon mode against the background
of spontaneous excitation of the entire phonon spectrum,
i.e., lattice heating. Microscopically, the stimulated emission
originates from the fact that the probability of emitting of
a phonon with a given wave vector q is proportional to the
population of that mode [17,18].

Let us estimate the drag force for this case using macro-
scopic mechanical treatment. Consider the near-surface layer
of the crystal lattice receiving the thermal energy AU, =
@, /ls (per unit volume), where @,y is the absorbed flu-
ence and /; is the heat diffusion length during the time
of electron—lattice thermalization (~ 1 ps). The pressure in-
crease inside the layer AP is given by AP = I'AU;, where
" is the Griineisen parameter, I' = (1 = 3) for metals. The
pressure relaxation takes time 7, = [, /¢, and during this time
the layer of the density p obtains the velocity vp = AP/ pc;.
Its kinetic energy per unit volume is given by

1 /AP\?
Ex = — . (15)
20\ ¢

The fraction of absorbed energy converted into kinetic
energy is therefore

_ EI( _ Fz CI>abs
= AU; - 2 pC?ld'
To estimate the efficiency of deformation-wave generation,
we use the following parameters of metals (Au, Al, and Cu):

paw =193 g/cm3, pa =27 g/em?, pc, = 8.96 g/cm?;
sound speed ¢; &~ (3 = 5) x 10° cm/s; Griineisen parameter

(16)

I' & 2; and heat diffusion depth /; &~ 30 nm. Estimating /;,
we took into account that at high electronic temperatures ~1
eV and high lattice temperatures the electron collision fre-
quency increases about an order of magnitude (for example,
up to 10" s7! in Au [29,30]) and the thermal diffusivity de-
creases proportionally. Substituting these values into Eq. (16)
yields n =~ 10% — 30% for &, ~ 0.1 J/em?, which is in
good agreement with Refs. [27,28].

Transformation of the pump energy directly into the de-
formation wave nonlinearly enhances the phonon-drag effect.
The momentum carried by the deformation wave, Px =
Ex /cq, is transferred to electrons with the frequency vyn_,
creating the drag force Fx = vpn_.Px, which is predominantly
normal to the surface. Compare Fx with the drag force pro-
duced by phonon diffusion (4):

_ Fe _ 307 v s (17)

p Fon 2 pcl

Estimates for Au, Al, and Cu give similar results and show
that the influence of the deformation wave begins to dominate
(i.e., B > 1) at the absorbed fluences of 10—30 mJ/cm?.

The condition of the quasistatic electron equilibrium (11)
allows us to estimate electric fields generated near the metal
surface. First, it gives the normal component of electric field:

Vph—e Ex o2
en.E, = L ce = Vph—e 2[0C3alb25 ’ (13)
s s'd

At the same time, the quasistatic character of the electric

field leads to rot E = 0, or under the chosen geometry, afz =

L)aix Replacing derivatives by reversed spatial scales (I; along
the x axis and Aty, along the z axis), we finally arrive at the
following expression for the tangential electric field:

2
g U1 Voo @y 21 (19)
2 en, p C? ld A’THZ

Here the spatial scale Aty is the characteristic size of the
perturbed area along the z axis (see Fig. 1), which coincides
with the terahertz pulse length (~ 0.3 mm). In complete anal-
ogy with Sec. III, the tangential component E, is continuous
across the metal surface and serves as the source of the emitted
terahertz radiation. In Cherenkov geometry, once E, is known,
the magnetic field at the surface is obtained from the boundary
condition H, = —E_/ cos a, which gives the Poynting vector
and the radiated power per unit area. Note that in this regime
the terahertz pulse energy scales as the fourth power of the ab-
sorbed fluence. Owing to the nonlinearity of laser absorption,
the dependence on the incident optical fluence is expected to
be even steeper.

Apparently, this regime of terahertz generation from Cu
was observed in Refs. [11,31], where the terahertz pulse en-
ergy measured by the calibrated bolometer reaches 0.2 nJ at
pump fluence up to 1J/cm? (the laser pulse energy was 2.5
mJ and the estimated focal spot size on the metal surface
was about 0.5 mm). For the parameters of Cu and Py =
0.2 J/cm?, from Eq. (19) we obtain E, ~ 2 kV/cm. Account-
ing for the geometry of the laser beam focusing described in
[31], we find the terahertz pulse energy ~ 0.3 nJ, which is
close to the measured one.
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V. CONCLUSION

In conclusion, we have proposed a mechanism for optical-
to-terahertz conversion on metal surfaces based on the
phonon-drag force. The phonon flux develops on picosecond
timescales with the crystal lattice heating, which naturally
explains the significant delay in the terahertz response. The
phonon-drag model predicts the terahertz pulse duration of
about 0.5-1 ps and spectral maximum at 0.3-1.5 THz, in
good agreement with experiments. This result is robust against
significant variations of the relaxation constants.

