
Vol . 105 (2004) ACT A PHY SIC A POLON IC A A No . 3

C on t ro l of V al ence-B an d H ole Sp in

by Ele ctric Fie ld

A . D ar gysÊ

Sem iconducto r Physics Insti tute

A. Goçstauto 11, 2600 Vi lnius, Li thua nia

(Received Novem ber 28, 2003)

Coherent prop ert ies of the ho le spin in an electric Ùeld are in vesti gated .

T he t unneli ng bet ween valence bands is used to control the transitions b e-
tw een the spin states. Extensive numerical studies using the time- dep endent
Schr �odinger equation for valence band are presented to demonstrate the
characteristic prop erties of the hole spin dynamics in dc, harmonic, as w ell

as optimi zed electric Ùelds for real valence bands of sili con. T he pap er also
show s how one can connect the average hole spin w ith the initial hole wave
function in the time- dependen t Schr�odinger equation.

PACS numb ers: 72.20.Jv, 73.40.Gk, 78.55. {m, 79. 90.+ b

1. I n t rod uct io n

An importa nt ingredi ent in the fast developing Ùeld of spintro nics, where
both the electroni c charge and spin are on equal footi ng in the devi ce operati on,
is the possibi li ty to contro l the spin states of a bal l isti cal ly m ovi ng or dri fti ng
charge carri er [1]. Norm al ly, the contro l is done by a constant or ti me-varyi ng
m agneti c Ùeld. The best kno wn exam ple of such quantum contro l is evidenced by
the nucl ear magneti c resonance whi ch has found a wi de appl icati on in chemical
and m edical tom ography [2]. However, contra ry to electri c Ùeld, the m agneti c
Ùeld is \ inert " , thus, i t appears di£ cul t to achieve f ast spin swi tchi ng between
m agneti c eigenstates of the quantum system i f picosecond or shorter dura ti on
m agneti c Ùeld pul sesare used. To have an access to m agneti c degrees of freedom
by electri c Ùeld, one usual ly resorts to the relati vi sti c intera cti on | better kno wn
as spi n{ orbi t intera cti on | between the electri c Ùeld and the electro n m agneti c
m oment. In ato mic physi cs, the use of spi n polari zed electroni c beams has pro ved
to be very ẽ ecti ve in the inv estigati ons of spin{ orbi t e˜ects in the electron{ atom
col lisions [3, 4].
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As concerns energy-band spins in semiconducto rs, the m ain investigati ons,
apart from interba nd opti cal spectroscopy in the magneti c Ùeld, were f ocused on
the opti cal ori enta ti on, where overgap photo lum inescence was used to study the
conducti on-band spin properti es in bul k semiconducto rs [5]. Af ter the proposal of
the spin Ùeld e˜ect tra nsistor (spi n-FET) by Datta and D as [6] in the last decade,
a new sti m ulus in the inv estigatio n of spin-polari zed tra nsport in semiconducto rs
resurg ed. Recentl y, the spin-FET tha t is supp osed to work in the di ˜usi ve regim e
rather tha n in the bal l istic reg im e wa s pro posed [7]. The cruci al ingredient, whi ch
m akes the contro l of electron spin possible in 2D structures , is the spin{ orbi t
intera cti on at the interf ace of tw o semiconducto rs (the R ashba intera cti on), the
streng th of whi ch can be contro l led by electri c Ùeld appl ied to the gate electro de.

As concerns the valence bands of semiconducto rs, the spin{ orbi t intera cti on
here is stro ng enough even in bul k semiconducto rs, where valence band branches
correspond to di ˜erent values of the to ta l angul ar mom entum . For exam ple, in
elementa ry and A 3 B 5 semiconducto rs the pro jecti on of the to ta l angul ar mom en-
tum for heavy- m assband holes is predo minantl y equal to Ï

