


1,Introduction

The répid developments onithe fields of pumped'dYeflasers,
light pulse"compression and fast detection technique 'have
opened a wide field for the search for bhenomena 6#
nonequilibrium dynamics in 5oiid state physics at the
beginning of the eightees [1-3].

Because of their outstanding technological applicability
semiconductors have attracted most attention [4-81, entire in
the opposite to metals. ' - B
In semiconductors the relaxation. time for excited
electron-hole pairs due to scattering with phonons, for
instance, has’ turned out on a ps—timescale [4,5]. For metals
a look at the temperature dependence of .the specific heats
for the electrons and the lattice (see for instance [9]),‘
éhows'clearly, that, if the éléctrbns can be directly heated
on a time scale shorter than the electron-phonon energy
relaxation time, a nonequilibrium'température difference may
be possible. This has been the subject of first theoretical
investigations several yéars ago on the basis of an electron
gas model [10—12];

Though there had been intense attemptsi on photoemission
studies £13,147] anq pump~probe technique £15,163], the
observation of transient nonequilibrium processes in metais
~had been not possible in the first instance. This has been

caused by two main difficulties:

(i) Since the high reflectivity of the metals véry
intense laser pulses (IZlGN/cmz) are necessary to
impart enough energy to the metal electrons.

(ii) The relaxation processes due to the high carrier
densities had been turned out much faster than the
equivalent in ‘Semiconducfors, so that hew sources
had to be developed® which should be aliow a

sufficient time resolution of the process.

In 1984 a subsequent extension of photoemissipn studies into
the femtosecond regime .allowed a measurement of electron

cooling but was restricted to high temperatures and suffered

from space-charge effectd §gfl: ~ w7"3;7~»;r,
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In 1986 femtosecond thermomodulation transmissivity (18] and
reflectivity [19] measurements provided the first opportunity
to investigate noneguilibrium electron temperatures and their
cooling dynamics in metals.

In 1987 Schoenlein et.al. [20] reported about the generation

of nonequilibrium electron temperatures in gold by using

&65-fs intense laser pulses, which cools to the lattice on a

2-3 ps time scale.
Because the metals exhibit small changes in optical
properties,
tﬁrough the development of new high-repetition-rate
femtosecond sources which provide high sensitivity detection
with femtosecond time resolution [21-23].

Since that time thé field of ultrafast electronic processes
in metals has been moved into the field of view. of both
theoreéics [24,25] and exberimentalists [26-29] and it should
be of much interes{ in the next time, such as for cheking

theories of superconductivity [(24,29].

In this work, basing on [25] a theory 1is devélopedi which
describe the cooling process of a transient noneguilibrium
metal via electron—-phonon

electron temperature in a

collisions from the point of view oOf macroscopic quantum

statistics by means of a modern version [44,405] of Robertsons

time dependent projection technique [44].

: since
the

it will be

The considerations will be restricted to noble metals,

its novel electron band structure allows to treat

electron system in a clear and simple way, as
discussed in detail in section 2.

To suppress spatial inhomogenities and therefore heat
diffusion effects, the theory will be restricted to layer
material (d=<100nm), )
The work results in the obtaining of numerical
of the

transient cooling process and giving a direct comparision to

too.
casted time

dependent spectra reflectivity, monitoring the

recent experimental results [20].

these investigations had only been made possible

In section 3 the model Hamiltonian is presented

differential equation system is derived describing the eneégy
loss rates in the thermalized (hydrodynamical) stage of
evolution. It is reformulated to a system “for the time
evolution of the electron and the phonon temperature Qhat is
casted out over a coarse grained, i.e. macroscopical time
axis.

In section 4 a macroscopic dielectric function (MDF). adapted
to the problem is presented describing the optital response
of a weak probe pulse testing in time the evolutioﬁ of the
cooling process. ‘

In section 5 numerical calculations for the thermaf induced

transient alterations of the reflectivity, the optical
conductivity and the loss function are carried out for gold
witﬁ respect to the experiments {20]. A summary and an
outlook are given in section 6.

2. Electronic Properties of the Noble Metals and

Experimental Setup

2.1. Band Structure of the Noble Metals

Because of its novel electron structure . (Cu:KLM45ﬂ
Ag:KLMNSs‘. Au:KLMNO6s?) the noble metals have a very
advantageous band structure for studying optical Droberties

[30-323. The

d-electron

Fermi energy .lies distant above the flat

bands which form in terms of its energy a
localized area of electrons, in the density'of states, like it
“is shown in fig.2.1 [33]1.

I; is clearly recognizable that for d-s-interband transitions
being investigated chiefly, the basic physics being important
the | the

intricate d-electron part of the density of states. It.can be

for optical properties is acting distant above

considered as a reservoir of electrons for optical interband

transistions, the concrete electron structure of it but is
out of importance.

Therefore a Fermi shifting of the order of kT do not alter

and a
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fig.2.1l: band structure and density of states of Cu [33]

completely the basic physical situation, what 1in contrast
would be the fact if the Fermi energy would be lying in the
d-band area like 1in transition metals. Consequently, the

noble metals enjoy much interest of experimental groups for

the investigation of nonequilibrium electron temperatures

£15-20,26-291].

2.2 Transient .Thermoreflectance Spectroscopy (TTRS)
Modulation spectroscopy utilizes a general principle of
experimental physics in which a small perturbation
periodically applieo to the sample leads to derivative-like
features in its optical response. It has been proved as a
valuable #*way of precisely locating critical points in the
interband absorption of solids {34,35]. In dependence on the
type of the applied perturbation electroreflectance,
photoreflectance, thermo- reflectance and piezomodulation
spectroscopy are distingueshed.k

In thermomodulation measurements a small (1-10K) temperature
wave 1s applied to the sample and the resultant ac component
in the reflectivity and/or transmission is measured.