At high pump fluences, a macroscopic deformation wave
starts to dominate over the diffusive phonon flux, which
nonlinearly enhances the drag effect and modifies the tera-
hertz generation regime. This effect establishes a connection
between the ultrafast electromagnetic response of laser-
irradiated metal and its macroscopic motion. According to
our model, the terahertz signal reflects the initial dynamics
of the deformation-wave appearance due to the crystal lattice
heating and further mechanical relaxation.

Finally, we emphasize that the proposed model relies on
the constants of e-ph and ph—ph interactions, and therefore
admits quantitative comparison with experiment, limited only
by the accuracy with which these parameters are known form
measurements or first-principle calculations.
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APPENDIX A: DERIVATION OF THE MOMENTUM
EQUATIONS FOR THE BOLTZMANN EQUATION

We introduce the phonon distribution function over mo-
menta fon(q, I, ¢). In this section we assume that only a small
fraction of phonons participates in the formation of the di-
rected energy flux, so that the distribution function can be
treated perturbatively:

Jon(@, 1, 1) = folg.x, 1) +8f(q,x, 1), (AD)

where fj is the isotropic part of the distribution, describing
the total energy of the phonon subsystem (or its effective
temperature) and depending only on ¢ = |q|, while § f(q) is a
small anisotropic perturbation that describes the phonon flux.

The time evolution of the full distribution function is gov-
erned by the Boltzmann kinetic equation:

afph afph

cY=e arat
o oy G =S 1)

+ St fo} + Sty {8 f} + Ste_pn{fe, fon)s
(A2)

where s.(q, r, t) is the isotropic (in g-space) source of phonon
generation by hot electrons, ¢, is the phonon velocity vector,
and St; are the collision integrals. Specifically, St {fo} gov-
erns thermalization within the phonon subsystem via normal
phonon—phonon collisions that conserve total momentum and
energy; Sty {§ f} represents momentum loss through Umklapp
ph—ph scattering (U processes); and St,_pn{fe, fon} describes
momentum exchange with the electron subsystem charac-
terized by the distribution function f, (its contribution is
discussed below). The explicit form of the first collision in-
tegral is not required, while the second one is treated in the
relaxation-time approximation as f,{f} = —vy 8f, where
vy ! is the characteristic momentum relaxation time due to
U processes.

Of course, the relevant relaxation rates depend on the
phonon energy and on the electron temperature; their behavior
is known primarily from theoretical calculations (see, e.g.,
Refs. [16-18]). Typically, high-energy phonons with wave
numbers approaching the Brillouin zone boundary exhibit
scattering rates an order of magnitude larger than those of
phonons with energies around 0.02-0.03 eV, corresponding
to room temperature. In what follows, we work with the mo-
ments of fy, (the average momentum and energy of phonons
per unit volume). Since the lattice is strongly heated in the
regime of interest, the relevant collision frequencies are taken
to be those characteristics of high-energy phonons, which
dominate the momentum exchange.

Under these assumptions, the evolution of the anisotropic
perturbation ¢ f is governed by

% + aa_f)cs = _VUaf + Stefplr

Here we have used the fact that the collision integral
St;n{fo} and the source s.(q, r, t) are isotropic in momentum
and thus do not contribute to § f. The total phonon momentum
per unit volume, Py, and the total phonon energy per unit
volume, U; (the thermal energy of the crystal lattice), are
expressed in terms of § f and f; as

Pm]=‘/8thd3q

(A3)

(A4)

U= [ fihae. d'a. (AS)
To find the equation of Py, change, multiply the kinetic
Eq. (A3) by fiq and integrate it over the whole q space:
Py, 1 3
T + §VU[ = _VUPph + Ste_phhq d’q.

Here we have taken into account that the distribution func-
tion fy is isotropic, so the integrals of the form [ f()qizd3q are
equal to each other for any projection g; = {qx, gy, .}

The last term in Eq. (A6) describes momentum exchange
between the phonon and electron subsystems. Evidently, in
the absence of directed momentum in either subsystem, this
term must vanish, irrespective of whether the subsystems are

(A6)
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thermalized. A nonzero value of the integral can only arise
from anisotropies in the electron and phonon distribution
functions, which, for small perturbations, are linearly related
to the momentum of the respective subsystem. In particular,
if the phonon subsystem carries momentum Py, it transfers
momentum to the electrons at a rate vp,_.Ppp; similarly, if the
electron subsystem carries momentum P,, it is transferred to
the phonons at a rate v,_,P,, where v._py, is the electron—
phonon collision frequency. We thus obtain

)
—— + VU = —vyPpy — vph—ePph + Ve—pnPe.

ot 3 (A7)

Note that the collision frequencies v,_pn and vpn_, are
related but not equal, since the concentrations of phonons and
electrons generally differ. If NV collisions per unit time occur
in a unit volume, the exact balance relation N = v,_phn, =
Vph—eMph Must hold, where ny, and n, are the phonon and
electron concentrations, respectively. At room temperature,
npn exceeds n, by one to two orders of magnitude, consistent
with the fact that the phonon lifetime is considerably longer
than the electron mean free time.

