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1. Introduction

Within the last decade, ultrafast irreversible processes induced by laser pulses
in semiconductors have attracted considerable attention [1-3]. Besides a relevant
technological interest in microelectronics, the studies of optical and transport prop-
erties of semiconductors under high intensity laser radiation provide the motives for
the re-examination of some fundamental ideas of quantum kinetics: memory effects,
quantum coherence, the effect of many-particle correlations, formation of quasipar-
ticle behavior, etc. It would be beyond the scope of this paper to review the current
state of the art in this field (see, e.g., [3]). We will concentrate only on some aspects of
the present theories that clarify the aim of our work. The most commonly used the-
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oretical approaches to ultrafast dynamics in semiconductors are the density matrix
method (see the recent review in [3]) and the Green’s function formalism [2,4,5]. In
the density matrix method one starts with equations of motion for the single-time
carrier distribution functions, polarization, and the phonon distribution function.
These equations are not closed; they involve the so-called phonon-assisted density
matrices describing correlations between carriers and phonons. On the next level, the
equations of motion for the phonon-assisted density matrices contain higher-order
correlation functions, so that an infinite hierarchy of coupled equations evolves. The
central problem in this approach is the truncation of the hierarchy. Different trunca-
tion schemes based on more or less reasonable physical ideas have been proposed [3].
It should be noted, however, that the number of equations increases rapidly with the
level of truncation. Because of this, it is often necessary to take recourse to further
approximations. A weak point in such a strategy is that even quite “reasonable”
approximations can lead to non-physical predictions. For instance, some approxi-
mations violate the conservation of the total energy for the case of relaxation from
a given initial distribution or violate the energy balance for the case of interaction
with the exciting light field. Note also that the validity of truncation schemes for
extremely ultrashort time scales remains open to question. An alternate approach
to quantum kinetics at short time scales is the nonequilibrium Green’s function
technique [2,6]. The basic ingredients of this formalism are two-time quantities: the
spectral functions and the correlation functions which satisfy the so-called Kadanoff-
Baym equations. In principle, the Kadanoff-Baym equations can serve as a starting
point for the derivation of kinetic equations for single-time functions (the Wigner
distributions and polarization). To obtain closed kinetic equations, it is necessary
to “reconstruct” the two-time correlation functions in terms of their values on the
time diagonal, i.e., in terms of the single-time distribution functions. This is a crucial
point in the Green’s function approach. Formally, the reconstruction problem can be
solved exactly by way of very complicated integral equations [7] involving the Wign-
er functions, the self-energies, and the retarded and advanced Green’s functions (or,
equivalently, the spectral functions). The dominant terms in these equations, at least
for small self-energies, lead to the approximate relation between two-time correlation
functions and the Wigner distributions, which is known as the generalized Kadanoff-
Baym ansatz (GKBA) [6,7]. Non-Markovian kinetic equations derived based on the
GKBA are of considerable current use in the theory of ultrafast relaxation process-
es [2]. Unfortunately, the GKBA does not provide a consistent determination of the
spectral function. Moreover, spectral functions with non-zero quasiparticle damping
lead to non-Markovian kernels in kinetic equations which violate the energy balance
at the stage of carrier excitation by the light field and do not conserve total energy
at the relaxation stage [2]. As a result, the present theory does not yield the correct
asymptotic distributions. Some authors proposed spectral functions [6] that at least
partly improve the asymptotic behavior of the distribution functions. It should be
noted, however, that the attempts to construct an appropriate spectral function in
the GKBA for each concrete situation do not provide any insight into the problem
of energy conservation in non-Markovian quantum kinetics. A more promising ap-
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proach is to solve the full two-time Kadanoff-Baym equations where the quasiparticle
damping is taken into account self-consistently [6]. Because of computer limitations,
explicit calculations have so far been restricted to very simple models. In this paper
we present a new approach to the theory of ultrafast processes in semiconductors
within the framework of non-Markovian quantum kinetics. The basic idea outlined
earlier [8,9] is to treat the total energy (or, equivalently, the interaction energy)
and the single-particle distributions as independent state parameters. This leads to
additional “correlation” terms in non-Markovian collision integrals that ensure the
energy balance and yield the correct asymptotic long-time behavior of the distri-
bution functions '. The plan of the paper is as follows. In section 2 we outline a
formulation of the problem in terms of single-particle distributions. The collision
integrals in non-Markovian Born approximation are derived in section 3. We also
introduce the time-dependent quasi-temperature which is thermodynamically con-
jugated to the mean interaction energy and plays a crucial role in our approach.
The equation for the quasi-temperature is derived by the method of nonequilibri-
um statistical operator [11]. Section 4 deals with the energy balance equation. It is
shown that the total energy is exactly conserved at the relaxation stage, and the
explicit expression for the mean value of the nonequilibrium interaction energy is
obtained. Relaxation of the carrier and phonon subsystems to thermal equilibrium is
discussed in section 5. The problems arising when a nonzero quasiparticle damping
is taken into account are discussed in section 6, and results of numerical solution
of kinetic equations for carriers and phonons are presented in section 7. The final
section contains a discussion and comments on further investigations.

