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Kinetics of spin coherence of electrons in an undoped semiconductor quantum well

M. W. Wu* and H. Metiu
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~Received 16 August 1999; revised manuscript received 24 September 1999!

We study the kinetics of spin coherence of optically excited electrons in an undoped insulating
ZnSe/Zn12xCdxSe quantum well under moderate magnetic fields in the Voigt configuration. After clarifying
the optical coherence and the spin coherence, we build the kinetic Bloch equations and calculate dephasing and
relaxation kinetics of laser pulse-excited plasma due to statically screened Coulomb scattering and electron-
hole spin exchange. We find that the Coulomb scattering cannot cause the spin dephasing, and that the
electron-hole spin exchange is the main mechanism of the spin decoherence. Moreover the beat frequency in
the Faraday rotation angle is determined mainly by the Zeeman splitting, redshifted by the Coulomb scattering
and the electron-hole spin exchange. Our numerical results are in agreement with experimental findings. A
possible scenario for the contribution of electron-hole spin exchange to the spin dephasing of then-doped
material is also proposed.
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I. INTRODUCTION

Studies of ultrafast nonlinear optical spectroscopy
semiconductors have attracted numerous interest both
perimentally and theoretically during the past 20 years1–3

Most of these studies are focused on the optical cohere
and the studies of spin coherence are relatively rare.
cently, ultrafast nonlinear optical experiments4–13 have
shown that the spin coherence, which is optically excited
laser pulse, can last much longer than optical coherence
undoped ZnSe/ZnCdSe quantum wells, it is found in the
periment that the spin coherence can last up to 15-20 ps~Ref.
11! where as for undoped bulk GaAs, it lasts about 600 p13

For n-doped materials, the spin coherence can last up to t
orders of magnitude longer than in the undoped sam
which makes 8 ns for ZnSe/ZnCdSe quantum well11 and 100
ns for bulk GaAs.13 These discoveries have given rise to
emerging interest within the physics and electronic engine
ing communities in using electronic spins for the storage
coherence and also have stimulated the optimism that
coherent electrons will finally be realized as a basis for qu
tum computation.

The electron spin coherence can be directly observed
femtosecond time-resolved Faraday rotation~FR! in the
Voigt configuration. In that configuration, a moderate ma
netic field is applied normal to the growth axis of the samp
The coherence is introduced by a circularly polarized pu
pulse that creates electrons and holes with an initial s
orientation normal to the magnetic field. Then the magne
field causes the electron spin to flip back and forth along
growth axis, which makes the net spin precess about
magnetic field. The hole spin is kept along the growth a
direction of the quantum well as will be discussed belo
After a certain delay timet, a linearly polarized probe puls
is sent into the sample along a slightly different directi
from the pump pulse and by measuring the FR angle,
can sensitively detect the net spin of electrons associ
with the delay timet. This method has proven to be e
PRB 610163-1829/2000/61~4!/2945~12!/$15.00
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tremely successful in measuring the coherent spin evolu
and spin dephasing.4,5,11–13

In order to further extend the spin coherence time, it
important to understand the physics of spin dephasing. W
there is extensive theoretical study and understanding of
optical dephasing,14 the theoretical investigation on the sp
dephasing is relatively limited, nevertheless of much lon
history.15 The early work includes that of Elliott in 1954
who discussed the spin relaxation16 induced by lattice and
impurity scatterings by taking into account the spin-or
effects.17 Later, in 1975 Biret al.calculated the spin dephas
ing using a model Hamiltonian describing the electron-h
spin exchange~EHSE! by considering Coulomb scatterin
between electron and hole, combined with the spin-or
coupling-induced band mixing.18 In that paper by using
Fermi Golden rule, Biret al. proposed a spin relaxation rat
that is proportional to the hole density. It was not until t
90s that experimentalists found such an effect and claim
the EHSE is important in the intrinsic andp-doped
semiconductors.4,5 For n-doped samples, however, as th
density of the electrons is much higher than that of the ho
the holes recombine with electrons in a time much sho
than the measured spin dephasing time. As the predicted
dephasing rate induced by EHSE is proportional to h
density,18 it is therefore suggested that forn-doped sample,
the dephasing mechanism is unclear.11 Recently, Linder and
Sham19 presented a theory of the spin coherence of excit
by studying Bloch equations. However, they did not discu
the dephasing mechanisms explicitly, and instead descr
all the dephasing by using phenomenological relaxat
times.

In this paper, we present a model to study the kinetics
spin precession of a femtosecond laser-pulse-excited d
plasma in a quantum well in the framework of the semico
ductor Bloch equations combined with carrier-carrier scat
ing in the Markovian limit. Non-Markovian effects are no
important in our case, as the width of the laser pulse is la
~100 fs! and the time scale of spin dephasing is very lon
The main purpose of this paper is to understand the s
2945 ©2000 The American Physical Society
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2946 PRB 61M. W. WU AND H. METIU
decoherence. It has been well known that both carrier-ca
Coulomb scattering and carrier-phonon scattering play
nificant roles in the optical dephasing. For the tw
dimensional~2D! carrier density around 1011 cm22 in the
experiment,11 the main carriers are electron-hole plasma a
the Coulomb scattering gives a fast dephasing of the op
coherence with dephasing times ranging from tens of fem
seconds to subpicoseconds,2 depending on the strength an
width of the pump pulse and/or the density of doping, wh
affects the building up of the screening.14,20 Besides the fas
dephasing due to Coulomb scattering, carrier-phonon sca
ing also contributes to the optical dephasing with the deph
ing time being around ten picoseconds and carrier-den
independent. For spin coherence, the experimental evid
that the spin dephasing depends strongly on the ca
density11,13 clearly rules out the possibility that the ma
mechanism of the spin dephasing is due to carrier-pho
scattering. Therefore, we focus on the effect of carrier-car
scattering. We distinguish the spin coherence from the o
cal coherence and study the roles of Coulomb scattering
EHSE to the spin dephasing separately. We find that the p
Coulomb scattering—although it destroys the optical coh
ence strongly—does not contribute to the spin dephasin
all, and that EHSE is the main mechanism of the spin de
herence.

