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Second harmonic and drag current generation by an s-polarised

wave rapidly heating a metal

S.G. Bezhanov, S.A. Uryupin

Abstract. The dependences of the second harmonic and drag
current generation efficiency on the electron collision fre-
quency, changing during a rapid heating of electrons and the
lattice in a metal in the case of absorption of s-polarised
femtosecond radiation, are established.
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1. Introduction

Generation of laser radiation harmonics by conduction
electrons is an efficient tool in studying the electron pro-
perties of metals [1, 2]. Along with the widely used methods
for determining the physical parameters of the electron by
the measured absorption coefficient [3] or of polarisation
characteristics of reflected radiation [4], investigation of the
generation properties of the fundamental frequency har-
monics makes it possible to obtain additional information
on the collision frequencies of electrons. The possibilities of
this approach for determining the electron—electron colli-
sion frequency with an umklapp process were demonstrated
in paper [5], which gave a theoretical description of the third
harmonic generation during the heating of electrons in a
metal by a femtosecond laser pulse. To further demonstrate
the possibilities of studying nonequilibrium states of metals
by the optical nonlinear response, in this paper we present a
rather simple model of the influence of electron collisions on
the second harmonic and drag current generation efficiency,
which are produced by an s-polarised wave heating the
electrons.

When the influence of the electron collisions can be
neglected, the second harmonic generation was studied both
in metals [6,7] and in plasma [8]. The authors of paper [9]
pointed out the necessity to take into account the interband
transitions in studying the second harmonic generation with
a rather high frequency. In this case, the influence of electron
collisions was assumed insigni-ficant. This consideration is
justified by the fact that the generation efficiency of
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harmonics of visible radiation in pure metals at temper-
atures lower than the room temperature is virtually
independent of the small frequency of electron collisions.

The situation changes when metals interact with femto-
second laser pulses heating the electrons. The electron
heating during the time shorter or of the order of a hundred
of femtoseconds, when the energy transfer from the elec-
trons to the lattice is still small, leads to the establishment of
a nonequilibrium state in which the electron temperature T
is although lower than the Fermi energy but much higher
the lattice temperature Tj,.. In this case, we deal with a
substantial increase in the frequency v, of electron—
electron collisions, including those proceeding with an
umklapp process. Already at the electron temperature
exceeding several thousand degrees and room temperature
of the lattice, the frequency v, is comparable with or higher
than the frequency v, of electron—phonon collisions. If T
is of the order of one electronvolt, v., is comparable with
the visible radiation frequency w. Under these conditions,
the effect of collisions on a weak nonlinear response of the
metal becomes dominant and there arises a need in a theory
adequately describing the nonlinear optical properties of a
nonequilibrium metal.

Note that at such high collision frequencies in the visible
frequency range, we can restrict our consideration to the
study of the regimes of normal and high-frequency skin
effects for typical metals. Below, taking into account the
electron collisions, we derive basic relations for the second
harmonic generation efficiency of the s-polarised wave and
the drag current produced by this wave. Based on the
equations for the electron and lattice temperatures, we show
that as the metal is heated, the radiation generation efficiency
at the frequency 2w decreases. On the contrary, the electron
cooling due to the heat release from the skin layer is accom-
panied by an increase in the second harmonic generation
efficiency. Similar dependences are established for the drag
current as a function of the changing electron and lattice tem-
peratures. We demonstrate how the second harmonic gener-
ation efficiency depends on the constants to be determined,
which characterise the influence of the umklapp processes to
the frequency of electron—electron collisions determining
both the heat conductivity and conductance of the metal.

2. Basic equations. The field at the fundamental
frequency

Consider the interaction of the s-polarised electromagnetic
wave with the metal occupying the half-space z > 0. The
electric field of the wave incident on the metal has the form
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1 . . . .
= EELexp(—lwl + ikxsin 0 + ikzcos 0) + c.c. (1)
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where Ey = {0, E1,0} is electric field strength weakly chang-
ing at a distance 2n/k during the time 27/w; ® is the
frequency; k = w/c is the wave number; ¢ is the speed of
light; 0 is the angle between the direction of the wave
propagation and the vector of the normal to the metal
surface. The magnetic field of the incident wave is By =
= E;{—co0s0,0,sin 0} and has the same dependence (1) on
the time and coordinate.