2. A model of a two-zone laser excited semiconductor

The Hamiltonian of the system will be taken in the form
H(t) = Hy + He(t) + Hiy. (2.1)

The kinetic energy operator is given by

R 1
Hy, = Z eakalkaak + Z hwq (bflbq + 5) , (2.2)
q

k,a

where alk and a.k, @« = {c,v}, are creation and annihilation operators for the

conduction (a = ¢) and valence electrons (o« = v), and bf, bg are creation and
annihilation operators for phonons. For simplicity, we restrict our consideration to
a parabolic two-band semiconductor with

E, Rk FE, E, Rk’ E,
= EA T =, ep= BT = TR, (23
Cok = 5" g0 T g TEk Cvk 2 omy g Sk (2:3)

Tt should be noted that Yu.L. Klimontovich was among the first to point out an intimate con-
nection between the memory effects in kinetic equations and nonequilibrium correlations associated
with the energy conservation [10].
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where F, is the energy gap, m, is the effective mass of electrons in the conduction
band, and m, is the effective mass of holes in the valence band. The field-dependent
part of the Hamiltonian, ﬁf(t), describes the interband polarization of the carriers
by an external field F(t) and can be written as

Hi(t) = = ) nap(k) alyapE(D) (2.4)
a#B,k
with the optical matrix elements

. Eo-r
tap(k) = G/druak 10; Ugke » (2.5)
0

where u,, is the Bloch function for the band «, and Eq is the field amplitude
vector. Usually, u.s5(k) are supposed to be constants, p.s(k) ~ do; they define
the Rabi energy hwr = doEy of the laser pulse [2,5]. The first two terms of the
Hamiltonian (2.1) can be presented in the following form:

. N N 1
Ho(t) = Hy + He(t) = ;c Mgk, t) al  ag. + Zq: hwg (bgbq + 5) , (2.6)
where ()
o Cek — OE t
Maalte) = (o, ~HEO ) 7

In real experiments, the time profile of the external electric field can be approximated
as a leading edge of the excitation pulse with duration 7,5 and the central frequency
w. For definiteness, we shall take it in the form

E(t) = E(t) cos(wt), Eo(t) = Eqexp[—t* /7 s (2.8)

Since the characteristic wavelength of the light field is about 10~7 m, which is much
larger than the lattice constant, the system may be considered as being spatially
homogeneous. The last term, f[int, in the Hamiltonian (2.1) describes the carrier-
phonon interaction and has the standard form

Hiw =Y D(a) (bgtl gak-q + Dyl gar) (2.9)

akq
with the Frohlich coupling [2,4]

2melwLo
D2 — c

(q) Toq?
where huwro is the energy of longitudinal optical (LO) phonons, and €* denotes an
effective dielectric constant. In what follows, the LO-phonon dispersion is neglected.
The carrier density is assumed to be sufficiently low, so that the carrier-carrier
Coulomb interaction is of minor importance compared with the interaction with
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LO-phonons. In this paper, the main emphasis will be done on the derivation of
kinetic equations for the distribution functions of carriers, f,3(k,t), and phonons,
n(q,t), which are defined as

Fosh 1) = ( (a%kack)t (al pacw)! ) _ ( folk, 1) p(k,1) ) |

<ackaVk>t (aikavk)t

nla,t) = (Bibg)' (2.10)
where we use the notation p(k,t) for the polarization [5]. The averages in (2.10) are

calculated with a nonequilibrium statistical operator (NSO) p(t) which satisfies the
von-Neumann equation

op(t) 1 ~
——+ —|p(t), H(t)] = 0. 2.11
D) o), (1) (211)
Calculating the time derivatives of the distribution functions and using the von-
Neumann equation, we readily obtain the kinetic equations

af%(t’”) _ % [M(k,t), f(k, )]s = lap(k,t),
8n(a(i,t) "(q,1), (2.12)

where [M(k,t), f(k,t)],s denotes the matrix elements of the commutator of two
matrixes. The collision integrals are given in the general form as

Taght) = T {[ask), Bl ) Fos(h) = abyaan,
Pg.) = 2T {fal@), Ao}, ala) = bjpe (2.13)

Equations (2.12) are presented in an exact form with none approximations for the
collision integrals. Equations with I,5(k,t) = 0, I°"(g,t) = 0 correspond to the
so-called coherent approximation [2,4]. In this approximation, the kinetic equations
for the components of the matrix distribution function can be written as

Ofc(k,t)

= —2Im (p*(k, t)do E(1))

Of(k,1) dfc(k,1)
ot _( ot )
oplkt) i

S = e e dp(B, )+ Ao B (felh, 1) — fulk 1) (2.14)

These equations are nothing but the Bloch equations which are widely used to
describe the optical response of a two-level system. A solution of equations (2.14)
for an arbitrary E(t) is not known. Note, however, that these equations yield a useful
integral of motion [5]

Alp(k, t)]* + (fe(k,t) — fulk,1))* =1, (2.15)

583



V.V.Ignatyuk, V.G.Morozov

which shows that the quantities [p(k,t)|* and f.(k,t) are generally of the same order.
As already discussed, the main source of difficulties in the kinetic theory of ultrafast
processes in laser-excited semiconductors is the problem of energy balance at the
excitation stage and the energy conservation at the relaxation stage. Following the
approach outlined in [8,9], we shall treat the mean interaction energy <ﬁ[int)t as an
additional quantity characterizing the nonequilibrium state of the system. In this
way, the energy balance equation will follow directly from the kinetic equations (2.12)

and from the equation of motion for (]:Iint>t.

3. Collision integrals and equation for quasi-temperature

To calculate the collision integrals (2.13) explicitly, one has to find a retarded
solution of the von-Neumann equation (2.11) as a functional of the state parameters
fap(k,t'), n(q,t'), and (Hiy)", where t' < t. Following the standard procedure (see,
e.g., [11]), we first define the auxiliary relevant statistical operator in a generalized
Gibbs form,

pral(t) = L oo {—ﬁ(t)ﬁim = " Aaplk,t) fas(k) =Y " AP (q,1) ﬁ(q)} ,(3.1)

Zrel (t) aBk

where the partition function is determined by the normalization condition,

Zea(t) = Tr exp {_g(t)zf[mt = " Aap(k.t) fas(k) =Y AP (q,t) ﬁ(q)} . (32

aBk q

and the Lagrange multipliers 3(t), Anp(k,t), AP"(g,t) are determined by the self-
consistency conditions

