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Luttinger-Kohn Hamiltonian and coherent excitation of the valence-band holes
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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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[. INTRODUCTION short time limited by the Heisenberg time-energy uncertainty
relation?® Characteristic population inversion patterns in the
Luttinger-Kohn(LK) Hamiltoniart2 is frequently used to  Brillouin zone are generated by such ultrashort puféé&in
describe hole properties at top of the valence band of mogiaper®®it was demonstrated that coherent all-optical in-
technologically important semiconductors, including elemenijection of spin-polarized currents can be achieved if relative
tary semiconductors, IlI-V compounds, and their alloys. Itsphases of the exciting lasers are controlled. In the present
popularity is connected with a small number of empirical paper it will be shown that phase relations between degener-
parameters needed to represent complex valence-band strige valence-band wave functions can also play an important
ture in normal and strained semiconductotenergy spectra role in the coherent evolution of the hole state vector and in
of shallow acceptors and excitofis, and quantum proper-  the final excitation probabilities. This fact may be important
ties of nanostructurés.'” The LK Hamiltonian is also fre- i the quantum control problems and in selecting an optimal
quently used in the analysis of hole intervalence transitioryycitation pulse.
properties, optical selection r‘élel%- absorption anisotropy, etc. This paper is organized as follows. In Sec. Il basic equa-
in infrared(IR) radiation fields**In this paper we shall be o1 are introduced. In Sec. il results of numerical experi-
!nteregted in the excitation of vglence-band holes by h'gh'ments with optimized ultrashort pulses are presented. The
'ntTnS'ty femltosecond (IjR Iasfe[)ﬂﬁlds:. f th | b C{esults are limited only to optimal excitation of split-off band
n general, two modes of behavior of the valence-ban of p-GaAs in low doping limit. The discussion on macro-

holes under intense laser field irradiation are to be distin- coic interpretation of the phase relations between degener-
guished. When laser pulse is long, dissipation dominates iR oP P P 9¢
te or close to degenerate valence-band wave functions,

hole intervalence transition dynamics and, as a result, spe@— : . N T .
tral hole is burnt out in hole distribution function at reso- WNeN spin-orbit interaction is strong, is given in Sec. IV.
nance energy. In essence, the effect is related with a disbal-
ance between in and out hole scattering rates brought about

by high intensity laser radiation. The properties of the spec- Il. CALCULATIONAL METHODS
tral hole inp-type semiconductors were analyzed by Boltz-
mann equation??° density matrix equatioftt or by simulat- General form of the six-band LK Hamiltonian that con-

ing hole dynamics with Monte Carlo methé8l.In an sists of two terms,
opposite case, when laser pulse is shorter than average hole

collision time with lattice phonons or imperfections, valence

band mixing by strong electric field of IR radiation predomi- A
nates. Earlier it was shown that such mixing induces

intervalence Rabi oscillatioA$and may contribute to addi-

tional intervalence-band-tunneling noise i®type semi- a5 ysed in the simulation, whefg, is the main term that

4
conductors: _ _ _ represents doubly degenerate heavy-mass (ight-mass
From the perspective of semiconductor quantum devic 1), and split-off(s) bands. The second terf, takes into

application, of all possmlg quantum coherence effects, al ccount small splitting of doubly degenerate bands due to the
ultrafast control of population transfer between energy bands

. . ) . .. _—absence of inversion symmetry in IlI-V compounds. The ma-
or impurity atomic levels is thought to be the most promising™ ™.~ o
one. The possibility of ultrafast quantum control in quantumtfiX Ho is made up of qua}dratlc in wave vectde
wells was shown by Krauset al?® Recently, it was shown = (Kx.Ky.k;) elements, wheré’s are referenced with re-
that optical pulses of minimal energy exist, which can coherSPect to crystallographic axes. In the spinor basjm), in
ently transfer the carrier between energy bands in extremelihe order|3,3),13,3),13,—3).|3,—3).13.3).13,—3), it is

k=Ho+H; 1
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where P=(y1/2)(Ki+kj+k2)=(y1/2)k?, Q=(y2/2)(K;+k;—2K2), L=—i\3ysky(ke—iky), M=(:3/2)y,(k;—k?)
—i \/§y3kxky, andi=+/— 1. Atomic units(a.u) are used throughout. The Hamiltoniﬁl@ is characterized by three empirical
parameters;, v», andys, and strength\ of the spin-orbit splitting betweelig andI'; bands at poink=0. The eigenvalues
of Eq. (2) yield nonparabolic, nonspherical, and doubly degenerate heavy-mass, light-mass, and split-off band dispersion laws
that describe dependence of the hole energy in a particular band as a function of the wavé&.vector