3

2
, whi le for l ight- mass

band i t is Ï
1

2
. Appl icati on of an externa l electri c Ùeld m ixes vari ous valence band

bra nches, m ost stro ngly at the center of the Bri l louin zone, as a result the hole
tunnel ing between vari ous branches m ay ta ke pl ace [8{ 10]. If interv alence band
scatteri ng by phonons prevai ls, the m ixi ng of the valence bands by electri c Ùeld
usual ly is neglected [11]. However, under intense ul tra short pul se exci ta ti on of the
p - typ e semiconducto r there m ay be a substanti al contri buti on of the tunnel ing to
interv alence tra nsiti ons [12, 13]. R ecently, i t was shown tha t the tunnel ing m ixi ng
of valence bands by electri c Ùeld can also be used to contro l ho le spin [14]. In
R ef. [14] the simpl est case of two parabolic and spheri cal bands was considered,
where i t wa s shown tha t the band mixing in electri c Ùelds in pri nci ple could be
used to switch the hole spi n coherentl y between two spi n states by femtosecond
pul ses tha t are shorter tha n the latti ce-l im ited dephasing ti me of the hole wa ve
functi on.

In thi s paper a m ore real isti c situa ti on is analyzed, where al l three nonspher-
ical and warp ed valence bands | heavy- m ass, l ight- mass, and spin{ orbi t spli t- o˜
| are incl uded. Since under short pul se exci ta ti on the ini ti al condi ti ons play very
im porta nt ro le, in the next section at Ùrst we shal l stop on the ini ti al condi ti ons
tha t are related to valence band hole spin. In the next two sections, num erical
resul ts tha t i l lustra te hole spin pro perti es at short ti m es in dc, harm onic, and
opti mized electri c Ùelds are presented.

2. In i t ia l con di t io ns an d equ at i on s solved

As kno wn, the valence band of tetra hedra l semiconducto rs consi sts of the
heavy- and l ight- ma ss bands whi ch merge at the wave vector k = 0 and of the
spl it- o˜ band separated by energy Â . At k = 0, the spin is a good quantum num -
ber (i n a sense tha t the hole spi n operato r comm utes wi th the Ham i l tonia n). The
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to ta l angular m omentum , whi ch for sim pl ici ty here wi l l be referred to as spin, for
heavy- and l ight- massbands is J = 3

2
(i n uni ts of ñh ). The spinor j J = 3

2
; m = Ï

3

2
i ,

where m i s the magneti c quantum num ber, corresponds to heavy- mass and
j J = 3

2
; m = Ï

1

2
i corresponds to light- mass band. The spinor j J = 1

2
; m = Ï

1

2
i

describes the spin{ orbi t spl i t- o˜ band. As m enti oned, J and m could be used
to identi fy the hole wa ve functi on at k = 0 or in the vi cini ty of thi s point.
Ho wever, for di stant points, due to m ixi ng of the spinors, such appro xi mati on
is unsati sfactory , a J and m are no longer good quantum numb ers. T o have a
quanti ta ti ve m easure of the inÛuence of mixi ng of the basis functi ons at points
where k 6= 0, in Fi g. 1 there is plotted the dependence of the square of hole
spi n hJ 2

i = h J; m j J 2
x + J 2

y + J 2
z j J; m i , where J x ; J y , and J z are the Carte-

sian com ponents of the spi n operato r J . The calculati ons were perform ed for
rea listi c bands of sil icon. The fol lowing Lutti nger{ Ko hn param eters were used:
Û1 = 4 : 2 2 ; Û2 = 0 : 5 3 ; Û3 = 1 :3 8 ; Â = 0 : 0 4 2 6 eV. The m etho d of calcul ati on is
described in [15]. At k = 0, one has hJ 2

i h ; l = 1 5

4
for both heavy- and l ight- mass

bands, whi le f or the spl it- o˜ band one has h J 2
i s = 3

4
. These values coinci de wi th

tho se in the atom ic physi cs: h J 2
i = J ( J + 1 ) . At Ùnite values of k, as seen f rom

Fi g. 1, the stro ngest m ixi ng ta kes place between l ight- massand spli t- o˜ bands. The
m ixi ng is ani sotro pi c: the smallest m ixi ng is in the h 1 0 0 i -typ e whi le the stro ngest
one is the h 1 1 1 i -typ e di recti ons. The wa ve vector k = 0 : 2 3 nm À 1 in the latter case
gives the hole energies 8.58, 27.7, and 80.6 meV, respect ively, for heavy- , l ight- ,
and spli t- o˜ bands. From Fi g. 1 one can also see tha t h J 2

i h i s nearl y indep endent
of k . Ho wever, thi s is not a general property . For exampl e, i ts value dro ps down
to 2.7 at j k j = 0 : 5 nm À 1 , when k k h 1 1 0 i .