~

(fas(k)ia = fas(kst),  ((@)a=n(a,t),  (Hiw)ia = (Hw)'.  (33)

Here and henceforth the symbol (- - )t stands for averages calculated with pye(t).
Clearly the equilibrium statistical operator follows from equation (3.1) as a spe-

cial case. In thermal equilibrium, § = 1/T¢,, where T, is the temperature, and the

Lagrange multipliers conjugated to the distribution functions are given by

Aaﬁ(k) = 5a5 Tezll (ea — ,u) , Aph(q) = Te?ll hwro, (34)

where 1 is the equilibrium chemical potential. Thus, assuming that the evolution of
the system starts with thermal equilibrium at time ¢y, one may look for a solution
of the von Neumann equation that satisfies the initial condition

p(t0> = prel(t0>- (35)

We shall restrict our consideration to the second-order non-Markovian Born ap-
proximation in which the collision integrals (2.13) are explicitly proportional to
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D?(q). Within this approximation, we need a solution of equation (2.11), correct to
first order in the interaction Hj,. This is given by

t

1 A N
p(t) = pralt) — / dt' Up(t,¢) - Ipra(#), Ho(t)) + Him]UJ (2, 1), (3.6)
to
where .
Up(t,t) = exp, —% / Ho(r)dr (3.7)
t/

is the evolution operator with the Hamiltonian (2.6). The symbol exp_ {...} means
the chronologically ordered exponent. Substituting (3.6) into (2.13), we readily ob-
tain the collision integrals in the form

t

1 r . .
Laple,t) = == [ at'Te { {UN(t.1) [abttans Hin | Uo(t¥), Hin| pra() }
to ) )
1 / I T
+ dt'Tr{Ug(t,t') 0 ks Hine| Un(t,1') [prel(t'),ﬁo(t')]},(s.g)
to ) -
1 t
1(q,1) = = [ AT { U 0) [bibas Fin| Uot,t), i pra(t')}
to

t
+% dt'Tr{Ug(t,t') [bgbq,ﬁm} Uo(t, 1) [prel(t'),ﬁo(t')}}. (3.9)

to

The action of Ul (t,#') and Uy(t, ') on creation and annihilation operators are cal-
culated explicitly only for phonons:

Ug (t,t")bqUo (t,t") = exp[—iwpo(t — t')]bg, Ug(t, t)bLUo(t, t') = expliwLo(t — t')]bg -

(3.10)
For fermions, the corresponding transformations can be written in a symbolic matrix
form

Ut ) aarlo(t, 1) = D Gly(k;t ) age, (3.11)
B
Ut t)al Uo(t, ) = D Go(k;t t)al, (3.12)
B
where we have introduced matrices G*(k;t,t') = [G;tﬁ(k; t,t')] with the elements
. t
i
Giﬁ(k;t,t') = exp, —ﬁ/M(k’,t") at"| . (3.13)
4 af
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These time-ordered exponents can be found by solving the matrix equation

OG),(k;t,t')
ﬁT ZMM (k. t)G2 5 (ks t, 1), (3.14)

In general, only numerical solutions are possible. An approximate analytical solution
for sufficiently small field amplitudes is considered in Appendix A.

Now we are in a position to calculate the first terms in (3.8) and (3.9). We call
them the “collision” contributions to the total collision integrals Is(k,t), I?"(q,t),
in order to distinguish them from the “correlation” contributions associated with
the last terms in (3.8) and (3.9).

Using Wick’s decomposition of the operators, we obtain

[ (coll) (k t) — dt Z D2 {exp leo(t - t/)]GJr(k —q;t, t/>

AN (@) (T - f(k—q) f(k) =N (a)f(k—q) (T - f(k)},

-G (k;t't) + h.c.} —(k+—k—q), (3.15)
af

1

t
I5$%(q.t) = = dt' D*( )ZTr{exp[—iwLo(t—t’)]G+(k—q;t,t’)
k

AN (@) (T~ f(k—q))-f(k) = N (q)f(k—q)- (Z— f(K))}v
-G (k;t't) + h.c.}. (3.16)

Here and henceforth we denote N~ (q,t) = n(q,t), N*(q,t) = 1+n(q,t). The symbol
“” means the product of matrices, “Ir” denotes the trace over zone indices, h.c.
stands for the hermitian conjugated term and Z is the unit matrix. The correlation
contributions to the collision integrals come from the last terms in equations (3.8)
and (3.9). Some algebra (see Appendix B) gives for the corresponding contribution
to the carrier collision integral

If;g’“)(k, t) = dt’ Z D*(q {eXp[ iwLo(t — )Gt (k — q;t, ')

AN (q) (T~ f(k—q)) B(k.k—q) - f(k)

~N~(@)f(k—q)-Blk,k—q)-(T— f(K))},
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-G (k;t')t) + h.c.} —(k+—k—-q), (3.17)
af

where the matrix B(k, k — q,t) is defined as
B(k,k—q,t) = lim [ dz exp[—zAP"(q,t)]exp [—2zA(k — q,1)]*

z—0

(M(k,t) — M(k —q,t) — hwpoZ) - exp [zA(k, t)] .