In egquilibrium such experiments have been performed for the
noble metals in detail by .Scouler [36] and Rosei and Lynch

£371.

e

G.L.Eesley [15;16,ZOj has extended . this : method -to ;the
nonegquilibrium by using high repetion rate femtosecond}laeer
sources ' [21-23}. ‘In this so called TTRS-measurements, -see.
fig.2.2, a first high intensity (outputpower several hundred:-

mW) pump pulse

PROBE LASER
§} -he ~5 psec

Doe
DELAY
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V
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fig.2.2: optical schematic of the TTR-arrangement

brings.the electron—-phonon system to the noneguilibrium by
exciting the electron system to a noneguilibrium guasi
temperature lying above the lattice temperature (we dlsregard'
here the athermal stage). ] B oLl
Then weak (average power <2mW) continous probe pulses being

delafeo in time to the pump pulse and acting perpendicular to

~ the sample are proving the changes in reflectivity during the

eVolntion'of the excited system toward to the equilibration
of both temperatures. ‘ :
For a homprehen51ve descrlptlon of the experlmental detalls I

refer to [38].
Note, that the great advantage, of the TTRS-measurements in

.comparison to photoemission experiments {171 is, that only a



small effective ‘increase of the: electron temperature arises,

_what' justifies more . the approximations for the temperature
dependence ‘of - the specific heat of  the metals and for .the

heat - transport being necessary to :perform 1in theoretical

investigations [16,24,25].

3. Bogoljubov’'s Relaxation Time Hierarchy -~ Application to

Highly Excited Electron Plasma in Metals -

An important phenomenon of nonequlllbrlum processes 1is the
contractlon of the number of observables being necessary for
the description of the system w1th passing time.

[39,407 'a

descriptions of a system are possible if there exists an

Due . to Bogol jubov succession of contracted
accompanylng succe551on of relaxatlon tlmes such that after
each time one has elapsed correlatlons w1th lifetimes smaller
than th15 time length are damped out and -can be ignored, and
increasingly simplified statistical operators can be used for
a prdper description of the system macrostete. This
phenomenon is called relaxatton ttme hLerarchy and recently
has been discussed in detail by Vasconcellos et.al. [41] for
the case of highly photoexcited'plasma in eehiconductors. The
‘maln features are in principle the same for hlghly exc1ted
metals. Therefore we‘ want to specialize —and -present a
relaxation time hierarchy for. hihgly photoexcited electron

plasma in metals:

initial 5tage:'At this point the system can only be descfibed
by the statistical operator for .the whole sYstem pf electrons
and ions p(xf...,xN;x;,,..,x;;t),kg;ven here in coordinete
representation or. the whole .set. of reduced statlstlcal
operators ps(x1,...,xs:x1,...,x 3t) for  one, two,...,s fold,
s<N, particle complexes. All of them vary rapldly in tlme for
sx2, and only the first  distribution pﬁx,x ,;), not
involving directly the pair interactions, will vary slowly

But the initial stage cannot be completely spec;fieq and the
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nonequilibrium processes are determined by " a lot of
qQantities and there is no satisfactory treatment of the
problem in this stage. )

Furthermore this stage cannot be observed with the time’
reso;ution of the existing exciting and detection technigue.

.

Initial Excitation

INITAL STAGE

No contraction of description

— T =<ifs
Iy

KINETIC STAGE
Description of carriers and phonons

by one-particle statistical operators
- T‘SLOfs

HYDRODYNAMIC STAGE
Carrier and phonon quasi-temperatur,

quasi-chemical potential

~— ¥ Evolution towards equilibrium

first kinetic stage: We need to consider several subsystems,

the electron fluid and the ion-lattice.

The dynamics of the lattee can be described by the branches
of acoustic phonons and it rehain the very weak anharmonic
(853 and the

relatively weak {2473 electron~-phonon

‘interaction. Hence, practically, from the very outset: the

phonon system can be described in terms of one-particle
statistical operators.
A different situation arises for. the electron fluid as  a

result of the presence of the strong Coulomb interaction. In

wthis‘case we must look for the collision time T”, given by

-



ro...collision length

V.t -average velocity of the particles

Fermi velocity vF=Vuv=(h/m*)(3nn)1/3 and the

With the
Thomas~Fermi screening length [42) A =r =(ge m’.{v2/2nez)1/2
] TF o o F

"it follows (4173:

(3.2)

El L

T "

H P

where wp is the well known plasma frequency. Here n is the

. . . S . .
concentration of the carriers, m 1s  the carrier effective

mass and £ is the static dielectric background constant. For -

the noble metals &-~1, m*ml {431 and then

1

T o~ — 2 1.Bx10 /% 5 .
H P

(3.4)

€

For d-s—-band excitations ‘above the Fermi energy the relevant
to that one of the
nmb'lozamfa {443, and it

x 0.1fs.

noneguilibrium electron density is egual

noble metals

follows, that T ~7-10—17s. i.e. T
H H

s—band. namely for

Because of the energy mismatch between the photoinjected

carriers and the unexcited ones, a.number of collisions is
necessary -to bring the electron s}stem to local equilibrium.
Certainly, after a 10fs time scale has elapsed, the metal
electron system should be in local equilibrium [l1&].

that

laser spectroscopy devices (20-233, the

This explaining inspite of the femtosecond time
resolution. of the
single-particle description of the electron system in metals

is well justified because of the high electron densities. :

hydrodynamic stage: As discussed above, a very :short time

thermalization of the

being necessary for the internal

JEAE
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electron system because of the strong Coulomb interaction and

a further contraction in the description of the macrostate of

the carriers subsystem should be possible.

For the case of a homogenous metal electron plasma one may .
expect that such a describtion can be made in terms of the

quasiequilibrium distribution functions of the carriers, i.e.

the number occupation function f(s,To(t),potTo(t)],t), wheré

£ 1s the energy of the quasi particle state, Te(t) is the

nonequilibrium quasi-temperatur, kTo(t)=ﬁ:1(t), and p (T ()]

is the quasi chemical potential.