Our paper is organized as follows: we present our mo
and kinetic equations in Sec. II. Then in Sec. III we pres
the numerical results for an undoped ZnSe/Zn12xCdxSe
quantum well. A conclusion of our main results and a d
cussion of the theory for then-doped sample are given i
Sec. IV.

II. MODEL AND KINETIC EQUATIONS

A. Model and Hamiltonian

We start our investigation of a quantum well with i
growth axis in thez direction. A moderate magnetic fieldB is
applied in thex direction. Landau quantization is unimpo
tant for the magnetic fieldB in our investigation. We con-
sider the conduction band~CB! and the heavy hole~hh! va-
lence band~VB!. Due to the presence of the magnetic fie
the spins of electrons and holes are no longer degenerate
therefore each band is further separated into two spin ba
with spin61/2 for electrons in the CB and63/2 for those in
the hh VB. It is noted that these spin eigenstates are defi
with respect to thez direction.

In the presence of the moderate magnetic field and w
the interactions with a coherent classical light field, t
Hamiltonian for electrons in the CB and VB is given by

H5(
mks

«mkcmks
† cmks1gmBB•(

mk
ss8

Smss8cmks
† cmks8

1HE1HI , ~1!

with m5c and v standing for the CB and the VB, respe
tively. «vk is the energy spectrum of an electron in the V
~CB! with momentumk. It is noted thatk here stands for a
momentum vector in thex-y plane. «vk52Eg/22k2/2mh
[2Eg/22«hk and«ck5Eg/21k2/2me[Eg/21«ek with mh
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-

-

d
al
-

er-
s-
ty
ce
er

n
r

ti-
nd
re
r-
at
o-

el
t

-

,
nd

ds

ed

h

and me denoting effective masses of hh and electron se
rately. Eg is unrenormalized band gap ands is the spin
index. For electron in the CB,s561/2 and for electron in
the hh VB, s563/2. mB is Bohr magneton.Sm are the
spin matrices withSc being spin 1/2 matrices for electron
andSv being spin 3/2 matrices for holes.

HE in Eq. ~1! denotes the dipole coupling with the ligh
field Es(t) with s56 representing the circular-polarize
light. Due to the selection rule the electrons in the sp
3/2 (23/2) hh band can only absorb a left~right! circular-
polarized photon and go to the spin 1/2 (21/2) CB. There-
fore,

HE52d(
k

@E2~ t !cck~1/2!
† cvk~3/2!1H.c.#

2d(
k

@E1~ t !cck21/2
† cvk23/21H.c.#. ~2!

In this equation,d denotes the optical-dipole matrix elemen
The light field is further split intoEs(t)5Es

0(t)cos(vt) with
v being the central frequency of the coherent light pul
Es

0(t) describes a Gaussian pulseEs
0e2t2/dt2 with dt denot-

ing the pulse width.
HI is the interaction Hamiltonian. As said before, we f

cus on the carrier-carrier scattering. Therefore,HI is com-
posed of Coulomb scattering and EHSE~Ref. 21! with the
latter being much weaker than the Coulomb scattering.22

HI5
1

2 (
mn

kk8q
ss8

Vqcmk1qs
† cnk82qs8

† cnk8s8cmks

1
1

2 (
m5” n
kk8q
ss8

Uqss8cmk1qs
† cnk82qs8

† cnk8s8cmks

1
1

2 (
m5” n
kk8q
ss8

Uq8ss8cmk1qs
† cnk82qs8

† cmk8scnks8 . ~3!

The first term of Eq.~3! is the ordinary Coulomb interaction
The second term describes the ‘‘direct’’ EHSE, which sc
ters an electron in the bandm with spin s and momentumk
to the same band with spins and momentumk1q and in the
mean time, which scatters an electron from the different b
n (5” m) with spin s8 and momentumk8 back to that band
with spin s8 and momentumk82q. The last term is ‘‘ex-
change’’ EHSE which scatters an electron in the bandm with
spin s and momentumk8 to the different bandn (5” m)
with spin s8 and momentumk82q and in the mean time
which scatters an electron from the bandn with spins8 and
momentumk back to bandm with spin s and momentum
k1q. It is noted here thats and s8 stand for61/2 when
they are at the CB and63/2 when they are at the VB. As th
exchange effect involves a form factor that consists the ov
lap of the wavefunctions of the CB and VB,Uq8 is much
smaller thanUq . Moreover, it will be shown later that the
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PRB 61 2947KINETICS OF SPIN COHERENCE OF ELECTRONS IN . . .
exchange effect is also energetically unfavorable as it s
ters carriers across the band. Therefore, the direct EHS
the dominant effect.

For the Voigt configuration, asB is along thex direction
and (Sv

x)63/2,63/2[0, one can see directly from Eq.~1! that
the spin of hh cannot be flipped by the magnetic field. W
point here that this is only true when the magnetic field
small compared to the hh light-hole splitting and hence
flip between the hh and the light hole can be neglected in
timescale of the discussion. AsSc

x5sx/2 with sx standing
for Pauli matrix, it is therefore straightforward to see fro
the Hamiltonian that the magnetic field causes the CB e
tron spin to flip and flop.

