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Luttinger-Kohn Hamiltonian and coherent excitation of the valence-band holes

A. Dargys*
Semiconductor Physics Institute, A. Gosˇtauto 11, 2600 Vilnius, Lithuania

~Received 26 June 2002; published 29 October 2002!

Control of intervalence band transitions by femtosecond infrared pulses is studied as an initial value problem
using the Luttinger-Kohn Hamiltonian and genetic algorithm. It is shown that initial phase relations between
degenerate valence-band wave functions are important if excitation of the valence band by optimized pulses is
fast enough. If the excitation is switched on and off slowly, the influence of phase relations on the intervalence
band transition probabilities is negligible. Physical interpretation of the initial phase relations is presented. It is
shown that phase differences between degenerate heavy-mass, light-mass, and spin-orbit split-off band wave
functions of the Luttinger-Kohn Hamiltonian are connected with finite magnitude of hole spin projections. This
property may find an application in the ultrafast spintronics.
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I. INTRODUCTION

Luttinger-Kohn~LK ! Hamiltonian1,2 is frequently used to
describe hole properties at top of the valence band of m
technologically important semiconductors, including elem
tary semiconductors, III-V compounds, and their alloys.
popularity is connected with a small number of empiric
parameters needed to represent complex valence-band s
ture in normal and strained semiconductors,2,3 energy spectra
of shallow acceptors and excitons,4–7 and quantum proper
ties of nanostructures.8–12 The LK Hamiltonian is also fre-
quently used in the analysis of hole intervalence transit
properties, optical selection rules, absorption anisotropy,
in infrared~IR! radiation fields.13–18In this paper we shall be
interested in the excitation of valence-band holes by hi
intensity femtosecond IR laser fields.

In general, two modes of behavior of the valence-ba
holes under intense laser field irradiation are to be dis
guished. When laser pulse is long, dissipation dominate
hole intervalence transition dynamics and, as a result, s
tral hole is burnt out in hole distribution function at res
nance energy. In essence, the effect is related with a dis
ance between in and out hole scattering rates brought a
by high intensity laser radiation. The properties of the sp
tral hole in p-type semiconductors were analyzed by Bol
mann equation,19,20 density matrix equation,21 or by simulat-
ing hole dynamics with Monte Carlo method.22 In an
opposite case, when laser pulse is shorter than average
collision time with lattice phonons or imperfections, valen
band mixing by strong electric field of IR radiation predom
nates. Earlier it was shown that such mixing induc
intervalence Rabi oscillations23 and may contribute to addi
tional intervalence-band-tunneling noise inp-type semi-
conductors.24

From the perspective of semiconductor quantum dev
application, of all possible quantum coherence effects,
ultrafast control of population transfer between energy ba
or impurity atomic levels is thought to be the most promisi
one. The possibility of ultrafast quantum control in quantu
wells was shown by Krauseet al.25 Recently, it was shown
that optical pulses of minimal energy exist, which can coh
ently transfer the carrier between energy bands in extrem
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short time limited by the Heisenberg time-energy uncertai
relation.26 Characteristic population inversion patterns in t
Brillouin zone are generated by such ultrashort pulses.27,28In
papers29,30 it was demonstrated that coherent all-optical
jection of spin-polarized currents can be achieved if relat
phases of the exciting lasers are controlled. In the pres
paper it will be shown that phase relations between dege
ate valence-band wave functions can also play an impor
role in the coherent evolution of the hole state vector and
the final excitation probabilities. This fact may be importa
in the quantum control problems and in selecting an optim
excitation pulse.

This paper is organized as follows. In Sec. II basic eq
tions are introduced. In Sec. III results of numerical expe
ments with optimized ultrashort pulses are presented.
results are limited only to optimal excitation of split-off ban
of p-GaAs in low doping limit. The discussion on macro
scopic interpretation of the phase relations between dege
ate or close to degenerate valence-band wave functi
when spin-orbit interaction is strong, is given in Sec. IV.