Since the carriers are fermions, we have

1

fle,t) = (l+exp(f_(t)le—p ()Y (4.5) .
with ﬁé(t) and yo(t) connectéd to the average density
x
1
n{t) = — (4.6)
v

-J de-g(g) -f(e,t)
i .

where g(g) is the density of states function.

this point the electron-phonon interaction 1is the

dominant process driving the excited system towards to

equilibrium.

4. Hydrodynamic Stége in Laser Excited Noble Metals
4.1.Theoretical Model
We use the model Hamiltonian has been praoposed in [25] for a

highly. excited noble metal:

—iwt_+

akaakd + h.c.) +

.
% —,2 Zs(k,v)awaw + f(t) 2 ($4e
& v=s,d &

'

' * Y +b + b" b+ 1/2
) 29“(¢)ahak+“(bw o zmw( wiPau )
o & ' Qu



1)
=] He-fi.eld * He—L L 4 )

are the single-particle band energies of
(Chapter 20 in [62]),
¢k=(eelmc)<k,a|nlk,d> is the transfer matrix element, Q_is

Here, &£(k,v=s,d)

nonhybridized model bands

the vector potential and f(t) is the envelope function of the

laser pulse, respectively.

The interaction term H .
e-field

rotating wave approximation. The

Frohlich~like

is treated in the dipole and

electron—-phonon coupling

parameter gy(@) of the électron—phonon
interaction term H
b : e—L

is the Debye frequency, EF

. . 2_
is roughly est;mated by IQ“(¢)| —acoDEF
where wD is the Fermi energy and o
is of an order of unity [24,25]. For a direct comparison with
experimental results it is desirable to introduce the
intensify of the laser pulse into the interaction term
He'fi.eld [a6]. .

We start from the explicit expression for the laser intensity
which is given by the time derivative of the Poynting~vector
as

I =25%¢clg? C(4.2)
2 [s]

where 3 is the vector of the electric field. It is expressed
in terms of the vector potential by the well-known Maxwell

equations

B(t) = —c“at.«r(‘t) (4.3)
The time dependence of the vector potential is'given as
Aty = A (e + hoc(k = 1,2,3),

where Qk(t) is the envelope functiom of the amplitude. For
the absolute value of the electric field vector %] one
obtains

_ W 1
18(t) |= - I o+ z 9, 1=t)]

‘ (4.95)
in (4.2). The second term in (4.5) is neglected because of
the slow alteration of the amplitude envelope function in

10

(4.4)

v

' comparison with the fast oscillating carrier freauency. For

pulse durations of T100fs éhisr is 'a well satisfied

approximation.: For the transfer amplitudes one obtains
: 1,2 )

21 ~
¢k = [ — ] — <R,s{n{&,d> . (4.6)
’ £ C mw ’
. o .
The square of the ‘transfer amplitude -can be rewritten in

terms of the longitudinal oscillator strength [47.48)

- 2
2lng 4l -
ﬂhd-%_ ( fr———— ’(4.7)
m 8k9 Ekd)
to [46]: A
2 -
: 2 he I
:¢l = (4.8).

noe € faea ¢
The complex. density of: statesl [30-32). obtained in these
papers - from first-principle band structure calculations for
real nobel metals, corresponding with the considerations in
sec.2.1 is replaced By a simple so  called Friedel model
{25,491 for the density'of states, as suggested in (45] and
sketched in fig.4.1. : '

For the broad s-band sta{es free electron behaviour and a
spherical Fermi surface is assumed. whereas for the d-band

states localized behaviour is postdlated. The sum over the

Y T T T T T T

cféhsit y of stafes

1 Ll N b
A_-F [1
= ; ; - fig.4.1: Friedel-model
ig £,-50 B 4787 g
- energyleV! for the density of states
11



spin projection of the electrons is included in the band

indizes (3.1).

4.2. Evolution Equations .

To obtain evolution equations for a macroscopic description

the following observation level 1is picked up by a set of

devices for macroscopic measurements [50]:
Q=4{1,H ,H,N } = (012 (4.9)

e L e 1

It corresponds to a set of macroscopic Lagrange multipliers

A= O BB 1B Y = (XT (4.10)

1 1

and ﬁL=(kTL)— . The corresponding reduced
which the ¢

expectation values of the relevant observables correctly, has

where Bo=(kTe)_

statistical operator %, allows to  calculate

the analytic form
o, = exp { Aol_ﬁ;(Ho_HNo)_ﬁbHL H (4.11)

It is a solution of the operator integro-differential

equation
(ig ~-P(t)L(t))o (t) = : g
t o

t t
= —iP(t)L(t) Jas T exp{~iJﬁt‘®(s')l(s')Q(sf)} @(S)l[s)ob(s)

-0 S
(4.12)

where, in superoperator formalism, L is the corresponding kY

o g T

Liouvillean to H and P (@=1-P) 1is the time dependent
projector. 5
-\.oo ’:_

P = .z_|0i )KU(OH (4.13)

1,

with the Kubo transform [31] :
~o 1 _ . ?
D,o = S dx orx(]_o'1 * (4.14)
T o o 1L 0 v v-

12

and the matrix

- ~o
(K" =Tr 0 % -
L m

Lm (4.13)

‘As  already discussed in sec.2 we want to describe the
evolution in the hydrodynamic regime. Therefore we substitute
the microscdpic time axis by a macroscopic one, delayed in
time.intervals of Atlefs what is the estimated time being
the necessary time for establishing the local equilibrium of
the electron system.