Explicit expressions for the Lagrange multipliers are derived in Appendix B. The
correlation term in the phonon collision integral has a similar structure:

¢
corr 1
II()h k,t) = — [ d'D*(q Z Tr{exp[ iwro(t —t)]GH(k — q;t,t)

R

to

AN (q) (T~ f(k—q))-B(k.k—q) - f(k)

—N~(q)f(k—q)-Blk,k—q)-(T— f(k)}v

G (Rt t) + h.c.}. (3.18)

Note that the kinetic equations for the distribution functions are incomplete in
themselves. They must be supplemented by an equation of motion for the mean
interaction energy <ﬁint>t or, equivalently, by an equation for the quasi-temperature
T(t) = 1/5(t). To derive the equation for the quasi-temperature, we shall proceed
in the similar manner as in [9]. Differentiating the self-consistency conditions (3.3)
with respect to time and using the von Neumann equation (2.11) for p(t), a little
algebra leads to

r a re t N a re. t
1 o) P = 10 Tr{n<q> P}~ g,
o Opral(t
Tr{Hint a;()} = Zhw I?(q,t Zeaklaakt +doE(t)Y " Lap(k,t).

atBk

(3.19)

The last equation can be converted into the equation for (), taking into account
that the relevant statistical operator (3.1) depends on time through the Lagrange
multipliers and then eliminating OA.5(k, t)/0t, OAPY(q, t)/Ot. Details are described
in [9] (see Appendix B) and we do not repeat the algebra here. In the case of a weak
electron-phonon interaction, the resulting equation for the inverse quasi-temperature
reads

%ff) — % {Zea(kz)lw (k,t) +Zhwaph q, 1) = doE(1) Y _ Tap(k,t) }

ak a#pB,k
(3.20)
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where C'(t) = (ﬁmt, ﬁint> is the “energy-energy” correlation function in the relevant

ensemble. We use the conventional notation for the correlation function:
1

(4.8),= [ar(@4pdBrgu.  AMA=A- (R G20
0

Here the averages are calculated with the “truncated” statistical operator

pralt) = = 1@) exp {— D Nap(k,t) fas(k) =Y AP (g, t)ﬁ(q)} ,

el afk a

Zealt) = Trexp{—ZAw,t)fag(k) —ZAPh<q,t>ﬁ<q>}, (3.22)

af.k

which follows from (3.1) if the term with ﬁim is neglected . A reason to omit the
interaction part of Hamiltonian in (3.22) is two-fold: i) introducing a statistical op-
erator that describes a system of non-interacting quasiparticles, we keep all terms
of 1¢°™ in the 2-nd Born approximation; ii) the only “truncated” form of the rele-
vant statistical operator allows us to calculate 1¢°™) and nonequilibrium correlation
function (3.21) explicitly. Using Wick’s decomposition in the correlation function
C(t) = (H’im, ﬁim)t’ we obtain it in terms of the nonequilibrium distribution func-

tions:

o) = ZD2<q>Tr{N—<q,t>f<k—q,t>-B(k,k—q,t>-<z—f<k,t>>
kg

~ NH(q,t)(T — f(k —q.t)) - B(k,k —q.t) - f(k,t) + h.c.}. (3.23)

Now, since the explicit expressions for the collision integrals are derived, the kinetic
equations (2.12) and the evolution equation (3.20) for the quasi-temperature provide
a closed description of the ultrafast dynamics in a laser excited semiconductor. In
the next sections we shall discuss some important properties of these equations.

4. Energy balance equation

The energy balance equation follows directly from equations (3.19) and can be
written in the form

% (Exin () + €pn(t) + Eint (1)) = Jpar (1) E (1), (4.1)

where eyin(t), €pn(t), and ein(t) are, respectively, the mean kinetic energy of the
carriers, the mean energy of phonons, and the mean interaction energy:

5kin(t) - Z eockfaoz(kat)a 5ph(t) = Z thoTL(q,t), 5int(t) = <]:Iint>t' (42)

ak
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The polarization current is given by

jpol(t) = dO% Z (fcv(k>t) + fvc(k>t)) = 2d0% Zp(k>t) (43)

k

If one makes any approximation for kinetic kernels (for instance, expansion in series
in external field amplitude), balance equation (4.1) will be broken automatically.
In such a case, one can only speak about balance equation up to a certain order
in Ey. On the other hand, at the relaxation stage, the external laser field E(t) is
zero and, consequently, equation (4.1) becomes the energy conservation law for the
carrier-phonon system. It should be emphasized that the balance equation (4.1) is
valid for arbitrary collision integrals. This is an important advantage of our approach
over other schemes where the evolution equation for the interaction energy is not
completely consistent with kinetic equations for carriers and phonons. Using the
collision integrals (3.15)—(3.18) derived in non-Markovian Born approximation, one
can obtain an “explicit” expression for the mean interaction energy in terms of
the single-particle distribution functions and the quasi-temperature. To do this,
we multiply the first equation (2.12) by the single-particle energy matrix M (k,t)
and the second equation by Awpo. Then, using the above formulae for the collision
integrals, the definition of the time-ordered exponents (3.13) and their symmetry
properties (see Appendix A), we arrive at the balance equation (4.1) with the mean
interaction energy

em(t) = em(ty) + %/dt' Z Dz(q)Tr{exp[—iwLo (t -Gt (k — q;t, 1)

{N*(a) (T — f(k—q) - Ak, k — q) - [ (k)

~N(q)f(k—q)-Alk,k—q)- (T f(k))},

-G (ks t) — h.c.}, (4.4)

where €i,(,) is the initial value of the mean interaction energy, and
A(kak_qat) :I_ﬁ(t)B(kak_qat> (45)

Previously the expression for e, (¢) analogous to (4.4) was derived in [9] for the
special case of a one-zone semiconductor in the absence of the external field.

5. Relaxation stage of the evolution and the Markovian limit

In general, equations (2.12) and (3.20) can be solved only numerically because
the collision integrals have a rather complicated matrix structure. In this section
we consider the problem of relaxation towards equilibrium and make the following
approximations:
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(i) The collision integrals for carriers and phonons are taken in the second non-
Markovian Born approximation (see section 3);

(ii) Off-diagonal elements are neglected in the kinetic kernels which corresponds
to their field-free form;

(iii) Polarization, being the off-diagonal distribution function, is supposed to relax
more rapidly than the electron, hole and phonon distribution functions?.