It can be seen directly from the HamiltonianHE that the
laser pulse introduces the optical coherences into the sys
which are built between the CB and the VB with same s
direction: pk(1/2)(3/2)[^cvk(3/2)

† cck(1/2)& and pk(21/2)(23/2)

[^cvk(23/2)
† cck(21/2)&. In the mean time, due to th

presence of the magnetic field in Eq.~1!, these optical coher
ences may further transfer coherence topk(21/2)(3/2)

[^cvk(3/2)
† cck(21/2)&, pk(1/2)(23/2)[^cvk(23/2)

† cck(1/2)&, and
rcck(1/2)(21/2)[^cck(21/2)

† cck(1/2)&, with the first two being
the coherence between the CB and VB with opposite s
directions and the last one being the coherence between
CB’s with opposite spin directions. While it is well know
that optical coherence is represented bypk(1/2)(3/2) and
pk(21/2)(23/2) , we will show later that the spin coherence
electrons is represented byrcck(1/2)(21/2) . When there is no
dephasing effect added on this term, the electron spin
cession will last forever. Moreover, whenrcck(1/2)(21/2) de-
cays to zero, there is no electron spin precession. There
we refer it as spin coherence in the following.Pk(21/2)(3/2)
andPk(1/2)(23/2) , which describe the coherence between
states with the optical transition between them being forb
den by the selection rule, may play certain role in the opti
dephasing and we will refer them hereafter as forbidden
tical coherences. Finally, there is also a coherence betw
two VB’s with opposite spin directions:rvvk(3/2)(23/2)

[^cvk(23/2)
† cvk(3/2)&. In the absence of spin flip of the hh

this coherence is much weaker than the other coherences
then can only be excited by the laser pulse through the c
pling to the forbidden coherence. Therefore, in the pres
discussion of the undoped material, we do not include i
our model.

B. Kinetic equations

We build the semiconductor Bloch equations for t
quantum well by nonequilibrium Green-function method14 as
follows:

ṙmn,k,ss85 ṙmn,k,ss8ucoh1 ṙmn,k,ss8uscatt. ~4!

Here rmn,k,ss8 represents a single-particle density mat
with m and n5c or v. The diagonal elements describe t
carrier distribution functionsrmm,k,ss5 f mks of the bandm,
the wave vectork and the spins. It is further noted that
f cks[ f eks represents the electron distribution function w
s561/2 andf vks512 f hks with f hks denoting the hh dis-
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tribution function ands563/2. Theoff-diagonal elements
describe the interspin-band polarization components~coher-
ences! we defined at the end of the previous subsection w
rcv,k,ss85pkss85Pkss8e

2 ivt for the inter-CB-VB polariza-
tion andrcc,k,(1/2)21/2 for the spin coherence. It is notice
here that forPkss8 , the first spin indexs always corre-
sponds to the spin index of the electron in the CB (61/2)
and the second spin indexs8 always corresponds to that o
the hh VB (63/2).

The coherent part of the equation of motion for the ele
tron distribution function in the rotating wave approximatio
is given by

] f eks

]t U
coh

5dds~1/2!Im@E2
0* ~ t !Pks~3/2!#

1dds~21/2!Im@E1
0* ~ t !Pks~23/2!#

12(
q

Vq ImS (
s8

Pk1qss8
* Pkss8

1rcc,k1q,2ssrcc,k,s2sD 2gmBB Im rcc,k,s2s .

~5!

The first two terms describe the generation rates by the
larized laser pulses. As mentioned before, the selection
requires that the optical transition can only happen betw
the conduction and the valence bands with the same
direction. This selection rule is enforced by the Kroneck
d-function ds(61/2) . The third term describes the exchan
interaction correction of the exciting laser by the electro
hole attraction, thus it can be seen as a local field correc
of the time dependent bare Rabi frequencydE6

0 (t). The last
term describes the spin flip and flop of electrons. It is notic
that if Imrcc,k,s2s50, there isno spin flip and flop. There-
fore, we callrcc,k,s2s spin coherence. It is further notice
thatrcc,k,(21/2)(1/2)5rcc,k,(1/2)(21/2)* . Similarly the coherent
part of the equation of motion for the hole distribution fun
tion is written as

] f hks

]t U
coh

522(
qs8

Vq Im~Pk1qs8sPks8s
* !

1dds~3/2!Im@E2~ t !* Pk~1/2!s#

1dds~23/2!Im@E1~ t !* Pk~21/2!s#. ~6!

One notices here that differing from the electron distributi
function, there areno terms likegmBB Im rvv,k,s2s in the
coherent part of equation of motion for the hole distributi
even if we do not neglect the contribution fromrvv,k,s2s .
Again this is due to the fact that (Sv

x)63/2,63/250 and there-
fore the spin of the hole cannot be flipped. The scatter
rates off eks and f hks for the Coulomb scattering in the Mar
kovian limit are given by



ng

d gap.

n of

2948 PRB 61M. W. WU AND H. METIU
] f eks

]t U
scat

522 (
j 5e,h,k8qs8

Vq
22pd~«ek2q2«ek1« jk82« jk82q!H ~12 f ek2qs! f eks~12 f jk8s8! f jk82qs82 f ek2qs

3~12 f eks! f jk8s8~12 f jk82qs8!

1F(
s9

Re~Pk2qss9Pkss9
* !1Re~rcc,k2q,s2srcc,k,2ss!G ~ f jk8s82 f jk82qs8!

1(
s9

Re~Pk8s8s9Pk82qs8s9
* !~ f ek2qs2 f eks!J

22 (
k8qs8

Vq
22pd~«ek2q2«ek1«ek82«ek82q!rcc,k8,s82s8rcc,k82q,2s8s8~ f ek2qs2 f eks!, ~7!

and

] f hks

]t U
scat

52 (
j 5e,h,k8qs8

Vq
22pd~«hk2«hk2q1« jk82q2« jk8!H f hk2qs~12 f hks!~12 f jk82qs8! f jk8s8

2 f hks~12 f hk2qs! f jk82qs8~12 f jk8s8!

2(
s9

@Re~Pk2qs9s
* Pks9s!~ f jk8s82 f jk82qs8!1Re~Pk82qs8s9

* Pk8s8s9!~ f hk2qs2 f hks!#J
12 (

k8qs8
Vq

22pd~«hk2«hk2q1«ek82q2«ek8!rcc,k82q,s82s8rcc,k8,2s8s8~ f hks2 f hk2qs!. ~8!