II. CALCULATIONAL METHODS

General form of the six-band LK Hamiltonian that co
sists of two terms,

ĤLK5Ĥ01Ĥ1 ~1!

was used in the simulation, whereĤ0 is the main term that
represents doubly degenerate heavy-mass (h), light-mass
( l ), and split-off ~s! bands. The second termĤ1 takes into
account small splitting of doubly degenerate bands due to
absence of inversion symmetry in III-V compounds. The m
trix Ĥ0 is made up of quadratic in wave vectork
5(kx ,ky ,kz) elements, whereki ’s are referenced with re
spect to crystallographic axes. In the spinor basisuJ,m&, in

the order u 3
2 , 3

2 &,u 3
2 , 1

2 &,u 3
2 ,2 1

2 &,u 3
2 ,2 3

2 &,u 1
2 , 1

2 &,u 1
2 ,2 1

2 &, it is
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where P5(g1 /2)(kx
21ky

21kz
2)[(g1 /2)k2, Q5(g2 /2)(kx

21ky
222kz

2), L52 iA3g3kz(kx2 iky), M5(A3/2)g2(kx
22ky

2)

2 iA3g3kxky , andi 5A21. Atomic units~a.u.! are used throughout. The HamiltonianĤ0 is characterized by three empirica
parametersg1 , g2, andg3, and strengthD of the spin-orbit splitting betweenG8 andG7 bands at pointk50. The eigenvalues
of Eq. ~2! yield nonparabolic, nonspherical, and doubly degenerate heavy-mass, light-mass, and split-off band dispers
that describe dependence of the hole energy in a particular band as a function of the wave vectork.

The correction termĤ1 is linear inki ’s. It lifts off the double degeneracy and in the above mentioned ordering ofuJ,m&
basis has the following form:31

Ĥ15S 0 2 ik 2l iA3k† m 2 in

ik† 0 iA3k l 0 A3m

2l 2 iA3k† 0 2 ik 2A3m† 0

2 iA3k l ik† 0 in 2m†

m† 0 2A3m 2 in 0 0

in A3m† 0 2m 0 0

D . ~3!
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In Eq. ~3!, k5(c/2)(kx1 iky), l5ckz , m5(c8/2A2)(kx

1 iky), and n5(c8/A2)kz . The empirical coefficientc
couplesG8 states, while coefficientc8 couplesG7 states to
G8 states. The unitary transformation matrix that conne
matrix ~3! and the corresponding matrix in Ref. 31 is

S i 0 0 0 0 0

0 0 0 21 0 0

0 21 0 0 0 0

0 0 2 i 0 0 0

0 0 0 0 i 0

0 0 0 0 0 21

D .

To find hole intervalence dynamics in an arbitrarily var
ing electromagnetic field the following Schro¨dinger equation
for six-component state vectoruc& was solved numerically:
16521
ts

i
]uc&
]t

5S Ĥ01
F~ t !

i

]

]kD uc&, ~4!

whereF(t) is the time-dependent electric field of the ele
tromagnetic radiation. The Schro¨dinger system can be re
duced to full derivatives, if one notes that equation of moti
for the hole wave vector

dk/dt5F~ t ! ~5!

at the same time is the characteristic equation of the sys
~4!. Optimal, femtosecond duration pulses were obtained
ter incorporation of the system~4! into genetic algorithm
~GA!.32,33

With the optimal electric fieldF(t) known, in a real evo-
lution where dissipation influences the coherence of inter
lence transitions, the hole dynamics was simulated with
help of dynamical equation for 636 density matrix
6-2
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i
]r̂

]t
5@ĤLK ,r̂ #1 i T̂L relaxT̂

21. ~6!

Here,Lrelax is the relaxation operator in the energy repres
tation andT̂ is the unitary transformation operator that r
lates energy and spinor basisuJ,m& representations. In Eq
~6! the electric field takes effect indirectly through equati
of motion ~5! for the hole wave vector. In the absence
dissipation, whenLrelax is unimportant, the density matri
~6! and Eq.~5! yield the same results as the Schro¨dinger
system ~4!. Nonetheless, from the computational point
view both systems are not equivalent. In the Schro¨dinger
system the integration is over six coupled equations, whil
the density-matrix system the integration is over 21 coup
complex elements ofr̂(t). The remaining nondiagonal ele
ments inr̂(t) can be found by complex conjugation, inclu
ing the dissipative case.