To describe the metal response to the action of field (1),
we will use the hydrodynamics equations for the electron
concentration n and the velocity u:

on .
3 + div(nu) = 0, ()
Ou 1 € 1

where v(n, T) is the characteristic collision frequency depend-
ing on the concentration and temperature 7 of the electrons;
e and m are the electron charge and mass; p = p(n, T') is the
electron pressure; E = E(r,t) and B = B(r,t) are the electric
and magnetic fields in the metal. These fields are described
by Maxwell’s equations
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where ¢ is the static dielectric constant caused by the coupled
electrons and the lattice. Taking into account a periodic
change in the time of the incident wave (1), the solutions of
equations (2)—(5) should be naturally sought for in the form

F=F,+ ZF exp(—iswr) + c.c.], (6)

where F denotes n, T or one of the vector components u, E
or B. In expression (6), the functions F;, and F; depend on x
and z and slowly change in time:

s=1,2,.... 7)

‘alnFO < sw

ot

Oln F,
| ot

The approximate account for this time dependence of F
and F; allows one, in particular, to describe slow switching
on and switching off of the field £y caused by the finite
duration of the laser pulse as well as to describe the metal
parameters. We will restrict our consideration by the analysis
of the approximate solution of equations (2)—(5) with the
accuracy to corrections quadratic in the field strength Ep (1).
In this approximation, it is sufficient to retain only the
terms with s < 2 in expansion (6). In this case, being inter-
ested in harmonics with s =1, we can neglect the per-
turbations of the electron temperature and concentrations
quadratic in the field and perturbations of the pressure p
and frequency v caused by them. The influence of the quasi-
stationary field E,, which is proportional to E7, is also
insignificant.

In this approximation, we have a system of linear equa-
tions to determine the harmonics with s = 1. In the linear
approximation, the field E; proportional to the external field
E; can be represented in the form E; = E(z) exp(ikx sin 0).
It follows that div E; = 4nen; = 0, i.e. n; = 0 as well as that
p1 = 0and v; = 0. As a result, neglecting the weak change in
the velocity u;, we find from linearized equation (3) that
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where v, depends on ny and T| (the electron concentration
and temperature slowly varying in time). Taking into
account inequality (7) and relation (8), we obtain from (4)
and (5) the equation for the function E;(z):

d’E, (2)

42 + k2 [e(w) — sin®0) E, (z) = 0, )

where &(sw) = &'(sw) +ie”(sw) is the permittivity at the
frequency sw; s =1,2,...;

o
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oL, :(4ne2n0/m)1/ 2 is the plasma frequency of the elec-
trons. At wf > (0 +v3)(e — sin’0), when ¢'(w) < sin’6, the
solution of equation (9) decreasing inside the metal depth
has the form

E\(2) = E; (0) expl—(w)z]; (12)
where the quantity x(w) is described by the relations
#(s0) = 2, (s0) + i, (sw) sgne’ (sw) — sin’6), (13)
% (sw) = % {\/[e’(sw) — sin?0)* + [¢” (sw))?
1/2
— (=) [¢' (sw) — sinze\] L l=1,2. (14)

The solution (12), (13) takes place if the change in ¢(w) at
distances »; ' (w) can be neglected (see details in [4]). In
accordance with equation (4), the magnetic field in the
metal has two components: B.(x, z, ) and B.(x, z, t). For the
function B,.(x,z,t) used below in the linear approximation
in the field Ey taking into account (7), we obtain from (4)
and (12) the expression

#®)
2ik
Radiationg with the frequency w is partially reflected from

the metal. In the approximation linear in Ep, the field of the
reflected s-polarised wave has the form

B.(x,z,1) = ——=FE (z) exp(—iwt + ikxsin0) + c.c. (15)

1
E.(r,t) = EELR exp(—iwt + ikxsin 6

—ikzcos0) +c.c. (16)
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where R is the complex reflection coefficient. For the strength
vector of the magnetic field of the reflected wave, we have
the expression RE; {cos0,0,sin 0} from (4) and (16). Using
relations (1), (12), (16) and their corresponding expressions
for the magnetic field, from the condition of the continuity
of tangential components of the electric and magnetic fields
on the metal surface we find the relation of E;(0) with £
and the complex reflection coefficient:

2kcos 0
£1(0) " kcos 0+ ix(w) Ev, a7
_kcos0 —ix(w) (18)

~ kcosO+ix(w)’

Relations (6), (12), and (17) completely determine the field
in the metal at the frequency w.