In our opinion, the last assumption is more reasonable than the phonon bath approx-
imation [2] where the phonon collision integral is taken to be zero, while the carriers
distribution functions and the polarization are essentially nonequilibrium. With the
above approximations, the two-band problem reduces to the effective one-zone prob-
lems for the electrons and holes distribution functions coupled by the evolution of
the quasi-temperature and the phonon distribution. After some algebraic manipu-
lations with the collision integrals cited in section 3, the kinetic equations at the
relaxation stage can be written as

o fa (k,t) ) . B B o q.q
ZD / A cos Bopeqalt = 1) (1 1nick,kq,q<{f<t'>,n<t'>}>>

to

% (Fall)(1 = fulk = @)(1+n(9) = (1 = falk)) fulk — @)n(a))

t/

2 2 t / a Y . ﬁ(t/)hQ%*q,k,q
~p 2P0 [0 0yl <1 1n/€%q,k,q<{f<t'>,n<tf>}>>

to

% (falk)(1 = fulk = @)n(@) — (1= fulk))fulk — @)1 +n(a)) . (5.1)

t/

on(q, ) 2D2 o , ﬁ(t,)th,k_q,q
o Z/ A cos(B-aqlt = 1)) <1 - ln/ck,k_q,qqf(t'),n<t'>}>>

akt

% (full)(1 = falk = @)1+ (@) = (1 = fulk)) fulk —a)n(a) . (5:2)

where we have introduced the designations:

o 1
Qkhkz,q = ﬁ (eakl — Caky — hwq) ) (5.3)

a _ (= fa(ky,t) fa(ke, t)n(g,t)
k:1,k:2,q({fa n}) - fa(kl,t)(l — fa(kz,t))(l i n(q,t)) (54)

2This approximation allows us to neglect the off-diagonal elements of the Lagrange multipliers.
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Within the same approximations, the evolution equation (3.20) for the quasi-temperature
takes the form

t
ds(t) o o
% = Z D*(q)Q% 4. qq/dt’ cos [ p_qq(t —1)]

akq

to

1 / thack q,q
N R () )

< (falk)(1 = fulk = @)1+ (@) = (1 = fulk)) fulk — (@) (5.5)

with the following expression for C(t):

C(t) = (ﬁint,ﬁint)tIQZDQ(Q)

akq

D0 Fuk) ol —a) ~ (L nla) fulk)(L— folk =)
ml n(@)(L— Juk))Ju(k —q) e

(1+n(g, 1)) fa(k)(1 = fa(k — q)

Since {(x —1)/Inz} > 0, we see that C(¢t) > 0. It is instructive to show that the
equilibrium carrier and phonon distribution functions are stationary solutions of
equations (5.1) and (5.2). First we define the auxiliary quasiequilibrium distribution
functions

1
exp {3(t) (ear — pu(t)) } + 1’
1

nlt) = exp{f(t)hwro} — 1’ (57)

where the nonequilibrium chemical potential of the carriers, pu(t), is determined by
the condition of electroneutrality

S hlkt) = fukt),  fulk,t)=1- fi(k,1). (5.8)

falk,t) =

It can easily be verified that

B, gy q = KR, k, o {F°(),2°()}), (5.9)

where the KC-function in the right-hand side is obtained from the (5.4) if the nonequi-
librium distribution functions are replaced by the quasiequilibrium functions (5.7).
Relation (5.9) may tell something useful about the properties of the evolution equa-
tions (5.1), (5.2), and (5.5). We see that the right-hand sides of these equations are
so constructed that the collision and correlation contributions ezactly cancel each
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other if f,(k,t') = fo(k,t') and n(q,t') = n°(#'). In particular, if the evolution of
the system starts at ¢, with thermal equilibrium, the distribution functions and the
quasi-temperature will remain unchanged for all times ¢ > ¢,. It must be emphasized
that the non-Markovian evolution equations without correlation terms do not have
an equilibrium solution! Let us dwell briefly on the transition to the Markovian limit
in the evolution equations. The Markovian approximation implies that the collision
integrals in kinetic equations (5.1), (5.2), and the right-hand side of equation (5.5)
depend on the distribution functions and the quasi-temperature taken at time ¢. The
Markovian approximation is inadequate for the initial stage of evolution and, strict-
ly speaking, describes only the limiting long-time regime where 0f,(k,t)/0t — 0,
on(q,t)/0t — 0, and 9B(t)/0t — 0. On passage to the Markovian approximation
in kinetic equations (5.1), (5.2), and in equation (5.5) for the quasi-temperature, we
put fo(k,t") =~ foa(k,t), n(q,t') =~ n(q,t), and then take the limit ¢ — ¢, — oo. The
remainder integrals over ¢ are calculated in the standard way:

t 0

lim dt’ cos[Q(t —t')] = liIEO dr e cos (7)) = wi(Q). (5.10)
—ty—00 e—
to —o0

We see immediately that in the Markovian limit the correlational components of the
collision integrals (the terms including 3(t)), as well as the right-hand side of (5.5),
become zero. Indeed, in all these expressions we obtain a construction like Q6(€2) = 0.
Nevertheless, the “collision” components of I, I, remain finite and have the form
of the Uehling-Uhlenbeck electron-phonon collision integrals (see [9,12]). Thus, the
correlation terms do not appear in the Markovian collision integrals, but this is true
only in the second Born approximation. In higher-order approximations, such terms
do not vanish in the Markovian limit (see, e.g. [12]).

6. Inclusion of quasiparticle damping

An important point is that the collision integrals (3.15)—(3.18) lead to non-
Markovian kinetic equations with infinite memory depth. This is a consequence of
the fact that the evolution operator (3.7) appearing in the nonequilibrium statistical
operator (3.6) corresponds to free particle approximation in the microscopic dynam-
ics. It is clear, however, that kernels in kinetic equations must decay in time due to
quasiparticle damping. That the quasiparticle damping plays an important part in
non-Markovian kinetics of ultrafast processes is now well understood (see, e.g., [2,6]
for a detailed discussion). The simplest improvement is to add a phenomenological
small damping into the kernels (3.13),

GE (ks t,t) — GE (it ) exp[—r(t— )], (¢ > ), (6.1)

and try to determine v as a fit parameter. In more sophisticated approaches, the
kinetic kernels can be calculated, in principle, from some fundamental quantities.

