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A quantum Kinetic theory for weakly inhomogeneous charged particle sys-
tems is derived within the framework of nonequilibrium Green'’s functions.
The results are of relevance for valence electrons of metal clusters as well
as for confined Coulomb systems, such as electrons in quantum dots or
ultracold ions in traps and similar systems. To be specific, here we con-
centrate on the application to metal clusters, but the results are straightfor-
wardly generalized. Therefore, we first give an introduction to the physics
of correlated valence electrons of metal clusters in strong electromagnetic
fields. After a brief overview on the jellium model and the standard density
functional approach to the ground state properties, we focus on the exten-
sion of the theory to nonequilibrium. To this end a general gauge-invariant
kinetic theory is developed. The results include the equations of motion of
the two-time correlation functions, the equation for the Wigner function and
an analysis of the spectral function. Here, the concept of an effective quan-
tum potential is introduced which retains the convenient local form of the
propagators. This allows us to derive explicit results for the spectral func-
tion of electrons in a combined strong electromagnetic field and a weakly
inhomogeneous confinement potential.

Key words: quantum statistical mechanics, charged clusters,
laser-plasma interactions

PACS: 05.30.-d,36.40.Wa,52.38.-r

*This paper is devoted to the memory of Yuri L’vovich Klimontovich

© M.Bonitz, J.W.Dufty 483



M.Bonitz, J.W.Dufty

1. Introduction

Correlated charged particles are of growing interest in many fields of physics.
Here the activities date back to the work on electrolytes and plasmas in the first
half of the 20" century, for an overview see [1] and references therein. A systematic
kinetic theory for correlated many-body systems was derived from the basic equa-
tions of quantum mechanics (von Neumann equation) by Bogolyubov, Born, Green,
Kirkwood, Yvon and others, resulting in the famous BBGKY-hierarchy of equations
for the nonequilibrium reduced density operators, see [2] for an overview.

A major breakthrough in the theory of nonideal gases and plasmas was achieved
by the development of field theoretical methods (second quantization). One branch,
represented by Feynman, Schwinger, Martin, Keldysh, Baym, Kadanoff and many
others, led to a systematic quantum field theory of plasmas — formulated in terms
of Green’s functions, e.g. [1,3]. An independent line, pioneered by Klimontovich,
focussed on a physically very similar, but formally very different method — Klimon-
tovich’s microscopic phase space density, e.g. [4,5]. This approach turned out to be
very fruitful for classical nonideal gases and plasmas, whereas for quantum many-
body systems, the Green’s functions approach appears to be more efficient. The
latter, therefore, will be the method of choice in the present paper.

Strong field effects in quantum many-body systems have been successfully in-
corporated into the Green’s functions method by many authors, for an overview
and references, cf. [6]. Among the problems of this theory (and similar methods as
well) is that the results of many-body approximations (such as gradient expansions)
are known to be dependent on the chosen gauge. Therefore, an explicitly gauge-
invariant theory [7] provides a convenient starting point from which approximations
can be systematically derived. This method turned out to be fruitful in many fields
including semiconductor quantum transport, e.g. [6] and dense plasmas [8,9].

The latter results, however, were limited to spatially homogeneous systems. It
is, therefore, of great interest to extend them to the inhomogeneous case. This will
allow us to extend the theory to a variety of new systems, including the valence
electrons of metal clusters, charged particles in traps, electrons in quantum dots [10]
and so on. In this paper, we extend previous work [8,9] to these weakly inhomoge-
neous systems, concentrating on the additional modifications arising in the quantum
kinetic equations from an external confinement field which is the source of the inho-
mogeneity. For definiteness, we wil consider the potential V; confining the valence
electrons in metal clusters, but the situation in quantum dots or particle traps is
analogous.

The basic physics of these systems is best illustrated on the jellium approximation
(i.e. homogeneous ion charge density within a sphere), as it directly generalizes the
very successful one-component plasma model to confined systems. This is done in
the reminder of this introductory section and in section 2. As a result of mean-field
effects (Hartree-Fock selfenergy effects) this potential is renormalized and becomes
density (and possibly time) dependent. The ground state configuration of the valence
electrons in this effective potential VS is usually obtained within density functional
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theory. To go beyond the ground state properties and to analyze the nonequilibrium
behavior of the electrons in a strong electromagnetic field requires development of
a quantum kinetic theory which is outlined in section 3. There, a gauge-invariant
derivation is presented which selfconsistently includes the external field and the
weakly inhomogeneous confinement potential. The kinetic equations for the two-
time correlation functions and for the Wigner distribution are derived.

Special attention is given to an analysis of the spectral properties of the elec-
trons, cf. section 3.9. Introducing the concept of an effective quantum potential
which replaces the potential V7, the spectral function of the valence electrons in
a combined electromagnetic field and thus the confinement potential is derived. Its
main characteristic feature is that, even without correlations, the spectral function
is broadened and shifted (towards higher energy) as a results of the external field
and of inhomogeneity effects. This has direct consequences for various scattering
processes and the collision integrals. Further applications of the results to solutions
of the quantum kinetic equation in linear response, to dielectric properties and to
explicit solutions in a strong field go beyond this paper and will be presented in a
forthcoming publication [11].

1.1. Basic equations and simplifications

We consider a finite system of N nuclei with atomic mass A and charge Z.
Thus, the total number of elementary charged particles — nuclei and electrons — is
N(Z +1), each interacting by the bare Coulomb potential. The particles are subject
to an electromagnetic field given by the vector and scalar potentials A(r,t) and
¢(r,t). The hamiltonian of the full system consists of a field part and a coupled
field-matter part,

H = Hg+ Hpy,

Hp = ) hwbfbea,
kA

Hpy = [:IO_'_ﬁinta
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where p and P denote the electron and ion momentum, respectively, r and R the
corresponding positions and m, and M the corresponding masses. ey is the free
electron charge times minus one, and in Hj, selfinteraction terms are not included
(first and third terms). bgy and bL , are annihilation and creation operators of photons
of mode k (normally k denotes the momentum) with polarization A which obey
bosonic commutation rules, [byy, b};/ v] = OkirOrn, all other commutators vanish. The

485



M.Bonitz, J.W.Dufty

transverse vector potential of the electromagnetic field is expressed in terms of these
operators by [12]

. 2mhe®\ /2 ; ;
A =% ( S > (Braéane™ + bl péiae ™). (1)
PENA

where the expansion is in a complete set of plane waves!, for convenience, and V
denotes the volume. The transversality condition puts on the constraint k - €, = 0.
For sake of generality, we also include a longitudinal electric field which is given
by the scalar potential ¢. Some issues related to various presentations of the field
(gauge problem) will be discussed below.

1.1.1. Limit of a classical electromagnetic field

In this paper we are interested specifically in intense electromagnetic field pro-
duced by lasers or free electron lasers. These electromagnetic fields are characterized
by high coherence and a large number of photons in each mode which justifies a clas-
sical treatment. For example, the number of photons in a laser field with intensity
I =1 W/cm? and photon energy of fiw = 1 eV in a typical coherence volume of
Y =1 ecm ™2 can be estimated by

I v

~ ~2-10%
) ¢

Ny —
kX (o

This large number assures that fluctuations of the eigenvalues of the photon number
operator ngy = blz \brx around its mean value which is given by a classical treatment
(ngy) =~ N will be small. The resulting classical result for the vector potential is

Ar,t) > A(r,t)=>

kA

. {Ek/\ei(kr*wktﬂbm) + Ezke*i(kl‘*wkt*%ﬂ} ’ (3)
ka

where the electric field amplitude is defined by the average (classical) number of
photons in the mode, E;\ = \/(SthkANk,\) /V - €k, and the ¢, are operators de-
scribing the relative phases of different modes. For a single-mode laser which we will
consider below, ¢y leads just to a time shift and does not enter any physical result
and may thus be dropped. For a strict justification of the classical result, see [12].

1.1.2. Separation of valence electrons

A first step to simplify the above system is to subdivide the electrons into valence
(weakly bound or quasi-free) and core (deeply bound) ones. This is reasonable for

!This is an operator in the Schrédinger picture. It can be made time-dependent by transforming
to the Heisenberg representation by

i1y A i f 271'7102 1/2 i i
eEHFtA(r)engFt — Z ( ™~ ) (bk/\gk/\el(krfwkt) + b;)\éz)\efl(krfwkt)) ) (2)
B
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metals and metal clusters and has been found to well reproduce dominant qualita-
tive features, e.g. [13,14]. On the other hand, it has to be kept in mind that this
subdivision is never strict and, in situations of strong excitation, it has to be justi-
fied in each case. Moreover, in nonequilibrium situations inner core electrons may
be ionized or become valence electrons.

Using this idea, the system is reconsidered as the one composed of N ions, each
of which is w—fold Charged2 and w - N valence electrons. This means that the
field-matter hamiltonian Hpy is now replaced by the sum of two terms — an ion
hamiltonian and an effective electron hamiltonian, HFM =H 7+ He, given by

. Py — 2 A(rq,t) 2 Y (wep)?
i - Z{( A ) +¢(ra,t)+%ﬁ}, (4)

a=1

wN ( €0 2 wN 9
~ . Di + ?A(I'Z,t)) €o
He - Z { Qme + ¢(r’ia t) + ‘/}(ria t) + ; |ri — I']| ) (5)

i=1

Vilet) = ) Vis(IRa(t) = 1)). (6)

The major simplification is that the electron-ion interactions are replaced by an
effective single-particle external potential in which the electrons move.

1.1.3. Adiabatic approximation

Due to the large ion mass, often the ionic motion can be neglected (it is no
principal problem to avoid this approximation and perform a selfconstistent numer-
ical treatment where the ion coordinates are updated on comparatively large time
intervals). Since we are interested in fast processes related to the electron dynam-
ics prior to the Coulomb explosion we will use this assumption. At the same time
this allows us to neglect the external field effect on the ions, so we will neglect the
potentials A and ¢ in the ionic hamiltonian H; and, moreover, consider the ions as
“frozen”. Their only effect on the electrons is then to provide a neutralizing back-
ground (which is inhomogeneous though, see section 1.2 below) and the effective
potential V7. There still remains a time dependence in the potential V;(¢) which is
due to ionization processes changing the charge of the ions.

1.2. Spherical jellium model

In the following we will use atomic units, i.e. lengths will be in units of the
hydrogen Bohr radius, ag = h*/(em,) and energies in units of Hartree, 1Ha =
2Ry = e%/ap. Then, the interparticle distance a is measured by the Wigner-Seitz
radius 75 = a/ag.

2this is analogous to switching from a physical to a chemical picture in partially ionized plasmas,
e.g. [1]
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The simplest approximation to treat the influence of the ions on the electrons is
the spherical jellium model3. It is essentially a generalization of the one-component
plasma model to the case of finite systems: the ion charge density p; is assumed to
be homogeneous, inside a sphere of radius R; and zero outside,

p1(r) = pr©(R; — 1), Rr= r N3, (7)

Since the number density is assumed to be constant, given by the bulk value rg, the
radius of the sphere is determined by the particle number N, and the volume of the
ion sphere is V; = 47r2N/3. Thus the charge density of the sphere, pyg, is given by
the charge of all ions inside the sphere,

Qr(Ry) _ i weg
V[ 47 ’I“S’ )
We first compute the electric field of the charged sphere. Outside the sphere, it
is just the field of a point charge equal to the total charge, while inside it is the field
of a point charge confined in the sphere of radius r,

Q(R;) =wNey : pPro =

wiNeg

5 r > R[,
Ei(r)=4 (8)
QI(T) = weo"ﬂa r g R17
72 r3

since Q1(r) = pordnr3 /3 = weor®/rd. From the electric field we immediately obtain
the electrostatic potential, given by

or(r) = — / drE(7) + C.