k
k k

From what has been said i t is clear tha t, apart from uni nteresti ng case k = 0,
the hole spi n quantum num bers are unsui ta ble for the descripti on of the ini ti al
condi ti ons in the ti m e-dependent Schr�odinger equati on. Thi s property reÛects the
fact tha t the valence band Ham i lto nia n and the spin operato r do not com mute and,
theref ore, the hole cannot possessa wel l deÙned energy and spi n at the sam eti m e.
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In the num erical simul atio ns described in next two sections we shal l assume tha t
at m oments t < 0 , before swi tchi ng of the electri c Ùeld, in the semiconducto r there
are bal listi c holes characteri zed by k and a wel l deÙned band energy " i ( k) , where
i i s the band index. Since the density of sta tes in the heavy- mass band is much
larger tha n tha t in the l ight- mass band, in the sim ulati on we shal l also assume
tha t the bal l istic holes at t = 0 occupy the heavy- m ass band only. The hole spin
at t = 0 wi l l be characteri zed by average (in a quantum m echanica l sense) spin
value h J i = h ê i j J j ê i i , where ê i i s the wa ve f uncti on of the i -th band. Theref ore,
we assume tha t the di recti on and onl y an average v alue of the spin is deÙned by a
spi n inj ector, for exam ple, by electri cal conta ct fabri cated from the ferrom agneti c
semiconducto r [16]. A l im it of negl igibl econcentra ti on of the injected holes wi l l be
considered.

In Ref. [15] i t was shown tha t the average hole spin can be described by two
parameters, a and ¢ , i f the hole is in one of the bands. SpeciÙcal ly, if at t = 0 the
hole is in the heavy- m ass band | the case we are interested here in | then i ts
ini ti al wa ve functi on in the energy representa ti on can be described by the fol lowi ng
superpositi on state:

f = ( a; ei ¢
p

1 À a 2 ; 0 ; 0 ; 0 ; 0 ) : (1)

The f ollowing order of bands is assumed ( f
( + )
h ; f

( À )
h ; f

(+)
l ; f

( À )
l ; f

(+)
; f

( )
) ,

where the subscri pts h, l , and s denote heavy- , l ight- , and spl i t- o˜ bands and the
superscr ipts (+) and ({ ) correspond to tw o degenerate states. The wa ve functi on
(1) is norm al ized to uni ty . Sim il ar superpositi on states can be wri tten for other
two bands. In T abl e the relati ons between average values of the spin components
f h J x i ; h J y i ; h J z i g and the param eters a and ¢ are presented for four considered in
thi s paper high sym m etry di recti ons of the wa ve vecto r in the l imit k ! . The
relati ons for other di recti ons of k and the expl anati on how they were calcul ated
can be found in [15].

T ABLE

k

k
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The fol lowi ng observati ons related to T able wi l l be noted. In general , for a
given k the spin hJ i m ay point in any di recti on, however, i ts length depends on the
angle between k and h J i . The end of h J i spans a closed surf ace when a and ¢ i s
vari ed, respectivel y, in the range a = (0 . . . 1 ) and ¢ = (0 . . . 2 ¤ ) . For heavy-m ass
holes, when k is paral lel to one of hi gh sym metry crysta l lographi c axes, the spin
surf ace reduces to a l ine. For exam ple, as seen from T abl e, i f the heavy- mass hole
is propagati ng in y di recti on, i.e. along [010] crysta l lographi c axes, then i ts average
spi n wi l l be along x axi s and the m agnitude of i t wi l l l ie in the range from À

3

2

to + 3

2
. If the hole is in the spli t- o˜ band, then the avera ge spin surf ace is the

sphere of radius j hJ ij = 1

2
, since

p
( À

1

2
) 2 ( Q 2 + S 2 + C 2 ) = 1

2
, where Q ; S , and

C are deÙned in T able. In case of l ight- m ass hole the spin surf ace is an el lipsoid.
The surfaces tha t belong to the fam ily of wa ve vectors of the same sym metry are
related by symm etry relati ons of the corresp ondi ng wa ve vecto r star. If the hole is
pro pagati ng along lower symm etry di recti on, say, along [111] crysta l lographi c axes,
the heavy- mass hole spin wi l l be para l lel to [ 1 11 ] di recti on and wi l l range f rom
À