The correction ternH, is linear ink;’s. It lifts off the double degeneracy and in the above mentioned ordering, wh
basis has the following forr:
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In Eq. (3), x=(c/2)(ke+iky), N=ck,, p=(c"12:2)(ks Ay [~ F1) 9

+ik,), and »=(c'/\2)k,. The empirical coefficientc == H°+i_(9_k| ) (4)

couplesI'g states, while coefficient’ couplesI’; states to
I'g states. The unitary transformation matrix that connects

matrix (3) and the corresponding matrix in Ref. 31 is whereF(t) is the time-dependent electric field of the elec-
tromagnetic radiation. The Sclitinger system can be re-

duced to full derivatives, if one notes that equation of motion
for the hole wave vector

i 0 O 0O 0 O

0 O 0O -1 0 O

0 -1 0 0 0 O dk/dt=F(t) (5

0O 0 —-i 0 0 O

0 0 0 0 i o at the same time is the characteristic equation of the system
: (4). Optimal, femtosecond duration pulses were obtained af-

0 O 0 0 0 -1 ter incorporation of the syster() into genetic algorithm

(GA) 32,33
With the optimal electric field=(t) known, in a real evo-
To find hole intervalence dynamics in.an arbitrarily vary- lution where dissipation influences the coherence of interva-
ing electromagnetic field the following Schiinger equation lence transitions, the hole dynamics was simulated with the
for six-component state vectd#) was solved numerically:  help of dynamical equation for>6 density matrix
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(9;) TABLE |. Parameters of lattice, valence band, and hole-phonon
iﬁz[ﬂLK PIHITL et L (6)  interaction in GaAgRef. 39.

Here,L,q1ax IS the relaxation operator in the energy represen-

tation andT is the unitary transformation operator that re- Quantity unit Value
lates energy and spinor bagism) representations. In Eq. Lattice constanta nm 0.565
(6) the electric field takes effect indirectly through equationpensity, p glent 5.316
of motion (5) for the hole wave vector. In the absence of Sound velocitys m/s 3860
dissipation, when_,qax iS unimportant, the densi.'gy matrix Dielectric permittivity
(6) and Eq.(5) yield the same results as the Safir@er  gatic, e, 12.8
system(4). Nonetheless, from the computational point of high frequencys.. 10.92
view both systems are not equivalent. In the Sdimger Optical phonon energy; w, eV 0.035
system the integration is over six coupled equations, while iR,4cnce band parameters P
the density-matrix system the integration is over 21 coupledyl 6.85
complex elements 0p(t). The remaining nondiagonal ele- ¥ 21
ments inp(t) can be found by complex conjugation, includ- V3 2.9
ing the dissipative case. Spin-orbit splitting,A eV 0.341

The relaxation operator was represented as a sum of twgpiit-off band massm 0.154
terms* Acoustic deformation potentiak eV 5.6

A Optical deformation potentiaD K eV/im 1.26< 101
Lietlax= —{R,0}+ o, (7 Heavy-light band linear coupling; evm  0.36<10 12
whereo is the time-dependent density matrix in the energy"Inealr COUpI'ng_ {0 split-off band;’ erT c/2
. ~ . I Inverse screening lengtiB m 108

representation and, is the corresponding equilibrium ma- lonized impurity concentratior, P 10%

trix. R is the scattering operator. The curly brackets denote
the anticommutatof R, o} =Ra+ oR. The matrixo is con-
nected with the density matrip in Eq. (6) by the same
unitary transformation,

ond time scalé®3’ In the present calculations, it was as-
sumed that only longitudinal relaxation of the hole spin due
to hole momentum scattering is important, i.e., only diagonal
o) =T Ht)p()T(t). (8)  elements were included iR. The transverse spin relaxation
. . . _ was neglected. It was assumed that before application of the
The time-dependent unitary matrik(t) at the same time |aser pulse the hole distribution was in a thermal equilibrium
diagonalizes the LK Hamiltonian at all momens with semiconductor lattice. Since matrixis in energy rep-
4TI T 9 resentation, its diagonal elements give the probabilities to
He=T "Hi«T=diagEs1,Es,Ei1.Ei2.En.Bnal. (9 fing the hole in théth band. The Boltzmann distribution was
where the diagonal elements in the mati® represent dis- used to calculate the initial occupation probability

persion laws of the respective bands. The knowledge(tf

" —E(kg)/KT
andT(t) is sufficient to find the dynamics of the hole popu- Pi(Ko)=(0)i =L (10)
lation in all six valence bands as well as time dependence S e Eilko/kT

of nondiagonal termgcoherencesof o with the help of i

Eq. (8).