Outside the ion sphere, the potential is wNey/r and, determining the constant from
the continuity of the potential at » = R;, we obtain

N R
C = WEeEg |:E + 2—7?:|
and

wilNeg

s r> Ry,

o r
A I .

3
2r2

Thus, the jellium potential (energy) V; which one electron will feel will be given by
Vi(r) = —eogi(r),

wNe? R3 we
— =10 >R
o) a0 R
‘/]7" = 2 10
wNe? r wed 9 9
- 3—| 5 =—— (3R] — < Ry
QR[ [ (R[) QTS( 1 T)a r 1

3This model is analogous to the ion sphere model in strongly correlated plasmas which is due
to Salpeter [16] and the Wigner-Seitz sphere concept in solid state physics, e.g.[15,17].
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Let us briefly discuss the basic properties of the jellium model.

i) By construction, V7 is continuous for all r including the sphere boundary r = R;.
Also, its first derivative, i.e. the force acting on the electrons toward the cluster
center, F; = =V,

N 2
—wTBeOI', r> Ry,
F = 11
=N ava (1)
— r, r<s s
R? ) 1

is continuous at r = Rj.

ii) The derivative of Fj is not continuous. At the point r = Ry, Fj(r) jumps from
(QwNe(Q)) JR3 to — (wNe(Q)) /R3. This discontinuity is obvious since ¢; obeys
Poisson’s equation with the source p;. In terms of V;, the Poisson equation
reads V/'(r) = —4m(—eo)ps(r) with a discontinuity of 4wegpro = (3wNej) / R}
at r = Ry, in agreement with the above result.

iii) The electrostatic energy contained in the ion sphere is readily computed,

Ry

1 3 4m 3 weg QWey 5 o
W = Q/d TPI(TWI(T):?ET—E ; drr 2—@(331_7’)
3 (wNeg)?
= =7 12
5T R (12)

iv) Electron binding: the N, valence electrons are confined in the potential V;. The
deepest value of the potential is at the center of the ion sphere,

 BwegN??

2 7

Vi(0) =

We note that this binding energy would refer to a single electron. For many
electrons, the Pauli principle leads to occupation of higher energy states be-
tween the bottom of the potential, V;(0) and the Fermi energy, see section 2.
The spatial distribution of the valence electrons in the potential well is gov-
erned by the shape of V; and by quantum and interaction effects among the
electrons — i.e. by mean-field, exchange and correlation effects. A simple ap-
proach is provided by Thomas—Fermi theory, see section 2.

As noted above, the potential V; may change in time. In particular, each act
of ionization increases the ion charge number wN — wN + 1, thus deepening
the potential and increasing the binding.

The potential (10) enters the electron hamiltonian H, (6), replacing the sum over
the pseudopotentials V.
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2. Valence electron ground state configuration

To obtain the ground state of the ensemble of valence electrons one can use the
concepts of density functional theory. There one minimizes the total energy with
respect to the valence electron number density profile n(r),

dEe[n(r)]

5n(x) 0, wit /d rn(r) ve = const (13)

If the cluster is neutral, the total number of electrons in the cloud equals the number
of valence electrons N,, = w - N, but for generality we will retain the number N..
The total energy can be written as

Eve[n(r)] = Tee[n(r)] + Uyeln(r)] + Vie[n(r)] + B [n(r)], (14)

consisting of kinetic energy (first term), Hartree mean field (second), external con-
finement (third) and a remainder (fourth) containing all exchange and correlation
contributions. The quality of the result depends on the approximation for the various
energy contributions.

2.1. Thomas—Fermi model

An illustrative nontrivial approximation for the total energy of the valence elec-
trons is to include the electron kinetic energy, the external confinement V; in the
jellium approximation and the electron mean field (Hartree potential)?,

Ee[n(r)] = Tue[n(r)] + Uye[n(r)] + Vie[n(r)]. (15)

The kinetic energy may be approximated by the Thomas-Fermi result, i.e. one as-
sumes that the valence electrons are governed by a zero-temperature Fermi dis-
tribution which parametrically depends on a space-dependent density n(r), (local
approximation, LDA). With the kinetic energy density of the ideal electron gas,
3 h2(372 2/3
= 2 (377) ns/3,
10 Me
we obtain

2(3,2)2/3
T folr)] = 5L o). (16)

Next, the Hartree mean-field energy is given by

Uil = @/d3rd3r’% = %/d:srn(r)ilge[r;n(r)], (17)

SHrn(r)] = e%/dgr’ , (18)

“thus neglecting in equation (14) the contributions EX€ from electron exchange (Fock energy)
and correlations.
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where we introduced the Hartree selfenergy of the valence electrons, and we note
that it is the solution of Poisson’s equation

V2 [r;n(r)] = —4mein(r). (19)

Finally, the confinement energy of the valence electrons in the jellium potential is
given by the integral of the ion electrostatic potential multiplied with the electron
charge density,

Vee[n(r)] = —eo/dgrgb[(r)n(r) = /d37“ Vi(r)n(r). (20)

Collecting the results for the three energy contributions, we can perform the
variation of the total energy (15) with respect to the valence electron density profile

OF = /dgr {wnwg(r) + e / d*r’ ) + Vi(r) — u} on(r), (21)

Me r —r/|

where we introduced the chemical potential as Lagrange multiplier. Requiring the
expression in curly brackets to vanish, we obtain

1 3/2
n(r) = =g {2me [[Vi(r)] = S5 fron(e)] + 4]} (22)
This is not an explicit equation for the density because the Hartree term depends on
n too. We can recast it into a closed differential equation for the Hartree selfenergy
by inserting (22) into the r.h.s. of the Poisson equation (19),

2
4eg

B 3/2
3mh3 '

VSl n(r)] =

{2me [[Vi(r)] = Ze[rin(r)] + 1] § (23)

We will concentrate below on the jellium potential V;. Due to its isotropy, the
valence electron density will be isotropic as well. Then, from equation (22), there
are two obvious constraints on the density n(r): since V; and X are monotonical-
ly decaying with increasing distance from the center®, n(r) will be monotonically
decaying too, reaching zero at a finite ry and remain zero for r > ry. The critical
radius 7y follows from the normalization,

0
47?/ drr*n(r) = Ny (24)
0

and defines the chemical potential:

= —IVi(ro)l + Sielro; n(r)]. (25)

Sthe latter statement has to be verified on the final solution for the density
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The angle integration in the selfenergy (18) can be carried out®
o
Sfrsn(r)] = dnej [ drePn)glr ),
0

- r>r,

1
with  g(r,r) = q (27)
r

/
—, r<r.

~

Ny

2
e
In particular, for r > 7o : 31 (r) = =2, Using this result at r = 7 and expression
r

(10) for the jellium potential” we obtain from (25)

2
= —(wN — Nyo) 2, (28)
To
We see that for a neutral cluster, the chemical potential vanishes, in agreement with
atomic Thomas-Fermi theory, e.g. [18]. For positively charged clusters where some
electrons have been removed from the cloud, Ny, < wN, p is negative.
Equations (22), (24), (28) provide a closed system to compute the valence elec-
tron density profile, the cloud radius 7, the chemical potential and the Fermi energy,
Er = —pu, of the valence electrons surrounding the jellium droplet.

2.2. Free Electron gas

The simplest limiting case is the ideal electron gas where the Hartree mean
field is neglected as well. This case is instructive as all results can be obtained
analytically. Moreover, this limit serves as a generalization of the well-known model
of the (macroscopic) ideal electron gas to finite systems, and it becomes exact in the
high-density limit, 7, — 0. Then we obtain from equations (22), (28)

, Ne?
pt = S (29)
( - 3/2
3/2 2\ 3/2 2
(2m.) wNej 5 () _ 2& ’ r < Ry = r NV,
3m2h3 QR] R[ To
n'(r) = (2m)¥? (wNe2 3/2 -1 732 [ (30)
3W2h3 r I To ) 17T X 7o
L O, > Tg.

Sdue to isotropy,

! o 1 !
/d3r/ TL(T’ ) _ 27T/ dT/T/Q/ dz n(r ) (26)
|I' - I"| 0 -1 \/M—_QW
2 oo
_ﬂ/ dr’r’{\/r2+7“’2+27“r’—\/7“2—1-7"’2—27“7“'},
™ Jo

leading to the result (2.1).
"The point ro is expected to be outside the ion sphere, so we use the branch of V7 which
corresponds to r > Rj.
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Finally, the boundary of the electron cloud, 7y, follows from equation (24) where
the integration can be performed yielding a transcendental equation for zo = ro/R;
which, however, is rather complicated®, so a numerical solution of equation (24) is
advantageous.
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Figure 1. Jellium model result for a two-fold charged sodium cluster of 20 atoms
in the Hartree approximation. Upper figure: density of ions and valence elec-
trons vanishing at R; and rq, respectively. Lower figure: total potential in-
cluding V; and the Hartree mean field. Also shown is the chemical potential.
Its intersection with the total potential defines the electron cloud boundary rg.
Figure courtesy of Th. Fennel.

8for completeness, we provide the result of the integration using equation (30) for the density

Neo 9me)?/? Ne2\ 32
profile. Introducing the definitions n = %, To = ;—Oj, a= N ng = (37;12;_13 <U}2Ri0> , X
is the solution of the following equation:
Nye (2a — 29)? 2a 2- i_?;
- = —— t1/2— — | — ———(6a — Txp)(2
4mRIng 1623 °° [ xo} Tz (0~ Te0)(20 + 0)

+

(%)3 {arctan {\/Z} — arccot { % - 1]}
2422 {(2a —3) (4o — 1)553\/? — (200 — 30 (4o — xo)mg\/?} . (31)
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2.3. Electron ground state including the mean field

Using the result for the ideal electron gas, we can now improve the valence
electron density by including the Hartree mean field. A simple perturbation approach
consists in computing X%, equation (2.1), using n® and inserting the result into (22)
to obtain an improved approximation for the density profile. This procedure can
be repeated (at each step, the cut-off radius 7y has to be computed again) until
convergence is reached.

Numerical results for the electron density in the Hartree approximation are shown
in figure 1. One sees that the valence electron density (upper figure) extends beyond
the limits of the core ion distribution up to the maximum radius r¢ which is defined
by the intersection of the chemical potential with the effective potential, cf. equa-
tion (25). The effective potential deviates from the quadratic (inside the cluster)
jellium potential, equation (10) — the mean field effects cause a flat potential shape
in the center of the cluster. At the boundary of the ion charge the potential curvature
changes turning to an 1/r decay which is only weakly influenced by many-particle
effects.

2.4. Electron ground state including exchange in local appr oximation

The mean field result shown in figure 1 is readily improved by including exchange
effects. The exchange energy in local approximation was derived by Dirac [19]

Exmun=:—§(§)m¥a/d%wuwﬁﬁ, (32

and its variation yields the exchange potential

™

V¥n(r)] = =2 (372)"/* / &3 [n(r)]3, (33)

which has to be added to the density equation (22). For our isotropic jellium problem
this equation then becomes

1 62 3/2
1) = g {2 (W00 = S50 0]+ V300 - o8 = 0 2L (3
where we used the solution (28) for the chemical potential.