One can easily prove from Eqs.~7! and~8! that (k] f eks /]tuscat5(k] f hks /]tuscat50. This is because the Coulomb scatteri
does not change the total population of each band.

The coherent time evolution of the interband polarization component is given by

]

]t
Pkss8U

coh

52 idss8~k!Pkss82
i

2
gmBBPk2ss81

i

2
dE2~ t !@ds~1/2!~12 f hk~3/2!!2rcc,k,s~1/2!#ds8~3/2!1

i

2
dE1~ t !@ds~21/2!

3~12 f hk~23/2!!2rcc,k,s~21/2!#ds8~23/2!

2 i(
q

Vq@Pk1q,ss8~12 f hks82 f eks!

2Pk1q,2ss8rcc,k,s2s1rcc,k1q,s2sPk,2ss8#. ~9!

The first term gives the free evolution of the polarization components with the detuning

dss8~k!5«ek1«hk2D02(
q

Vq~ f ek1qs1 f hk1qs8! ~10!

andD05v2Eg . D0 is the detuning of the center frequency of the light pulses with respect to the unrenormalized ban
The second term in Eq.~9! describes the coupling of the optical coherencePkss with the forbidden optical coherencesPks2s

and Pk2ss due to the presence of the magnetic fieldB. This coupling makesPks2s and Pk2ss not small enough to be
neglected in our calculation. The last term in Eq.~9! describes again the excitonic correlations. The coherent time evolutio
the spin coherence is given by

]

]t
rcc,k,s2sU

coh

5
i

2
d~ds~1/2!E2~ t !Pk2s~3/2!

* 2d2s~1/2!E2~ t !* Pks~3/2!!1
i

2
d~ds~21/2!E1~ t !Pk2s~23/2!

*

2d2s~21/2!E1~ t !* Pks~23/2!!1 i(
q

Vq@~ f ek1qs2 f ek1q2s!rcc,k,s2s2rcc,k1q,s2s~ f eks2 f ek2s!

1Pk1qss1
Pk2ss1

* 2Pk1q2ss1
* Pkss1

#1
i

2
gmBB~ f eks2 f ek2s!. ~11!



e
th
s
q

nc

for-
to

nts

PRB 61 2949KINETICS OF SPIN COHERENCE OF ELECTRONS IN . . .
One notices from both the last terms of Eqs.~5! and~11! that
the spin coherence causes the electrons oscillating betw
the spin-up and spin-down bands and in the mean time
unbalance between these two bands feeds back to the
coherence. It is further noted from the first two terms of E
~11! that pump pulse also generates the spin cohere
en
e

pin
.
e.

However, as this process is through the coupling to the
bidden transitions, its contribution is negligible compared
the effect due to magnetic field@last term of Eq.~11!# as will
be shown in the later sections.

The dephasing of the interband polarization compone
is determined by the following scattering:
attering.

b
tterings.

n

‘direct’’
]Pkss0

]t
U

scat

5H 2 (
j 5e,h
k8qs8

Vq
22pd~«ek2q1«hk1« jk82« jk82q2D0!H ~Pk,ss0

2Pk2q,ss0
!F ~12 f jk8s8! f jk82qs8

2(
s9

Pk8,s8s9Pk82q,s8s9
* G1~rcc,k2q,s2sPk,2ss0

1 f ek2qsPkss0
2 f hks0

Pk2qss0
!~ f jk8s82 f jk82qs8!J

1 (
k8qs8

Vq
22pd~«ek2q1«hk1«ek82«ek82q2D0!~Pkss0

2Pk2qss0
!rcc,k8,s82s8rcc,k82q,2s8s8J

2$k↔k2q,k8↔k82q%2
Pkss0

T2
. ~12!

Here,T2 is introduced phenomenologically to describe additional slower scattering process such as carrier-phonon sc
$k↔k2q,k8↔k82q% in Eq. ~12! stands for the same terms as in the previous$ % but with the interchangesk↔k2q and
k8↔k82q. We point out here that all the scattering terms in Eqs.~7!, ~8!, and~12! are the contributions from the Coulom
scattering. We did not include the EHSE scatterings as they are much weaker in comparison with the Coulomb sca

The Coulomb scattering contribution to the scattering term of the spin coherence is

]rcc,ks2s

]t U
scat

Coul

5S 2 (
j 5e,h
qk8s8

Vq
22pd~«ek2q2«ek1« jk82« jk82q!H S f ek2qsrcc,k,s2s1rcc,k2q,s2s f ek2s

1(
s9

Pk2qss9Pk2s2s9
* D ~ f jk8s82 f jk82qs8!1rcc,k,s2sF ~12 f jk8s8! f jk82qs82(

s9
Pk8s8s9Pk82qs8s9

*

2d j 5ercc,k8,s82s8rcc,k82q,2s8s8G2rcc,k2q,s2sF f jk8s8~12 f jk82qs8!2(
s9

Pk8s8s9Pk82qs8s9
*

2d j 5ercc,k8,s82s8rcc,k82q,2s8s8G J D 2$k↔k2q,k8↔k82q%. ~13!

One can prove from Eq.~13! analytically that

(
k

]rcc,ks2s

]t U
scat

Coul

50. ~14!

This can be easily seen as the second half of Eq.~13! comes from the first half by interchangingk↔k2q andk8↔k82q. In
the sum overk of Eq. ~14!, one may perform the following variable transformations:k→2k1q and k8→2k81q to the
second half of Eq.~13!, which make the second half just the same as the first one but with opposite sign. Equatio~14!
indicates that the Coulomb scattering does not contribute to the spin dephasing.