Now we can perform the short memory approximation (SMA) ([25]

(s +t,@L@=L_+QL @) and (5.12) reduces to a much simpler

form:

(iai—P(t)l(t))oo(t)=

o .
: Lis(h (t)+lb(t))‘ ) .
—P(t)0L(t) st e € @(t)L(s+t)o (t) (4.16)
)
[ I are the Liovillians - corresponding to H,H - .
L) L = L

respectively. After multiplying (4.14) with the elements of

the observation 1level Q (4.9) from the left and trace

~operation, one obtains after some analytical reformulation

the equations [295])

9,<1lo> =0 (4.17)
AN o> =0 (4.18)
t - o]
O<H lo> = 4nf(t)w(nsnd) zt¢klzé(s(&.,9)—5(.&.‘,d)v-w),t
&
t((n&d]oo>—<n&0|ob>)
13



2 1
-2n z ©,,18,(4) I'ns z Slelhrg,a)—s(he)-w, ¥

B(x+1) 9(x+1)] 1-th(e(x+1)/4T )
(-4

& Jax(x+1) [cth—-——-4T = Cth— ln
au - L e 1+th(e(x+1)/74T7T )
(-4
F =
1
1
¥ (< >< ><N - { b B{x+1)
nk*-q,,sloo Naol9,7< w"’o) <nk=|0°><nk+q"s!0°><Nw|ao,>) fdx(x+1)4[cth2 B 1]
. a7
-4
(4.19) , (4.24)
~ _ z _ ~
a<H o > = 27 2 w,,19,,(a) "na 26(£(k+q,.s) s(A,2)=w, ) ¥
Qi &
*}(nk+¢’alao><n&slao><N¢“|ao> - <n&8lao><nk+¢’s|a°><N¢#loo>) : 1
12 2 1+w)2 ' n n,
alTe=_—f(t)¢w : =4, -
11 .
(4.20) m H Te
1) A
ith <h, Jo >=1-<n, lo. > and - <N_ o >=1+<N_ o > B . en_1?
w 4s'% As ne - er'Co” T T gu' Yo’ ,f v 3
‘ o 1 .
. . . « [F=1%1° To TL
As discussed in sec.3, the mean square functions can be 0 B b al— -1 J] = —
s : 22(2
expressed as Fermi and Bose distribution functions in the (2m) H S e e
hydrodynamic regime. Using o . (4 25)
-1
<n&a|oo> = (l+exp(ﬁ°(t)[$ ue(t)J)}
1 . 1
: - Bx = El+w—p+Bx.r2 El-p+Br.2
A 2
1 . J—fdx[1+——-——] thf — | - th| ————
= ~ {1-tanh{p3 (t)le—u (L)1}) (4.21) B _ ) 2(El+w) 27 27
2 @ e . - : 1 -3 s
}"‘
s 1 8 (4.2
- - - - _ : 4.268)
<N¢plao> {1 exp(BL(t)[wol)} B (Coth(ﬁL(t)[w(¢)3} 1) 9
i
; 1
(4.22) 3 8(x+1) B(x+1) 1-th(8(x+1)/4T
; J = fdx(x+1)[cth - cth ]ln °
we get a coupled nonlinear integro-differential equation i —, 4Ty 4T 1+th(6(x+1)/4T
i . @
system which decribes the time evolution of the T and the T :
P L (4.27)

temperatures (8 denote the Debye—temperature) [253;

, Note that the chemical potential H, in (4.21) depends on the

1 2 .
3In® fen )3 “p s T L T TL
aT = d A — — _S___ F _e_ 3 — (4.23)
tt 4 n € a el e L e e ‘

F

14 . 15



electron temperature,lit can be obtained from the particle

number conservation

32 2 2 cosh[(p—El+B/2)/2T9]

H 24 T LT
n_j— 1+—] -2 n —+-21n =n + n
*le 32 it 2 B = 4
F seUH cosh[(p-El—sz)/ZTa]

’

(4.28)

5. Macroscopic Dielectric Function (MDF) for Highly Excited

Systems

5.1. Arguments for a Description in Linear Response

The optical response in the  TTRS—-measurements (see sec.2)

created by the second weak intensity probe pulse testing

delayed in time the transient nonequilibrium stage in the

electron-phonon system generated by the high intensity pumﬁ

pulse.

Certainly, if the probe pulse does not essentially disturb

the stage of noneguilibrium evolution. the problem can be

considered in a linear response theory. But, usually linear

response - theories [523 does work in the vicinity of
equilibrium. However in our problem there are two well
seperated time scales [33]:
(i) the inverse laser frequency of the probe pulse
(w_azlo_‘Gs) (fast time scale)
(ii) the relaxation time rc due to electron-—-electron:
collisions (rczloni45 [161) (smooth time scale)
Follbwing {531 we consider the problem - -in-.--the: fast

oscillation frame which oscillates with the laser frequency

We

Clearly speaken, the slowly varying transient nonequilibrium

stage in the electron-phonon system of the noble metal is

moving in the fast oscillating frame of the probe puls

inverse fregquency inside of which the electron—-phonon system

16

can be assumed to be in local equilibrium and the optical
responée_can be evaluated by means of common Greens functibn
technique in linear response.

For a more sophisticated
problem of linear response theory far from equilibrium we

refer to [531].

5.2. Density-Density-Greens Function in RPA

Starting from the fourier-transformed Maxwell equations and

after using the well known Kubo-formula for -the linear
response of an external perturbed system [52,54], for the
longitudinal reciproc dielectr;c.ténsor arises:

1 .

£(gq,w)
e ,4; 2 ’
=1 + 2 IKapoie' P jare vio>| et € P 0>+
2 1 ’ tvo"lrqr o*P-¢""w
4nsoW4 Ao
vy’

(5.1)

Here local field corrections have been neglected because of
length of the light (A=25600nm) in

comparision to the small lattice_constanf (a4nm) .

the large wave acting

The evaluation of the Fourier transformed density-density-

_Greens function in (3.1) is carried out by its fourier
"transformed equatiomn of motion
+ +
w <<CkvaF&»¢v'a’P-¢>>w* =
+ +
= <[ckvack+q»'o’p—q.]> + <<[Ckvack+q»'a’gel ;p.¢>>m+
(5.2)

with

and detailed discussion of the -



+ : + +
% = E eévcévockva * 2 2 v(g) Cévack'u’a'C&J+qp'a'ck—¢uo
oo &R qoO’ :
vy’

(5.3)

After a RPA procedure and some algebra
for the longitudinal ﬁDF arises the
Ehrenreich~Cohen formula [47] which is closely connected to
the well known Lindhard formula [55], but here the carrier
density is deveioped into Bloch functions [54] jnstead of

plane waves.