Summarizing this introductory part, we have given a brief overview on the ground
state properties of valence electrons in metal clusters. An illustrative picture is given
by the Thomas-Fermi model which is generalized by the concepts of density func-
tional theory by including mean field and exchange (plus correlations, in some ap-
proximation). The DFT approach is very successful in describing the ground state
of clusters, and it allows to systematically improve the model. However, it is not
able to correctly describe clusters at elevated temperatures and in nonequilibrium,
in particular, under the combined influence of strong fields and nontrivial electronic
correlations.
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We now proceed to a rigorous and consistent theoretical description of nonequi-
librium properties of metal clusters in a strong electromagnetic field, based on quan-
tum kinetic theory.

3. Quantum kinetic description of cluster valence electron S
In a strong electromagnetic field

In the previous section we have established the model for our treatment of the
valence electrons in metal clusters: it is based on the hamiltonian H,, equation (6).
The ions are treated as frozen (adiabatic approximation), they have a homogeneous
density inside the droplet of radius R;, their influence on the electrons is condensed
in the jellium potential V;. In the absence of an external field, the electrons will
form a cloud around the ionic core with a density profile n(r), decreasing away
from the center, cf. figure 1, (except for possible Friedel oscillations). This spatial
density profile has been computed for the zero temperature limit. At the same
time, in momentum space, the electrons will be described by a Fermi distribution
(step function) where all momentum states are occupied up to the Fermi energy of
the electron cloud, given by minus the chemical potential (28), which is essentially
defined by the overall charge of the cluster.

Of course, at finite temperature and, more generally, under nonequilibrium con-
ditions created by a strong field, the momentum distribution of the valence electrons
may be very far from the zero-temperature result. To outline a theory which allows to
systematically calculate this nonequilibrium distribution and the related transport
quantities of the valence electrons is the main subject of this Section.

3.1. Outline of the presented theory

While a quantum kinetic theory can be formulated for arbitrary spatial proper-
ties, in a weakly inhomogeneous system the formulation strongly simplifies. More-
over, it is reasonable to expect that, under a number of relevant conditions, the
spatial shape of the electron cloud will remain close the ground state case, at least
for an intermediate period of time prior to the Coulomb explosion. In particular,
such a situation is expected to exist, even in nonequilibrium, in the case of

a. homogeneous laser excitation, i.e. if the laser focus and the wave length are much
larger than the cluster - which is usually fulfilled, at least in the optical an UV
range

b. collective effects influencing the electron cloud as a whole, which is the case for
plasma oscillations with sufficiently small wave number, k < 27 /rg, where rq
denotes the extension of the valence electron cloud discussed above,

c. correlation and scattering effects being sufficiently weak.

If these conditions are fulfilled we may expect that, on the scale of the cluster, spatial
variations and spatial density gradients will be small (compared to the unperturbed

495



M.Bonitz, J.W.Dufty

density profile), and the main effect of the excitation will be a deformation of the
momentum distribution of the electrons. Under these conditions the quantum kinetic
theory is effectively formulated in the Wigner representation. Assuming throughout
this paper weak spatial inhomogeneity we expect that the local approzimation plus
first order gradient corrections will give the dominant contributions to the theory.
Finally, since gradient corrections are gauge dependent, we will develop a theory
which is gauge-invariant from the beginning.

3.2. Valence Electron Density Matrix

The central quantity to describe the statistical properties of the electrons in
nonequilibrium is the single-particle density matrix Fj(ry,r), ). It can be derived
from the von Neumann equation which includes the electron hamiltonian (6)

0
1h§pe — [He, po) =0, (35)

where p, is the density matrix of all Ny, valence electrons. Computing the partial
trace of p, over particles 2, . .. N, yields the single-particle density operator F; which
obeys the first equation of the BBGKY hierarchy, e.g. [2]. In coordinate represen-
tation it becomes the one-particle density matrix Fj(ry,r},¢). In the following, it
will be convenient to transform to center of mass (R) and relative (r) coordinates,
and to proceed analogously with time and momentum arguments, according to the
relations

R = (r1+r})/2, r=r —1], (36)
Q = (k+k)/2, k=k —K,, (37)
t = (t1+1t)/2, 7=t—1t]. (38)

In the new coordinates, the density matrix becomes Fj(R +r/2,R — r/2,t) =
F (R, r,t). Fourier transform with respect to r then yields the Wigner distribution
function f(R,p,t), which is analogous to the classical distribution function (how-
ever, in contrast to the latter it has the known problems of possible negative and
complex values resulting from the Heisenberg uncertainty principle).

Yet, there are a number of nontrivial questions concerning the equation of mo-
tion for this function in the special situation of interest which are related to the
appearance of the time-dependent field, the spatial inhomogeneity of the cluster etc.
For this reason, we turn now to a careful derivation of this equation. In particular,
we will use a gauge-invariant approach to exclude any ambiguity of the results. The
most straightforward approach to do this is to use nonequilibrium Green’s functions
as was demonstrated for a homogeneous system in [8,9] which we will generalize to
inhomogeneous systems in section 3.6.

3.3. Local approximation in nonequilibrium and first order g radient correc-
tions

As a first approximation to the rather complicated problem of the valence elec-
tron dynamics we introduce a local approximation, in analogy to the concepts used
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in density functional theory”. In situations where no sharp spatial changes of the
system properties occur (geometrical boundaries etc.) and the number of electrons
involved is not small, it is reasonable to assume that the density matrices depend
on space (center of mass coordinate) only via the density,

Fi(R,r,t) = F[n(R,t),r,1], (39)
and, therefore, VzFi(R,r,t) = 575212 ) Ven(R,t), (40)
and, similarly for the Wigner function,
fRk,t) = fn(R,1),k,t], (41)
and, therefore, Vx5f(R,k,t) = WIJ;UVR n(R,1). (42)

Analogous behavior is expected for other dynamical quantities, including two-particle
and higher order distributions and the two-time correlation functions, see below.

The situation is more complex for more general quantities which are, for example,
a product of several distribution functions. Then, applying the local approximation
to each factor does not necessarily result in an adequate approximation for the
product. Consider an arbitrary physical quantity C' which is the product of A and
B. In the Wigner representation, we can write (time arguments appear here only as
parameters and are omitted),

d3 d3

x4 (R +5,Q1> (R+2.:), (43)

which is still general for an arbitrary inhomogeneous case, cf. e.g. [30]. Now, expand-
ing A and B with respect to small deviations of the coordinates with respect to R,
up to first order, yields

A<R+%)B <R+%) ~ A(R) B (R)
1
+5{ I Vo412 VR A(R) B (R) |
Using in equation (43) the identities r; = —h/iVq, and ry = h/iVq, with the
expansion (44) allows to perform the integrations over r; and ry and, with the
help of the resulting delta functions, also the integrations over Q; and Q, yielding
Q; = Q2 =k, with the final result

. 44
Ri=R>=R (44)

ih
C(R) k) = { [1 + 15 (VR1VQ2 - VRQVQI)] A (R1> Ql) B (RQ’ Q2) }’(R,k)

(142 0 a 5

9and similar (and even more general) concepts in hydrodynamics
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where we introduced the short notation (R, k) to indicate that, after differentiation,
one has to set R; = Ry = R and Q; = Q2 = k. The first term in equation (45) gives
the local approximation for C, while the term in curly brackets (Poisson brackets)
contains the first gradient corrections.

With this general result which will be used below, e.g. for the collision integrals,
it is straightforward to test, in each case of interest, the validity of the local approx-
imation and to estimate the magnitude of corrections. On the other hand, it turns
out that several physical contributions to the Wigner function, such as the exchange
self energy, are missing in the local approximation and appear only in first order
gradient corrections, see section 3.7.

3.4. Kadanoff-Baym/Keldysh equations for the valence elec trons

The field theoretical description!? of the cluster valence electrons is based on
the fermionic creation and annihilation operators ' and 1 which are defined to
guarantee the spin statistics theorem,

P(1)(2) +9(2)p(1) PI(1)1(2) + ¢ (2)y(1) = 0,
P(MP2) + e (2)u() = 61 -2),

where t; = t, has been assumed, and 1 = (ry,t;,5s?), (below, we will drop the
spin index). The nonequilibrium state of the electrons is described by the two—time
correlation functions which are statistical averages (with the initial density operator
of the system) of field operator products

PV = Lp@ul), T 1) = — @i ), (46)

1

ih in

where g~ and ¢=< are, in nonequilibrium, independent from one another. They contain

the complete dynamical and statistical information. The latter follows from their

elements along the time diagonal: the one-particle density matrix is immediately
obtained from the function ¢< according to

Fi(ry, 1], t) = —ihg=(1, 1’)|t1:t/1 , (47)

whereas the dynamical information (e.g. the single-particle spectrum and the cor-
relations) follows from the function values across the diagonal in the t; — t}—plane,
in particular, from the spectral function a(1,1’),

a’(la 1/> =1ih {g>(17 1/> - g<(17 1/>} =ih {gR(la 1/) - gA(la 1/>} ) (48>
where ¢/ are the retarded and advanced Green’s functions, defined below in equa-
tion (52). In particular, in cases where the microscopic variables vary on much
smaller scales than the macroscopic ones, cf. definition (36, 38), it is advantageous

10Tn this section we follow [9].
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to perform a Fourier transformation with respect to 7 and/or r which leads to the fre-
quency and momentum variables w and p, respectively. In particular, equation (47)
then yields the familiar Wigner distribution function

f(p7R7 t) = _lhg<(p7R7 tlatll)‘tlzt’lzt : (49)

The time evolution of the correlation functions in an electromagnetic field is de-
termined by the Kadanoff-Baym/Keldysh equations which follow from the Heisen-
berg equations of motion for the field operators in the presence of the hamiltonian
H, (in the following, the electrostatic potential ¢ will be neglected which will be
justified in section 3.5)

gz(la 1/> =

me \ 1

. 0 1 h €0 2

t1
= /dr1 S (1, E0t)g2(F1ty, 1) +/ dl [Z7(1,1) = ©<(1,1)] ¢=(1,1)
to
t) B B B
- [disRan ) - @), (50)
to
which have to be fulfilled together with the adjoint equations. The 1.h.s. of this
equation contains all single-particle terms, whereas the r.h.s. contains all corrections
due to mean field, exchange and correlations. Further, ¢, denotes the initial time
where the system is assumed to be uncorrelated (otherwise, the equations have to
be supplemented with an initial correlation contribution to X, cf. [20,21]). SHF is
the Hartree—Fock selfenergy (Hartree mean—field plus exchange energy),

YA (11) = —ihé(t; — ty) {/dm/(r1 —19)g~(22") — V(r; — r’l)g<(11')} , (51)

and Y2 are the correlation selfenergies which describe collision processes, ionization
and so on.

The properties of the cluster valence electrons are mainly determined by the
choice of the confinement potential and the collision integrals (selfenergies). In the
derivations below, the potential V; will be kept completely general and it will not
necessarily be identified with the smooth jellium potential of section 2. Further we
may account for varying valence electron number due to ionization of core electrons
(or, vice versa, recombination) as well as due to “evaporation” of electrons. These
processes can be readily incorporated into the model by choosing the appropriate
selfenergy contributions and by properly updating the confinement potential so that
it is consistent with the actual number of core and valence electrons.