The relaxation operator was represented as a sum of
terms34

Lrelax52$R̂,ŝ%1ŝe , ~7!

whereŝ is the time-dependent density matrix in the ener
representation andŝe is the corresponding equilibrium ma
trix. R̂ is the scattering operator. The curly brackets den
the anticommutator:$R̂,ŝ%5R̂ŝ1ŝR̂. The matrixŝ is con-
nected with the density matrixr̂ in Eq. ~6! by the same
unitary transformation,

ŝ~ t !5T̂21~ t !r̂~ t !T̂~ t !. ~8!

The time-dependent unitary matrixT̂(t) at the same time
diagonalizes the LK Hamiltonian at all momentst,

Ĥd5T̂21ĤLKT̂5diag$Es1 ,Es2 ,El1 ,El2 ,Eh1 ,Eh2%, ~9!

where the diagonal elements in the matrix~9! represent dis-
persion laws of the respective bands. The knowledge ofr̂(t)
andT̂(t) is sufficient to find the dynamics of the hole pop
lation in all six valence bands as well as time depende
of nondiagonal terms~coherences! of ŝ with the help of
Eq. ~8!.

In the relaxation matrix~7!, the band population relax
ations and decoherences due to hole momentum scatt
by acoustical, optical, and screened polar optical phono
with intraband and interband hole transfer for all three ban
were taken into account. Screened ionized impurity sca
ing was also included, which may be important at low latt
temperatures. The final scattering angles were determine
Monte Carlo rejection method proposed in Ref. 35. By
cepting only those final states that have the angular distr
tion that satisfies the warping and valence-band wave fu
tion overlap conditions, one can obtain the correct scatte
rates in the matrix~7!. The hole spin relaxation was include
through elastic and nonelastic momentum scattering only
general, the data on hole spin relaxation are scare, altho
it is well established that, contrary to electron-spin rela
ation, the hole spin relaxation is fast and lies in the picos
16521
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ond time scale.36,37 In the present calculations, it was a
sumed that only longitudinal relaxation of the hole spin d
to hole momentum scattering is important, i.e., only diago
elements were included inR̂. The transverse spin relaxatio
was neglected. It was assumed that before application of
laser pulse the hole distribution was in a thermal equilibriu
with semiconductor lattice. Since matrixŝ is in energy rep-
resentation, its diagonal elements give the probabilities
find the hole in thei th band. The Boltzmann distribution wa
used to calculate the initial occupation probability

pi~k0![~ŝe! i i 5
e2Ei (k0)/kT

(
i

e2Ei (k0)/kT

~10!

of the i th band at initial wave vectork0. In Eq. ~10!, T is the
lattice temperature and the sum runs over all bandsi
5s1,s2,l1,l2,h1,h2.

The shape of the optimal electric fieldF(t)
5@Fx(t),Fy(t),Fz(t)# that controls motion of the wave vec
tor in Eq. ~5! was approximated by rather general empiric
formula

Fi~ t !5Fi1 sin@v~ t2td!1a~ t2td!21w i #

3

expS 2 (
n52

4

antnD
11sgn~ t2td!a1tm

, ~11!

wheret5(t2td)/t f . Here,td is the delay time andt f is the
final simulation time. In the optimization,td5t f /2 was used.

TABLE I. Parameters of lattice, valence band, and hole-phon
interaction in GaAs~Ref. 38!.