292 ) \nkv) <nk*¢v’>
£(g,w) = 1 - . 2 [<avie'®arqn > |? — :
4ns°W# oy’ @ _(sk+¢u‘—€kv)
(5.4)
Here the expectation values of the particle numbers are

evaluated by the'time dependent relevant statistical operator
o L),

the time evolution of the MDF over the macroscopic time axis

the Ehrenreich—CDhen formula allows us to calculate

t. as pointed out in sec.3. [&0]

£(g 0,0 [T_(£)1) » £(g,0,t) . (5.5)

5.3. Optical MDF

5.3.1. Boundary Transition ¢-+0

For the purpose being pursued here to describe macroscopic

optical properties of the probe-puls ,light such as

reflectivity, loss function and ' optical ‘conductivity, an
optical limit of the MDF is sufficient. Therefore we consider

the limit ¢-+0

g(w) = 1lim £(q,w), (5.8)

¢+0

what is not an easy task due to the singularity l/q?. But

utilizing a usuful operator relation it follows

18

1 V=Y’
. igr 2
—2|<4cw|e“2 l&+qo > |% x| 2 B if (5.9)
¢ : h ;kvv' A
’ vEY
-v2m(£ky_£kv')

n s
where ;kiv' is the so called longitudinal oscillator strength

projected on the unit vector n@ {47.48].
~ 2
n -
2% = %l 17 : (5.10)
hov m{ -£ ) T
: gkv &

Now the transition ¢-0 can be performed and ‘the MDF is
seperated into real and imaginary part. '

Note, that the band structure of the noble metal with (5.9)
is explicitely involved in the theory.

However, detailed invéstigations of Uspenski et.al. £573 and
Fritzsche [58] show the high expense being necessaéy to
calculate the optical form factors.‘Following,Liang and Beal
[59] we circumvent this cumbersome business by setting the
oscillator strength constant zero, being a good approximatfon

for calculating optical properties of metals. .

5.3.2. Intraband-Part’

From (5.8) follows
. 292 : <nks> - <nk*q;>
Lntra .
e (g,w) = . 2 — .

4ne°W’ Y w —(ek*¢s-£k=)

(5.11)

After seperating into real.and imaginary part it follows
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(L)P 2
SNy = - [__] . ' (5.12)

w

with the plasma frequency in form

& 2
w = (5.13)

where n is the electron density 'in the free s—band.
e /

5.3.3. Interband~Part

Seperating the interband part into its real and imaginary
partband underlying the simplified model for the density of
states, (fig.4.1) and after some lengthy analytical
reformulations,which are performed in Qppendix A, the

following integral expressions result [60]:

. i nter (Zm)z (e 2 n.ng ] ]
= @ T [ 2 ] (2m)®  #ed
[2 e} 1
x P dy‘ qx [ G(x,y,+w) + G(x,y,—w)] .
o -1 . (5.i5)
1 th[(gxfsx—u)/zré]~th[(yiw—p)/ZTeJ
2

Gix,y,*tw) = [yiw]
[y—(§x+sx)][y?(§x+tx)tw]

(5.16)
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e }.n.n
. s d '
[ a4n ] L Eg® Red ¥

-

¥ | dx [ Fix,+w) + F{x,=-w) ] (5.17)
-1

1

F(x,tm)=[ §x+xitw ]2 {th[(gi+gx—ptw)/27 ]-th[(gx+E1—H)/2T ]}
2 e 2 I’

TR
- : (5.18)
A short analysis shows, that the Kramers—-Kronig relations are
fulfilled. ‘ '

5.3.4. Reflectivity, Loss Function and Optical Conductivity

We follow the well known Fresnel formula for the reflectivity

[1-n(w,t)1% + 2°(w,t)

ng,t) = s (5.19)

[1+n(w,t) 1% + 27 (w,t)

where ¥ e(w,t) = n(w,t) + ix(q,t) (5.20)

intra inter
+ g

with elw,t) = ¢ (5.21)
The optical conductivity is defined as
w
olw,t) = —= £ (w,t). (5.22)
2
4n

Because .the intraband imaginary part of the MDF  can  be

dropped (see 5.3.2.), the optical cbnductivity is very
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sensitive for excitations near the threshold frequency for
interband transitions (see sec.2). ' )

The light field of the laser pulse acting in the layer with
the metal electrons lose energy‘due to inelastic scattering.
The loss probability for this process is proportional to the
negative imaginary part of the reciprocal MDF [61]1 and the

loss function 1l(w,t) reads

Mw,t) = [ - Im e ety 1 = (5.23)

6. Numerical Calculations and Discussion
Py

Passing over to a concrete example the expression for s£(w,t)
obtained in se;.S is applied‘to gold. The parameter set is
chosen- from éeveral references (9,31,32,44,45] and is
gathered in table 1.

The  integra1sk are cast by a Gaussian procedure for each
electron temperature which is calculated for a special time t
by sdlving the coubléd system of differential equations for
T° and TL over the macroscopic time axis. At the same time
the reflectivity, thg loss function and the optical
conductivity are computed.