For the following derivations, it is useful to introduce, in addition to the two-time
correlation functions, the retarded and advanced Green’s functions

g"(1,1) = £8[x(h — )] {97 (1,1) — g=(1, 1)}, (52)
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which are related by
[gR(Ll,)]* :gA(1/’1)7 (53)

and obey the simpler equations

[h% _ (ﬁvl + e—jAu)f - Vi(1)

R/Alll
2me \ @ g (1L 1)

- /d2 SRA(1,2)g%4(2,1) = 6(1—1'), (54)
where the functions £//4 are related to ¥ in analogy to equation (52). g//4 describe
the single-particle spectrum under the influence of the external field, the jellium
potential and exchange and correlation effects and are directly related to the spectral
function, see definition (48).

3.5. Gauge-invariant Fourier transform

It is well known that the electromagnetic field can be introduced in various ways
(gauges) which may lead to essentially different explicit forms of the resulting ki-
netic equations. Although alternative derivations are successfully applied too, gauge
invariance becomes a particular problem if the resulting kinetic equations are treat-
ed by means of approximations, such as retardation or gradient expansions as in
the present case. A critical issue is that the result of these approximations maybe
essentially different in different gauges, see e.g. [6] for illustrative examples. To avoid
these difficulties, we will formulate the theory in terms of correlation functions which
are made explicitly gauge-invariant.

In this section, we use a co-variant 4-vector notation as it makes the following
transformations more compact and symmetric. The corresponding definitions are

A, = (cp, A), x, = (cT,1), X, = (ct,R),

and the conventions a,, = (ao, a), a* = (ap, —a) and a,b* = agby — ab are being used.

One readily proofs that the Kadanoff-Baym/Keldysh equations (50) remain co-
variant under gauge transformations, i.e. under the following transformations of the
potentials and field operators

€0

A (2) = Au(2) = 0ux(x),  Yy(z) = e n XDy, (). (55)
From this one immediately obtains the gauge transform of the Green’s functions
gl(j[;7 X) = ef%eTo[X(XJr%)*X(X*%)]g(;p, X) .

Following an idea of Fujita [7], we now introduce a gauge—invariant Green’s function
g(k, X) which is given by the modified Fourier transform

Gk, X) = / (347“;”4 exp {i/_; drz, [k” - %A“(X v )\x)] } gz, X),  (56)

1
2
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where use has been made of the identity

1

X(X+%)—><(X—%) :/% d/\%X(X+)\x):xM8“/§ dAx (X + Az) .

1 1
2 2

Indeed, one readily confirms that under any gauge transform (55), the phase factors
cancel, and ¢'(k, X) = g(k, X).

In the following, we focus on spatially homogeneous electric fields and use the
vector potential gauge

t
Ay = =0, A:—f/ ATE(®D). (57)
In this case, relation (56) simplifies to
i+3
~ . i €p dt/ ’
Jk,w;R,t) = [ drdrexp |[iwT — 7T k—— [ —A{) || g, R, 1), (58)
c T

t—

(SR

what means that the gauge-invariant Green’s function g(k) follows from the (con-
ventional) Wigner transformed function g,(p) by replacing the canonical momentum
p by the gauge—invariant kinematic momentum k according to [9]

t+3
A
p(t,7) =k — e—co dt’ % (59)
tf

MR

Consider two important examples. First, for a constant homogeneous electric field,
E = E, it follows

A(t) = —CE()t, p(t) =k+ €0E0t. (60)

Second, for a spatially homogeneous harmonic electric field given by E(t) = Eq cos 2,
the vector potential and the momentum relation become, according to equations (57)

and (59),

By B 2 eoEo
At) = q Sin Ot p(t,7) =k + —

Q
sin ¢ sin 77 (61)

3.6. Gauge-invariant quantum kinetic equation for the Wign er distribution

We are now ready to derive gauge-invariant quantum kinetic equations for the
correlation functions g2 and the Wigner distribution. Our starting point is the ki-
netic equation (50) which we transform to the Wigner representation. For this we
assume that macroscopic and microscopic length scales can be separated, where the
first is given by the cluster geometry and described by the center of mass variable
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R. Gauge-invariant Fourier transformation with respect to the microscopic scale r
gives rise to the momentum variable k.

In center of mass and relative variables the gradient in the momentum operator
in equation (50) becomes V,, = 1/2Vz+ V,. Then, applying the spatial part of the
transform (58) to the L.h.s. of equation (50) yields

t1 _
ke ] ‘“%} o 1 (h_ 1h 2
/d?’re { (I [ih— - (TVT +-=Vrp+ e—COA(l)) = Vi(1)

8t1 Qme 1 5:
i € ¢ T A(D)
&k, h‘"[‘“ftf dtn—ta} i
x /W e ! 73R, Ky, t1, 7). (62)

The t; and r derivatives on the second exponential are readily performed, and we
notice that the vector potential terms in the exponentials cancel. Further, using
r = h/iVy,, the r—integration can be performed, except for the potential term,
with the result (details of the derivation are given in the appendix)

KA, ! 1 [1h 2
{ [miHnka} _ [—7VR+k+KA(t1,t’1)] }gz(R, K.t 8)

ot, ty —t) 2me |21
d3k i r
= iz(Ra katlat,1> +[~F2(R7 ka tlatll)? (63>

where the field-dependent momentum K4 is defined by

toA() — At
KA(L ) = — 0 / qpr A = AT (64)
C t/ t — t,

For the above two examples of a constant and monochromatic field, equations (60,61),
respectively, this has the form

t—t

KAt t) = eE 5~ E=Eo, (65)
E

KAt t) = ﬁ {Qt —t")sinQt + cos QU —cos '}, E = EycosQt. (66)

In equation (63) we introduced an effective time-dependent confinement potential
which includes the Hartree mean field,

VIR, ) = ViR, t)+ (R, 1), (67)

YR, ) = /dr V(R —r)n(r,t) = /di”r(;;g V(R —r1)f(r,k,t), (68)

which depends on the nonequilibrium electron density profile. Finally, the r.h.s. of
equation (63) contains all remaining two-particle and higher order contributions
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to the dynamics (i.e. collisions and exchange mean field) the explicit structure of
which will be discussed below in section 3.7. These gauge-invariant equations of
motion for the two-time correlation functions are the basis for all further analysis.
In principle, their direct numerical solution is possible, following previous numerical
work for spatially homogeneous charged particle systems, e.g. [2,22]. Here, however,
we concentrate on the derivation of a closed equation of motion for the (single-time)
Wigner function as it is essentially more simple.

To obtain from equation (63) the gauge-invariant equation for the single-time
distribution function we also need the adjoint equation and compute the difference
of the two, e.g. [2,3]. Taking this difference equation for g< at equal times, ¢; = ¢,
allows us to express ¢g< by the Wigner distribution according to relation (47) with
the result (details are given in the appendix)

0
{a —VR - eOE(t)Vk} f(R, k, t)
2 3 dgkl . I'(k—kl) off r .
+ﬁ/d 7“/ ) sin - Vi <R—|—§,t> f(R ky,t) =

= I(R,kt)+ Is(R, k1), (69)

where I(R,k,t) = —2Re[[<(R,k,t,t)] and Iz(R,k,t) = —2Re[I5 (R, k, t,)]. Here
E is the total electric field (external plus induced) which obeys Maxwell’s equations
which have to be solved selfconsistently with the kinetic equation (69).

Equation (69) is not yet the final equation for the Wigner distribution which
will be presented below, in section 3.8, after evaluation of the collision and exchange
terms in section 3.7. But before doing this, we analyze the term with the external
potential (the integral on the Lh.s.) more in detail. The integral representation of
VET in equation (69) is still completely general and does not use any assumptions on
the space dependence of the confinement potential. The present form applies even
to sharp spatial changes and can be used with any form of pseudo-potentials for the
core ions of clusters and it fully includes quantum effects.

Analytical simplifications are possible in the case of the jellium potential due to
its smooth variation in space. In that case it is possible to eliminate the integrations
over the jellium potential by expanding VT around the center of mass coordinate,

e.g. [2],

off ry o (#) 9VHI(R) B
‘/I <R:i: 2) —Z 2ll| aRzaRJaRl I'ZI'J...I'l, (70)

where r;0VFT /OR,; denotes the scalar product VR, VET . r; and so on. With this, the
integral term in equation (69) becomes

/d3 / A3k, . (k ki) et (R—l— g’t> FR Ky, t) =

27h)3 h
- Z 177, 2141 an—f—lvefF(R t) 82l+1f(R, k, t)
B 22(20 + 1)1 OR;OR,; ... ORagyy  Ok;0k; ... Okyy
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_ {VRVf‘*(R, Ny, - EOVERY O } F(R. K1), (71)

24 OR10R20R3 0Ok 0ky0ks

Applying this expansion to the jellium potential (10) we readily see that the first
term of the expansion of V¢ is dominating: indeed, inside the cluster where V; is
parabolic, the third derivative vanishes exactly. Outside, where V; is Coulomb-like,
the third derivative is short range, it decays as 1/r* and gives only a small correction.
We may expect that more realistic pseudopotentials will behave similarly since they
do not exhibit sharp changes or even divergencies [13].

3.7. Gauge-invariant expression for the Hartree-Fock and ¢ ollision terms.
Nonlocal corrections

We now perform the gauge-invariant Fourier transform of the right hand side of
the kinetic equation which contains all two-particle quantities related to mean field
and correlation effects. Let us start with the collision integral. If the characteristic
length scales of the scattering processes are small compared to the cluster radius,
the local approximation can be used. Then the collision integrals retain their form
of the homogeneous case with R being an additional parameter, and our previous
results [8,9] can be applied leading to

t
IR k,t) = —QRe/ d{{z>[R,k+KA(t,i),t,ﬂg<[R,k+KA(t,ﬂ,z,t]

to

—z<[R,k+KA(t,Z),t,ﬂg>[R,k+KA(t,t‘),f,t]}. (72)

Note that the momentum arguments in all functions are shifted by the field-dependent
momentum K“ which reflects the explicit field-dependence of the two-particle scat-
tering process. This is an important effect leading to the so-called intracollisional
field effect and to nonlinear phenomena including collisional harmonics generation,
(inverse) bremsstrahlung, multiphoton excitation and ionization etc [8,9].

The result (72) gives the local approximation for the collision integral. It is
however, straightforward to write down the first gradient corrections. For this we
recognize that (72) is of the general structure (45), except for the time integral. We
thus can write [using the notation of equation (45)]

t

-[grad(R; k,t) = hlm dt (VR,Vk, — VR, Vk,)

to
X {E> [Rly kl + KA(t> E)a t ﬂg<[R2, k2 + KA(t> E)a fa t]
- 2<[R17 kl + KA(ta ﬂa ta ﬂg>[R2, k2 + KA(ta aa Ea t]} )( ) (73>
R.k
This result has to be added to the local approximation (72).