In order to study the dephasing of the spin coherence, we pick up the contributions from EHSE scattering. The ‘
EHSE contribution is given by

]rcc,ks2s

]t U
scat

dEHSE

5H 2
9

16 (
k8qs8

Uq
22pd(«ek2q2«ek2«hk81«hk82q)[(22 f eks2 f ek2s)rcc,k2q,s2s f hk82qs8(12 f hk8s8)

1rcc,k,s2s( f ek2qs1 f ek2q2s) f hk82qs8(12 f hk8s8)] J 1$k↔k2q,k8↔k82q%. ~15!

The ‘‘exchange’’ EHSE contribution can be written as
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]rcc,ks2s

]t U
scat

eEHSE

5H 2
9

16 (
k8qs8

U8q
22pd~«ek81«hk82q2«ek2«hk2q!@~22 f ek8s2 f ek82s!rcc,k,s2s f hk2qs8~12 f hk82qs8!

1rcc,k8,s2s~ f eks1 f ek2s! f hk2qs8~12 f hk82qs8!#J 1$k↔k8%. ~16!
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It is noted that in Eqs.~15! and~16!, the second half of each
equation shares the same sign as the first half. There
(k]rcc,ks2s /]tuscat

dEHSE5” 0 and (k]rcc,ks2s /]tuscat
eEHSE5” 0.

This tells us that EHSE contributes to the spin dephas
One further finds by comparing Eqs.~15! and ~16! that be-
sides the above mentionedUq8!Uq , the energy phase spac
of the ‘‘exchange’’ EHSE, which is imposed by the ener
conservation, is quite limited compared to that of ‘‘direc
EHSE. All these indicate that the contribution of the ‘‘e
change’’ EHSE is negligible in comparison with that of th
‘‘direct’’ EHSE. We have further proved that there isno
contribution to the scattering term from the combination
Coulomb scattering and EHSE asUqVq or Uq8Vq . Therefore,

]rcc,ks2s

]t U
scat

5
]rcc,ks2s

]t U
scat

Cou

1
]rcc,ks2s

]t U
scat

dEHSE

1
]rcc,ks2s

]t U
scat

eEHSE

. ~17!

Equations~4!–~17! comprise the complete set of kinet
equations. It is noted that we only include EHSE in the sc
tering term of the spin coherence. Its contribution to the
tical coherences and electron~hole! distributions are ne-
glected as it is much smaller than the contribution from
Coulomb scattering.23 Moreover, the electron-hole recomb
nation is not included in our model as the time scale for s
an effect is at least one order of magnitude longer than
time scale of dephasing.

C. Faraday rotation angle

The FR angle can be calculated for two degenerate Ga
ian pulses with variable delay timet. The first pulse~pump!
is circular polarized, e.g.,Epump

0 5E2
0 (t), and travels in the

directionk1. The second pulse~probe! is linear polarized and
is much weaker than the first one, e.g.,Eprob

0 (t)5Eprob,2
0 (t

2t)1Eprob,1
0 (t2t)[x@E2

0 (t2t)1E1
0 (t2t)# with x!1.

The probe pulse travels in thek2 direction.
The FR angle is defined as19,24

QF~t!5C(
k
E Re@ P̄k~1/2!~3/2!~ t !Eprob,2

0* ~ t2t!

2 P̄k~21/2!~23/2!~ t !Eprob,1
0* ~ t2t!#dt, ~18!

with P̄kss standing for the optical transition in the prob d
rection, i.e.,k2 direction.C is a constant.

For the delay timet is shorter than the optical dephasin
time, one has to project the optical transitionPkss to k2
direction. One may use an adiabatic projection technique
scribed in detail in Ref. 25. This technique is suitable
re,

g.

f

t-
-

e

h
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e-
r

optically thin crystals, where the spatial dependence can
treated adiabatically.26 To do so, one replaces the singl
pulse envelope function in Eqs.~5! and ~6! by two delayed
pulses E2

0 (t)5E2
0 (t)eiw1Eprob,2

0 (t2t) and E1
0 (t)

5Eprob,1
0 (t2t) with the relative phasew5(k12k2)•x re-

sulting from the different propagation directions. The proje
tion technique is used with respect to this phase. Howe
when delay timet is much longer than the optical dephasin
the optical transitionPkss induced by the pump pulse ha
already decayed to zero and therefore one may perform
calculation withw[0.

It is interesting to see from Eq.~18! that although the spin
coherence is determined byrcc,k,(1/2)(21/2) , it does not ap-
pear directly in the final equation of the FR angle. Instead
affects the FR angle through the optical transitionsPkss .
For delay timet much longer than the optical dephasin
time, the optical coherencesPkss induced directly by the
pump pulse together with the forbidden optical coheren
Pks2s have already been destroyed to zero. However,
spin coherence induced by the same pump pulse remains
makes the electrons oscillate between the spin-up and -d
bands. This unbalance of population strongly affects the
tical transitions induced later by the probe pulse arount
and gives rise to the time evolution of Faraday rotati
angle.

III. NUMERICAL RESULTS

We perform a numerical study of the Bloch equations
study the spin coherence of optically excited electrons in
undoped insulating ZnSe/Zn12xCdxSe quantum well. As the
main interest of the present paper is focused on the me
nism of the spin dephasing, we will not perform a pum
probe computation to calculate the FR angle Eq.~18! as it
requires extensive CPU time and also as it has been ca
lated by Linder and Sham19 for the same set of Bloch equa
tions but with relaxation time approximation for all th
dephasing. Instead, we will only apply a single pump pu
and calculate the time evolutions of both the optical and s
coherences together with the electron and hh distributi
after that pulse under the carrier-carrier scattering. T
dephasing of the spin coherence is well defined by
incoherently-summed spin coherence, r(t)
5(kurcc,k,(1/2)(21/2)(t)u, as well as the optical dephasing
described by the incoherently summed polarization,Pss(t)
5(kuPk,ss(t)u. The latter was first introduced by Kuhn an
Rossi.30 It is understood that both true dissipation and t
interference of manyk states may contribute to the deca
The incoherent summation is therefore used to isolate
irreversible decay from the decay caused by interferen
From r(t) andPss(t) one gets the true irreversible depha
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ing of spin and optical coherences, respectively.
The material parameters in our calculation are taken fr

the experimental data with effective massme50.152m0 for
electron27 and mh56me for hh.28 Exciton Rydberg ER
519 meV and theg factor is taken as 1.3. Thisg factor is
larger than that reported in the experiment11 ~1.1! by mea-
suring the beat frequency of the FR angle. The reason wil
shown clearly in later subsections.T2 is taken as 10 ps for al
the calculations. We choose a left circular polarized Gau
ian pulseE2