In deriving relations (17), (18) in accordance with
inequality (7), we assumed that the change in the field
E; and metal parameters during the time 27/ is negligibly
small. In this case, we made no assumptions about the rela-
tion between the characteristic time of E; variation and the
times of variations in the quantities determining the dielectric
constant in the metal. The absence of the mentioned
restrictions makes it possible to use relations (17), (18)
for the description of the influence of laser pulses with the
finite duration of the order of 7, > 2n/w on the metal,
which leads to a weak change in the metal parameters during
the time 27 /. The insignificance of the field switching on/off
effects at 7, > 2n/w for relations (17), (18) was demonstrated
earlier in paper [10].

3. Second harmonic generation

Consider now the field at the second harmonic frequency
2. Taking into account the smallness of the derivative in
time, |0lnu,/0t| [see (7)], we find from (3) and (6)

. e e
(vo — 2iw)uy = EEZ +% [uy, By]

npm

In expression (19), the pressure perturbation is propor-
tional to the perturbation of the electron concentration n,
and temperature T, which depend on E; — the square of the
field at the frequency w. The quantity E? is associated with
u? by relations (8), (12), and (17). If we designate p, by u?,
we can see that under the discussed conditions of the normal
or high-frequency skin effects, the term containing Vp, is
small compared to the term depending on [u;, B,]. Then,
neglecting Vp, and using (8) and the relation between B; and
E, given by equation (4), we obtain from (19)

. - 2

ie ie )
= m(2m + ivy) E+ dm?w(w + ivy) (2w + ivg) VEL. (20)
which takes into account that (E|V)E; = 0. According to
(20), the energy density gradient of the field at the funda-
mental frequency VE; leads to the electron motion along
the axes x and z. Due to this, the electromagnetic field at
the frequency 2w has two components of the electric field
E, ={FE,.,0,E,.} and one components of the magnetic
field B, = {0, B,,,0}. This configuration corresponds to the

p-polarised field at the frequency 2w. In this case, B,, =
= B,,(z) exp(i2kx sin 0) can be determined from (4)—(6), (20)
using the equation

d’B,,(z .

ﬁ() + 42 [6(20) — sin®0] By, (z) = 0. 1)
If the condition

of > (40 +v§)(e — sin?0) (22)

is fulfilled, the solution of equation (21) decreasing at
z — 00 has the form

By, (2) = By, (0) exp|—x(20)z], (23)
where %(2w) = %;(2w) — i%,(2w) is given by expressions
(13), (14) at s =2. In deriving expression (23), we took
into account inequality (7). Note that according to (13),
% 2w) > %,(2w) > 0. The quantity »; '(2w) determines the
penetration depth of the magnetic field of the second har-
monic into the metal. Under condition (22), the solution of
type (23) corresponds to the nonuniform electromagnetic
wave. Its amplitude decreases proportionally to exp[—sx;(2w)z],
while the wave vector {2ksin6,0,%,(2w)} is directed at an
angle to the metal surface. If the influence of the collisions is
insignificant, »,(2w) = 0 and the wave propagates along the
surface. Below, taking into account inequality (7) and rela-
tion (20), we obtain from (5), (6), and (23) the electric field
components in the metal:

_ i ., —x(2w)z
Bnle) = g3y [20) B 00
w_lz_ eEE(0)sin 0 () (24)
e 2m(w + ivy) (2w + ivg) ’
1 2. —%(2w)z
E>.(z) = —m [4/{ sin 0 B,,(0) e (20)
2 2
op  ex(w)Ei(0) —2()z
; —c s (25)
2 m(w +1vy) 2w + ivg)

where E(0) is related to the fundamental wave field E; by
(17). Unlike the magnetic field (23), the dependence of the
electric field on the coordinate z is described by two
different functions. In this case, the vortex part of the
electric field, as the magnetic field (23), is proportional to
exp[—x(2w)z], while its potential part is proportional to
exp[—2x(w)z] [see (20), (24), (25)].