Quantity Unit Value

Lattice constant,a nm 0.565
Density,r g/cm3 5.316
Sound velocity,s m/s 3860
Dielectric permittivity
static,«0 12.8
high frequency,«` 10.92
Optical phonon energy,\vop eV 0.035
Valence band parameters
g1 6.85
g2 2.1
g3 2.9
Spin-orbit splitting,D eV 0.341
Split-off band mass,ms 0.154
Acoustic deformation potential,E1 eV 5.6
Optical deformation potential,DK eV/m 1.2631011

Heavy-light band linear coupling,c eV m 0.36310212

Linear coupling to split-off band,c8 eV m c/2
Inverse screening length,b m21 108

Ionized impurity concentration,NI cm23 1015
6-3
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A. DARGYS PHYSICAL REVIEW B 66, 165216 ~2002!
In formula ~11!, eight parameters—amplitudeFi1, angular
frequencyv, chirping coefficienta, initial phasew i , and
four parametersan that control the shape of an envelop
function of the field—were varied simultaneously with
some fixed ranges by the GA. The standard GA32,33was used
to find an optimal set of the parameters. The optimality c
terion ~or fitness of the corresponding chromosome in
GA parlance! that determines pulse shape was evaluated w

F i5maxFpi~ t f !2aE
0

t f
uF~ t !u2dtG . ~12!

The first term in Eq.~12! requires the probability to find the
hole in thei th band, to be maximal at the final time of th
simulation. The second term in Eq.~12! is the penalty func-
tion, which requires the energy of the pulse to be minim
The coefficienta is the positive constant assumed befo
hand. Thus, to maximize the fitness~12! the GA must find
the best combination of eight parameters in the driving fi
~11!. In this paper only optimal hole transitions to split-o
band of GaAs, which satisfy criterion~12! will be presented.
The material parameters of GaAs used in the simulation
given in Table I.

III. OPTIMIZED H -S TRANSITIONS

Figure 1 shows electric-field pulse shape generated by
and Schro¨dinger system ~4!, and the resulting time-
dependence of probabilitiesps(t) andpl(t) to detect the hole
in the split-off and light-mass bands at the momentt. The
field F5(Fx,0,0) was linearly polarized and parallel
^100& crystallographic axes. Att50 the hole was in the
heavy-mass band and possessed initial wave vectork050.2
3(21,1,1) nm21. For this wave vector the Hamiltonian Eq
~2! yields the interband resonance energiesElh(k0)5El(k0)
2Eh(k0)548.6 meV and Esh(k0)5Es(k0)2Eh(k0)5371
meV. The frequencyv selected by the GA in Eq.~11! is
0.013 62 a.u. This value corresponds to photon energy\v
5370.6 meV that is very close to resonance energyEsh(k0).

FIG. 1. Time dependence ofp-type pulse generated by GA an
hole excitation probability to split-off~s! and light-mass~l! band.
2kx05ky05kz050.2 nm21. t f520 000 a.u.5484 fs. 131024

a.u. field55.143105 V/cm.
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Linear-k corrections were neglected in Fig. 1 and initi
phase differenceDfhh between degenerate heavy-ma
wave functions was assumed zero. The calculations t
were repeated withDfhh5p/2 as well as with some inter
mediateDfhh values. In all cases it was found that, indepe
dent of initial Dfhh , the magnitude of the final transitio
probabilityps(t f) after integration of the Schro¨dinger system
practically ~up to three significant digits at final timet f
5484 fs) was the same. From this we conclude that the
sults of numerical simulation shown in Fig. 1 correspond
vertical interband transitions and are in accordance with
well-known adiabatic approximation theory, where phase
lations are considered to have negligible influence on obs
ables if perturbation is switched on and off slowly.39 Since in
the integration of the Schro¨dinger system no approximation
were made, in Fig. 1 one can also see fast oscillations su
imposed on the slowly varying transition probabilities. Th
are in phase with the harmonically varying field. Normal
the fast oscillations are absent if solutions are obtained
approximate methods, for example, within the rotating wa
approximation. The calculations shown in Fig. 1 then we
repeated with the density-matrix equation~6! using the same
shape of the electric field as in Fig. 1 and with dissipati
term switched off. Exactly the same time dependence
probabilities was observed in this case too, if the phase
ferences in nondiagonal matrix elements that relate hea
mass degenerate bands were included.