0 (t) with the width dt5100 fs and detuning
D054.275 meV. The total density excited by this pul
is 331011 cm22, which is the same as that reported
the experiment.11 E1

0 (t)[0. Under such a pulse, one ca
see immediately from the kinetic equations that only
with spin 3/2 can be excited andf hk(23/2)[0. More-
over, Pk(21/2)(23/2)5Pk(1/2)(23/2)[0. Therefore, we only
need to determine the electron distribution functio
f eks (s561/2), the hh distribution functionsf hk(3/2) , in-
terband polarizations~optical coherences! Pk(1/2)(3/2) and
Pk(21/2)(3/2), and spin coherencesrcc(1/2)(21/2). We will
solve the Bloch equations with only Coulomb scattering a
with both Coulomb scattering and EHSE scatterings, resp
tively.

A. Coulomb scattering

We first discuss the Boltzmann kinetics under the C
lomb scattering with the statically screened instantaneous
tential approximation

Vq5
2pe2

e0~q1k!
. ~19!

The inverse screening lengthk is expressed as29,14

k~ t !5
mee

2

e0
(
s

F f ek50s~ t !1
mh

me
f hk50s~ t !G . ~20!

It is noted that this static screening model, although sim
fying numerical calculation significantly, overlooks th
plasmon-mode contributions and overestimates the elec
screening.

We first show in Fig. 1 the electron and hole distributi
functions f eks(t)(s561/2) and f hk(3/2)(t) versus t and
electron energy«ek ~for electron distributions! or hh energy
«hk ~for hole distribution! for B54 T. In the initial time one
observes a small peak around 10 meV forf ek(1/2) in Fig.
1~a!. This peak is the effect of the pump pulse and stro
Hartree correction Eq.~10!. The similar peak can also b
observed for the hh distribution function in Fig. 1~c!. At later
times the carriers relax to the low-energy states andf ek(1/2)
reaches its first highest peak at 1.4 ps. Around 7 ps,
distribution function of spin-up band reaches the valley
zero values and the spin-down band, in the mean time,
rives at its peak. This indicates that electrons in the spin
band evolve into the spin-down band. After that electro
start to move back to the spin-up band and at about 14
f ek(1/2) reaches its second highest peak andf ek(21/2) reaches
its valley. The reason that the second highest peak is a
higher than the first one is because there are more elec
at higher energy states at initial times due to the position
the pump pulse. This oscillation keeps going without a
e
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decay. The distribution for hh relaxes into the Fermi-li
distribution after a few picoseconds and remains unchang
In Fig. 2, the absolute value of the optical coheren
uPk,(1/2)(3/2)(t)u, and the absolute value of the spin cohe
ence,urcc,k,(1/2)(21/2)(t)u, are plotted as functions oft and
electron energy. It is seen from Fig. 2~a! that the optical
coherence decays very quickly and within the first few pic
seconds it has already totally disappeared. Nevertheless

FIG. 1. Electron distributions vs timet and electron energyEe

for the spin 1/2@Fig. 1~a!# and21/2 @Fig. 1~b!# and hh distribution
vs t and hh energyEh @Fig. 1~c!#.
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2952 PRB 61M. W. WU AND H. METIU
spin coherence does not decay at all. The second peak
the same height as the first one.

The incoherently summed polarization,P(1/2)(3/2)(t), and
the incoherently summed spin coherence,r(t), are plotted as
dashed curves in Fig. 3. The total densities of ea
spin bandNes(t)5(kf eks(t) for electron andNh(3/2)(t)
5(kf hk(3/2)(t) for hh are also plotted as solid curves in t
same figure. It is seen from the figure that the optical coh
ence injected by the pump pulse is about 3 times larger t
the spin coherence. However, this coherence is stron
dephased by the Coulomb scattering and is totally g
within the first few picoseconds. It is further shown from t
figure that the spin coherence exhibits beating that does
decay at all. The electron densities of spin-up and do
bands oscillate between zero and the total excitation. Th
results confirm that pure Coulomb scattering does not c
tribute to the spin dephasing. We further find that the f
quency of the oscillation is mainly determined by the Ze
man splitgmBB, but redshifted by the Hartree-Fock terms
Eq. ~11!. The reducedg factor resulting from the oscillation
frequency is 1.25. It is interesting to see from the figure t
the maximum value ofuNe(1/2)2Ne(21/2)u occurs when the
~incoherently summed! spin coherence is zero. The forbid
den optical coherence is about 30 times smaller than

FIG. 2. Absolute amounts of optical coherenceuPk(1/2)(3/2)(t)u
@Fig. 2~a!# and spin coherenceurcc,k,(1/2)(21/2)(t)u @Fig. 2~b!# as
functions oft and electron energyEe . Note the time scale of optica
coherence is much shorter than the spin coherence.
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optical coherence and decays similarly as the optical co
ence. It plays an insignificant role in this problem.