The electromagnetic field at the frequency 2w is emitted
from the metal surface. It obeys Maxwell’s equations in
vacuum and has the form

1
By (r,1) = 3 Bexp(—2iwt + 2ikxsin 6

—2ikzcosf) + c.c., (26)

where B, = {0, B;,,0}. The magnetic field has the same
dependence on the coordinate and time, while its strength is
E; = —B5,{cos0,0,sin0}. The tangential components of
the electric and magnetic fields are continuous on the metal
surface:
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B2y(0) = BZry7 E2x(0) = E2rx = 7321-,\' cos 0. (27)

From relations (24), (27), we find the electromagnetic field
of the wave at the frequency 2w:

 Kkcos 0+ ix(w)]
2ke(2m) cos 0 + ix(2w)

B2ry = B2‘(0) =

diof e E}f

X sin 0 cos?0.
me?(w +ivg) (2w + ivy)

(28)

In deriving (28), we used the relation of E;(0) with E (17).
In accordance with relations (23)—(27), the magnetic field
(28) completely determines the electromagnetic field in the
metal and vacuum. Note that according to relations (25),
(28), and E;, = —B,,sin0, the electric flux density ¢E,.
normal to the metal surface changes jump-wise at z=0. In
addition, according to (20), (25), and (28), the z component
of the current density is j,. = enyur. 20 at z=0. The
appearance of these nonphysical properties is the conse-
quence of the use of expression (20) for u,., obtained by
solving hydrodynamic equations (2), (3). However, these
inaccuracies in the hydrodynamic description do not lead to
the change in expression (28) derived using only the expres-
sion for the velocity u,, (20), which follows from the rigorous
kinetic consideration under the discussed conditions of
normal and high-frequency skin effects, when corrections
caused by the thermal motion of the electrons can be
neglected.

According to relations (16) and (26), the waves reflected
with the frequency w and generated with the frequency 2w
propagate in the same direction specified by the unit vector
n = {sin0,0, —cos 0}. The Poynting vector averaged over
the period n/w, which describes radiation at the frequency
2w, has the form SQw)=nlQ2w), where IQ2w)=
(c/ 87z)|82r_‘,|2 is the radiation flux density. The ratio of
ICw) to I(w)= = (c/8n)Ef, the flux density at the
fundamental frequency, yields the second harmonic gen-
eration efficiency: n(2w) = = IQ2w)/I(w). According to this
definition of #(2w), we find from (28)

2¢eE; . wﬁk(’sinz()cos“(i
(0? + vé)(4w2 + vé)

n(2w) = (

mcaw

x{[kcosO + (o) + %12(@)}72

x{ [2ke’ (20) 08 0 + 25 (20)]?

+ [2ke" (2w) cos 0+ #, (20)]} (29)

If the collisions are insignificant and vy, = 0, the efficiency
(29) is four times smaller than that presented in paper [6].
This difference is caused by the use of the unconventional
definition of the field strength in [6]. At vy = 0, the results
of paper [6] follow from the relations [8] determining the
radiation field at the frequency 2w.

At o > v, relation (29) allows generalisation to the case
when it is necessary to take into account the interband
transitions. According to paper [7], in (29) and expressions
(13), (14) determining x;(sw), it is needed to change &(sw) by
e(sw) + d¢e(sw), where

i (bk|p|b'k)(b"k|p|bk)

nm52w2 (EI;’k — Ebk — hisw — 15)

de(sw) = —
kbb

X [fr(Eyx) — fr(Epe)]; (30)
|bk) is the Bloch function; p is the momentum operator; k is
the quasi-momentum; 7 is Planck’s constant; E,; is the
electron energy in the band b; fr(E,) is the Fermi distribu-
tion; 0 > 0 is a small correction determining the trip around
the pole. In addition, it is necessary to multiply expression (29)
by [[e(Rw) + de2w) — 1][e2w) — 1]7l @

Let us discuss the peculiarities of second harmonic
generation under conditions when the inequality inverse
to (22) is fulfilled:

of < (40* +v3)(e — sin?0), 3D
but, as before, w7 > (> 4 v3)(e — sin20). Under these con-
ditions, ¢'(2w) > sin’6 and the solution of equation (21) has
the form [cf. (23)]

By, = B, (0) explix; (2w)z — %, (20)z]. (32)
In the absence of dissipation due to electron collisions,
%,(2w) = 0 and this solution corresponds to the wave with
the frequency 2w and the wave vector {2ksin0,0,%,(2w)}
propagating inside the metal. Because of the dissipation
caused by collisions, this wave decays at a distance ~ x5 ' 2w),
and its electric field (23) has two components described
by expressions (24), (25), if we replace in them x(2w) by
—ix(2w). As before, this wave is partially emitted into
vacuum. The field in the vacuum is found from the con-
ditions of continuity of the tangential components (27). In
this case, the magnetic field in vacuum and on the metal
surface is described by expression (28) in which it is necessary
to replace »(2w) by —ix(2w). As in the case of lower fre-
quencies [see (22)], under condition (31) radiation at the
frequency 2w propagates in vacuum along the vector n, and
its generation efficiency is given by the relation [cf. (29)]

