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Kinetics of spin coherence of electrons in an undoped semiconductor quantum well
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We study the kinetics of spin coherence of optically excited electrons in an undoped insulating
ZnSe/Zn _,Cd,Se 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 dephasinghafoied
material is also proposed.

[. INTRODUCTION tremely successful in measuring the coherent spin evolution
and spin dephasirfpt1-13

. . . . In order to further extend the spin coherence time, it is
Studies of ultrafast nonlinear optical spectroscopy in. . . . )
. ! important to understand the physics of spin dephasing. While
semiconductors have attracted numerous interest both ex- . . : .
erimentally and theoretically during the past 20 véars ere is extensive theoretical study and understanding of the
b y y g P Y ) tical dephasind? the theoretical investigation on the spin

Most of these studies are focused on the optical coherenc? C ; o
: . . ephasing is relatively limited, nevertheless of much longer
and the studies of spin coherence are relatively rare. R%

cently, ultrafast nonlinear optical experimetié have istory.> The early work includes that of Elliott in 1954,

) e : ) who discussed the spin relaxattBrinduced by lattice and
shown that the spin coherence, which is optically excited by . . N . .

) Impurity scatterings by taking into account the spin-orbit
laser pulse, can last much longer than optical coherence. F%qcfectsﬂ Later. in 1975 Biret al calculated the spin dephas-
undoped ZnSe/ZnCdSe quantum wells, it is found in the ex: ' ’ ) P P

periment that the spin coherence can last up to 15-2&gb ing using a model Hamiltonian describing the electron-hole

. spin exchangdEHSE) by considering Coulomb scattering
11) where as for undoped bulk GaAs, it lasts about 608°ps. between electron and hole, combined with the spin-orbit-

Forn-doped materials, the spin coherence can last up to threceOu ling-induced band mixin§. In that paper by usin
orders of magnitude longer than in the undoped sampl ping : hap y 9

which makes 8 ns for ZnSe/ZnCdSe quantum Welhd 100 Sermi Golden rule, Biet al. proposed a spin relaxation rate

ns for bulk GaAs® These discoveries have given rise to anthat is proporupnal to .the hole density. It was not until .the
- o i . : 90s that experimentalists found such an effect and claimed
emerging interest within the physics and electronic engineer;

. N ; ; . fthe EHSE is important in the intrinsic ang-doped
ing communities in using electronic spins for the storage o . 5
coherence and also have stimulated the optimism that thsemmonductoréx For n-doped samples, however, as the
. : pamI: gensity of the electrons is much higher than that of the holes,
coherent electrons will finally be realized as a basis for quan; : : . .
tum comoutation the holes recombine with electrons in a time much shorter
P - . than the measured spin dephasing time. As the predicted spin
The electron_ spin coherence can be d|re_ctly o_bserved bgephasing rate induced by EHSE is proportional to hole
femtosecond time-resolved Faraday rotatigfR) in the density?® it is therefore suggested that fordoped sample,
Voigt configuration. In that configuration, a moderate mag- . e .
2 . . the dephasing mechanism is uncl&aRecently, Linder and
netic field is applied normal to the growth axis of the sample.shanjrg presented a theory of the spin coherence of excitons
The coherence is introduced by a circularly polarized pum

4 o H)y studying Bloch equations. However, they did not discuss
pulse that creates electrons and holes with an initial Spity. hasi hani licitl d .
orientation normal to the magnetic field. Then the magnetié[ e dephasing mechanisms explicitly, and |n§tead descrllbed