In all  the oscillator

investigations the dimensionless

strength (5.10) is set equal zero because of detailed
considerations of Fritzsche [5B] have shown that there is a
good agreement between calculations of the optical propefties
of metals with such an approximation and experiment. For each
case we have assumed a GaussianApPofile of the laser pulse
with transfer amp}itudes Py in form (4.8). The results can be

summarized as follows:
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Table 1: Parameter set for gold, silver and copper

Au Ag Cu

ngt number of s electrons per

lattice site 1 1 1
nd: number of d electrons per

lattice site . 10 10 10
& : Debye temperature (K) [2] 164 229 343
Er: Fermi energy with respéct

to the bottom of the

s—-band (eV) 10.18[45] 7.49[{32]1 9.44({31]
Ei: center of the d-band (eV) 5.18045] 1.81[32] 5.57(313]
B : width of the d-band (eV) 5.28[45] 3.40[032] 3.44[31])
a : lattife constant (nm) [62] 0.4069 0.4079 " 0.3597
s : averaged sound velocity

(nm/ps) [63] 5 5 )
b : number of phonon branches 3 3 3
n : density of conduction

electrons (102°n"?)(843 5.9 5.8 8.4
T : Gaussian pulse width

(10" *s) 6.5 6.5 6.5
w_ 3 pump frequency (eV) 2.0 3.8 2.0
I : laser intensity (GW/cm™3) 60 5
TA:-initial—temperature (K) 293 293 293
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1.Tovprove~the possibility of utilization of the derived
_quel the real and imaginary parts of the MDF were calculated
at T=0.1K and compared with experimental results from [684]

which is plotted in fig.é6.1.

’ s - I r —I:- T

..
......

Trev.,

T
o 1 2 3
heo (eV) ——

fig.6.1: The MDF e(o,mi=[s;;(o,m)]" for gold at T=0.1K

calculated,--+---- experimental

Fig.46.1 shows that the basic features of the MDF are
described by our model.Awe note that the model is not able to
describe sz(w,t) for energies lower than the threshold energy
between d- and s-band.

2. The time evolution of the interband part of the‘MD?
for gold after a 100fs pump pulse is casted out. The curves
in fig.4.2 show the alterations of the functions caused by
the development of the electron temperature from t=0 to that
time—-point where the function reaches its maximum. After this
point the change relaxes in relation with the cooling of the
hot electrons by the phonons. '
In the ‘presented region of frequencies near the Fermi energy
the imaginary part shows .a perceived shift to lower

frequencies. It is  an expression. of the Fermi smearing
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resulting in a decrease of the minimum frequency for
interband transitions. the real part function does not show

changes in the presented region.

10 1 T

Hlw) ——=

0 , L . :
230 232 T 2%

New (eV)

fig.6.2: The evolution of the interband part of the MDF .
(1) t=-200fs, T=50K; (2) t=-40fs, 103K;
(3) t=80fs, 270K.

,=2.%eV, 7=100fs, T =50K (the maximum of

pum )
the pulse is taken at t=0)

3.To have a direct.comparison with the expekiments in
[20] the time evolution of changes in reflectivity for gold
is calculated for two probe pulse frequencies represented in_
figs.6.3a and 6.3b.
The curves show the obsefved feature of rapid transient
increase of reflectivity for. time 'delays..of less tﬁan ips.
The relaxation times of about 3 to 4ps  are well reproduced.
The difference with experiments [20]} in fig.§.3b is caused by
the fact, that at w=2.59eV a maximum of the function
AR(w)/R(w) has been observed Qhereas the calculated functiom

has minima at both points. This references to the problem for
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reproducing the function AR(w)/R(w) with a high degree of

exactness.

W

AR/R —n

02—

[ TR YT YR TP TP

figs.6.3a, &.3b: )

The evolution of the transient reflectivity changes.

a) =2.59eV  and- b) 2.69eV. =2.0eV, 7T=651s,
probe . pump

TA=300K. calculated,:------ experimental

The peak change in reflectivity of the represemnted curves is
AR/Rx10 °:. This is much lower .than AR/Rx10 2

experiments’ [20] because in our model with the assumed

in the reported

- parameter set the effective increase of "the electron

temperature 1is very small. The reasonsk are the low pump
frequency in the course of a high initial temperature and the

unknown oscillator strength which is set equal to zero in the

medel. At lower 1initial temperatures of about Ta50K the

calculated changes of reflectivity are AR/Rx10" 2.

4. The alteration of the reflectivity near the Fermi-

level is presented for gold in fig.§.4. The time evolution is
shown step by step to such a point on the time scale, where
[AR(w)/R(w)](t) has its m#ximum. The breakdown of the sign of
AR/R is Dbfained at w=2.44eV which is much larger than the

26

Hul T T T T L
i . 4 #
-'. ...
3t N
‘.' N
S e R R
y ok
I ", N
v o R
\ -
) ; o
g 1 L X
X . D
o .. | <
Y -7t ! {7
i \\7
2t : 12
|
i
It L2 19
i
.
. | IS
27 23 25 27
belel)

fig.6.4: ,

Time evolution of AR(w)/R(w) for gold'in the vicinity of the

transition threshold energy. (1)t=-40,(2)0,(3)80f§
calculated, - ------ experimental. .(t=0 is the time

when the Baussian pulse shape has its maximum)
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fig.6.5: Time evolution of the electron occupation near

the Fermi level
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transition threshold of w=2.38eV. This is simple to
understand. If the electron temperature ihcreases due to the
pump pulse, the Fermi level smearing takes jplace in our
theory.

However .the chemical potential in the model y[To(t)] is
shifted to lower energles if Te increases in 3D-systems.

This results in an enhanced decrease of occupied states below
and even above the Fermi level. This effect has its minimum
little belo@ the transition threshold energy and leads to a
negative 1increase of the reflectxvxty changes 1in " this
frequency region as plotted in fig. 6 S.

For higher frequencies the increase of the occupation results
in a positive increase of the change of reflectivity. As ié
seen in the measured curve of Schoenlein et al. [20] the same
features are observed in experiments. Therefore, we can
conclude that the most ihportant parameter of the theory is
the transition threshold in connection with the temperature
dependent chemical potential u(To) and the use of'the‘simple
Friedel model is justified.