(20) = 2eE " wik®sin?0cos*0
1 C\mew) (0? +v2)(dw? +v7)

s { [k cos 0 + 2 () + 53 ()}

x{[2ke' (2w) cos 0 + %, 20)]*

+ [2ke" (20) cos 0+ > (20)]}

(33)
At ¢'2w) = sin0, %;(2w) = % (2w), relations (29) and (33)
coincide. If ¢'(2w) > sin?6, the denominators containing the
functions »;(2w) and »,(2w) in expressions (29) and (33)
differ by the quantity 4k[x;(2w) — #,(2w)][e' Qw) — &"(2w)] x
cos 0. Because »;(2w) = %,(2w), the denominator in (33) is
greater if %;(2w) > #,(2w), and, vice versa, the denominator
is smaller if ¢'(2w) < £"(2w). In particular, at a compara-
tively low dissipation due to collisions, when
¢'(2w) > ¢"(2w), the comparison of expressions (33) and
(29) allows one to make a conclusion about the relative
decrease in the gener-ation efficiency of radiation into
vacuum at the frequency 2w. The latter is caused by the fact
that at &¢'(2w) > sin’0, the wave propagating inside the
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metal carries away more energy of the fundamental wave
than the wave localised at the surface at ¢/(2w) < sin’0 [see
(22), (23)]. If @ > v, similarly to (29), expression (33) also
allows generalisation to the case when interband transitions
are significant. To this end, according to paper [7], it is
sufficient to introduce in (33) the same changes as in
expression (29).

4. Drag current

In the approximation quadratic in the field strength E; (1),
along with the second harmonic generation there appears a
direction motion of electrons with the velocity u,, slowly
varying within 27/w. Using relations (6), (8), (12), (14), (17)
and equations (3), (4), we obtain the equation describing
the slow evolution of the velocity uy:

ZezEf
m*(o* +vg)

Ou e
— +vouy =—Ey +
or ot = Eo

k2cos?0

[ cos 0 + x5 ()] + %3 ()

X {{yl () + %Az(w)} e+ (k%Sin 0> "x}

x exp[—2x;(w)z],

X

(34

where e, and e, are the unit vectors along the axes x and z.
After the time of the order of the inverse frequency of
electron collisions (~vy '), the quasi-stationary velocity u, is
established. The presence of the current along the normal
to the metal surface would lead to charge accumulation.
Therefore, the equality j. = enguy, = 0 should be fulfilled. The
appearance of the z component of the quasi-stationary field

2eE;  k*cos?0[x; () 4 %o (w)vy /o]

Ey, = —
T m(@? %) [kcos 0+ xy () + % (o)

x exp[—2x(w)z] (3%5)
ensures the vanishing velocity uy.. On the contrary, the
current density j, = engug,e, along the metal surface is not
zero. At vot > 1 from (34), we find ug, and j, = { o, 0,0},
where jo = 0o Eoy +Ja:

. eEEk2 wf sin 6 cos>6

M= Dame o 1 V5 [k cos 0+ ()] + %} (o)

x exp[—2x(w)z] (36)

is the drag current density; o, = w; /(4mvy) is the conduct-
ivity. If Ey, = 0, then j, = j4. The drag current (36) produces
a quasi-stationary magnetic field, which is directed along
the metal surface: By = {0, By,0}, where

eEfk2 wf
2

By(z) =

- me?u (o) 0+

o sin 0 cos0
[k cos 0 4 %, ()] + #2(w)

exp[—2x%;(w)z]. (37)

Outside the metal, the magnetic field is uniform and equal
to By(z = 0). The expressions for the drag current density
and the quasi-stationary magnetic field strength have a
very simple form at w; > v/ew and o > vy, when jj ~
[4el/(mc?)]sin 0 cos®0, By(z = 0)~ [8mel /(wy mc?)]sin 0 cos>0),
where I = cE} /87 is the energy flux density of the incident
wave. By assuming that Ej, = 0, we will estimate the drift
motion velocity u,, and the magnetic field strength for gold
when 75 ~5.9 x 102 em ™, m~10"" g, w; ~ 1.4x 10571
Then, at the radiation flux density [/~ 108 W em™!, we
find o, ~ 8x10° cm s™!, By(z = 0) ~ 80 Gs.