Expressions (72,73) are still completely general. A particular collision process is
specified by the appropriate choice of the selfenergies. Further, the two-time correla-
tion functions have to be expressed by the Wigner distributions via the so-called re-
construction ansatz. Its original form due to Baym and Kadanoff [3] was generalized
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by Lipavski, Spicka and Velicky [33] to nonequilibrium systems, properly accounting
for causality and retardation effects. The latter ansatz was further generalized to the
presence of external fields [6,9], and here we account, in addition, for weak spatial
inhomogeneity which gives rise to gradient corrections in the reconstruction ansatz:

+93(R. k,t,t) = ¢%(R,k t,t)fIR, k — KAt 1),1]
ih
- fz[Ra k — KA(ta t/>7 t]gA(Ra k7 ta t/) + 1§(vR1vk2 - ngvk1>
X {gR(Rl, ki, t, ) fZ[Ra, ko — KAt 1), 1]

= [3Ry i = KAL), g (Ra Ko, 1) } (74)

(R’
where f> =1— f and f< = f.

Consider now the Hartree-Fock terms. They have a product form analogous to
the collision term. Furthermore, due to the time-diagonal structure of XF the field-
induced momentum shift K vanishes (K“(t,t) = 0). In particular, the Hartree term
can be written as (see appendix)

SH(ry, ), 1) = 0(ry — v))0(t — 1) /dBTQV(rl —1o)n(ry, t). (75)

This potential is local in space and is treated exactly like the jellium potential
V;. Both terms can be combined into an effective confinement potential V7T, see
equation (82) below.

Let us now turn to the nonequilibrium exchange term which is given by

EF(I'l,tl;I'll,tll) = (5(t1—t/1)2F(I'1,I',1,t1),

(el t) = V(e — 1)) f(r, 1), (76)
and has the Fourier representation
YR, Kk, t) = — / Lhy_ V (ko) f(R,k — ko, t). (77)
(2wh)3
In the kinetic equation it appears in the combination
I"(R,k,t) = —2Re[S" (R, k, )¢~ (R, k, £, 1)), (78)

which vanishes exactly (on the time-diagonal, g< is purely imaginary). This means
that the only nonzero exchange contributions arise from the gradient corrections
which appear due to the product X¥ - g<. Using the general expression (45), we
obtain

I"(R,k,t) = 2Re (1 + %L {.. .}> S7(Ry, Q1 1) g5 (Ro, Q2,t,t)’(R -

d3k
B /mv(kl){lef(Rth—kl’t)VQJ(R?’QQ’t)

o lef(Rla Ql - kla t>vR2f(R27 Q27 t)}’ : (79)

(R.k)
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Of the two terms in curly brackets, the first has the form of the gradient of a lo-
cal exchange potential, VrX" (R, k) - Vi f(R, k). This term may be included into
the gradient of a local total potential together with the confinement and Hartree
field, V*'(R, k, t) = V;(R) + ZH(R, t) + F (R, k, ). However, the second term ap-
pears to be of the same order and cannot be neglected if the first is retained!!.
This second contribution has the form V,XF(R,k) - Vrf(R,k) and effectively
renormalizes the velocity in the drift term of the kinetic equation, k/m.Vgrf —
[k/me + Vi 2 (R, k)]Vrf. We may further generalize the drift term by permitting
a general single-particle energy dispersion (or band structure) k?/2m, — e(k), as
our derivation did not depend on the explicit form. Finally, we can write the drift
term as Vié(k) with the effective single-particle energy being renormalized by the
Hartree-Fock and confinement energy (using the fact that X% and V; are momentum-
independent), (R, k,t) = e(k)+X%(R, t)+ X7 (R, k, t)+V;(R). Finally, the gradient
of the effective potential can be written in terms of the same effective single-particle
energy, since the kinetic energy is R-independent, VRV = Vgré, allowing for a
highly symmetric form of the kinetic equation 2.

3.8. Resulting quantum kinetic equation

Collecting all terms together, the resulting kinetic equation which includes terms
up to first order gradients reads

{% + Vi ék,R,t) Vi — [eoE(t) + VR E(R, k, 1)] Vk} f(R,k,t) = I(R,k,1),

éR,k,t) = ek) + VTR, t) + (R, k, t),
ViR, 1) = Vi(R) + (R, 1),

IRk t) = IR,k t) + Lyaa (R K, 1),

where S8 3F T and I, have been defined in equations (72), (73), (75), (77).

We underline that this equation is very general. It applies to arbitrary nonequi-
librium situations and strong electromagnetic fields with arbitrary amplitude and
time-dependence (the only assumption is that the field does not vary significantly
on the space scale Ry of the cluster). Due to the gauge-invariant derivation, the
resulting kinetic equation with all gradient correcations is gauge-invariant as well.
This equation is internally consistent on the level of first gradients. The neglect of
higher order spatial derivatives assumes that R;|V?n(R)| < |Vn(R)|.

Equation (80) directly generalizes the density functional results considered above
to nonequilibrium situations and the presence of a strong field: in particular, the to-
tal energy Ey.[n(r)] appearing in equation (14) is generalized to the nonequilibrium

HTn particular, the use — in a classical Vlasov equation — of an effective potential which includes
exchange, as done by several authors, e.g. [27,28], while neglecting the second gradient contribution
in equation (79) can not be justified from the perspective of quantum kinetic theory.

12The general structure is, of course, the same as in the quasiparticle equations of Landau Fermi
liquid theory.
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expression €| f] depending on the nonequilibrium momentum-dependent Wigner dis-
tribution instead of the local density:

PR - [ o e FRAOD R + VR0, (8

where the correlation energy contribution U, arises from the collision integral.

Finally, we discuss possible generalizations of the above kinetic equation. The
main simplification involved in the derivation of equation (80) is the restriction to
first order gradient corrections. On the other hand, we can use the full quantum
result for the local potential and the Hartree term. The exchange contribution,
however, cannot be included since it is momentum dependent and has a gradient
expansion completely different from that of V&

{gt V() Vi — €0E(t)vk} FR, 1) + 17 (571, 1))

e o [ i (e ) k0 = k), 69
ViT(R, k) = <R>+2H<R - -

Here the integral term with V7% contains gradient corrections of all orders, the first
two were given in equation (71), and I¥ and I denote the gradient expansions of
the exchange term and the collision integral, respectively, the first orders of which
were given above by equations (73), (79). To go beyond the kinetic equation (80)
in a strict manner would require to retain in all terms all contributions up to a
given derivative 9% f/OR which can be expected to be total energy and sum rule
conserving and fully internally consistent. On the other hand, simpler schemes seem
possible. First of all a simplified treatment of the collision integral compared to the
remaining terms, (e.g. by retaining only the Oth or Oth plus 1st gradient term) seems
reasonable for most applications. Secondly, a treatment of the Fock term on the level
of first gradients (cf. equation (80) should capture the dominant exchange effects.
At the same time, a full quantum treatment of V7% is possible in order to analyze
the role of quantum effects such as tunneling etc.

3.9. Spectral properties of the valence electrons.
Propagator in a strong field

The strength of the Green’s functions approach is that statistical properties — giv-
en by the Wigner distribution — and dynamical information — related to the spectral
function or density of states — are treated fully selfconsistently. This is of particular
importance if approximations are being developed. How the spectral information
enters the Green’s functions is seen explicitly in the reconstruction relation (74),
[although it is an approximation]. Here the spectral information is contained in the
retarded and advanced Green’s functions which, consequently, have to be determined
together with the distribution function.
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Indeed, both the equations of motion for f, equation (80), and g™/ are derived

from the more general equations of motion for the two-time correlations functions
g=(t,t"), the Kadanoff-Baym/Keldysh equation (63) and its adjoint, equation (131).
So far we considered only one possible combination of the two — its difference, which
resulted in the equation of motion for the Wigner distribution (taking the difference,
yields essentially an equation containing a commutator of f and the hamiltonian).
Also, in taking this equation only on the time diagonal, t = t’ or, equivalently, 7 = 0
by no means exhausted the full information contained in the two-time funtions.

3.9.1. Gauge-invariant equation of motion for the retarded Green'’s function

The additional spectral information is recovered by considering the Green’s func-
tions away from the time diagonal, i.e. as a function of the relative time 7. This is
most easily analyzed by computing the sum of equation (63) and its adjoint. The
result is (details are given in the appendix)

b, KA (ty, ¢! 1 h 2 KA)2(t,, ¢ KA)2(t ¢
19 Lt 1)Vk_ LV +k2+( )2 (1, 1) + (K22t 1)
or tl—tll Qme 2

h
+ KA(t, 1)) Vr + 2K (81, 1)) k] } JVAR K, 1)

d’kq k) r r(k—ki) r ,
5 /m Vit (Rt 50) + eV (R =501

X gR/A(R; k1> tla tll) = If/A(Ra k) tl) tll) + 5(t1 - tll)’ (87)

where the definition of I/ is analogous to that of IZ and we introduced
Ki(tt) = [KA(tt) £ KA, 1)]. (88)

From the retarded and advanced Green’s functions (in fact, due to the symmetry
(53) knowledge of one function in one half-plane, e.g. knowledge of g% for 7 > 0
is sufficient) the complete spectral information is known. In particular, the spectral
function follows from the definition (48). The result (87) is still completely general.
It includes strong field effects, spatial inhomogeneities and correlations. Analytical
expressions are of special interest, and we now consider some important cases.

3.9.2. Spectral function for a homogeneous system in an exte rnal field

Consider first the simplest case of a spatially homogenous ideal electron gas (no
mean field and collisions) in the absence of confinement and external fields, i.e.
= Vg = V; = 0. The resulting equation is readily solved

= E Ntk <o), gtk = et (s)
97~ o (9 kT t) =0(7), g (k1) =—6(r)e o’
With the definition (48) this yields the spectral function
a(k,7) = e I (90)
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corresponding, in frequency space, to a sharp energy spectrum,

a(k,w) = 2whd(hw — k*/(2m,)), which is peaked at the free single-particle energy.
Next, we include mean field effects (and possible band structure effects) which does
not change the structure, except for a possible slow (macroscopic) time-dependence
of the effective single-particle energy (which includes the Hartree-Fock energy) via
the Wigner distribution,

o -1 Hf/QdEe(k,E)
{iha— — e(k, t)}gR(k, T,t) = 6(7), alk,7,t)=e 77/2 . (91)
T

The corresponding frequency spectrum again consists of a single sharp line, now
shifted from k%/2m to e(k, t).

Further, correlation effects (related to the collision integral) cause a damping of
the spectral function (91), so the oscillations in 7 are modulated with an overall
decay with increasing |7| which is naturally interpreted as a finite life time of the
(quasi-)particle. Correspondingly, in frequency space, a broadening of the peak is
observed. A detailed analysis has been given, e.g. in [2,31]. Here we only recall
the main result: an intuitive inclusion of damping by a constant exponential factor
e "l leading to a replacement of the energy delta function by a Lorentzian, gives
rise to unphysical results which are due to the slow decay at large frequencies of
that spectral function. Therefore, improved analytical results have been derived [31]
which have a zero slope at the time diagonal 7 = 0 and cure this defect.

For our present analysis, where we are interested in the effect of intense electro-
magnetic fields on the spectrum, we expect that a detailed selfconsistent treatment
of the correlation effects on the spectral function can be avoided. As was found in
many investigations, in strong fields inclusion of all external fields into the spec-
tral function together with Hartree-Fock effects, is crucial for a correct modeling of
the many-particle behavior, see e.g. [32]. Correlation effects lead to an energy shift
and broadening which is generally well understood. Therefore, these effects can be
added to the collisionless result in perturbation theory. We will thus concentrate in
the following on the first step of perturbation theory where collision effects on the
spectral function are neglected.