Recently, using femtosecond midinfrared-induced lum
nescence Burr and Tang40 have found that hole lifetime in
spin-orbit split-off band of GaAs ists5(50615) fs. This
value is shorter than thep-pulse length, about 200 fs at ha
maximum, in Fig. 1. The calculation were repeated with d
sipation in the density-matrix equation taken into acco
with parameter values in Table I. Figure 2 shows the evo
tion of the distribution of holes having approximately th

FIG. 2. Evolution of hole distribution at various initial~a! polar
and~b! azimuthal angles of the wave vectork0 under same exciting
field as in Fig. 1.uk0u50.347 nm21. T5300 K.
6-4
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LUTTINGER-KOHN HAMILTONIAN AND COHERENT . . . PHYSICAL REVIEW B 66, 165216 ~2002!
same initial energy~the modulus ofk0 was kept constant! as
in Fig. 1 but at different directions of the wave vector ch
acterized by polaru° and azimuthalw° angles with respec
to crystallographic axes. First of all, it should be noted t
the maximum excitation of the split-off band has decrea
by an order of magnitude and is about 0.1 now. Furtherm
the excitation character is insensitive to wave vector dir
tion. Second, the decay ofs population is very fast: the hole
lifetime ts deduced from decrease of thes population in Fig.
2 is about 65 fs. This value agrees with the experimen40

Third, there remain small residual oscillations that are s
chronous with field oscillations, even after the ensemble
eraging over final scattering angles has been performed

Figure 3 shows relaxation of projections of hole spins
5(sx ,sy ,sz) for a hole having initial wave vectork050.2
3(21,1,1) nm21. The projections were calculated wit
combined,J5 3

2 for h and l bands andJ5 1
2 for s band,

angular momentum matrices, and time-dependent den
matrix r̂ at two fixed scattering angles but at a random init
phase differenceDf i i . The phasesDf i i were included only
in nondiagonal,uc i1&^c i2u and uc i2&^c i1u, elements ofŝe

FIG. 3. Relaxation of hole spin projections at two random
selected phase differences between degenerate heavy-mass
wave functions.k050.23(21,1,1) nm21.

FIG. 4. Time dependence of the probabilities to detect the h
in s and l bands for randomly selected initial phase differenc
Dfhh between heavy-mass band degenerate wave functiont f

52000 a.u.548.4 fs.
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that couple degenerate states only. The initial values for
agonal elements or probabilitiess i i 5uc i&^c i u, where i
5s1,s2,l1,l2,h1,h2, were assumed to be the same as in F
2. Interband nondiagonal elements that connecth, l, and s
bands were equated zero. From Fig. 3 it is clear that cont
to probabilities the spin projections do depend on the ini
phase difference between degenerate wave functions, in
case mainly betweenh-band functions, since at equilibrium
the hole population in this band predominates. The ini
nonzero spin projections do not cancel out if ensemble a
aging over final hole scattering angles is performed. Th
Figs 1–3 demonstrate that in case of degenerate state
ensemble average over the final scattering states alone
not guarantee that all physical quantities will behave as
expects for a homogeneous semiconductor in equilibrium
the remaining part of this section, results of simulation us
pulses that are shorter than average hole momentum sca
ing time will be presented. Under these conditions long ti
coherence predominates in the transitions and the adiab
approximation does not hold.

In Fig. 4 the family of curves shows the evolution o
probability to find the hole in light-mass and split-off ban
calculated with GA and Schro¨dinger equation, while in Fig. 5
the curves show the evolution calculated with the dens
matrix when initial matrix is diagonal, ŝe
5diag$0,0,0,0,0.5,0.5% in the order of Eq.~9!. In both figures
the optimized pulse consists of one optical period. The o
mized pulse is asymmetric with equal positive and nega
amplitudes, respectively, 2.43106 V/cm and 1.8
3106 V/cm. It is seen that the final excitation probabilitie
ps(t f) andpl(t f), respectively, tos and l bands~Fig. 4! now
strongly depend on phase differenceDwhh . At someDwhh
values the excitation has a two step character—at first,
hole with high probability is excited tol band and then tos
band—while the probabilityps(t f) may be close to one. The
points in Fig. 5 represent averaged probabilities after integ
tion of the Schro¨dinger system over 200 random phase d
ferences. From these figures it is clear that the averag