' all the dephasing by using phenomenological relaxation

field causes the electron spin to flip back and forth along theﬁmes

growth axis, which makes the net spin precess about the |, i naner, we present a model to study the kinetics of
magnetic field. The hole spin is kept along the growth axisgyin precession of a femtosecond laser-pulse-excited dense
direction of the quantum well as will be discussed belOW-pIasma in a quantum well in the framework of the semicon-
After a certain delay time, a linearly polarized probe pulse gyctor Bloch equations combined with carrier-carrier scatter-
is sent into the sample along a slightly different directionjng in the Markovian limit. Non-Markovian effects are not
from the pump pulse and by measuring the FR angle, ongnportant in our case, as the width of the laser pulse is large
can sensitively detect the net spin of electrons associated00 fg and the time scale of spin dephasing is very long.
with the delay timer. This method has proven to be ex- The main purpose of this paper is to understand the spin
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decoherence. It has been well known that both carrier-carrieand m, denoting effective masses of hh and electron sepa-
Coulomb scattering and carrier-phonon scattering play sigrately. E4 is unrenormalized band gap and is the spin
nificant roles in the optical dephasing. For the two-index. For electron in the CBy=*=1/2 and for electron in
dimensional(2D) carrier density around 1 cm™2 in the  the hh VB, o==*3/2. pug is Bohr magnetonS, are the
experiment.! the main carriers are electron-hole plasma andspin matrices withS, being spin 1/2 matrices for electrons
the Coulomb scattering gives a fast dephasing of the opticaind S, being spin 3/2 matrices for holes.

coherence with dephasing times ranging from tens of femto- Hg in Eq. (1) denotes the dipole coupling with the light
seconds to subpicosecorfddepending on the strength and field E,(t) with o=+ representing the circular-polarized
width of the pump pulse and/or the density of doping, whichlight. Due to the selection rule the electrons in the spin
affects the building up of the screenitit?’ Besides the fast 3/2 (—3/2) hh band can only absorb a léfight) circular-
dephasing due to Coulomb scattering, carrier-phonon scattegolarized photon and go to the spin 1/2- {/2) CB. There-
ing also contributes to the optical dephasing with the dephasore,

ing time being around ten picoseconds and carrier-density

independent. For spin coherence, the experimental evidence

that the spin dephasing depends strongly on the carrier He=—d> [E_(t)Cly1/2Cukaz+H.C]

density*13 clearly rules out the possibility that the main k

mechanism of the spin dephasing is due to carrier-phonon

scattering. Therefore, we focus on the effect of carrier-carrier - dz [E+(t)czk_ 1/2Cvk—372t H.C]. (2)
scattering. We distinguish the spin coherence from the opti- K

cal coherence and study the roles of Coulomb scattering and | ) ) ) )

EHSE to the spin dephasing separately. We find that the pur@ this equationd denotes the opt|cal-d|p%le matrix element.
Coulomb scattering—although it destroys the optical coherThe light field is further split intde,,(t) = E;(t) cos(t) with
ence strongly—does not contribute to the spin dephasing #¢ being the central frequency of the coherent light pulse.
all, and that EHSE is the main mechanism of the spin decoE®(t) describes a Gaussian pulE8e /" with 6t denot-
herence. ing the pulse width.

Our paper is organized as follows: we present our model H, is the interaction Hamiltonian. As said before, we fo-
and kinetic equations in Sec. Il. Then in Sec. lll we presentus on the carrier-carrier scattering. Therefdtg,is com-
the numerical results for an undoped ZnSg/Z)Cd,Se posed of Coulomb scattering and EH8Ref. 21 with the
quantum well. A conclusion of our main results and a dis-latter being much weaker than the Coulomb scattefing.
cussion of the theory for the-doped sample are given in
Sec. IV. 1

_ t T
HI _E EV VqCMk-%—qrrCyk’ —q,r/cvk’lf/c,uku-
M
Il. MODEL AND KINETIC EQUATIONS ';kof]
A. Model and Hamiltonian
: I L += > Ugoo'ch .. cf CokrorC
We start our investigation of a quantum well with its 2 7, q uk+qo vk’ —qo’ 2 vk o' Y ko

growth axis in thez direction. A moderate magnetic fieRlis KK'q
applied in thex direction. Landau quantization is unimpor- o’
tant for the magnetic field in our investigation. We con- 1
sider the conduction ban@B) and the heavy holénhh) va- + > E Uégg/clwqgczk,_qo_,cﬂk,gcpkg, )
lence bandVB). Due to the presence of the magnetic field, utv
the spins of electrons and holes are no longer degenerate and kk'q