The next step is to include, in addition to the single-particle energy, an external
spatially homogeneous field. Then, the equation reads

0 ih ,
{1h— + — K (t1, ) Vi

or 7
1

B 4m,

{ (k+ K (1, 1)) + (k+ KA(tll,tl))2:| } 9" (R, K, 1y, 1) = 6(7), (92)

and again a solution is possible, e.g. [9],

t+7/2

1 - / dt [2k2+ (KA(E’ t’))2—|- (KA(t/’a)2] . (93)

(S]

a(k,7,t) = exp ~1

t—7/2
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One readily obtains the results for limiting cases: for a constant electric field, cf.
equation (65), it follows

k> elE?2
a(k,; Ey) = exp{ P [QmeT + #moeﬁ} } . (94)

The field dependence give rise to a nonharmonic dependence on the difference time
7 which transforms to a modified nonharmonic energy spectrum. Calculating the
Fourier transform of (94) yields, e.g. [6],

oy 2mh (R 2m —
a(k,w; Ey) = a(EO)A ( (B0 ) , (95)

where Ai is the Airy function'® and o = (h%e3E2/8m,)Y/?. This is an exact result
valid for arbitrary field strength. Its main feature is that, due to the action of the
field, the sharp energy spectrum of the field-free case, equation (90), is replaced by
a broadened peak, together with additional lower side peaks.
Consider now the case of a monochromatic time-dependent field, equation (66),
then the solution (94) becomes
: 2
a(k,T; Ey, Q) = exp {—% {(;:ne pond> T+ AE(t, T3 Fo, Q)} } , (97)

where Upona = (€2E7)/(4me?) is the mean kinetic energy of a free particle in the
field (ponderomotive energy) and the field-dependent energy correction is

sin Q7 cos 20t sin® Ot sin? Q7/2

Q 027 '
As discussed e.g. in [6,9], this spectral function describes an “electron-photon-quasiparticle”.
For example, in a harmonic field with frequency 2 and amplitude Ej, the peak in the

corresponding energy spectrum is shifted from k?/2m, to k?/2me + Upona, and there
appear additional peaks at a distance of integer multiples of AS2 from this peak.

AE(t,7; Ey, Q) = —Upona (

3.9.3. Spectral function for a weakly inhomogeneous system
Effective quantum potential

Let us now discuss the influence of a space-dependent confinement potential V7,
first without external field A. Then, the equation for ¢ reads

o 1 h S I R
- _ k !
{haT Qme{( VR) +k“g (R, k, t,t))
d’k itk r
_ - 3 1 —ifleta) o ooff > eff o
/d /%h 1% <R+ t1>+ (R 2,1%1)}

x GVAR, Ky, ty, 1)) = 8(7). (98)

13We make use of the integral representation of the Airy function

Am cos (at® + xt)dt = 3a )l/dAl { (351/3] .
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If the potential is weakly inhomogeneous, i.e. VR VST is small and VFT(R +1/2) ~
VE(R), then the solution of equation (98) is given by (for generality, we include the
time-dependent Hartree mean field into the potential)

) 9 t+7/2
-4 2§neT+ [ dEVEE(R,D)
a(R,k,7,t) =e t-r/2 : (99)

It is obvious that this “local” approximation for the propagator where the electrons
at each space point are assigned a definite single-particle energy is valid only in the
classical limit. In contrast, for quantum particles, this is prevented by the Heisenberg
uncertainty principle which has the consequence that kinetic and potential energy
operators do not commute. In the following we will define an effective quantum
potential V(SH [23] which allows us to retain the classical local form of the propagator
but properly takes into account quantum diffraction effects,

) 9 t+71/2 _
e g
a/(R’ k’ 7_’ t) —e t—7/2 . (100)

This effective potential is momentum dependent and will be analyzed in section 3.9.4.
For completeness, we mention that similar concepts of an effective quantum poten-
tial have been used in a variety of contexts. We mention the work of Feynman and
Kleinert on the application of path integrals, e.g. [24], Kelbg and others on quan-
tum pair potentials, cf. [34,35] and references therein and Ferry and co-workers on
effective potentials for quantum transport [25,26]. Here, for the first time this idea
is applied to the nonequilibrium spectral properties of quantum particles in a strong
field. For the present application, the advantage of this definition of the quantum
potential is the formal decoupling of the spectral problem from the cluster dynamics.

Finally, we restore the external electric field and assume that the same represen-
tation in form of a local spectral function is possible. In that case we have to allow
for a field dependent quantum potential,

A /2 [ (kAwE) 4 (x40 D) _
-1 { LQETJ,' f dt |: ( ) ( ) +V5ff (R,k,t;A)

4dme

a(R,k,7,t) =e } : (101)

Naturally, equations (100) and (101) are only an ansatz. But we will demonstrate
below in section (3.9.4) that this ansatz yields a closed equation for the quantum
potential which can be solved in a number of important cases.

The spectral function (101) represents a far-reaching generalization of all the
above special cases. Even without knowing yet the explicit analytical structure of the
quantum potential, with its help all properties which are due to space-dependence
of the spectral function can be analyzed straightforwardly. These properties will
show up in a variety of places, including the polarization function and the local ap-
proximation to the collision integral. The most important occurences of the spectral
function are combinations such as the product

g R k1,7, 1) 0" (R, ko, —7, 1) = ¢"(R, ky, 7, t) [g" (R, ko, 7, )" =

2 2 t47/2
; —i { <Qfge — ) T+ [ dE[VET Rk, EA) VST (R Kz, A }
_ _ﬁ@<7—)e t=r/2 . (102)
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which enters the collision integrals, see section 3.10, and the RPA polarization [9,11].
Further, we can compute the gradient of the propagator,

t+7/2
1

VRgR(R,k,T,t):—i—i / At VRVS (R k, I A) - g% (R, k, 7, 1), (103)

t—7/2

which appears in the local approximation of the collision integral etc.

3.9.4. Calculation of the Quantum potential VQeff

We now discuss the quantum potential more in detail, starting with the field
free case. To simplify the notation we consider a potential which is only weakly
time-dependent, i.e. TOVFT /0t < VFE(t), allowing to approximate VT (t + 7/2) ~
VER(#)14. Then, the ansatz (100) simplifies to

i _ i ﬁ eff T
9U(Rok, 1) = —O(r)e# Lin HETIRO)T (104)
Here, the quantum potential still contains a possible weak (parametric) dependence
on the macroscopic time which will be suppressed below to shorten the notation.
Inserting this expression into equation (98), we readily obtain the equation for the
quantum potential [23]

/ 7(;%3 {0 1) [VcSH(R, k) - 8:ne (i VRV (R, k) + [VRVS (R, k)]%?)}

2
ki

— i eff r
— /d3rcos [rk kl] Vet (R—i— g,t) }e ”{Q"L‘*JFVQ (R’kl)} . (105)

h

This is an exact equation and various analytical or numerical solution schemes
are possible. Since we are interested in weakly inhomogeneous systems it is nat-
ural to develop a perturbation solution in terms of gradients of the (effective)
confinement potential. The zeroth order approximation is given by the neglect of
all terms involving VxRV thus VAR + r/2) ~ VF(R), and the r—integral
yields —VFE(R)(27h)36(k — k). In the curly brackets in (105) we are left with
6(k —kq)[VST(R, k) — VFT(R)], so the zeroth order result for the quantum potential

1S
VST O (R k1) = V(R 1), (106)

and we essentially recover the previous result of the local spectral function (99).

14This is usually fulfilled for time dependencies arising from the Hartree-Fock selfenergy, i.e. via
the distribution function. A possible exception are ionization/recombination processes where the
carrier density, and thus, the effective potential Vfﬁ may change rapidly during a short period of
time.
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The next approximation is obtained by solving equation (105) by replacing, in
all gradient terms, V5" (R, k) — VFT(R) and calculating the r—integral in first order
in gradient terms, given by

h2 2
—(27h)35(k — ky) [Vfﬁ(R) — gvgv,eﬁ%} .
1

Carrying out the momentum differentiation on the zeroth order Green’s function,
we obtain the first iteration for the quantum potential

) . n
VIR k) = VETOR, 1)+ 1ﬁv§%v;ﬁ(R, £)

2 ]{72

b VAR P + VR R )| o)

8Me

which contains, in addition to the zeroth approximation, all contributions up to
second order in the gradients. The ratio of the imaginary part (second term on the
r.h.s.) to the last term is of the order of 1/7.,, where 7., is the correlation time (or
quasi-particle life time) and can be neglected. Using (107) we obtain for the spectral
function

i 2 e
a(R. k7 1) — ot L[ VTR Vo (R k) | 7 (108)
1 k2
with dVo(R, k,t) = o [VRVI"H(R,t)]Z+EV%VFH(RJ) ., (109)

where, as expected, the quantum potential becomes momentum dependent. Interest-
ingly, the inhomogeneity of the confinement field causes an anharmonic correction
to the spectral function which is similar to that of a constant electric field, cf. equa-
tion (94). Again we readily obtain the energy spectrum by a Fourier transform,

a(R k,w,t) =

2 eff —
27h (k‘ /2m. + V(R 1) hw)’ (110)

[3R26V]1/3 [3R26V]1/3

which is shown in figure 2. As in the case of a homogeneous field, cf. equation (95),
the peak of the spectral function around Aw = k?/2m. + V£ (R, t) broadens, i.e. the
sharp single-particle energy is smeared out (in the figure, the parameter o denotes
a = (3h%6V,)'/3). But here this is due to spatial inhomogeneity — which directly re-
flects the coordinate-momentum uncertainty of quantum mechanics®. Correspond-
ingly, with increasing inhomogeneity, the peak position shifts to higher energies,
i.e. the effective local single-particle energy increases. This is readily understood:
in an inhomogeneous confinement field, a quantum particle aquires an additional
kinetic energy which arises from spatial compression of its wave function which is
proportional to the local curvature of the field.

15In contrast to the field case, this is a perturbation result in terms of potential gradients.
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Figure 2. Spectral function a(R,k,w,t; ), equation (110), at fixed time ¢ and
a fixed phase space point (R, k) such that the dimensionless local single-particle
energy €(R, k) = k2/2m + V(R t) = 1. Thus, the ideal spectral function would
have a singularity at iw = 1 which is observed in the limit of vanishing inho-
mogeneity o = (3h26VQ)1/ 3 — 0. With increasing inhomogeneity, due to the
Heisenberg uncertainty, the main peak broadens and shifts towards higher ener-

gies.

3.9.5. Quantum potential for a system in an external field

We now restore the electromagnetic field in our equations and generalize the
result for the quantum potential. The calculations follow exactly the same lines as
before, so we limit ourselves to presenting the equation for the effective quantum
potential in lowest order gradient approximation

o ik 1 [(h ST
ih— K4 (¢ - (= — KAty t
! or + bt Vi 2m. QiVR * Ame “(t, ) VR

1
I (k + KA (ty, t’l))2 + (k+ KA(t), 151))2
2

h2
— (VI (R, t) — gvgv,‘f (R, t)=— 4 a(R,k, t,t)) =0, (111)

ok?