and

le
s

FIG. 5. Lines show the probabilities to detect the hole ins andl
bands when the dissipation term in the density matrix is switc
off. Points represent calculations with Schro¨dinger system and av
eraging over 200 random initial phase differencesDfhh . The shape
of the exciting field,F„t…5@Fx(t),0,0#, is shown too.
6-5
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A. DARGYS PHYSICAL REVIEW B 66, 165216 ~2002!
over initial phase differences of degenerate wave function
equivalent to equating to zero matrix elements that cou
degenerate bands in the initial density matrix.

Figure 6 shows the case where field polarization is diff
ent. It was found that in case of high intensity and ultrash
fields, in spite of valence-band anisotropy, similar picture
observed for this and other polarizations of the field af
optimization. The effect of dissipation atT5300 K on exci-

FIG. 6. ~a! Valence-band occupation probabilities vs time for
hole with k050.23(1,1,1) nm21. ~b! The exciting electric-field
components.

FIG. 7. Evolution of hole distribution in~a! split-off band and
~b! light-mass band at different polar angles of the initial wa
vector. The field is shown in Fig. 6~b!. T5300 K.
16521
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tation probabilities of holes having different wave-vector d
rections with respect of crystallographic axes, whenŝe is
diagonal and when the electric-field shown in Fig. 6~b! has
been used, is presented in Fig. 7. Figure 7~a! demonstrates
that despite ultrafast decay of population froms band it is
possible to reach high excitation probabilities, if cohere
excitation with the optimized femtosecond pulses is used
Fig. 7~b!, the evolution of the probabilities to detect the ho
in l band under same initial and excitation conditions
shown. The dependence on the angle in this case ha
opposite character. In general, it has been observed tha
coherent excitation of thes band coexists with the excitatio
of the l band at intermediate times. At this stage it is uncle
whether this is associated with LK Hamiltonian or this pro
erty reflects a finite set of all possible electric-field shap
given by Eq.~11!.

Finally, Fig. 8 shows time dependence of spin projectio
after averaging over final scattering angles for all possi
scattering mechanisms, of the subensemble of holes ha
k050.23(1,1,1) nm21 at t50. As in Fig. 7, nondiagona
elements ofŝe were assumed to be equal zero. Now, t
subensemble of holes has zero initial spin. Figure 8 a
shows that, due to the presence of strong spin-orbit inte
tion in GaAs, the hole spin changes in a very fast way dur
the action of the electric-field pulse and in the absence
the pulse relaxes back to an equilibrium in a spiral-li
trajectory.

IV. DISCUSSION AND CONCLUSIONS

Excitation of the split-off valence band by subpicoseco
infrared pulses was studied inp-GaAs in a limit of zero hole
concentration. Numerical experiments have shown tha
spite of very short lifetime~50–60 fs! of holes in the split-off
band it is possible to achieve high excitation level, if exci
tion is coherent and the exciting pulse has an optimal sha
The light-mass band takes part inh-s transitions at interme-
diate times. Because hole scattering times inl band are

FIG. 8. Evolution of spin projections of subensemble of ho
for which k050.23(1,1,1) nm21. The electric field is the same a
in Fig. 6~b!. T5300 K.
6-6
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LUTTINGER-KOHN HAMILTONIAN AND COHERENT . . . PHYSICAL REVIEW B 66, 165216 ~2002!
longer by an order of magnitude than ins band, the coher-
ence of transitions is not destroyed. The dynamics of tra
tions induced by linearly polarized fields were present
Calculations have also been done with circularly polariz
femtosecond pulses, however, lower levels ofs-band excita-
tion were observed in this case.