oo

therefore each band is further separated into two spin bands

with spin = 1/2 for electrons in the C.B artd 3/2 for those in _ The first term of Eq(3) is the ordinary Coulomb interaction.
the hh VB. It is noted that these spin eigenstates are definefhe second term describes the “direct” EHSE, which scat-
with respect to the direction. o _ters an electron in the band with spin o and momentunk
In the presence of the moderate magnetic field and with; the same band with spinand momenturk+q and in the
the interactions with a coherent classical light field, themean time, which scatters an electron from the different band
Hamiltonian for electrons in the CB and VB is given by v (# ) with spino’ and momentunk’ back to that band
with spin ¢’ and momentunk’ —q. The last term is “ex-
H= S B. s ot e, change” EHSE which scatters an electron in the banalith
%a ukCukoCuko™ OB % woo!uko ™ ke spin o and momentunk’ to the different bandy (# u)
oo’ with spin ¢’ and momentunk’—qg and in the mean time,
+He+H,, (1) ~ Which scatters an electron from the baneith spin ¢’ and
momentumk back to bandw with spin ¢ and momentum
with u=c andv standing for the CB and the VB, respec- k+q. It is noted here thatr and ¢’ stand for=1/2 when
tively. e, is the energy spectrum of an electron in the VBthey are at the CB and 3/2 when they are at the VB. As the
(CB) with momentumk. It is noted thatk here stands for a exchange effect involves a form factor that consists the over-
momentum vector in the-y plane. e = —Eg/2— k?/2m, lap of the wavefunctions of the CB and VEBJ, is much
=—E4/2— e ande = Ey/2+ k2/2mg= Eg/2+ee With m,  smaller thanU,. Moreover, it will be shown later that the
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exchange effect is also energetically unfavorable as it scatribution function ando-= = 3/2. Theoff-diagonal elements
ters carriers across the band. Therefore, the direct EHSE describe the interspin-band polarization componécioser-
the dominant effect. ence$ we defined at the end of the previous subsection with

For the Voigt configuration, aB is along thex direction  pe,  vor = Pioo’ = Proor€ " for the inter-CB-VB polariza-
and () -3/2.+32=0, one can see directly from E€l) that  tion andp. (1/2)-1/2 for the spin coherence. It is noticed
the spin of hh cannot be flipped by the magnetic field. Wehere that forP,,,:, the first spin indexo always corre-
point here that this is only true when the magnetic field issponds to the spin index of the electron in the CB1(2)
small compared to the hh light-hole splitting and hence theand the second spin index' always corresponds to that of
flip between the hh and the light hole can be neglected in théhe hh VB (= 3/2).
timescale of the discussion. AZ=¢*/2 with ¢* standing The coherent part of the equation of motion for the elec-
for Pauli matrix, it is therefore straightforward to see from tron distribution function in the rotating wave approximation
the Hamiltonian that the magnetic field causes the CB eleds given by
tron spin to flip and flop.

It can be seen directly from the Hamiltoni&f: that the
laser pulse introduces the optical coherences into the systemyf.,
which are built between the CB and the VB with same spin ot
direction: pk(1/2)(3/2)E<C\1;k(3/2)cck(1/2)> and Py(-1/2)(-3/2)
E<C\tk(73/2)cck(—1/2)>- In 'Fhe ‘mean_ time, dl_Je to the +d5g(—1/z)|m[E3*(t)PkU<—3/2)]
presence of the magnetic field in E@d), these optical coher-
ences may further transfer coherence Q1232
E<C$k(3/2)cck(—1/212>, pk(l/z)(73/2)E<C\tk(—3/2)cck(1/2)>v and
Peck(1/2)(~ 1/2)={Cek(~1/2)Cck1/2))» With the first two being
the coherence between the CB and VB with opposite spin
directions and the last one being the coherence between two
CB’s with opposite spin directions. While it is well known
that optical coherence is represented |y1/2)3/2) and 5
P(-1/2)(-3/2), We will show later that the spin coherence of
electrons is represented PYcy1/2)-1/2)- When there is no

=ddy(1/2)IM[ E% (1) Pro(3r2)]

coh

+22 V, Im( > Py qoerProo
q a"