5. Electron and lattice heating

The characteristic frequency of electron collisions vy =
vo(ng, Ty) determining the field in the skin layer (12), (13),
(17), the efficiency of the second harmonic generation (29),
(33), and the drag current density (36) depends on their
concentration ny, and temperature 7,. Usually, in normal
metals, the collision frequency v, is equal to the sum of fre-
quencies of electron collisions with impurities (v,;), phonons
(Vepn), and with each other (veo): vo = Vei + Veph + Vee: We
will neglect the weak dependence of v, on the electron
temperature. At temperatures above the Debye temperature
@p, the frequency of electron—phonon collisions depends
on temperature T, which can be significantly higher than
Tiae during the electron heating by a femtosecond laser pulse.
Under the conditions of a strongly degenerate electron
distribution [11,12], we have

vee = alkpTy)*/(heg), (38)
where ¢p is the Fermi energy; a is the numerical factor
depending on the type of the band structure of the metal.
Relation (38) also takes place in the case when umklapp
processes are significant [11]. In describing rapidly varying
processes for which fiw 2 2nkygT,, one should take into
account the increase in the frequency of electron—electron
collisions by 1 + [iw/(2nkgTy)]” times [13]. The term prop-
ortional to w? enters additively altered expression (38) and
in the approximation under study is independent of the
electron temperature. This makes it possible to assume that
the term containing o leads to an additive contribution to
vei, and to use expression (38) for v, at high frequencies. For
example, for gold with ¢p ~5.5¢eV at w~ 1.5x10" 57!,
the additive contribution to v is ~10" s~ if a ~ 1. Note
that this contribution is an order of magnitude smaller that
the frequency of the electron—phonon collisions vy, which
is equal to ~0.93x 10" s™! at room temperature of the
lattice.

The electron collisions lead to dissipation of the high-
frequency field in the skin layer. The absorption power is
determined by the Joule heat Q released per unit time in a
unit volume of the electron subsystem:

wf Vo 4 vowf

2
=_Lt__9 EPF==
8nw2—|—v3| | c wz—i—vg

0(2)

o k*cos?0 exp[—2x, (w)z]
[k cos 0 + %, ()] + #2(w)

(39)

Absorption of the field in the skin layer is the reason of a
nonuniform electron heating. At the initial heating stage, the
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spatial scale of the temperature nonuniformity is compa-
rable with the skin layer dimensions, and, strictly speaking,
the above-used expressions for the field at frequencies @ and
2w should be revised similarly to that in paper [4] for Fresnel
formulae. At the same time, at the beginning of heating the
difference between T, and Tj,; is not large and the nonuni-
form frequency v, is small compared to the virtually uniform
frequency of electron—phonon collisions. Therefore, unless
Veph = Vees the nonuniformity can be not taken into account
approximately in the description of the fields in the skin
layer. If vee R vepn but vy ~ v, < @, expression (39) also
yields a sufficient accuracy in the case when the frequency
ve. determining v, changes in the depth of the skin-layer.
This property of expression (39) is caused by the fact that
the change in the effective skin-layer thickness during heating,
proportional to xl_l(w), is comparatively small, if v, is
two —three times smaller than w. Further, expression (39) is
used under those conditions when the corrections quadratic
in vy/w ~ vg. /o can be neglected in the expression for &(w).
The electron cooling is caused by the heat release from the
skin layer and the energy transfer in the lattice. The
equation for the temperature taking into account the above
processes has the form [14—16]

3T,

¢ ot oz

Oq

= 0(2) = G(Ty — Tiw) (40)

where C, = n2k3n, T, /(2eg) is the heat capacity of electrons;
G is the coupling constant of electrons with the lattice. Note
that the use of the temperature equation is justified at times
greater that the relaxation time of the electron energy,
which is of the order of a picoseconds at room temperature.
Therefore, at the initial heating stage, it is not applicable.
However, at small times, v¢, < V¢, and the errors appearing
when equation (40) is used, do not affect substantially the
optical nonlinear properties of the metal. By the time when
Vee 2 Veph» the relaxation time of the electron energy is
no more than 10 fs, and equation (40) is quite suitable to
describe the next slower temperature evolution. The density
of the heat ¢ transferred by the electrons is proportional to
the temperature gradient:

o,

0z’ “h)