In the relaxation matrix7), the band population relax- of theith band at initial wave vectdt,. In Eq.(10), T is the

ations and decoherences due to hole momentum scatteri@tfezﬁengiTLuzre and the sum runs over all barids:
by acoustical, optical, and screened polar optical phonons_,S Selllsnlhe. ) ) ,
The shape of the optimal electric fieldF(t)

with intraband and interband hole transfer for all three bands, ,

were taken into account. Screened ionized impurity scatter= LFx(1),F(t),F,(t)] that controls motion of the wave vec-
ing was also included, which may be important at low latticel®' In Ed. (5) was approximated by rather general empirical
temperatures. The final scattering angles were determined B§rmula
Monte Carlo rejection method proposed in Ref. 35. By ac-

_ H _ _ 2 .
cepting only those final states that have the angular distribu- Fi()=Fiisifo(t—ty) + a(t—ty) "+ ¢|]

tion that satisfies the warping and valence-band wave func- 4
tion overlap conditions, one can obtain the correct scattering expg — 2, a,™
rates in the matrix7). The hole spin relaxation was included n=2
. . . X , (11
through elastic and nonelastic momentum scattering only. In 1+sgn(t—tg)a; 7™

general, the data on hole spin relaxation are scare, although,
it is well established that, contrary to electron-spin relax-wherer=(t—tq)/t;. Here,ty is the delay time andk is the
ation, the hole spin relaxation is fast and lies in the picosecfinal simulation time. In the optimizatioy=1;/2 was used.
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FIG. 1. Time dependence af-type pulse generated by GA and
hole excitation probability to split-offs) and light-masgl) band.
—ke=Kyo=kp=0.2nnm . t=20000 a.u=484fs. 1x10 *
a.u. field=5.14x 10° V/cm.

In formula (11), eight parameters—amplitude,,, angular FIG. 2._ Evolution of hole distribution at various initiéd) po]a_tr
frequencyw, chirping coefficienta, initial phaseg;, and a_md(b) a_znm_uthal angles of the leave vectgy under same exciting
four parameters, that control the shape of an envelope field @s in Fig. Llko|=0.347 nm*. T=300 K.

function of the field—were varied simultaneously within

some fixed ranges by the GA. The standard®&&was used Lineark corrections were neglected in Fig. 1 and initial
to find an optimal set of the parameters. The optimality cri-phase differenceA ¢y, between degenerate heavy-mass
terion (or fithess of the corresponding chromosome in thewave functions was assumed zero. The calculations then
GA parlancg that determines pulse shape was evaluated withvere repeated witlhh ¢,,,= /2 as well as with some inter-
mediateA ¢, values. In all cases it was found that, indepen-
dent of initial A ¢y,,,, the magnitude of the final transition
probability p(t;) after integration of the Schdinger system
practically (up to three significant digits at final timg

The first term in Eq(12) requires the probability to find the =484 fs) was the same. From this we conclude that the re-
hole in theith band, to be maximal at the final time of the sults of numerical simulation shown in Fig. 1 correspond to
simulation. The second term in E(1L2) is the penalty func- vertical interband transitions and are in accordance with the
tion, which requires the energy of the pulse to be minimalwell-known adiabatic approximation theory, where phase re-
The coefficienta is the positive constant assumed before-lations are considered to have negligible influence on observ-
hand. Thus, to maximize the fitneék2) the GA must find  ables if perturbation is switched on and off slowf\Since in

the best combination of eight parameters in the driving fielcthe integration of the Schdinger system no approximations
(12). In this paper only optimal hole transitions to split-off were made, in Fig. 1 one can also see fast oscillations super-
band of GaAs, which satisfy criteriaid2) will be presented. imposed on the slowly varying transition probabilities. They
The material parameters of GaAs used in the simulation arare in phase with the harmonically varying field. Normally,

tf
(Di:ma{pi(tf)_afo [F(t)]2dt|. (12

given in Table I. the fast oscillations are absent if solutions are obtained by
approximate methods, for example, within the rotating wave
. OPTIMIZED H-S TRANSITIONS approximation. The calculations shown in Fig. 1 then were