+pCC,k+q,—o'o'pCC,k,0'—o' - g/*LBB Im Pceko—o -+

dephasi ffoct added this t the elect . The first two terms describe the generation rates by the po-
€p _asmg_”el ef[:fa € (ﬁﬂn IS erm,h € electron ng P'arized laser pulses. As mentioned before, the selection rule
cession will fast forever. VOreover, WngRci1/2)(-112) 9€-  requires that the optical transition can only happen between
cays to Zero, there IS no electrpn Spin precession. Therefor%e conduction and the valence bands with the same spin
we refer it as spin coherence in the followiru-1/2)32)  girection. This selection rule is enforced by the Kronecker

andP _372y, Which describe the coherence between the : . :
states with the optical transition between them being forbido-|-1CHON do(=-1/2). The third term describes the exchange
P 9 nteraction correction of the exciting laser by the electron-

den by the selection rule, may play certain role in the optica ole attraction, thus it can be seen as a local field correction

dephasing and we will refer them hereafter as forbidden OP5f the time dependent bare Rabi frequedd?. (t). The last

tical %olgerenpﬁs. Fmall_y, thefe %_also. a cF)herence betwee{grm describes the spin flip and flop of electrons. It is noticed
two S with opposite -spin directionSpyvi(si2)(-312)  that if Im Peck.o—o=0, there isno spin flip and flop. There-

—c! g
t;.<cvk(63/2)cvk(3:’2)>' Inhthe ?(bs?kr:ce tcr’]f Salhn flip k?f the hh, o6 we callpecro— o SPIN coherence. It is further noticed
is coherence is much weaker than the other coherences aﬁﬁgtpcc,k,(fllz)(lm): Do (a1 Similarly the coherent

then can only be excited by the laser pulse through the cou- . ; L
pling to the forbidden coherence. Therefore, in the prese Ig: ic;f\:\?rﬁtgﬂu;tlon of motion for the hole distribution func-
discussion of the undoped material, we do not include it in

our model.
ans X
B. Kinetic equations ot h: _2(12, VqIM(Pys g0 0Pioro)
col g
We build the semiconductor Bloch equations for the "
quantum well by nonequilibrium Green-function methbas +d8(372) M E- (1) Pyrz)o]
follows: +0d3y(-312)IME . ()* Py-1120].  (6)
Puvkoo! = Puv koo’ lcoht Puv kool scat (4 One notices here that differing from the electron distribution

function, there areno terms likegugB Imp,,  —, IN the
Here p,, k0o represents a single-particle density matrix coherent part of equation of motion for the hole distribution
with u and v=c or v. The diagonal elements describe the even if we do not neglect the contribution fromy, x ,— -
carrier distribution functiong ,, « »o= f ks Of the bandy, Again this is due to the fact thag{) . 3/ »3/,=0 and there-
the wave vectok and the spino. It is further noted that fore the spin of the hole cannot be flipped. The scattering
feko=Teks represents the electron distribution function with rates off, andfy,,, for the Coulomb scattering in the Mar-
o==*1/2 andf,,,=1—f,, with f;,,, denoting the hh dis- kovian limit are given by
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f ek
==2 E Vc212775(8ek—q—8ek+81k'_8jk'—q) (1_fek—qa)feko(l—fjk'a')fjk'—qo'_fek—qa
0t = ! ’
scat j=ehk’qo
X (1= fepe) Fikror (1= Fiir—gor)
+ 2” dekqaa”P:gg")+RdPCC,kq,(r(rpcc,k,(nr):|(fjk’(r’_fjk’q(r’)
+2 Rd Pk'a”a”'P’kcfqo—fo—")(fekqo_feka)]
-2 2 Vc212775(8ek—q_8ek+8ek’_Sek’—q)Pcc,k’,<r’—U’Pcc,k’—q,—rr’rr’(fek—qrr_feku)v (7)
k’q(r’
and
ke ’
=2 X Va2mo(enk—enk-qt &jk —q~ €jk){ Thk—qo(1 = Frke) (1= ik —go) ik o
&t i= ’ ’
scat j=ehk'qo

—Fhko(L=Frkqo) Fir —qor (L= Fjror

- 2 [Re Pr(chg-”gpko'”(r)(fjk’(r’ — ik —qor) T RE P:'7q0/g/lpk’(r’(r”)(fhqua'_ frie) ]