qg=—2

where the heat conductivity is 4= C.v} /(3v;), which
depends on the total frequency v, = v;¢ + Vieph + Viee OF
electron collisions with the impurities (v;), phonons
(vieph)» and with each other (v;¢), and vg is the Fermi
velocity. The effective collision frequencies determining the
heat conductivity differ from those, which are responsible
for the high-frequency and quasi-static conductivity. Note
that in the above described model of the metal conductivity
and the second harmonic generation efficiency, the differ-
ence in the frequencies determining the high-frequency and
quasi-static conductivities was neglected. If necessary, this
difference can be taken into account by introducing into the
theory additional parameters determining the distinction of
charac-teristic frequencies from vy, Vepn and ve, for
example, at w < vy. Returning to the discussion of the
frequencies deter-mining the heat conductivity, note that for
Vieph and v, .., we also deal with the same dependences on
the lattice and electron temperatures, namely:
Vjeph ™~ kB Tlat/h and Viee = = b(kB TO)Z/(th)a where

b # a. The change in the lattice temperature is described
by the equation [14—16]

Caa—, = G(TO - Tlat)’ (42)

where Cy,; is the heat capacity of the lattice for which at
Tt > Op the estimate Cp, ~ 3kgN is possible; N is the
concentration of atoms in the lattice. The system of equa-
tions (40)—(42) allows us to study the influence of the
comparatively low evolution of electron and lattice temper-
atures on the second harmonic generation efficiency.

6. Numerical solution of temperature equations

Consider the properties of weakly nonlinear response of the
metal to the effect of the femtosecond pulse heating the
electrons. Let the density of the laser radiation flux change
in time according to the law I(r) = Iexp(—1>/ rg), where the
time 7, characterising the pulse duration is much greater
than the period 27/w corresponding to the fundamental
frequency of the pulse: 7, > 27n/w. Consider, as an example,
the evolution of the electron and lattice temperatures and the
evolution of the second harmonic generation efficiency caused
by a change in T, and Ty, in pure gold for which &p ~
556V, my= N~ 59x107 cm >, oy ~1.4x10"0s7", v, ~
0.93x10"s7 v, 0 3.7x10% ¢, G=3.5%x10"W K 'em ™}
Clat ~ 2.4 x 107 erg K™!, while the scattering of electrons on
the impurities can be neglected. The initial temperatures of
electrons and lattice are the same: T, = T}, = 300 K. The
presented values of v, and v, correspond to this
temperature Ti,, . We used the following parameters of the
laser pulse: w = 1.5 x 105s7!, 7, ~ 60 fs, [ ~ 10" W em 2.
These values of 7, and I are typical of the experiment. Note
that at these parameters of the pulse and metal, the charac-
teristic electron velocity in the laser pulse field is small
compared to their thermal velocity, which makes it possible
to use the above-stated theory in which the effect of the
alternating field is taken into account in the approximation
quadratic in the field strength.

Figures 1-3 show the numerical solution of equations
(40), (42) obtained for the mentioned parameters. Figure 1
presents the time dependences of the electron temperature
To(z = 0,1) on the metal surface. The function Ty(z =0, ¢)
first increases, achieves a maximum, and then monotonically
decreases. The shape of the function T(z = 0, ¢) significantly
depends on the parameters ¢ and b determining the frequen-
cies ve, and v;.., respectively. The larger a, the stronger the
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Figure 1. Temporal changes in the electron temperature on the gold
surface. Calculations are performed for a laser pulse with the frequency
o =1.5x10" s7', the flux density 108 W cm’z, and the characteristic
switching-on time 7, = 60 fs.
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Figure 2. Electron temperature profile at the instant 7 = 120 fs.
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Figure 3. Time dependence of the lattice temperature on the gold
surface. The calculation parameters are the same as in Figs 1 and 2.

electron heating. An increase in b leads to a decrease in the
heat conductivity coefficient and to a decrease in the cooling
rate of electrons in the skin layer. The latter is well seen in
Fig. 2 presenting the temperature profile Ty(z, ¢) at the instant
t =120 fs. At r =120 fs, the temperature 7| is close to the
maximum values equal to ~ 2 x 10* K (see Fig. 1). In this
case, it is nonuniform over the skin-layer thickness. However,
the maximum difference of the skin-layer thickness ;' ()
from ¢/, is no more than 10 % during the entire action of
the laser pulse and the nonuniformity 7, does not lead to
significant changes in the field in the skin layer.

The behaviour of the lattice temperature on the metal
surface Ti,(z = 0,¢) is shown in Fig.3 for the same param-
eters @ and b. One can see that at small 7, a monotonic
increase in the lattice temperature takes place. At the selected
parameters of the laser pulse, 71,,(z = 0, 7) increases only by
30 %, which does not lead to a change in the crystal lattice
during the pulse action.