repeated with the density-matrix equati@ using the same

Figure 1 shows electric-field pulse shape generated by GAhape of the electric field as in Fig. 1 and with dissipation
and Schrdinger system (4), and the resulting time- term switched off. Exactly the same time dependence of
dependence of probabilitigg(t) andp,(t) to detect the hole probabilities was observed in this case too, if the phase dif-
in the split-off and light-mass bands at the momenThe ferences in nondiagonal matrix elements that relate heavy-
field F=(F,,0,0) was linearly polarized and parallel to mass degenerate bands were included.
(100) crystallographic axes. At=0 the hole was in the Recently, using femtosecond midinfrared-induced lumi-
heavy-mass band and possessed initial wave végte0.2  nescence Burr and Taffghave found that hole lifetime in
X (—1,1,1) nm'L. For this wave vector the Hamiltonian Eq. spin-orbit split-off band of GaAs iss=(50+15) fs. This
(2) yields the interband resonance enerdigg ko) = E (ko) value is shorter than the-pulse length, about 200 fs at half
—En(kg)=48.6 meV and Egn(ko) =Es(kg) —En(kg)=371  maximum, in Fig. 1. The calculation were repeated with dis-
meV. The frequencyw selected by the GA in Eqll) is  sipation in the density-matrix equation taken into account
0.01362 a.u. This value corresponds to photon enérgy with parameter values in Table I. Figure 2 shows the evolu-
=370.6 meV that is very close to resonance ené&rgyk). tion of the distribution of holes having approximately the
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FIG. 3. Relaxation of hole spin projections at two randomly

selected phase differences between degenerate heavy-mass b%nd:O:G' SH Lmﬁs f;‘OV_V th? probabl!ltle; toddetgct the h.0|§ emd_l hed
wave functionsky=0.2x (—1,1,1) nnt . ands when the dissipation term in the density matrix is switche

off. Points represent calculations with Sctlimger system and av-
eraging over 200 random initial phase differendes,;,. The shape

same initial energythe modulus oky was kept constapgs of the exciting field F(t)=[F,(t),0,0], is shown too.

in Fig. 1 but at different directions of the wave vector char-

acterized by polap® and azimuthalkp® angles with respect - .
to crystallographic axes. First of all, it should be noted thatthat couple degenerate stateg_c_)nly. The initial values f_or di-
gonal elements or probabilities;;=|;){;|, where i

the maximum excitation of the split-off band has decrease&i -
by an order of magnitude and is about 0.1 now. Furthermore, s1,211/2h1h2, were assumed to be the same as in Fig.

the excitation character is insensitive to wave vector direc-z' Interband nondiagonal elements that conrfedt ands

tion. Second, the decay sfpopulation is very fast: the hole t)andsbwte)_rl_et_equtﬁted Z€ro. F_rortr_1 F'g'dg ';'S clegr tha;LanF[aﬁy
lifetime 75 deduced from decrease of ta@opulation in Fig. Ohg_i,z gﬁlérf:ce E;plgeﬂﬂicézgsratg Zpgr} nocr;'oni Inr: It?]'s
2 is about 65 fs. This value agrees with the experinfient. P ' W 9 wave tunctions, in thi

Third, there remain small residual oscillations that are syn-Case mainly betweehrband functions, since at equilibrium

chronous with field oscillations, even after the ensemble av'Ehe hole population in this band predominates. The initial

eraging over final scattering angles has been performed. nonzero spin projections do not cancel out if ensemble aver-

Fgure 3 shows relxaton of pojectons of ol s 2910,0%E1 1) fole scaterng angles s perfomed. Thue,
=(s«,Sy,S;) for a hole having initial wave vectok,=0.2 g 9

%(-1,1.1) nni’. The projections were calculated with ensemble average over the final scattering states alone does

combined,J=2 for h and | bands and=1 for s band, not guarantee that all physical qL_Jantltles Wl!l beha}\(e as one
expects for a homogeneous semiconductor in equilibrium. In

angqla[ momer_1tum matrlc_es, and time-dependent qe_n_S'%e remaining part of this section, results of simulation using
matrix p .at two fixed scattering angles but at.a random 'n't'alpulses that are shorter than average hole momentum scatter-
phase differenca ¢;; . The phasea ¢;; were included only jng time will be presented. Under these conditions long time
in nondiagonal| ¢i1){( i, and |i2)(ii4], elements ofc,  coherence predominates in the transitions and the adiabatic
approximation does not hold.