To obtain an equation for the phonon energy density U;, we
multiply the kinetic Eq. (A2) by /iw = hqc, and integrate over
momenta:

au;

— +cldivPy, = S,,

” (A8)

where S, = [ s.(q,r, t)ligc,d’q is the integrated energy in-
put from the electrons into the crystal lattice. The collision
integrals St,,{fo} and Sty {6 f} do not contribute to Eq. (AS8)
because they conserve the total phonon energy. The term
cf div Py, describes the contribution of lattice thermal conduc-
tivity to heat transport. In most metals, the electronic thermal
conductivity exceeds the lattice thermal conductivity by one
to two orders of magnitude, so this term provides only a
small correction to the heat transport by electrons, which is
governed predominantly by S, and its evolution.

Equations (A7)—-(A8) explicitly capture the emergence of
a directed phonon flux that is delayed with respect to the
heating of the phonon subsystem. As seen from Eq. (A7), the
growth rate of the phonon momentum Py, is proportional to
the gradient of the lattice thermal energy VU, which itself
rises and decays on picosecond timescales.

APPENDIX B: GENERATION OF INTERNAL FIELDS
AND THZ EMISSION BY A POTENTIAL SOURCE

The problem of low-frequency radiation from various
gradient-type sources acting on conduction electrons near a
metal surface has been solved in Refs. [1-5]. Below we sum-
marize the main results of those works in a unified form.

Suppose that a potential force F(x, z, ¢) acts on the elec-
trons per unit volume—for instance, the phonon-drag force
associated with inhomogeneous heating of the crystal lattice.
The electrons in a metal can be described as a fluid (us-
ing hydrodynamic equations) because the electron—electron
collision rate is very high, especially at high temperatures,
where the mean free path drops to a few nanometers even in
good conductors. The equation describing the low-frequency

motion of electrons then takes the form

av ¢E F Vp.
= - -y,
dt m mn, mn,

(A9)

where v is the directed electron velocity, E is the self-
consistent electric field inside the metal, v, is the effective
electron collision frequency, and p, is the electron pressure.
In the ideal-gas model, p, = %neee, with ¢, being the average
kinetic energy per electron. At room temperature and above,
v, is determined predominantly by collisions with phonons
so that v, = v,_pn. When electrons are heated to temperatures
comparable with the Fermi energy, electron—electron Umk-
lapp scattering also contributes noticeably to v,.

The action of the force F induces a charge-separation
field E and an electron density perturbation én,, related by
Maxwell’s equation:

divE = —4meédn,. (A10)
Using the continuity equation
di 9o, (A11)
ivn,v = —
¢ at
and calculating the divergence of Eq. (A9), we find
325n, aén, 2 divF  Ap,
e on, = — , Al2
a2 T +wpon m + m (A12)

where a)lz, = 4mn.e/m is the plasma frequency and A is the
Laplace operator. Here the background free-electron density
n, is taken to be constant, which is justified for electron
temperatures below 0.5-1 eV, that is, below the threshold of
significant internal ionization.

Since the plasma frequency in metals, w, ~ 1010571, ex-
ceeds by orders of magnitude both the characteristic time of F
variations and the collision frequency v,, Eq. (A12) gives the
following solution:

divF+Ap, _ 1

one = mw? mw?
P P

0x2 0x

2
<3pe an>. (A13)

Here we have also taken into account that the force F and
the pressure p, are localized in a thin near-surface layer so
that ;—X > f—z Equation (A13) describes the electron density
perturbation produced inside the metal by the force F and
the electron pressure gradient, including their screening by
charge-separation fields.

Because neither electron heat flux nor phonon flux crosses

the metal surface, we have at the boundary aa;; =F =0.

It follows that ffoo on.(x)dx = 0, that is, the perturbation
has the character of a distributed double layer with zero net
surface charge. Accordingly, the normal component of the
electric field of this layer is entirely localized within it, similar
to the field of a parallel-plate capacitor.

Since the electron pressure and the phonon flux vary slowly
compared with the plasma frequency, this double layer can
emit radiation that leaves the surface. From Maxwell’s equa-
tions we obtain

1 3°E  4m v

297 ?neeE. (Al14)
Here we make use of the expression for n,, since div E =

—4medn,(x, z, t). Taking into account Eq. (A9) and the rela-

VdivE — AE = —
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i 2 2 a Kl
tions w,, >> v, 3; and 3% > 37 We find

PE o, JE 1

2 2 -
0x V.c? 0t nee

(PP —F) @ 3(Vp.—F)
dx2 Vo2 ot '

(A15)

As is evident from Eq. (A15), the differential operators
acting on E and on (Vp, — F) are identical. Hence we obtain
the quasistatic solution

_F_Vpe

nee

E (A16)

The obtained solution corresponds to the quasistatic limit,
i.e., zero electron velocity v =0 and rot E = 0. This re-
flects the fact that in the dense electron plasma of a metal,
any potential force is almost immediately compensated by a
charge-separation field.
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