B. EHSE

Now we include the contribution of EHSE@Eqs.~15! and
~16!#. As said before that the contribution from ‘‘exchange
EHSE is negligible, we therefore only include the ‘‘direct
one@Eq. ~15!# here. We are lacking information of the matr
elementsUq , which requires a detailed band-structure calc
lation. For the sake of simplicity and also for comparis
with the effect of Coulomb scattering, in this study we a
sume it is the same asVq but with a phenomenological pref
actor 4AF/3. We takeF50.015 so that in the scatterin
term, Eq.~15!, the matrix element of EHSE is two orders o
magnitude smaller than that of the Coulomb scattering. T
number is taken so that the spin dephasing time is in ag
ment with the experiment.11 We have also performed nu
merical calculation by taking only the ‘‘exchange’’ EHS
and found in order to get the same spin dephasing, the p
actor has to be 0.1, which is one order of magnitude lar
than the present case. This big prefactor is understood du
the effect of the limitation of the energy phase space d
cussed before.

The electron distribution functionsf eks(t)(s561/2)
versust and electron energy«ek are plotted in Fig. 4 forB
54 T. The hh distribution functionf hk(3/2)(t) versust and
hh energy«hk remains unchanged from Fig. 1~c! after the
inclusion of EHSE. In the initial time one observes again
small peak around 10 meV forf ek(1/2) in Fig. 4~a! due to the
effect of pump detuning. A similar peak can also be obser
for the hh distribution function as in Fig. 1~c!. Again one
observes that the carriers relax at later times to the lo
energy states and all the distributions show the Fermi-
distributions. Differing from the case with only Coulom
scattering, there are only small oscillations of electrons
tween spin 1/2 and21/2 bands in the later time. The h
distribution remains unchanged after the first few picos
onds as before. The absolute value of optical cohere

FIG. 3. Total densities of each spin bandNeks(t) for electron
andNhk(3/2)(t) for hh ~solid curves! together with the incoherently
summed polarizationP(1/2)(3/2) and spin coherencer(t) ~dashed
curves! are plotted against timet for B54 T. Note the scale of the
coherences is on the right side of the figure.
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uPk(1/2)(3/2)(t)u @Fig. 5~a!#, versust and electron energy is
also unchanged from Fig. 2~a! after inclusion of EHSE.
Therefore, as before, the optical coherence decays
quickly and within a few picoseconds it has totally disa
peared. However, EHSE makes a big change to the abs
value of the spin coherence as can be seen in Fig. 5~b! where
urcc,k,(1/2)21/2(t)u is plotted as a function oft and electron
energy. It is seen that the spin coherence lasts much lo
and one can see a smaller second peak around 10.5 ps

FIG. 4. Electron distributions vs timet and electron energyEe

for the spin 1/2@Fig. 4~a!# and21/2 @Fig. 4~b!# and hh distribution
vs t and hh energyEh @Fig. 4~c!# for B54 T. Effects of EHSE are
included.
ry
-
te

er
d a

much smaller third peak around 18.4 ps. Comparing w
Fig. 2~b!, one can see the effect of strong spin-dephasing
EHSE as the second peak is much lower than the first o
For t.20 ps, the spin coherence has almost gone. One m
that point needing to be addressed here is, as one can
from Fig. 5~b!, there is a very small bump around 10 meV
initial time. A similar bump can also be seen in Fig. 2~b!.
These bumps are the effects of the pump pulse descr
before after Eq.~11!. One can see that they are much smal
compared to the effects caused by the magnetic field. T
also justifies the assumption we made before that hh-hh
coherence can be neglected in this investigation.

The incoherently summed polarization,P(1/2)(3/2)(t), and
the incoherently summed spin coherence,r(t), are plotted as
dashed curves in Fig. 6. In order to have the effect of s
coherence more pronounced, we plot in the same figure
4.53r(t) as dash-dotted curve. The total densities of ea
spin bandNes(t) and Nh(3/2)(t) are also plotted as solid
curves in Fig. 6. It is seen from the figure that the optic
coherence injected by the pump pulse is about 4.5 tim
larger than the spin coherence. However, this coherenc
strongly destroyed by the Coulomb scattering within the fi

FIG. 5. Absolute amounts of optical coherenceuPk(1/2)(3/2)(t)u
@Fig. 5~a!# and spin coherenceurcc,k,(1/2)21/2(t)u @Fig. 5~b!# as
functions of t and electron energyEe . Effects of EHSE are in-
cluded.B54 T.
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2954 PRB 61M. W. WU AND H. METIU
few picoseconds. This is part of the reason of the fast de
in the FR angle for the first few picoseconds in t
experiment.11 As seen in Eq.~18!, the FR angle is propor
tional to the ‘‘total’’ optical transitions. For the first few
picoseconds, the optical transitions are induced by both
pump pulse and the much weaker probe pulse, and the
decay of the initial pump pulse-induced optical transiti
gives rise to the strong decay of the FR angle.

It is further shown from the figure that the electron de
sities of spin-up and -down bands oscillate with the am
tude of the oscillation decaying. The circularly polariz
pump pulse first pumps electrons into the spin-up CB fr
the spin-up hh band. Therefore, electrons first occupy
spin-up CB band and leave behind hhs in the spin-up V
Therefore,Ne(1/2) and Nh(3/2) fast rise to 331011 cm22

within the time scale of the pump pulse. Then due to
magnetic field, electrons in the spin-up band start to go to
spin-down band. This makesNe(1/2) decrease andNe21/2
rise. In the mean time, the unbalance in populations a
serves as pump field to the spin coherence. Aftert is around
5 ps, the electron population in the spin-down band surpa
that in the spin-up band. Without dephasing, this oscillat
may keep going on as shown in the previous section. H
ever, the spin dephasing makes these two populations fin
merge. From the figure, one can see that fort.20 ps, the
difference is already negligible compared to the oscillatio
before andr also decays to zero. This oscillation is al
shown in the experiment through the FR angle as beat
for the same magnetic field.11 All these results confirm wha
we proposed in Sec. II, that the spin dephasing is cause
EHSE and the electron spin coherence is represented br.
Moreover, one also finds that besides the effect of s
dephasing, EHSE also changes the oscillation frequency
hence the beating frequency of the FR angle. By compa
the period of the oscillations in Figs. 3 and 6, one finds
period increases by about 1.34 ps in the later case.
means that the EHSE further redshifts the spin splitti
Therefore, theg factor reported in the experiment11 by mea-