1.0 ' ' ' ] In Fig. 4 the family of curves shows the evolution of
randomAdy, probability to find the hole in light-mass and split-off band
calculated with GA and Schdinger equation, while in Fig. 5

0.8
- the curves show the evolution calculated with the density
£ 0.6 A REITITITNIPPIES matrix ~when initial matrix is diagonal, o,
g P ST =diad{0,0,0,0,0.5,0.bin the order of Eq(9). In both figures
&5 0.4 P : the optimized pulse consists of one optical period. The opti-

Tl mized pulse is asymmetric with equal positive and negative
amplitudes, respectively, 241° V/cm and 1.8
S X 10° V/cm. It is seen that the final excitation probabilities
ETUURRR ps(tf) andp(ts), respectively, tes andl bands(Fig. 4) now
strongly depend on phase differensey,,. At someA ey,
values the excitation has a two step character—at first, the
hole with high probability is excited tbband and then ts
FIG. 4. Time dependence of the probabilities to detect the holdand—while the probability(t;) may be close to one. The

in s and | bands for randomly selected initial phase differencespoints in Fig. 5 represent averaged probabilities after integra-
Ay between heavy-mass band degenerate wave functigns. tion of the Schrdinger system over 200 random phase dif-
=2000 a.u=48.4 fs. ferences. From these figures it is clear that the averaging

) 500 1000 1500 2000
Time (a.u.)
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FIG. 6. (a) Valence-band occupation probabilities vs time for a
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over initial phase differences of degenerate wave functions i
equivalent to equating to zero matrix elements that coupl
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degenerate bands in the initial density matrix.

Figure 6 shows the case where field polarization is differ
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FIG. 8. Evolution of spin projections of subensemble of holes
for which kq=0.2x(1,1,1) nm'1. The electric field is the same as
in Fig. &b). T=300 K.

tation probabilities of holes having different wave-vector di-

rections with respect of crystallographic axes, wlfeg'nis
diagonal and when the electric-field shown in Figb)6has
been used, is presented in Fig. 7. Figufa) demonstrates
that despite ultrafast decay of population frenband it is
ossible to reach high excitation probabilities, if coherent
xcitation with the optimized femtosecond pulses is used. In
Fig. 7(b), the evolution of the probabilities to detect the hole
in | band under same initial and excitation conditions is

ent. It was found that in case of high intensity and ultrashort,gwn. The dependence on the angle in this case has an

fields, in spite of valence-band anisotropy, similar picture i
observed for this and other polarizations of the field afte
optimization. The effect of dissipation &t=300 K on exci-

s-probability

FIG. 7. Evolution of hole distribution irfa) split-off band and

QLAY e \\\\\\‘
. ‘\,!‘\\\\\\\\\\\\\\

Time (fs)

Sopposite character. In general, it has been observed that the
'coherent excitation of theband coexists with the excitation

of thel band at intermediate times. At this stage it is unclear
whether this is associated with LK Hamiltonian or this prop-
erty reflects a finite set of all possible electric-field shapes
given by Eq.(11).

Finally, Fig. 8 shows time dependence of spin projections,
after averaging over final scattering angles for all possible
scattering mechanisms, of the subensemble of holes having
ko=0.2x(1,1,1) nm! at t=0. As in Fig. 7, nondiagonal
elements offre were assumed to be equal zero. Now, the
subensemble of holes has zero initial spin. Figure 8 also
shows that, due to the presence of strong spin-orbit interac-
tion in GaAs, the hole spin changes in a very fast way during
the action of the electric-field pulse and in the absence of
the pulse relaxes back to an equilibrium in a spiral-like
trajectory.

IV. DISCUSSION AND CONCLUSIONS

Excitation of the split-off valence band by subpicosecond
infrared pulses was studied jaGaAs in a limit of zero hole
concentration. Numerical experiments have shown that in
spite of very short lifetimé50—60 fg of holes in the split-off
band it is possible to achieve high excitation level, if excita-
tion is coherent and the exciting pulse has an optimal shape.