It was found that the final transition probability and sp
are sensitive to initial phase relations between degene
wave functions, if duration of the exciting field in the Schr¨-
dinger equation is short enough. This property does not v
ish if valence-band splitting due to linear-k terms is included
in the Hamiltonian. However, the final population probab
ties were found to be insensitive to phase relations betw
degenerate band wave functions if slow perturbation of
valence band, when the leading and trailing edges of
pulse consist of more than about five or more optical perio
was used. These results are in accordance with quantum
lution of a system under a slowly changing Hamiltonian
the so called adiabatic evolution~see, for example, discus
sion on this point in Ref. 39 and literature cited therei!.
Although in the considered case ofp-GaAs the adiabatic
evolution of the LK Hamiltonian is destroyed by fast ho
intraband and interband scattering, nonetheless, the que
remains what is a physical meaning of the phase differen
Dw i i betweeni th degenerate band wave functions. The op
cal transitions investigated in this paper take place in a
mogeneous media, therefore, no spatial interference eff
associated with hole wave function phase are expected.
merical experiments have shown~Figs. 3 and 8! thatDf i i is
intimately connected with an initial spin value and directi
of the hole. Normally, one has to do either with electric
magnetic dipoles associated with transitions between st
coupling different energy bands. However, in case of
valence band, due to strong spin-orbit interaction betw
the bands,2 the LK Hamiltonian and the spin operator cann
be diagonalized simultaneously. This means that, in gene
energy bands cannot be characterized by exact spin qua
numbers. By the same reason, during intervalence band
sitions induced by an electric field, a part of the spin asso
ated with the doubly degenerate band manifold is not c
served. This explains why the superposition of tw
degenerate wave functions of the valence band, for exam
of heavy-mass band wave functions will generate spin
pole, the magnitude and direction of which depends on h
degenerate wave functions are superimposed. By comp
experiment it was checked that, indeed, the phase differe
Df i i in the Schro¨dinger equation~1! are related with nondi-
agonal density matrix elements that connect degene
statesi 5h,l , or s. It was shown that at a given initial wav
vector these degenerate wave-function pairs yield nonz
contribution to the projections of the hole spin and, con
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quently, to transition probability the magnitude of whic
changes withDf i i ~Fig. 4!. Thus, a unique solution of the
time-dependent Schro¨dinger equation as an initial valu
problem requires certain postulates to be done as to p
relations between LK Hamiltonian degenerate wave fu
tions what, in its turn, presupposes certain assumptions
absence or presence of nonzero spin dipole projections
homogeneous semiconductor before the electromagn
pulse is switched on. If one desires to calculate femtosec
transitions of hole distribution in an initially unpolarized m
dium, then one must take average over an ensemble of al
phase differencesDf i i . Without performing such averagin
one will implicitly assume some initial uncontrollable pola
ization of the medium. The simulation has shown~Fig. 5!
that averaging over initial wave-function phases is equival
to equating all nondiagonal matrix elements to zero in

density matrixŝ that connect degenerate states.
Since the LK Hamiltonian is very complicated, variou

approximations are used in the literature to simplify it. T
most popular of these reduce the LK Hamiltonian to 333
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spherical.41 Such simplifications in the LK Hamiltonian au
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ferences of the degenerate wave functions is not perform
properly after a such simplification, nonzero magnetic
poles are presupposed in the system. The paper shows
for general form of the LK Hamiltonian represented by Eq
~2! and ~3! the averaging over random initial phase diffe
ences is adequate to eliminate initial spin dipoles, which
connected with band degeneracy. Alternatively, one may s
with the density-matrix equation and then equate zero th
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In conclusion, from the joint analysis of the Schro¨dinger
and density-matrix equations based on the LK Hamiltoni
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matrix elements, also depends on phase relations betw
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quantum control of femtosecond interband and spin-rela
excitation in doped bulk semiconductors and nanostructu
where strong spin-orbit interaction allows to control spin
time-varying electric fields.29,30From experimental and prac
tical point of view, the phase differences between degene
wave functions may serve as a kind of ‘‘handles’’ that allo
to control quantum-mechanical hole spin. This may have
portant consequences in the ultrashort pulse spectroscop
interband transitions and in ultrafast spintronics.
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