514



Quantum kinetic theory of metal clusters

with the ansatz for the spectral function

. ) t+1/2 B 2 9
7,11[2m€+V5ff(Rk,t,A)}Tf4";eh ok (KAES) 4 (KA D)

a(R, k,7,t;A) =e t=r/2 . (112)

Compared to the field-free equation for the quantum potential, equation (111) con-
tains a homogeneous electromagnetic field of arbitrary strength and time-dependence.
The field couples to the space dependence of the quantum potential via the term
KA(t1,t]) Vg giving rise to an additional contribution to the quantum potential
(second term on the r.h.s.):

VSTOR kA = VSTOR )+

2

+8T VRV (R, )]+k—VV( Hl, (113)

Me

— (tl ) tll)vRVIeH(Ra t)

which is proportional to the scalar product of the external field and the force acting
on the electrons from the effective confinement potential. Inserting this result in
equation (112) we obtain a very general result for the spectral function of electrons
in a combined external electromagnetic field and weakly inhomogeneous confinement
potential.

While this result represents the lowest order approximation in terms of potential
gradients, it is valid for an arbitrary electromagnetic field. For special time depen-
dencies of the field further analytical progress can be made. As an example, consider
again a time-independent field. Then equation (88) yields K4 (¢,t)) = eEo7/2, and
the quantum potential becomes

VSTOR kAT = VSTOR T+ 0Vo(R k1 A)?, (114)
1 k2
Wo(R k1 A) = — [VRfof]2+ﬁvgv;MeOEo-vRfof .

The resulting spectral function in frequency space has again the form (110) and
is represented by figure 2 with a denoting (3h25VQ)1/3, where now Vg has to be
replaced by the generalized field dependent result (114).

3.10. Collision integral

In this section we derive the collision integral in the kinetic equation of the
valence electrons. The main goal here is to see both the effect of the external field
and the confinement potential on the collision process. An important issue is the
choice of the asymptotic states of the electrons long before and after the collision
process. In contrast to plasmas, here the electrons are bound to the cluster core,
i.e. their wave functions are not free plane waves. The modification can be two-fold:
first, the single-particle spectrum is modified and second, the asymptotic states of
the scattering electron pair may be correlated. In the following, we will neglect the
latter aspect, improvements can be made by adopting results from metal theory
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and compute T-matrix cross sections if necessary, e.g. [27]. The first aspect, on the
other hand, is expected to be captured correctly by the electron spectral functions
(or, equivalently, the propagators g/¥/4), cf. section 3.9. Finally, the use of a static
potential should be criticized as well. We expect essential modifications to arise
from collective excitations (plasmons) and efficient scattering processes which involve
emission and absorption of Mie plasmons by the electrons. The generalization of the
collision integral to the dynamically screened Born approximation is straightforward
and can follow earlier work for homogeneous plasmas in strong field [9].

Having these remarks in mind, it is reasonable to start with the simplest approx-
imation — the static second Born approximation. The corresponding gauge-invariant
expression for the selfenergy [8] in local approximation is given by

kydk;dk _ _
Y2(R,ky,t,t) = K / diczdk dkey V2 (ki — ko) 6(ky + ky — ki — ky)
(2mh)?
X gz(Ra l_(la t) t/)gz(Ra l_(2a t) t/)g§(Ra k2a t/a t)) (115)

which, using (72), leads to the collision integral

dkodk;dk,

IR, ky,t) = —2k?
(R, ki, 1) Re/ (27h)?

V2 (k) — ko) 0(ky + ko — Ky — ko)

t

/ ai{ g7 (R Kt 109" (R K 1, D9 (R ki 1, g < (R KL 1, ) — (>0<) }(116)
to

where the superscript “A” denotes that all momenta are shifted, according to k! =
k;, +K4(t,1) etc. Now we express the two-time correlation functions by the Wigner
distributions using the generalized Kadanoff-Baym ansatz (74),

dkodk;dk,

I(R, k. t) = —2k?
(R, ki, 1) Re/ (2mh)?

V?(ky — ko) §(ki + ko — ki — ko)

t
X / dEgR(Ra l_(1147 ta E)QR(Ra R?a ta D[gR(Ra k1247 ta E)]*[gR(Ra k1147 ta E)]*

< {7 RKED (RS DR DI RKE D) — (<)}, (117)

where the shift of the momentum arguments in the distribution functions is now
given by Qu, equation (127) in the Appendix, i.e. k(f? = k; + Qua(t,t) and so on.
What is left now is to evaluate the spectral information of the four propagators
which determines the energy balance of the scattering event in the combined ex-
ternal and confinement fields. Using the result for the product of two propagators,
equation (102), we immediately obtain

iy, AR _ o
IR, Ky t) = 4/% V2(ky — ) 3k + ks — Ky — Ky)

t _ 1 t—t _ _
X / dt cos {ﬁ/ dty [€(R7 ki, t1) + €(R, ko, t1) — (R, ki, t1) — €(R, kz,tl)]}
to

to

<R DR DR, DI RDD) - (>, (118)
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where the effective single-particle energy which enters the energy balance is given
by

2

k
(R k1) =5 —+ VST (R, K, t; A). (119)

me

As in the homogeneous case, the field drops out of the energy balance of scattering
of particles with same charge to mass ratio since the field does not change their
distance. In contrast, in the case of electron ion scattering the field changes the
energy balance by [8] (k; —k;)RA(t, ), where R4 here is the distance change of two
particles in the electromagnetic field which is defined in analogy to definition (128).
If the ions are treated as a fixed background (as it is the case with the jellium model),
no electron-ion collision integral appears; electron-ion scattering then appears via
the jellium potential on the left hand side of the kinetic equation. The corresponding
nonlinear effects in a strong field are analyzed in [11].

We see from equation (118) that the confinement field does in fact have an
influence on the scattering process which arises from the momentum dependence of
the quantum potential. This is directly seen from the explicit result for the quantum
potential, equation (113). Using this result, we can rewrite the energy difference Ae
in equation (118) and see that the last term in the quantum potential (113) modifies
the energy balance to

Ae12(:R'7 k17k27l_<171_{27t; A) =
= e(R, ki, ;; A) + €(R, ks, t; A) — (R, Ky, £, A) — e(R, ko, 1; A) =

2
4me

= AEp, |1+ V2V (R, )|, (120)

where AEy = (k? + k2 — k? — k2)/2m,.. We see that the difference of quasiparticle
energies (120) contains, in addition to the difference of kinetic energies of the particle
pair, a term proportional to the local curvature of the effective confinement potential.

To verify if this has a consequence on the energy balance in a two-particle collision
we consider the Markov limit of the collision integral in Born approximation, equa-
tion (118): neglecting the time dependence of the distribution functions compared
to the correlation time and extending the t—integration to infinity the integration
can be performed using (96). As a result the energy kernel of the collision integral

becomes
4me (AEm)Q 1/3
B . (121)
I

This function is singular at AFE;; = 0, i.e. the dominant spectral weight falls on
scattering processes which conserve the kinetic energy of the particle pair, as in the
case of a homogeneous system (in the Markov limit). The latter case is recovered
by the limit VV — 0 and leads to the familiar result 76(AFE)). A larger effect
of the inhomogeneity on the scattering process occurs on short time scales of the

7T(4me)1/3
[AE12V2‘/}eff}
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order of the correlation time where the Markov limit fails, e.g. [2]. Then the energy
broadening arising from the finite collision duration is additionally increased due to
the inhomogeneity of the confinement field.

Aside from electron-electron scattering, there are numerous physical situations
where the presence of an inhomogeneous field will have an even more pronounced
effect on the microscopic scattering probability. The most important one is inelastic
scattering. Indeed if particles, after the collision appear in a different quantum state
(energy level or band) with a different dispersion (effective mass), the quantum
potential will be different before and after the collision, even if the external field
is independent of the quantum state. This effect should be directly observable in
confined quantum systems undergoing e.g. collisional excitation or ionization.

4. Discussion

In this paper a gauge-invariant nonequilibrium Green’s functions theory for weak-
ly inhomogeneous systems has been developed. Weak inhomogeneity covers a broad
class of many-particle systems of current interest, including electrons in quantum
dots, ultracold ions in traps, valence electrons in metal clusters and so on. These sys-
tems are conveniently treated within the Wigner representation by a direct extension
of the quantum kinetic theory for spatially homogeneous systems by including spatial
gradient corrections. Here, we derived the corresponding Kadanoff-Baym /Keldysh
equations for the two-time correlation functions including an arbitrary (homoge-
neous) strong time-dependent electromagnetic field and a weakly inhomogeneous
confinement potential. From the KBE the gauge-invariant equations for the Wigner
distribution and for the retarded Green’s function (propagator) have been obtained.

Special attention has been devoted to an analysis of the spectral properties of
the electrons. Introducing the concept of an effective quantum potential which re-
places the effective (mean-field) potential VT, the spectral function of electrons in
a combined electromagnetic field and confinement field has been derived. Its main
characteristics is that, even without correlations, the spectral function is broadened
and blue-shifted as a result of kinetic energy gain of the electrons from the electro-
magnetic field as well as from spatial localization (wave function compression) in the
confinement field. This has direct consequences for scattering processes and modifies
the energy balance and thus, the collision cross section and scattering rates.

Further applications of the results of the present theory to solutions of the quan-
tum kinetic equation in linear response, to the dielectric properties and to solutions
in a strong field are straightforward and will be presented in a separate publica-
tion [11].

518



Quantum kinetic theory of metal clusters

Appendix: Gauge invariant Kadanoff-Baym/Keldysh equatio ns
for correlated electrons in a strong electromagnetic field a nd
inhomogeneous external potential

In this appendix we present details of the derivation of the gauge-invariant
Kadanoff-Baym /Keldysh equations (KBE) in Wigner representation, the equations
for the Wigner function f(R.,k,t) and for the retarded and advanced Green’s func-
tion (propagators) ¢g//4(R,k,t,t'). The derivation is kept as general as possible. In
particular, we allow for an arbitrary single-particle energy dispersion €(k), thus, mak-
ing the results applicable to electrons in condensed matter systems as well. The re-
sults of the main text follow by using the limit of parabolic dispersion (k) = k?/2m,.

The KBE in the presence of a strong homogeneous electric field and an inhomo-
geneous confinement potential V; read, in coordinate space,

|:1h£ — € (?Vl + e—COA(l)) — ‘/](1):| g2<1, 1/) = /dI‘l EHF<1, fltl)gz(fltl, 1/)
1

" / L[5 (1LT) - 55, 1)) 301,17 - / " AISRLT) [P (1,1) - g=(1,1)],
(122)

where we denoted 1 = (ry,;,s3). We now derive the gauge-invariant Wigner repre-
sentation of this equation. For this we introduce macroscopic and microscopic length
scales, R = (r1+r;)/2 and r = ry —ry, where the first is determined by the geometry
of the confinement potential V;. Then, the gradient in the momentum operator in
equation (50) becomes V,, = 1/2Vg + V,. We now apply the spatial part of the
transform (58) to the Lh.s. of equation (122),

_iplk—c0 P AWM :|
h ) t1—t) a h 1h
/dgre [ k [lhaT — € <_V + __VR + A( )) ‘/}(1):|

1 1

i t [©)
d*k ﬁ‘"[kl @ }
8 /me ' g2<R k17t17 )7 (123)

where the tilde denotes the Wigner transformed functions. Performing the ¢; and r
derivatives on the second exponential and noticing that the vector potential terms
in the exponentials cancel, we obtain from equation (123)

dk ; ) KA(ty, t
[aor [ i {2 KAy

1h
— € |:——VR+k1 KA(tl,tll)} }gz(R, kl,tl,tll), (124)

where we introduced the definition

%

KA(t, t/) = d " A(t) B A(t”)

125
C t/ t - t/ ( )
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with the properties K4(t,t) = 0 and

t

1vwiq—K%a@:—%qA@yﬁuwy:%/CWEwy (126)

Further, we note the relation of K4 to the momentum gain and displacement of a
free particle in the electromagnetic field, within the time interval [t, ],

Qut,t) = KAt t) - KA, 1), (127)
Ru(t,t) = —LKA(t,t’)(t—t’). (128)

(S
Using v = h/iVy,, the r—integration can be performed!®, giving k; = k, ex-
cept for the potential term where the center of mass and relative coordinates, in
general, do not separate. We obtain the gauge-invariant kinetic equation in Wigner
representation

KA(ty, 1] 1h
{ {lﬁa% + h%vk} —€ |:_TVR +k+ KA(tbt/l)} }f]z(R, k,t1,t))
1 1

d k’l ——r _ o ry\ .
- R k tl, ) + [ (R, k, tl,tll), (129)

where the Hartree mean field is local (momentum independent) and, therefore, can
be included into the effective confinement potential,

VTR, t) = Vi(R,t) + SH(R, 1), (130)
and X1 (R, t) is related to the definition (51) by
SU(rtiryty) = 0t =)ot — 1) B (r1, 1),
YH(ry,t) = /d3r2V(r1 — 1) f(re,ro,t) = /d3r2V(r1 —r9)n (19, t).