(b) light-mass band at different polar angles of the initial wave The light-mass band takes parthrs transitions at interme-
vector. The field is shown in Fig.(6). T=300 K.

diate times. Because hole scattering timesl iband are
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longer by an order of magnitude than srband, the coher- quently, to transition probability the magnitude of which
ence of transitions is not destroyed. The dynamics of transiehanges withA ¢;; (Fig. 4). Thus, a unique solution of the
tions induced by linearly polarized fields were presentedtime-dependent Schdinger equation as an initial value
Calculations have also been done with circularly polarizecbrob|em requires certain postulates to be done as to phase
femtosecond pulses, however, lower levelstand excita-  relations between LK Hamiltonian degenerate wave func-
tion were observed in this case. tions what, in its turn, presupposes certain assumptions on
It was found that the final transition probability and spin gpsence or presence of nonzero spin dipole projections in a
are sensitive to initial phase relations between degenerajgymogeneous semiconductor before the electromagnetic
wave functions, if duration of the exciting field in the Schro 156 is switched on. If one desires to calculate femtosecond
dinger equation is short enough. This property does not var, sitions of hole distribution in an initially unpolarized me-

!Sh i valenqe—bgnd splitting due to _Ilnebrterms IS mcluded_ . dium, then one must take average over an ensemble of all the
in the Hamiltonian. However, the final population probabili-

. : I . ephase differenced ¢,;; . Without performing such averaging
ties were found to be insensitive to phase relations between S o
degenerate band wave functions if slow perturbation of th&ne will implicitly assume some initial uncontrollable polar-

valence band, when the leading and trailing edges of théZation of the medium. The simulation has showig. 5

pulse consist of more than about five or more optical periodst,hat averaging over initial wave-function phases is equivalent

was used. These results are in accordance with quantum eV €auating all nondiagonal matrix elements to zero in the
lution of a system under a slowly changing Hamiltonian—density matrixo that connect degenerate states.

the so called adiabatic evolutidsee, for example, discus- Since the LK Hamiltonian is very complicated, various
sion on this point in Ref. 39 and literature cited thejein approximations are used in the literature to simplify it. The
Although in the considered case pfGaAs the adiabatic most popular of these reduce the LK Hamiltonian ta 3
evolution of the LK Hamiltonian is destroyed by fast hole block-diagonal form with a unitary transformation or using
intraband and interband scattering, nonetheless, the questisome simplifying assumptions, for example, semigxiabr
remains what is a physical meaning of the phase differencespherical’! Such simplifications in the LK Hamiltonian au-

A ¢;; betweenith degenerate band wave functions. The opti-tomatically bring about modifications or restrictions on phase
cal transitions investigated in this paper take place in a horelations of degenerate spinor wave functions and, conse-
mogeneous media, therefore, no spatial interference effectpiently, on hole initial spin. If averaging over all phase dif-
associated with hole wave function phase are expected. Nderences of the degenerate wave functions is not performed
merical experiments have showligs. 3 and BthatA¢;; is  properly after a such simplification, nonzero magnetic di-
intimately connected with an initial spin value and direction poles are presupposed in the system. The paper shows that
of the hole. Normally, one has to do either with electric orfor general form of the LK Hamiltonian represented by Egs.
magnetic dipoles associated with transitions between staté®) and (3) the averaging over random initial phase differ-
coupling different energy bands. However, in case of theences is adequate to eliminate initial spin dipoles, which are
valence band, due to strong spin-orbit interaction betweewonnected with band degeneracy. Alternatively, one may start
the band$,the LK Hamiltonian and the spin operator cannotwith the density-matrix equation and then equate zero those
be diagonalized simultaneously. This means that, in generatatrix elements that connect degenerate states.

energy bands cannot be characterized by exact spin quantum In conclusion, from the joint analysis of the Schimger
numbers. By the same reason, during intervalence band trannd density-matrix equations based on the LK Hamiltonian,
sitions induced by an electric field, a part of the spin associit follows that the value of hole spin, apart from intervalence
ated with the doubly degenerate band manifold is not conmatrix elements, also depends on phase relations between
served. This explains why the superposition of twodoubly degenerate or nearly degenerate valence-band wave
degenerate wave functions of the valence band, for exampléynctions. The initial phase relations may be important in
of heavy-mass band wave functions will generate spin diquantum control of femtosecond interband and spin-related
pole, the magnitude and direction of which depends on hovexcitation in doped bulk semiconductors and nanostructures,
degenerate wave functions are superimposed. By comput&rhere strong spin-orbit interaction allows to control spin by
experiment it was checked that, indeed, the phase differencéine-varying electric field$>*°From experimental and prac-

A ¢;; in the Schrdinger equatior{1) are related with nondi- tical point of view, the phase differences between degenerate
agonal density matrix elements that connect degeneratgave functions may serve as a kind of “handles” that allow
statesi=h,l, ors. It was shown that at a given initial wave to control quantum-mechanical hole spin. This may have im-
vector these degenerate wave-function pairs yield nonzerportant consequences in the ultrashort pulse spectroscopy of
contribution to the projections of the hole spin and, conseinterband transitions and in ultrafast spintronics.
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