7. Effect of heating on the second harmonic
generation and drag current

The temporal change in the electron and lattice temper-
atures in the skin layer is accompanied by a change in the
collision frequencies of electrons with phonons and with
each other. The efficiency of the second harmonic gener-
ation changes with varying v,. Figure 4 presents the
time dependence of the function n(2w)/n, — 1, where 7,
is the radiation efficiency at t, — oo for initial temperatures
To(t — —o0) and Tj,(t — —o0). One can see that that the
electron heating is accompanied by a decrease in the second
harmonic generation efficiency, and during cooling, the
function 7(2w)/n, — 1 monotonically increases. The minimal
generation efficiency takes place at those instants when the
electron temperature is close to the maximum. The shape of
the curves in Fig. 4 substantially depends on the parameters
a and b. This means that by measuring the radiation flux

nQ2w)/mo—1
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Figure 4. Temporal evolution of the relative efficiency of the second
harmonic generation for gold. The calculation parameters are the same
as in Figs 1-3.

density at the frequency 2w at different instant as well as by
measuring the reflection coefficient at the fundamental
frequency w (see details in [1, 3]), we can obtain additional
information on the frequency of electron collisions. Note
that in numerical calculations, the radiation frequency was
assumed equal to the generation frequency of a Cr: forsterite
laser. In this case, the photon energy of the second har-
monic is 2/w ~ 1.8 eV, which is smaller than the band gap
for gold, close to 2.5 eV. According to [17], for the
mentioned energy and room temperature, the contribu-tion
to the dielectric constant from the interband transitions is
comparatively small. If this condition is violated at high
electron temperatures, the accuracy in determining the param-
eters a and b for gold can be increased by using radiation
sources with somewhat lower frequencies. For example, an
erbium femtosecond laser for which 2/iw ~ 1.4 eV.
During the metal heating, the drag current density (36)
also changes. When the radiation flux density changes over
time, relation (36) for vyr > 1 can be obtained if vyz, > 1
and temperatures of electrons and lattice vary slowly during
the time ~ vy'. The peculiarities of the evolution of the drag
current density due to the metal heating is demonstrated in
Fig. 5, which presents the functions AJ(r) = jy/j. — 1 (J. is
the current density at 7, — oo and the metal temperature at
the instant of the laser pulse action). One can see that during
the metal heating, the function AJ(7) first decreases, achieved
a minimum, and then monotonically increases up to zero.
The relative decrease in the drag current is caused by an
increase in the frequency of electron collisions. For the
selected pulse parameters and the times under study, the
change in AJ(?) is mainly caused by the frequency evolution

jd/jc -1
0
a=05b=1
—0.02 1 L-"ai=1,b=2
—0.04 | a=1,b=3
-0.06
_0.08 1 1 1 1 1 1
-200 -100 0 100 200 300 t/fs

Figure 5. Relative drag current density on the gold surface as a function
of time. The calculation parameters are the same as in Figs 1 — 3.
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of the electron—electron collisions. The weak heating of the
lattice is manifested at the final stage of laser pulse action
and leads to an increase in the relaxation time of the drag
current density to the initial value. The dip in the curve AJ(7)
the deeper, the greater the electron heating. Therefore, the
curve in Fig. 5 corresponding to the parameters ¢ = 1 and
b =3 lies noticeably lower than the curve obtained at
a=0.5 and b= 1. One can see from expression (36) and
Fig. 5 that to generate large drag currents it is necessary to
deal with pure metals and to minimise the heating of the
electron and the lattice.

8. Conclusions

In this paper, we have presented the theory of second
harmonic and drag current generation by a femtosecond
pulse of s-polarised radiation heating the metal. The theory
takes into account the possibility of a significant increase in
the frequencies of electron—electron and electron—phonon
collisions in the metal skin layer. We have demonstrated
how important it is to consecutively describe the dynamics
of the electron and lattice temperatures in order to obtain
reliable values of the radiation intensity of the metal at the
double frequency and the drag current. The theory
developed can be used for interpreting and planning
experiments on the interaction of femtosecond moderate-
intensity laser pulses with metals and serves as a basis for
obtaining information on the frequency of electron colli-
sions. Under modern conditions, the utility of the stated
theory consists in the fact that the number of the experi-
ments studying a weakly nonlinear response of the metal
with the electron temperature, greater than the lattice tem-
perature, continue to increase.
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