5
p

3

6
to 5

p

3

6
. Ho wever, for thi s di recti on, as fol lows from Tabl e, the l ight- m assand

spl it- o˜ hole spins are characteri zed by more general second-order surf aces.
At Ùnite k' s, one must use num erical m etho ds to Ùnd the relati on between the

parameters a and ¢ and the avera ge spin h J i . Exa mpl es can be found in Ref. [15].
Fi gure 1 and sim i lar Ùgures in [15] for GaAs and InP may serve as a guide, when
k = 0 appro xi mati on breaks down. From wha t has been said the rem ark able point
to be noted is tha t the param eters a and ¢ relate the properti es of the bal listi cal ly
inj ected spin into degenerate bands wi th tho se of the ini ti al wa ve functi on in the
Schr�odinger equati on.

The spin dyna mics and interv alence tra nsiti ons were described by the fol -
lowi ng Schr�odinger system of equati ons for the six- com ponent state-vecto r j ê i in
the e˜ecti ve m assapproxi matio n

iñh
@j ê i

@t
= [ H L K ( k ) + H F (k )] j ê i ; (2)

where i =
p

À 1 and ñh i s the Pl anck constant. H L K ( k) i s the 6 È 6 Lutti nger{ Ko hn
Ha mi l to nian [17, 18], whi ch is a functi on of the hole wa ve vector k = ( k x ; k y ; k z ) .
H F ( k ) is the Ùeld term . Using the equati on of m oti on for the wa ve vector

dk=d t = ( e= ñh ) F ( t ) (3)

in the electri c Ùeld F , the Schr�odi nger system (2) can be tra nsform ed from parti al
to tota l deri vati ves. The correct form of the Ùeld Ha mi l to nian H (k ) was deri ved
recentl y in [19], where i t was shown tha t the H ( k) , along wi th the term tha t is
pro porti onal to electri c Ùeld F j , m ust also incl ude the term s pro porti onal to k i F j

and F 3
j

, where i; j = x ; y ; z . In the fol lowi ng only the leading term proporti onal to
the electri c Ùeld was reta ined:

H ( k) ¤

eF ( t )

i

@

@k
; (4)
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where e i s the elementa ry charge. Esti mati on of the higher order term s in H F (k )

shows tha t thei r contri buti on does not change qual i ta ti vely the resul ts presented
below.

The ti m e dependence of the average spin pro jecti ons was found from

h J j i i = h ê i j J j j ê i i ; (5)

where J j i s j -th com ponent of the to ta l 6 È 6 angular m omentum matri x. The
subscri pt j denotes the Cartesi an com ponent (x ; y , or z ) and the subscri pt i

denotes the band ( i = h, l, or s). The concrete f orm s of the m atri ces J j can be
found in [15]. The num erical singular value decom positi on was used to connect
the state vecto r j ê i in spinor representa ti on and i ts partner in the energy band
representa ti on, for exam ple, represented by expression (1).

3 . St ep ped an d har m oni c Ùel d

In thi s and next secti on num erical results on spi n evoluti on of the valence
hole in constant and ti m e-varyi ng electri c Ùelds is presented. In al l Ùgures the
bal l istic hole, at the m oment t = 0 , is assumed to be inj ected in the heavy-m ass
band and possessthe wave functi on (1). Si l icon valence band parameters were
used in the simulatio n.

Fi gure 2 shows hole spin precession induced by stepped electri c Ùeld of the
am pl i tude 20 kV / cm. In Fi g. 2a the electri c Ùeld F is para l lel to [100] di recti on
and at the sam e ti m e is perpendi cular to the wa ve vecto r k = ( k x 0 ; k y 0 ; k z 0 ) =

(0 ; 0 ; 0 : 4 7 2) nm À 1 . The ini ti al spin wa s m axi m ized in accordance wi th Tabl e. The
ini ti al energy of the hole is " h 0 = 26:86 meV. In Fi g. 2b, F k [ 1 1 1 ] and k =