3In general, the damping v depends on k.
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For example, in the Green’s function formalism [2,6] the kinetic kernels are ex-
pressed in terms of retarded and advanced Green’s functions or, equivalently, in
terms of the spectral function. The choice (6.1) corresponds to a Lorentzian spectral
function. Unfortunately, Lorentzian spectral functions do not conserve total energy,
nor do they yield the correct asymptotic distribution functions at the relaxation
stage. Although many attempts have been made to introduce damped kinetic kernel
systematically [3,6,13-17], the problem is still essentially unsolved, and the investi-
gation of improved spectral functions is a field of ongoing research. We would like to
emphasize that in our approach the specific form of the quasiparticle damping is not
so important as in other available methods. As mentioned, if the mean interaction
energy is treated as an independent state parameter, then the correct energy bal-
ance is valid for any collision integrals (see section 4). Different approximations for
collision integrals /5 and [ Ph result in different equations for the quasi-temperature
[see (3.20)] and, consequently, in different approximations for the mean interaction
energy. One may say that in our approach the energy balance is used as a constraint
on the kinetic kernels and the mean interaction energy. It is thus hoped that even
the simple choice of damped kinetic kernels, equation (6.1), with a fit parameter
can yield the correct behavior of the distribution functions.

7. Numerical results

In our previous paper [18] we investigated the dynamics of a two-zone semicon-
ductor during the laser pulse irradiation and the relaxation toward equilibrium with
an additional assumption that the polarization relaxes much faster than the carrier
and phonon distribution functions. Here we present some results for the relaxation
stage of the evolution. It is assumed that the evolution of the system starts with
an initially nonequilibrium state and the initial polarization is negligible*. As in the
paper [18], we have chosen the following typical energies and time scales: the energy
of longitudinal optical phonons hwro=36 meV, the Rabi energy hwr=26.3 meV, the
laser pulse duration 7,y15e=50 fs, the width of the band gap F,=1.8 eV, the excess
energy A = fw — E;=60 meV. The dimensionless constant of the electron-phonon
interaction was 0.069; the mass ratio of holes to electrons was 6.86 and the initial
temperature of the phonon bath was 164 K. We use the values Awro and T,yse as
the characteristic energy and the time scale to obtain dimensionless quantities. To
solve the kinetic equations (5.1)—(5.2) and the equation for quasi-temperature (5.5),
we use the factorization of the kinetic kernels. Details of the transition from integro-
differential equations to an extended system of ordinary differential equations are
presented in Appendix C. This extended set is solved by applying the fifth order
Runge-Kutta integration with automatic step-size control. We chose a dense enough
energy grid with N = 60 points that corresponds to ~ 10° ordinary differential
equations. Figures 1 and 2 show the energy dependence of the electron distribution
functions at fixed times in the case of v = 0.

4Estimations [18] show that it is true at time ¢ > 47,u1se, When the external field tends to zero.
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f (e.t*)

Figure 1. The electron distribution function f.(e,t) at fixed times. Nonequilibri-
um correlations are not taken into account.

s/h(no

Figure 2. The electron distribution function f.(e,t) at fixed times. Nonequilibri-
um correlations are taken into account.
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(e,t=t)

fC

g/hu)o

Figure 3. The electron distribution function f.(g,t) at fixed times. Nonequilibri-
um correlations are taken into account and nonzero quasiparticle damping v = 0.1

is introduced.
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Figure 4. Time dependence of the total phonon number Ny, (%):
(a) ¥ =0, Ton — 00; (b) ¥ =0, Tph = "Tpulse-
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It is seen that the neglect of the nonequilibrium correlations (figure 1) leads to
nonphysical behavior of the electron distribution function at long times: f.(e,t) ex-
ceeds unity and is far away from its quasiequilibrium asymptote. Correlation term
1) improves the situation greatly (figure 2) though does not ensure complete
relaxation to the equilibrium (see location of the lines with stars and half-filled pen-
tagons at low and high energies). In other words, it means that the second Born
approximation is not sufficient to establish equilibrium at long times. Therefore we
have to introduce a nonzero v, which formally means going beyond the second Born
approximation. In figure 3 we presented long time behavior of the electron distribu-
tion function with taking into consideration both nonequilibrium correlations and
nonzero quasiparticle damping °. One can see complete relaxation of the distribu-
tion function to its asymptotic value (a line with triangles at t* = 407,5.). Thus,
our numerical results are in accord with relaxation dynamics of [2,3]; moreover, our
approach enables one to analyze the asymptotics of phonon distribution functions
(see figure 5) by means of quasi-temperature.

0.46
i quasiequi_litzri_u_m_ \ia_lu_e_a_t y=110
0.44
0.42 1
—a— =0, =35t T =7t
B pulse’ ph pulse
o 0407 —e— =110, t'=35c T =3«
o
% 0.38+
c ]
0.36
0.34 1 o
] quasiequilibrium value at y=0
0.32 1
T T T T T T 1
1 2 3 4 5 6
e/ho,

Figure 5. Phonon distribution functions npy(e,t) at t* = 457,y5. Dashed lines
show the quasiequilibrium values.