However the positive part of [AR(w)/R(w)](t) from experiments
{20] is larger tﬁan in our calculation and its maximum lies
at a higher frequency. This is caused by the fact that the
temperatures have been enriched in the calculations are lower
than in experiments, what gives rise to a smaller shift of
the chemical potential resulting in a smaller region of
effective increase of the occupation. In the same way the
magnitude of AR/R is influenced by this temperature
discrepancy what is originated in the ignorahce of the exact
oscillator strength as already mentioned.

Note that the functlons in fig.6.4 relax on a time scale of 3

to 4ps. This agrees with the behavior of the plots in'

figs. 6.3a and 6.3b.

‘5. Fig.6.6 shows the timé evolution of the functions
Ao(w)/o(w) and Al(w)/1{w) in the vicinity of the threshold
frequency for interband transitions o, for gold, have been

calculated in connection with fig.6.4, [66].
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fig.b6.6: Time evolution of. the Ac(w)/o(w) and Al(w)/l(w) for
. gold ' ‘ :
As can be seen, the pictures show an increase of the optical
conductivity and the loss fuﬁction'below and above of the
threshold frequency for interband transitions o, with its

maximum at w . A change of the signum . in Aa and Al is found

29



at a frequency wi>wf This is simple to understand with the
temperature dependent Fermi level shifting and Fermi smearing
whose lead to an effective decrease of occuplied states for
w(wi and an increase for wt>°k (see also fig.6.4.).

The positive peaks of Aco/c and Al/]1 are small because of the
'small effective © increase of occupied states as has been
discussed in connection with fig.6.5. ’

Simply spoken, the optical éonductivity has to increase in a
frequency region where free electron states exist because
energy quants hw can absorped and optical currents are able
to flow. This again leads to an increase of the energy loss
of the incident light which ’is in our case the
probe-pulse-light. For the frequency region where no free
electron states exist, an analogous consideration explain the

decrease of Ao/c and Al/l as it is shown in fig.6.5.- The

featurés are consistent with the calculations of AR/R in

figs.6.3a and 6.3b: 7
6.The functions [AR(w)/R(Q)](t) have been calculated for
silver and copper, toq.‘ K

For'silver (fig.6.7) thé breakdown of the polarity is placed
at w=4.,0%9%eV, the minima of the feflecﬁivity alteration at
w=3.98eV which corresponds to the transition threshold energy
for silver. The reason is the same as for gold and has been
discussed already above. The alterations of the reflectivity

relax in the same way‘as for gold in- figs.7.3a and 7.3b, but

on a time scale ofkabout 2ps which 1is lower than for goldQ

The reason is the - enhanced absolute value of the
electron-phonon coupling parameter lgp(q)|z.

It should be mentioned that recently a modified pump-probe-
technique has been used to study the ultrafast relaxation of

electrons probed by surface plasmons in silver films [28].

The curves of AR/R have been observed show the same features

‘like these are discussed here.
?or copper (fig.6.8) the breakdown of the polarity is placed
at w=2.26eV and the minima of the reflectivity changes is

found at w=2.15eV.
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fig.6.7: Time evolution of AR(w)/R(w) for silver
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fig.6.8: Time evolution of AR(w)/R(w) for copper

The significant pbsitive value = of  [AR(w)/R(w)l(t) at

frequencies lhigher than the transition threshold energy ‘is
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well recognizable.

The alterétions of the }eflectivity are shown in fig.6.%9 for
three selected frequencies near the transition threshold.

The relaxation time. for copper is Txlps. [t is the shortest
of the considered set of noble metals due to the largest

electron—phonon coupling parameter.

Cee ' '
2 S
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: N7}
J
)
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' ...2. r
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fig.6.9: Breakdown of the sign of AR/R for copper

7. Conclusions

Summarizing, the evolution of laser excited ultrafast
transient optical propérties in the hydrodynamic stage of
thermalized nonequilibrium in noble metal layers can be
described with the presented model Hamiltonian, as simple

Friedel model for the density of states and a special form of

32

the macroscopic dielectric function.

The experimental data of the relaxation time for the
alteration of the reflectivity function are well reproduﬁed
by the numerical calculations.

The smearing of particle occupancy near the Fermi level and-
the shift of the Fermi level in dependence on the electron

temperature lead to a significant ferquency for a polarity

reversal of the thermal induced alterations of the

reflectivity AR/R. It is the most important parameter for
comparisions with experiment and it is well reproduced from
the theory presented.

A problem -remains wifh the correct reproduction of the
magnitude of the reflection alterations which are in the
calculations importantly smaller than in the experiments. Thel
explicit introduction: of - the laser intensity in the
light-matter coupling term allows to gain better results and
to reduce the problem in the first instance to the ascillator
strength has been set egual one in all calculaltions in
agreement with detailed " band structure investigations
[57~59]. _
However it should be of interest to know the exact value of
the oscillator strength. With respect to  the simplified
Friedel model for the density of states a k-vector in the
middle of the X axis should be taken. But, even with this

specification the numerical expense for performing would be

very large.

Another reason for the toa-small reflectivity alteration inm
the theory surely lays in the discard of the quasi
tuo*dimensiongl electron gas siructure which is feeled by the
laser pqiseé; Bec&usejof-the high- .absorption of the metal
(x10nm penetfation depth) the effective electron density and
therefore the (surface)'plasma frequency are lower than the
bulk ones. Surely a consideration of surface plasmon
excitations should allow to obtain much more better results
£6es1.

The evaluation of the time evolution of the optical
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conductivity and ‘the loss function being consistent with the

reflectivity are a resonable completition of the model. There

are no experimental curves of these calqulated quantities.
However this could be carried out for Ao/¢ by using the well

adapted differential reflectivity measurement techniques of

Beaglehole et.al. ([86] in connection with time resolved

pump—-probe experiments like [15,20] and for Al/1 by using the
time resoved absorption spectroscopy or the electron energy
loss spectroscopy (EELS) {&67].