0 : 1 0 9 È (1 ; À 1 ; 1 ) nm À 1 . The precession of the spin m ay be understo od by noti ng
tha t, accordi ng to Eq. (3), the wa ve vecto r is pro porti onal to ti me and tha t the
stro ngest mixi ng of the heavy- and l ight- mass bands due to electri c Ùeld occurs
when the wave vecto r is close to the Bri l loui n zone center. The m ixing of the wa ve

Fig. 2. Precession of the hole spin induced by 20 kV /cm Ùeld step switched on at the

moment t . (a) F k , (b) F k .
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functi ons resul ts in hole tunnel ing to the l ight- mass band and subsequent beati ng
between heavy- and l ight- m ass band wave functi ons. The beati ng am pl i tude is
the largest when in the superpositi on state the contri buti on of both bands is of a
comparable magni tude. W hen the hole is far away from the Bri l louin zone center
the m ixi ng of the wave functi on by electri c Ùeld ceases, however, the avera geenergy
of the hole in the superpositi on states conti nues to grow. As a result the beati ng
frequency between heavy- and l ight- ma ss bands grows, whi ch is also reÛected in
the spin precession frequency, to o.

Fig. 3. Evolution of spin comp onents in harmonic and linearly- p ola rized Ùeld at

resonance, when F k [00 1 ] . T he initia l wa ve vector and Ùeld amplitud e: (a) k 0 =

(0 ; 0: 377 8 ; 0 ) nm À 1
0 V /cm ; (b) k 0 nm À 1

0 V /cm.

Fi gure 3 shows the evoluti on of spin components under harm onic exci ta ti on.
The frequency of the Ùeld was tuned to heavy- l ight tra nsiti on: m eV
in Fi g. 3a and m eV in Fi g. 3b. The ini ti al spins are di ˜erent in
both Ùgures. Two typ es of oscil lati ons, fast and slow, are clearl y seen. The slow
ones are associ ated wi th the Rabi oscil lati on of hole popul ati on between heavy-
and l ight- mass bands. The period of the Rabi oscil lati ons is pro porti onal to Ùeld
am pl i tude . In Fi g. 3a, the change of the band popul ati on correla tes wi th the
change of component between 3

2
and 1

2
. The m aximum of corresponds

to to ta l hole tra nsfer from the heavy- to l ight- mass band. The frequency of the
fast oscil lati ons, whi ch are the m ost clearly seen in and components in
Fi g. 3a, coinci des wi th the exci ti ng Ùeld frequency . If is chosen to be slightl y
out of the resonance, then an addi ti onal beati ng between the resonance and laser
frequenci es, simi larly as i t is observed in the ato m ic tra nsi ti ons, occurs. The m ain
di ˜erence between Fi g. 3a and b is tha t in the form er the ini ti al and Ùnal spin
points in the sam e di recti on, whi le in the latter the ini ti al and Ùnal spi n points
in di ˜erent di recti ons. Al so, the change of the magni tude of the spin in Fi g. 3a is
larger tha n in b. Thi s reÛects the general property of the spin{ orbi t intera cti on:
i t is proporti onal to the m ixed vecto ri al product J F k . As a resul t i t is the
stro ngest when the vecto rs J , F , and k are mutua l ly ortho gonal , as in Fi g. 3a. By
the same reason, i f the two of three vecto rs are para l lel, the interv alence tra nsi ti ons
are f orbi dden and, consequentl y, the popul ati on and spin do not change wi th ti m e.
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Fi gure 4 shows the case, where ci rcul arl y polarized Ùeld is used to induce
heavy- light tra nsi ti ons. The Ùeld vecto r is rota ti ng in the k x À k z pl ane, whi le the
ini ti al hole wa ve vector is perpendicul ar to k x À k z pl ane. Fi gure 4a and b corre-
sponds, respectivel y, to spin ini ti al ly pointi ng in one of two opp osite di recti ons,
or equivalentl y they corresp ond to ri ght- and left- handed polari zati on of the Ùeld.
The inversion of the spin was achi eved by tuni ng a and ¢ values in the ini ti al
spi nor (1). W hen the Ùeld is rota ti ng clockwi se, Fi g. 4a, the spi n change is the
stro ngest. It corresp onds to the selection rul e Â J = 1 . The tra nsiti on rate is twi ce
larger tha n tha t for l inearly polari zed l ight at the sam e Ùeld ampli tude. If spin
or polari zati on is reversed to opposite, Fi g. 4b, the tra nsi ti on, in accorda nce wi th

Fig. 4. Evolution of the spin comp onents in the resonant harmonic and

circularl y- polar ized electric Ùeld. T he initial wa ve vector and Ùeld amplitu de: k0 =

(0 ; 0: 3778 ; nm 1
0 V /cm. Parts (a) and (b) corresp ond to opp osite direc-

tions of the initia l spin.