Figure 4 shows the time dependence of the total phonon number at the relax-
ation stage. On the left panel in figure 4 one can see that collision integrals in the
2-nd Born approximation without any additional relaxation mechanisms (see ex-
planation below) does not ensure relaxation of the total phonon number towards
equilibrium. However, once we have introduced an additional term Igﬁd(q,t) =
(n°(t) — n(q,t))/Ton (it corresponds to the phenomenological phonon lifetime) to
the phonon collision integral in a form of a simple T-approximation (right panel),
we obtained a relaxation of Nyn(t) = > n(g,1) to its asymptotic value. Moreover,

5We chose 7 as the smallest parameter that ensures the correct behavior of the distribution
functions at long times. Our numerical estimations showed that it can be guaranteed for values
~v ~ 1/10.
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as seen in figure 4b, the correlation term in the phonon collision integral results in
a smooth relaxation (solid line), while the neglect of the running nonequilibrium
correlations leads to non-motivated flexure of a dashed line at long times. However,
a question about an appropriate choice of 7, arises. In our calculations, the phonon
lifetime was treated as a fit parameter to ensure relaxation of n(q,t) to equilibrium.

Figure 5 illustrates the long time behavior of the phonon distribution functions.
It is seen that n(q, t) is close to its quasiequilibrium value nyn (e, t)|esr . = o, (1) =
1/[exp(hwro/T(t)) — 1] shown by the dashed line. However, there is a deviation of
the stationary distribution of the phonons from its quasiequilibrium value. Whereas
this deviation is only about a few percent for zero v and a relatively large phonon
lifetime 7y, = TTpuise, it reaches much more pronounced values when a quasiparticle
damping increases to 1/10 and the phonon relaxation time decreases to 37,yse. In
our opinion, this is connected with a lack of information about the dynamics of
quasiparticle damping and could serve as a manifestation of the necessity of con-
sidering nonequilibrium correlations and the formation of quasiparticle behavior on
equal terms.

8. Conclusions

In this paper we have derived a closed set of evolution equations for a two-zone
semiconductor excited by an ultrashort laser pulse, taking into account nonequilibri-
um correlations in the system. These evolution equations posses two basic properties:
they have an equilibrium solution and obey energy balance. It was shown that the
introduction of nonequilibrium correlations is of great importance. The correspond-
ing terms in the collision integrals ensure the existence of the Markovian limit and
equilibration of the system. However, the numerical evaluations of the relaxation
stage show that the 2-nd Born approximation is not sufficient for a proper descrip-
tion of the system at long time scales. This is not strange, because the effect of higher
order interactions is known to be essential at the stage of the formation of quasipar-
ticle behavior [3,19,20]. We found that even a rather small constant quasiparticle
damping can stabilize the solutions of the kinetic equations and ensure relaxation
of the distribution functions to their long time asymptotics. In the general case it is
necessary to compose the time evolution equation for guasiparticle damping, which
supplements the system of kinetic equations together with the dynamic equation for
quasi-temperature. To describe the dynamics of the system during the laser excita-
tion, as well as at the relaxation stage, one has to consider a non-simplified version
of the total collision integrals for carriers, phonons and polarization including the
field contributions and quasiparticle damping. We plan to perform such an extended
analysis in future publications.

Appendix A

To obtain a solution for time-ordered matrix exponents (3.11) and (3.12), one
has to consider the system of differential equations (3.14). In the general case of a
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strong time-dependent field, these equations cannot be solved analytically. To find
explicit expressions for the kinetic kernels, we neglect the field-dependent terms in
the equations for diagonal elements. Then we find that

GL(k;t,t) = G_(k;t',t)" ~ exp (—%eck(t — t’)) + o(E}), (A.1)

Gl kit t) =G (k;t' 1) ~exp (—%evk(t — t’)) + o(ER). (A.2)

Substituting these expressions into equations (3.14) for the off-diagonal elements
and assuming that the field amplitude varies with time much slower than the cosine
factor in (2.8), which allows us to perform integration over ¢ explicitly, we obtain
the following form of the field-dependent kinetic kernels:

GL(k;t,t') =Gkt 1) ~

1 doEo(t) i iy ooy 1
~ 5% {exp (7_15’“ t) — exXp (ﬁékt )} exp (ﬁevkt - ﬁeckt) + O(ES)(A-?’)

where 0, = e, — eyr — Iw denotes detuning of the system 6. Let us make some
conclusions from the expressions (A.1)—(A.3). On the one hand, the kinetic kernels
possess the symmetric properties similar to those of retarded and advanced Green’s
functions. On the other hand, the series in a field amplitude turn out to be factor-
izable in t,t':

Gy (it V) = Ko U, ) (e, )72 = [ 1) - 7, ), (A1)

where

Ree(k,t) = exp(—i/h ect), Ry (K, t) = exp(—i/h eyt),

_ 1doBE(1) i i
ﬁcv(kat) - 2 5,; eXp h(evk+hw)t eXp heckt )

fo(kyt) = —%d‘)?:(t) [exp (—%(ecwmt) —exp (—%evkt)] . (A5)

This property will lead to a significant simplification while numerically solving the
kinetic equations, see Appendix C.

Appendix B

Using the Kubo identity (see, e.g., [11]), the commutator [p,q(t'), Ho(t')] in equa-
tions (3.8) and (3.9) can be written as
1

[praa(t'), Ho(t)] = B(t') / Pra()[Ho(t'), Hindl i (1), (B.1)

SIn a rotating wave-approximation for the external field [1,2], we neglect non-resonant strongly
oscillating terms with 5: = ok — vk + Aw.
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where p.q stands for the truncated relevant statistical operator (3.22) and higher-
order terms in H,; are omitted. The action of g%, (t') and g,y (') on the creation
and annihilation operators is given by

ﬁfel(t,)akﬁ;ef(t/) = €exXp [l’A(k, t/)] cag
paat)alp(t) = exp|—zA(k,t)] - al,
P (1 ) = exp[zA™"(g,t)] by,
( )

prel t

~—1
qprel
T ~—x
qprel

)0aprel (
Nipa () = exp [—zAPM(q,t)] b . (B.2)