2
+2 2, VE2m8(enk— Enk—qt Sek—q— Eek)Pock —a.0' o Peck’— o' o (Frike = Thk—qo)- (8
quo_r

One can easily prove from Eg&) and(8) that 2 df o1,/ t| scar= =k hke ! t|sca= 0. This is because the Coulomb scattering
does not change the total population of each band.
The coherent time evolution of the interband polarization component is given by

J ) i i i
5 Poor| =1 S0’ (K)Pygor — 5918BPx— o+ EdE—(t)[b‘a(l/Z)(l_ friar2) = Peck o112 1067 (3120 Ed E:(D[05(-112)

coh

X(L=TFhk—312) = Pecko(-112)1 061 (~312)
12 VolPrt g (1= frr ~ fetw)

- Pk+q,70'a"pcc,k,a'ftr+pCC,k+q,0'70'Pk,fo'o"]' (9)
The first term gives the free evolution of the polarization components with the detuning

500’(k)=86k+8hk_A0_§q: Vo(feks got Frkigor) (10)

andA,=w—Ey. Ay isthe detuning of the center frequency of the light pulses with respect to the unrenormalized band gap.
The second term in Eq9) describes the coupling of the optical cohereRgg, with the forbidden optical coherencég,,_

and P,_,, due to the presence of the magnetic fi@ldThis coupling make#,, , and P,_,, not small enough to be
neglected in our calculation. The last term in E®).describes again the excitonic correlations. The coherent time evolution of
the spin coherence is given by

J i i
St Pecko—o :id( 80120 E - (DPY_ 53120~ 60— w112 E - (1)* Poarz) + Ed( 8o~ 12E+ (DPK_5(_3/2)

coh

- 570(71/2)E+(t)* Pko(73/2)) +i % Vq[(fek+qo_ fek+q*0')pcc,k,0*0'_pCC,kJrq,a'*zr(fektr_ fekfa)

i
+Pk+q0'0'1 :70_0_1— ~’kc+qfa'(rlpka'o'l]—i_ig/“l‘BB(feko’_fek*o')- (11)
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One notices from both the last terms of E@.and(11) that  However, as this process is through the coupling to the for-
the spin coherence causes the electrons oscillating betweddden transitions, its contribution is negligible compared to
the spin-up and spin-down bands and in the mean time ththe effect due to magnetic fieJthst term of Eq(11)] as will
unbalance between these two bands feeds back to the spie shown in the later sections.

coherence. It is further noted from the first two terms of Eq. The dephasing of the interband polarization components
(11) that pump pulse also generates the spin coherencé determined by the following scattering:

aPko’o’
0 2
it Scat:[ _]_;e;h Vg2mé(eek—qt Shk+8jk’_8jk’q_AO)[(Pk,er_ qu,a'o-o)[(l_fjk’o-’)fjk’qo-’
k’'qo’

o

*
_EH Pk,,U’U”Pk’—q,g”g” +(pcc,kq,0'0'Pk,0'0'0+fekq<rpk0'a'o_fhka'0pkqo'(ro)(fjk’a"_fjk’qo—’)}

2
+ 2 Vq2775(8ek7q+ Enkt ek ~Eek—q~ AO)(Pko—ao_ quago)Pcc,k’,o’U’Pcc,k’q,o’a’]
K qo’

Pko’oo
Tz

Here, T, is introduced phenomenologically to describe additional slower scattering process such as carrier-phonon scattering.

{k—k—q,k"=k’—q} in Eq. (12) stands for the same terms as in the previpysbut with the interchangek—k—q and

k' —k’—q. We point out here that all the scattering terms in E@s. (8), and(12) are the contributions from the Coulomb

scattering. We did not include the EHSE scatterings as they are much weaker in comparison with the Coulomb scatterings.
The Coulomb scattering contribution to the scattering term of the spin coherence is

—{kerk— g,k k' g} - (12

&p K Coul
ccko—o 2
ot = _AE Vq2775(8ek7q_8ek+8jk’_Sjk’—q) fequapcc,k,afo'{'Pcc,qu,crfafekfa
scat i=eh
gk’ o’

* *
+E~ Pk—q:ro”Pk_a—(r") (fikror— fjk’—qa’)+pcc,k,0—a{(1_fjk’a’)fjk’—qa’_EH P o oPyr —qor on
ag g