Fig. 5. (a) H ole spin tra jectory in 3D spin space for right- handed polarizati on.

(b) C orresp ondin g dependence on time of the probabil ity to Ùnd the hole in the

light- mass band.
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the selecti on rul es, is f orbi dden. A smal l ri ppl e seen in Fi g. 4b is due to harm oni c
m oti on of k tha t is synchro nous wi th the exci ti ng Ùeld. The spi n selecti on rul es
seen in the two parts of Fi g. 4 are also m irro red in the ti me-dependence of the hole
popul ati on: i t was observed tha t the pro babi l ity for a hole to be in the l ight- mass
band oscil lated between 0 and 1 wi th the sam e R abi frequency for al lowed tra nsi-
ti ons and pra cti cal ly di d not change when the ini ti al polarizati on was reversed to
opp osite. In Fi g. 5a, the curves from Fi g. 4a are repl otted param etri cal ly in three
di mensions. As can be seen the end-point of the spin vector at Ùrst spira ls out and
then returns back to i ts ini ti al positi on in a slightl y di ˜erent tra jectory . The di ˜er-
ence is associated wi th a smal l shift from the exact resonance (the Bl och{ Siegert
shi ft). For compari son, Fi g. 5b shows the ti m e-dependence to Ùnd the hole in the
l ight- mass band for thi s case.

4. O pt im ized Ùeld s

The quantum contro l is based on the coherent evoluti on of the quantum
system and m anipul atio n of the coherence [20]. For thi s purp ose specia lly ta i lored
externa l Ùelds are used whi ch, for exampl e, maxi mize the probabi l i t y to achi eve the
desired ta rget state or whi ch excite the ta rget-level as fast as possible for a Ùxed
exci ti ng pul se energy. Earl ier i t was shown tha t in case of interba nd tra nsiti ons the
shape of the exci ti ng pul se is not uni que [21]. In the semiconducto r spintro nics,
sim i larly , it woul d be interesti ng to kno w how to achi eve spi n Ûippi ng as fast as
possible by mani pulati ng the spi n states wi th pul ses of Ùnite or m ini mal energy.
T o opti m ize the tra nsi ti on rate between two spi n states the contro ll ing electri c
Ùeld was appro xi m ated by the form ula

F ( t ) = F 0 sin[ ! t + ˜ ( t À t d ) 2 + ' ] exp

ê

À

4X

n =1

a n § n

!

; (6)

where § = (t À t d ) = t f . Here, t f i s the Ùnal sim ulati on ti m e and t i s the delay ti m e.
The relati on t = t =2 was used. In Eq. (6) eight parameters | am pl i tude F 0 ,
angular frequency ! , chirpi ng coe£ cient ˜ , ini ti al phase ' , and four param eters
a n whi ch determ ine the envel ope shape of the Ùeld | were v aried to achi eve an
opti mal tra nsiti on.

Fi gure 6 shows an opti m al pulse selected by varyi ng parameters in Eq. (6) \ by
hand" and Fi g. 7a shows the resul ti ng evoluti on of the hole spin pro jections. The
ini ti al wave vecto r is (0,0.425,0) nm 1 and the electri c Ùeld is l inearly polari zed
in the z di recti on. The opti m izati on was perform ed wi th h J x i component onl y.
It is interesti ng tha t the femto second swi tchi ng of h J x i from À to À state is
accom pani ed by simul ta neous exci ta ti on and subsequent decay of the other two
spi n pro jecti ons. In three dim ensions thi s yi elds a spi ral - l ik e tra jectory simi lar to
tha t seen in Fi g. 5a. It was observed tha t after term inati on of the pul sethe spin was
precessing about som eaxi s i f the energy of the pulse and i ts shape were not opti mal



304 A . Dargys

Fig. 6. Shap e of the electric Ùeld F z ( t ) optimized to h J x i transition from À
3

2
to À

1

2

state.