The r.h.s. of equation (129) comprises the remaining two-particle contributions and
all higher order correlations — the exchange (“F”) and correlation (collision, denoted
by 7 2") terms.

To obtain the equation for the single-time distribution function and for the prop-
agator, we also need the adjoint equation,

0 KA, 1) 1h N
{ [—lhat/ hﬁvk] —€ {_iva +k+ KA(t’l,tl)} }gz(R, Kk, ty,t))
d3k i r
3 1 +ir(k—ki) 2\ 52 " =
/d / 27Th S ‘/I (R_'_ 2) g<(R7 klathtl)
:-{kmx@@ﬂ—Pﬁakmmr, (131)

16The r—integration can be extended to infinity as the electron density outside the cluster is
Zero.
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where in the final expression we exchanged t; < # and used the property [g=(¢, t')]* =
—g=(t',t).
Consider now the exchange term IF% The gauge-invariant Fourier transform of

the coordinate space definition (51) is readily computed. Due to the locality in time
of XF

EF(I'l,tl;I'll,tll) = (5(t1—t/1)2F(I'1,I',1,t1),

EF(rlvrllat> = _V<r1 _r/1>f(r17r/17t>7 (132)
the external field drops out of the Fourier transform (K#(¢,t) = 0),
d3k
SFR K, ¢) = — / — 2 V(ks) f(R, k — ko, 1). (133)
(2mh)3

Thus the result for I}z, up to first order gradient corrections, is given by

~ ih
[P%(Rﬂ k, t, t/) = [1 -+ 15 (VRIVQQ — VRQVQ1> ZF(Rl, Qh t) gz(RQ’ QQ, t, t/>

(R
&3k
-/ @Tr%gv(’“){“‘lf (R, Qi — k1, 1)V, / (Ro, Q.1
—Va, f(R1,Qu _klvt)szf(R%QQ,i)}‘(Rk)’ (134)

where we introduced the short notation (R, k) to indicate that, after differentiation,
one has to set Ry = Ry =R and Q; = Qy = k.
The corresponding term in the adjoint equation (131) is
=> , * ih F !
~|[F®K 0] = = |1-F (Vr,Va, - VR, Va,)| 2 (Ri, Qu.¥)

X [gz(RQa Q27 t,7 t)]*

. 135
. (135)

In the kinetic equation for the Wigner function the Fock terms appear in the com-
bination

I"(R,k,t) = —2Re[E7 (R, k, )= (R, k, 1, 1), (136)
which vanishes exactly (on the time-diagonal, g< is purely imaginary). This means
that the only nonzero exchange contributions arise from the gradient corrections
which appear due to the product X¥ - g<. Using the general expression (45), we
obtain

ih
PRI = 2R (145 () S (R Qu 0 " (Re Qutit)]

= (VYo — VR.Va) B (Ri, Qu.1) f(Ra, Qu.1)|

(RK)
43k
= /WV(M{VRJ(RM% — k1, )V, f(Ra, Qa, 1)
_ VQ1f(R17Q1 _kl’t)VRQf(RZ’QQ’t)}‘(Rk)' (137)
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Now we calculate the sum and difference of the two Kadanoff-Baym/Keldysh
equations in Wigner representation, equations (129), (131)

0 _ 0] 5, Kilht) 17 o

17
Fe {——TVR +k + KA, tl)] } TRk, 11, 1))

dkl r —k1 e r ip(k—k; e r
/ /m AV (R Do ) et VT (R D) )

X GZR ki, 1, 1) = IZ(R,k,4,1), (138)

where IZ(R, k, 1, 1)) = IZ(R, k, t,,t}) + [fz(R, k, t’l,tl)} , and K% are short nota-

tions for the sum and difference of the field-induced momenta
1
K4 (ty,t) = 3 (K (t, 1)) £ KAt 4)] - (139)

To obtain the equation for the Wigner distribution, we need the difference (lower
signs) and, for simplification of the notation, we, from now on, specify to a parabolic
energy dispersion, e(k) — k?/2m:

L0 KAt t) h k
{lha + 21h ﬁVk - TEVR - [(KA) (tl, ) (KA) (tl,tl)
A ! 2h A
+ AKKA (1, 1) = =K (1, 1 (R, K, 11, 1))
d°ky r(k—k1) 1/eff r(k—k;) 1/eff r
- f o [ v R+—t1>—ef it (R-50))
x 2R ki b, ) = IZ(R,k t,t)). (140)

Finally, the kinetic equation for the Wigner function f is obtained by taking equation
(140) for the function g< at equal times, t; = t] = t, and further expressing g< by
f, using relation (47)

{gt + EVR — B )vk} F(R.K, 1) (141)
/d3 / ;1;; sin (k,;kl) Vit (R+5,t) SRk, t) = (R, K1),

where (R, k,t) = —2Re[I<(R, k,t,1)] = I (R, k, t,1).

Further, to compute the propagators (retarded and advanced Green’s functions)
and the spectral function, we consider the sum of the two equations (129,131), i.e
the upper sign in equation (138). Using again a parabolic dispersion, we obtain

KA (4, t! 1 h 2 KN2(t, ) + (K2t t
1h£ +ih +( L 1>Vk _ _.VR + k2 + ( ) ( 1, 1) +( ) ( 1 1)
or tl —tll 2me 2
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h
+ 2kK? (4, ) + 7Ké(t1, t’l)VR} }g%(R, k,ty,t))

dkl ,,r —k1 e r 1 p(k—k; e r
/ [ s {e OV (R o) el v (R - )

PRk, b, 1) = IRk 1, 1) (142)

What is left in order to obtain the equation for ¢*/4 is to subtract the two
equations (142) for g~ and ¢g<, and to add the singular term §(¢; — ¢}) on the right
and hand side, cf. definition (54),

0 KA (ty, ¢ 1 h 2 KA)2(t,. ¢t KA)2(t ¢
19 i Lt 1)Vk_ LRV +k2+( )2 (1, 17) + (K22t 1)
or ty —t) 2me | \ 21 2

h
+ QkKﬁ(tl, tll) + TKi‘(tla tll)vR:| } gR/A(Ra k) tl) tll)

d’ky ——r(k—kl) eff< r ) iy (k—k;) eff( r />}
/ /%h VT (Rt 5ot0) 4ot Vit (R—3.1

x AR ke, 1, ) = IRk 4, L), (143)

where the definition of I is analogous to that of 1 =,
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KeaHTOBa KiHeTU4YHaA Teopia MeTaniyHUX Knacrtepis B
MOTY)XHOMY eJlIieKTPOMarHiTHoOMy noni

M.BoHiu 2, 1.B.OadTi?

IHCTUTYT TEOPETUYHOI i3nKn Ta acTpodi3nKn
Kinnbcbkoro yHiBepcuteTy KpictiaHa AnbbpexTa,
NenbHiuwTpacce 15, 24098 Kinnb, Hime4yunHa
®disnyHunin bakynbTeT yHiBepcuteTy dnopugu,
lenHceinn, FL 32611-8440

OtpumaHo 30 6epesHsa 2004 p.

Ha ocHoBI HepiBHOBaXHUX PYHKLiN piHa po3pobeHO KBaHTOBY TEOPIlO
CcNnaboHeoaHOPIOHOI CUCTEMM 3apPAMXKEHUX YHacTUHOK. OTpuUMaHi pe3yrb-
TaTu MaloTb CYTTEBE 3HAYEHHS AJ19 ONUCY BaJIEHTHUX €NIEKTPOHIB MeTa-
NiYHUX KN1aCcTepiB, a TakoX A1 3aMKHYTUX KYJIOHIBCbKUX CUCTEM, Takmx
SIK €IEKTPOHM B KBAHTOBUX TOYKAX YM YNbTPAX004HI iOHM B nacTkax. 30-
Kpema, B AaHii poboTi MM 3yNUHSEMOCS Ha PO3rMnsai MeTaniyHmMx Knac-
TepiB, Xo4a pe3ysibTaTv MoXHa 6e3nocepenHbO y3aranabHUTU Ha iHLWi BU-
nagkv. Mv po3noYMHaemMo 3 BBeEHHSA B Pi3nKy CKOPebOBaHWX BasieH-
THUX €N1eKTPOHIB Y METaNTYHMX KacTepax B CUSIbHUX e/IEKTPOMarHiTH1X
nongx. Micna KOpoOTKOro orngay Moaeni “xene” Ta ctTaHoapTHOro MeToay
bYHKUiOHaNy ryCTMHU aasa Onmcy OCHOBHUX CTaHIiB MU 30CepeayeEMO-
CSl Ha y3arasibHeHHi Teopii Ha BUNagoK HEPIBHOBAXXHUX MPOLECIB. 3 i€t
MeTOI0 Po3p0BJIEHO y3aranbHeHY KanibpyBanbHO-iIHBAPiaHTHY KiIHETUYHY
Teopito. Ui pe3dynstaty BKIOYAIOTL PIBHAHHA PyXy 1S OBOYACOBUX KO-
pensauinHnx GyHKUin, pIBHAHHA Ong QyHKUiM BirHepa Ta aHanis cnekr-
panbHOi pyHKLUji. BBOANTLCA NOHATTA ePEKTUBHONO KBAHTOBOIO NOTEH-
uiany, SKMin 3anuae He3MiHHOK fokanbHy dopmy nponaraTtopis. Lle
[a€ HaMm 3MOory oTpMMaTy SIBHI BUpasu gas cnektTpanbHOi GyHKLi enek-
TPOHIB NpW Cyneprno3uLii CUIbHOro eNeKTPOMAarHiTHOro noJis Ta cnabo-
HEOQHOPIAHOIO YTPUMYIOHOIro NOTeHLiany.

KniouoBi cnoBa: kBaHTOBa CTaTUCTUYHA MEXaHIKa, 3apsaxXeHi
knacrtepu, B3aeMogisi 1asep-rnia3ma

PACS: 05.30.-d,36.40.Wa,52.38.-r
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