The matrix elements exp [zA(k,t’ )]aﬁ can be evaluated explicitly from the corre-

sponding system of ordinary differential equations with the result (the k, t--dependen-
ce is not shown for brevity)

explrze] (Ace = A + VD) +explrz] (Aw = Acc + VD)

(exp[zA(k, 1)), = N> )

_explzze] — explrzy]
(eXp[xA(k, t)])cv — \/E Acv )
explrz.] — exp[rz,]

(exp[zA(k, 1)]),. = 75 Ave,

explez] (Ace = Aw + VD) + explrze] (Aw = Ace + VD)

(explzA(k,1)]),, = 7D .
(B.3)

In equations (B.3) z.(k,t), z,(k,t) denote eigenvalues of the quadratic form in the
exponent of the relevant statistical operator p.e(t):

Acc(k,t) + Ay (K, t) + /D(k, t)

z.(k,t) > |
k) = Ace(k,t) + Aw(s,t) _ D(k,t))
D(k,t) = (Acc(k;t) —Avv(k,t))2 +4‘Acv(k,t)|2. (B.4)

The Lagrange multipliers A,s(k,t) and AP"(g,t) can be eliminated with the aid of
the self-consistency conditions (3.3). Evaluation of the averages with the truncated
relevant statistical operator (3.22) gives

exp{AGk, O} + T1 05 = fas(k,t),  [exp{A™(q,0)} =1]" =n(q.1).  (BS)

It is immediately obvious that

AP (g,t) = In (%E‘i;t)) | (B.6)
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For A,3 we have a matrix relation

Aos(k,t) = [In f(k,t)" —T] (B.7)

aB’
but it is an easy matter to find explicit expressions for these Lagrange multipliers
by using equations (B.3) and (B.4). Omitting simple but somewhat lengthy algebra,
we write down the resulting expressions (again, the k, t-dependence is not shown for
brevity):

- %m <X24—A) L e \/_Z[f]v_vlarcth A

Ap = tm (X2 - A) _ W U

2 4 VA
[Ael® = %mc&mv;, (B.8)
where
A= % A= (I =)+, X =+ 1A -2 (B9)
Appendix C

After transition from sums over wave-vectors to the corresponding integrals with
the substitution A*k?/(2m*) — ey, where m* = mem, /(me-+ms), and then making
use of the factorization properties (A.4) of the kinetic kernels, one can write down
the kinetic equations in a symbolic form

vt _ / Aty [ e ilen, OtV E(Flens ), £t Fefet)}) =

= Z/dekdekm e, t)Gi(er, €y epy t), (C.1)

where F;({f(ex,t'), f(e,t'), f(e},t')}) are some distribution functions. The auxiliary
functions

t

Gi(ekaezaegi) /dt HZ(elw ) ({f(ek;a )7 (d@?t/)af(e/k/?t/)}) (CQ)

to
satisfy local differential equations

dG;(e, €y, ex,t)
dt

= Ri(el, ) Fi({ f(ex, 1), f(eh, 1), f ek, t) (C.3)
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with the initial conditions Gj(ey, €}, €f,to) = 0. Thus, we arrive at the system of
ordinary differential equations where the energies e, play the role of parameters.
Then, passing from the integrals over e, e} to the sums with the corresponding
Gaussian weights, we obtain a system of

dim = 5N + 12N3 + 1

equations. Here 5N equations are for the one-particle distribution functions (for
carriers, phonons and polarization), 12N? equations describe the dynamics of the
auxiliary kernels (C.2), and the last equation determines the quasi-temperature 7'(¢).
Taking the energy grid with N = 60 points, we obtain the system of about 10°
equations which are to be solved numerically with given initial conditions.
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HapwBupka guHamika HaniBNpPoBiAHUKIB B NOAi
Jla3epHoro iMmnyJsibCy. HeMapKiBCbKi KBAHTOBI KIHETUYHI
PiBHSHHA 3 BpaxXyBaHHAM HEepPiBHOBaXXHUX KOpensuin

B.B.IrHatiok !, B.Mopo308?2

IHCTUTYT Pi3nkm koHaeHcoBaHMx cuctem HAH Ykpainu,
79011 JibBiB, Byn. CBEHUjUbKOrO, 1

MOCKOBCbLKUI iIHCTUTYT pagioTEXHIKW, ENEKTPOHIKM Ta aBTOMaTUKN,
Mocksa, npocnekT BepHaacbkoro,78

OtpumaHo 13 kBiTHS 2004 p., B OCTAaTO4YHOMY BUIMSA| —
29 yepsH4a 2004 p.

OTpuMaHo HeMapKiBCbKi KIHETUYHI PIBHAHHSA B APYromMy GOpPHIBCbKOMY
HabGNMXEHHI ANns ABO30OHHOIO HaniBnpoBigHMKa B NoJii GemMnTocekyHa-
HOro NasepHoro imMnynbcy. BpaxoBaHo K AMHAMIKY 3iTKHEHb, TaK i BHe-
COK HEPIBHOBaXHUX ANMHAMIYHUX Kopensuin. PosrnaaseTbca npobnema
OanaHcy eHeprii, a TakoX penakcauis cuctemm oo pieHosaru. Npen-
CTaBJIEHO PE3y/bTaTh YNCENbHUX PO3PAaXYHKIB KIHETUYHUX PIBHAHbL A4
€JIEKTPOHIB Ta POHOHIB.

Knio4yoBi cnoBa: kBaHTOBa KiHETUYHA TeOopisi, HEMapKiBCbKi KBAHTOBI
KIHETUYHI PIBHSIHHSI, HEPIBHOBAXHI KOPEsLii, e1eKTPOH-(pOHOHHAa
B3aemouisi

PACS: 31.70.H, 42.50.-p, 05.70.Ln, 78.20.-e, 82.20.Mj, 82.20.Rp
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