Fig. 7. Evolution of spin proj ections (a) and average energy (b) under excitation of

the heavy hole by electric pulse show n in Fig. 6.

Fig. 8. Electric Ùeld optimized to heavy{spl it- o˜ band transition (a) and the

evolution of the hole spin proj ections (b). 0 nm 1 .

(cf . Fi g . 8b). As kno wn, duri ng procession the end of the vecto r runs round the
ci rcl e in three di m ensions in case of simpl e spin system s. However, for warp ed and
parabolic bands the precession tra j ectory m ay have an addi ti onal smal l chaoti c
component on the circl e. It wa s found tha t the spin-opti m ized femto second pul se
at the sam e ti m e was the -pul se, since such pul se also exci ted l ight- m ass band
wi th the pro babi l i ty equal to one. For com pari son, Fi g. 7b shows ti m e dependence
of the average energy. The ini ti al and Ùnal energies corresp ond, respectivel y, to
heavy- and l ight- mass band values.
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Up ti l l now in the sim ulati on the average exci ti ng photo n energy was smal ler
tha n the opti cal phonon energy. Since the characteri stic opti cal phonon emission
ti m e is short, about one picosecond, f or larger photo n energies, for exampl e when
the spli t- o˜ band is exci ted to o, the theory should be generalized to incl ude the
di ssipati on [13]. No nethel ess, for compl eteness, in Fi g. 8 the coherent exci ta ti on
from heavy- m ass to spl it- o˜ band is shown to il lustra te tha t in pri nci pl e one can
contro l spin for these tra nsiti ons as wel l . W e should note tha t in thi s case the
parameters a and ¢ were chosen so as to mak e the ini ti al spin close to zero.

5. Co n cl usion s

The paper shows tha t in bul k semiconducto rs the ini ti a l spin of the hole (i ts
di recti on and the m agnitude) can be described by two parameters a and ¢ tha t
app ear in the wa ve functi on of the heavy- mass, l ight- mass, or spli t- o˜ valence
subba nds. Thi s feature al lows one to l ink the observabl es, such as spin pro jec-
ti ons, wi th the ini ti al wa ve functi on of the ti m e-dependent Schr�odi nger equati on.
In general case, when bands are nonspheri cal and nonparabol ic, the param eters
a and ¢ are to be precalculated f rom the correspondi ng stati onary Schr�odinger
equati on. For small wave vectors, analyti cal relati ons between spi n pro perti es and
parameters a and ¢ for som e high sym m etry di recti ons can be used as shown in
T able.

Simulati on of the hole interv alence dyna m ics in high electri c Ùelds, when
interv alence hole tunnel ing prevai ls, shows tha t, in pri ncipl e, i t is possible to m a-
ni pul ate wi th spin degrees of freedom of the bal l istical ly m ovi ng hole. Sim ulati on
also shows tha t the spin swi tchi ng and the hole interv alencepopul ati on changesare
inti m atel y related, al tho ugh the opti mizati on of one does not necessari ly im pli es
the opti mizati on of the other. It was shown tha t in bul k p -typ e semiconducto rs i t
is possibl e to tra nsfer the hole spin coherentl y between two spi n states in ti m es
shorter tha n hole col l ision ti m e wi th the opti cal phonons.

The opti m ized electri cal pul ses in Fi gs. 6 and 8 consist of about 4 or 8 opti -
cal periods. The experim ents wi th phase-m atched di ˜erence{ f requency m ixing in
GaSe [22] show tha t i t is feasibl e to generate such ul tra short pul sesat the output
energies as high as 1 ñ J in the mid- inf rared spectra l range. The electri c Ùeld of
such pul ses is high enough to excite coherent interv alence tra nsiti ons. Theo reti -
cal study of the opti m al interba nd popul ati on exci ta ti on in R ef. [21] shows tha t
the exci ti ng pul ses m ay be even shorter, up to a hal f of the opti cal period, and
tha t the largest popul ati on inversi on rate is bounded by a fundam ental l imita ti on
related to ti m e-energy uncerta inty . Since the spin swi tchi ng and the tra nsfer of
the hole popul ati on between energy bands as shown in thi s paper are interrel ated,
the maxi mum spin swi tchi ng rate is expected to be l imited by the ti m e-energy
uncerta inty relati on to o.
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