- 5j =ePcck’,oc'—o'Pcck’ —q,— o' o’

*
_pcc,k—q,o'—0'|:fjk'o"(1_ fjk’—qo")_z Pk’a’a”Pk’—qo—'g—"
"
o

— 5j_€‘pCC,k',0"(T'pCC,k/q,{r'(r'j“ ) _{k<—>k_q,k'<—>k’ _q} (13)
One can prove from Eq13) analytically that
J o Coul
> Feeerel o, (14)
k scat

This can be easily seen as the second half of(Eg). comes from the first half by interchangikg-k—q andk’ <k’ —q. In
the sum ovekk of Eq. (14), one may perform the following variable transformatioks> —k+q andk’— —k’+q to the
second half of Eq(13), which make the second half just the same as the first one but with opposite sign. Eddtion
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 “direct”
EHSE contribution is given by

ﬁpcc,ko'f o
at

16 > U<2427T5(8ek—q_8ek_8hk'+8hk'—q)[(2—fek(r_fek—(r)Pcc,k—q,u—(rfhk'—q(r/(l_fhkur/
K

! ’
qo

dEHSE
scat [

+ Pcc,k,afo(fequo'l' fequfa)fhk’ 7qa’(1_ frwo)] | Tike=k—0q,k" k" —q}. (15

The “exchange” EHSE contribution can be written as
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eEHSE

apcc,ka'—a ,
Y = ~ 16 Z u 52775(%1«+8hk'—q—8ek_8hk—q)[(2—fek'a_fek'—U)Pcc,k,a—afhk—qo'(l—fhk'—qa')
k'qo’

ot

scat

T pcek oo Fekot Teko) Frk—qor (1= i —qor) 1} F{ke= K} (16)

It is noted that in Eqs(15) and(16), the second half of each optically thin crystals, where the spatial dependence can be
equation shares the same sign as the first half. Thereforgeated adiabaticall§f To do so, one replaces the single-
Sipccko ol Ot SEHSEED  and = dpecre— o/ dtIEEISEEQ.  pulse envelope function in Eqé) and (6) by two delayed
This tells us that EHSE contributes to the spin dephasingoulses E° (t)=E% (t)e'*+Ep,_(t—7) and E%(t)

One further finds by comparing Eg&l5) and (16) that be- =Egrob’+(t— 7) with the relative phase=(k;—k,)-x re-
sides the above mentionétf<U,, the energy phase space sulting from the different propagation directions. The projec-
of the “exchange” EHSE, which is imposed by the energytion technique is used with respect to this phase. However,
conservation, is quite limited compared to that of “direct” when delay timer is much longer than the optical dephasing,
EHSE. All these indicate that the contribution of the “ex- the optical transitionP,,,,, induced by the pump pulse has
change” EHSE is negligible in comparison with that of the already decayed to zero and therefore one may perform the
“direct” EHSE. We have further proved that there i®  calculation withe=0.

contribution to the scattering term from the combination of It is interesting to see from E@18) that although the spin
Coulomb scattering and EHSE gV, or U,;Vq. Therefore, coherence is determined )y (1/2)(-1/2). it does not ap-
pear directly in the final equation of the FR angle. Instead, it

Ipecko-o| _ IPeckodf C°”+ Ipecko—o|TF affects the FR angle through the optical transitid®s,, .
at Scat_ at |Scat at seat For delay timer much longer than the optical dephasing
time, the optical coherence,,, induced directly by the
IPccko—o eEHSE pump pulse together with the forbidden optical coherences
+ at et 17) Pw,—, have already been destroyed to zero. However, the

spin coherence induced by the same pump pulse remains and
Equations(4)—(17) comprise the complete set of kinetic makes the electrons oscillate between the spin-up and -down
equations. It is noted that we only include EHSE in the scatbands. This unbalance of population strongly affects the op-
tering term of the spin coherence. Its contribution to the opfical transitions induced later by the probe pulse around
tical coherences and electrahole) distributions are ne- and gives rise to the time evolution of Faraday rotation
glected as it is much smaller than the contribution from theangle.
Coulomb scattering® Moreover, the electron-hole recombi-
nation is not included in our model as the time scale for such
an effect is at least one order of magnitude longer than the
time scale of dephasing.