FIG. 6. Total densities of each spin bandNeks(t) for electron
andNhk(3/2)(t) for hh ~solid curves! together with the incoherently
summed polarizationP(1/2)(3/2) and spin coherencer(t) ~dashed
curves! are plotted against timet for B54 T. The dash-dotted
curve is 4.5r(t). Effects of EHSE are included. Note the scale
coherences is on the right side of the figure.
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suring the frequency of the beating of the FR angle is
effective gfactor. It is seen from the figure that the period
the oscillation isT515.58 ps. As 2p/T5geffmBB, the ef-
fective g factor geff is therefore 1.14, in agreement with th
reported in the experiment as 1.1.11 Again from the figure
one observes that the maximum value ofuNe(1/2)
2Ne(21/2)u occurs when the~incoherently summed! spin co-
herence is zero. Our calculation shows again that the for
den optical coherence is insignificant in this problem.

In order to compare withB52 T case, we plot in Fig. 7
the incoherently summed polarizationP(1/2)(3/2)(t) and spin
coherencer(t) as function of timet, together with the total
densities of each spin bandNes(t) andNh(3/2)(t). One finds
the spin coherence decays at the same rate as in thB
54 T case but without any beating. So do the electrons
the spin bands. This confirms the finding in the experim
that there is no beating in the Faraday rotation angle.11

IV. CONCLUSION AND DISCUSSION

In conclusion, we have performed theoretical studies
the kinetics of the spin coherence of optically excited el
trons in an undoped insulating ZnSe/Zn12xCdxSe quantum
well under moderate magnetic fields in the Voigt configu
tion. Based on a two spin-band model in both the CB and
VB, we build the kinetic equations combined with intra- an
interband Coulomb scattering and interband EHSE in
Boltzmann limit. We include all the coherences induced
rectly by the laser pulse—optical transitions—and indirec
through the effect of the magnetic field—electron-electr
spin coherence and forbidden optical coherence—for
electron and hh in our model. The hh-hh spin cohere
rvv,k,(3/2)(23/2) is neglected in our present investigation b
cause it cannot be induced by the effect of the magnetic fi
but only through the pump pulse coupled to the forbidd
transitions and is therefore much smaller than the other
herences. We separate the spin coherence from the
known optical coherences and study the effects of Coulo

FIG. 7. Total densities of each spin bandNeks(t) for electron
andNhk(3/2)(t) for hh ~solid curves! together with the incoherently
summed polarizationP(1/2)(3/2) and spin coherencer(t) ~dashed
curves! are plotted against timet for B52 T. Effects of EHSE are
included. Note the scale of coherences is on the right side of
figure.
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scattering and EHSE on all the coherences. We find that
Coulomb scattering makes strong dephasing of the opti
coherence and forbidden optical coherence. However, it d
not contribute to the spin dephasing at all. EHSE is the ma
mechanism leading to the spin decoherence. We numeric
solve the kinetic equations for two different magnetic field
We find that the beating in the Faraday rotation angle
basically determined by the electron Zeeman splittinggmBB,
however, with a redshift from the Coulomb Hartree-Foc
contribution and EHSE effect. The forbidden optical cohe
ence is found of marginal importance in this problem. Th
matrix element of the Coulomb scattering is taken as sta
cally screened Coulomb potential and the matrix element
EHSE is assumed the same as the Coulomb scattering wi
phenomenological prefactor. By fitting this prefactor wit
the dephasing time in the experiment,11 our theory can well
explain the experimental data for two different magnet
fields. A first principal investigation of the EHSE scatterin
matrix element is definitely important for a more thoroug
understanding of the spin dephasing.21,22

For then-doped material, things are quite different from
the undoped case discussed in this paper. Due to the pres
of large numbers of doped electrons~about one order of
magnitude larger than the optically excited carriers! in the
CB, the lifetime of holes is therefore quite short and is me
sured smaller than 50 ps compared to the lower limit of 1
ps for the insulating sample.11 The experiments found that
the spin dephasing for the doped sample is three orders
magnitude longer than the undoped sample, but with a f
dephasing~losing about 50% coherence! within the first 50
ps. The fast dephasing in the initial times can be well unde
stood by the EHSE discussed above, but modified with t
fast decreasing of hh population. Nevertheless, the mec
nism of the spin dephasing discussed above cannot be
plied to the doped case after 50 ps as shown from Eq.~15!
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that the scattering of EHSE is proportional to the hole dist
bution and therefore its contribution to the spin dephasi
decreases with the recombination of electron and hole. Ho
ever, for then-doped case, it is also possible for EHSE
contribute to the spin dephasing. As the timescale of the s
dephasing for then-doped sample is much longer than th
insulating sample, the coupling between the hh and the li
hole cannot be neglected and the spin of hh also experien
the precession.31 Therefore, the hh-hh spin coherenc
rvv,k,(3/2)(23/2) , which is insignificant for the undoped case
may play an important role in the doped sample. Its con
bution to the scattering term to the electron spin coherenc
in the similar form as Eq.~15! but all the hole distribution
parts are replaced by terms composed of hh-hh spin coh
ences. In the absence of the hole distribution, it becomes
leading mechanism from the contribution of EHSE to th
spin dephasing. Physically this contribution is the spin e
change between electrons and virtual holes. This mechan
together with other spin dephasing mechanisms due to
band mixing for then-doped case,32 is still under investiga-
tion. A corresponding extension of the present theory for t
n-doped material will be published in a separate paper.
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