A exact treatment of the electron—phohon coupling matrix
elements have been not necessary for the purpuse pursued
here, should allow a checking of the experimental obtained
superconductivity constants A [29]1° by fitting - the
eXperimgntal curves. From that the Tc—temperatures of the

noble metals can be calculated from optical data.

.Appendix A - Derivation of the integral forms of the real and

the imaginary part of the MDF

After seperation of the interband part of £(w) into the real

and the imaginary part follows

<n s)_<nkd>

. & 1 1
Etntorw» = z P . -
& “as%aq WHE "Ry T TRy
- in 6(m+(£ka—£&d)) - 6(0)—(.9&5—:“)) (A1)

vFrom this point real and imaginary  part ‘are seperately

considered.
a). imaginary part

After transforming the one-particle energies by means of the

&-function follows
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o o -
i v <n, >=<n; > e

&s &4
Ims(m)é duu dwz Z 6(“§_£ks)°(wk—£&d) ——;?—t::———~ ¥
& ' &s £d
- - : .
* [ S(w—w —w) — 6(w+m>—w))] (A2)
1 2 12

Since the: d-band states have a small dispersion -in the
&-space we caﬁ destore the 'so called "nesting"” of the
&-functions by assuming the d electrons as &—independent,
Then we can transform the A-sum into an intearation about' the
density bf sta{es; o ' ‘
.1 - )
z 6(&2—5&5)6(wé—shd) x ; z 6(0&—5&5)6(a2—£d) = Np(wl)p(wz)
& &
(A3)
Follpwingvthe simple Friedel—-model of the density of states,

presented in sec.4.1, we get

(A4)

[oo IR T

h ‘if Ei-n/z < Q < E1+B/2 ’
.2
p(wb) = . : : h=
0O otherwise

El is ‘the middle, B is the width and h is the height of. the
d*band. The density of states of the free assumed. s .electrons

after introduction of spherical coordinates results in

3
2

ploy= ¥ 28202/, o(w)6(1.02-0) © (AS5)
N 22m? n 1 ro :

After setting (A3-5) into (AR2) and integration about all

e-functions, ' transforming to a dimensionless integration

-intervall and transformation of .the Fermi function into

tanh—-form., the formula (5.15,5.16) known  from sec.5.3.3

result.

b) real .part’
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Using the assumption in (A3) we get

Res(w)=

’ <new > 2>—=<ncw_»y>
. . : . 1 A 2
dunanp(un) duandp(wz) - X
W W
. 1 2
- -
X, p— + p— (A6)
(wHrw —w_>) (wHr(w —w_»)
1 2 . 1 '2 5

After a transformation. of the variables wtw »vy in the first

part

steps like in a) and get the formula (5.17,5.18)

of (A6) in the second part we do_ the same

and W Y
known from

sec,5.3.3.
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| \;'BeHLuy Y XaMHepS : :
.06 onTyecKux cBoiicTBax. yanp36b|CprIX nepexo.qos
'frs 6naropo.qu|x Merannax BOSGV)KAEHHHX naaepom

E17-91-136 -

B cnyqae ecnu 3n8KTpOHb| B MeTanne Moryr 6bITb Henocpe.ucrseHHo paso-f_i
g l'p8TbI 3a npomemyrorc BpeMeHu MEHBLLIUMA, 4eM . BpeMﬂ 3Heprermecr<ou anek-
TpOH OHOHHON' penaKkcauuy, 70 BO3MOXHO oGpaaoBaHue COCTOAHMWA C Hepas-
; osecHou remneparypou - OcHOBbIBaACH Ha . cucteme AMd)d)epEHuMaanblxk ,
» f‘, ypaBHeHuu onucblaaromeu :-momoumo 3NeKTPOHHOMN W: dJOHOHHOM remnepary-,' -
*'pbl . B CNOAX 6naropo.qu|x MeTannOB soaGymneHHblx Na3epHbIMU MMAYNb- -
“’;‘caMM {r =100 dmc), a Tar<>r<e ‘Ha Teopuu nMHeuHoro OTKHMKa .qnn cUCTEM, =
- Haxonnmuxcn B cocronnunx AaneKo or paBHosecun npoaeAeHa OUEeHKa 33aBU- -
- cAweN ot BpeMeHH MaKpocKonmecxou Auanexrpmecmu ¢)ym<um1 (MA®) .
f'{Peayanarbr MeranbIX ‘paceToB Henocpe.ucrseHHo uamepnemou oTpaxa- -
~ TenbHoM: cnocoGHocm cpaBHuBaroTcn c HOBbIM BpEMEHHblM pa3pel.UEHMeM S
‘rzaxcnepumemos I SR E - = i

Pa60ra BbINOMIHEHA B ﬂa60paropm4 reopermecxou ¢m3m<u OMFIM
CooGuxer-me OGBEJIHHGHHOFO MHCTHTyTa ﬂnepﬂmx uccnenonanuu IIyGHa 1991

\:,On the Theory of UItrafast Transrent Optrcal Propertres
'i"of Laser Excrted Noble Metals :

g I the electrons ina metal can be d|rect|y heated on a time scale shorter'.
than the electron phonon energy relaxatron time, a nonequrllbrlum temperature- )
: may be possible, Basing on‘a dlfferentlal equatron system descrrblng the evolu-

-tion of electron ‘and phonon temperature in short puls (r ~100 fs) laser excited. : -
noble metal layers: and a linear response theory for systems far from equrllbrlum
Ta time dependent ‘macroscopic-dielectric functlon (MDF) is evaluated ‘The re-
“fisults of. ‘model calculatlons for the d|rect measurable reflectrvrty are compared.w
: ﬁ“wrth new tlme resolved experlments o bo :

,-rv

e “The lnvestlgatlon has been performed at the Laboratory of Theoretrcal ‘ f
',::"Phy5|cs JINR PR S ‘ o

o
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