Ill. NUMERICAL RESULTS

We perform a numerical study of the Bloch equations to
study the spin coherence of optically excited electrons in an
undoped insulating ZnSe/Zn,Cd,Se quantum well. As the

The FR angle can be calculated for two degenerate Gausmain interest of the present paper is focused on the mecha-
ian pulses with variable delay time The first pulsgpump nism of the spin dephasing, we will not perform a pump-
is circular polarized, e.gEgump= E°(t), and travels in the probe computation to calculate the FR angle B as it
directionk,. The second pulsgrobs is linear polarized and requires extensive CPU time and also as it has been calcu-
is much weaker than the first one, e_ggmb(t)z Egrob,—(t Igted by Linder and Sh_alr%fc_)r the same_set pf Bloch equa-
—T)+E8r0b+(t—T)E)([Eg(t—T)'f‘E?_(t—T)] with y<1. tions but with relaxation time approximation for all the
The probe 'pulse travels in the direction. dephasing. Insteaql, we will c_JnIy apply a smgle_pump puls_e

The FR angle is defined ¥ and calculate the time evolutions of both the optical and spin
coherences together with the electron and hh distributions

C. Faraday rotation angle

— 0% after that pulse under the carrier-carrier scattering. The
@)F(T):CEK: R Py(1/2)(3/2)(t) Eprop,— (1= 7) dephasing of the spin coherence is well defined by the
incoherently-summed spin coherence, p(t)
~Py—112(-312 (1) Eprep - (1= 1) ]dit, (18 =W pcck,12)-12)(1)], as well as the optical dephasing is

- described by the incoherently summed polarizatiep,(t)
with Py, standing for the optical transition in the prob di- =3,|P, ,,(t)|. The latter was first introduced by Kuhn and
rection, i.e.,k, direction.C is a constant. Rossi®® It is understood that both true dissipation and the
For the delay timer is shorter than the optical dephasing interference of many states may contribute to the decay.
time, one has to project the optical transitiéf,, to ko  The incoherent summation is therefore used to isolate the
direction. One may use an adiabatic projection technique derreversible decay from the decay caused by interference.
scribed in detail in Ref. 25. This technique is suitable forFrom p(t) andP(t) one gets the true irreversible dephas-
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ing of spin and optical coherences, respectively.

The material parameters in our calculation are taken from
the experimental data with effective masg=0.152n, for
electrof’” and m,=6m, for hh?® Exciton RydbergEg
=19 meV and the factor is taken as 1.3. Thig factor is
larger than that reported in the experimér(tl.1) by mea-
suring the beat frequency of the FR angle. The reason will be
shown clearly in later subsectiong; is taken as 10 ps for all
the calculations. We choose a left circular polarized Gauss-
ian pulseE° (t) with the width st=100 fs and detuning
Ay=4.275 meV. The total density excited by this pulse
is 3x 10" cm 2, which is the same as that reported in
the experiment! E%(t)=0. Under such a pulse, one can
see immediately from the kinetic equations that only hh
with spin 3/2 can be excited anél,_3,)=0. More-
over, Py—1/2)(-3/12)= Pk1/2)(-3/2)=0. Therefore, we only
need to determine the electron distribution functions
fere (0==1/2), the hh distribution functionsy(s/2y, in-
terband polarizationgoptical coherenc@sPi,2(s/2) and
Pi(~1/2)312), @nd spin coherences.c1/zy1/2)- We will
solve the Bloch equations with only Coulomb scattering and
with both Coulomb scattering and EHSE scatterings, respec-
tively.

f(:1/2

f e-1/2

A. Coulomb scattering

We first discuss the Boltzmann kinetics under the Cou-
lomb scattering with the statically screened instantaneous po-
tential approximation

2

V- 2me 19
T eo(qt k)’ 19
The inverse screening lengthis expressed &3
mee? m "
k(t)= %0 EU: fek:o(r(t)+ﬁfhk:00(t) . (20 0'7}
It is noted that this static screening model, although simpli- 0

fying numerical calculation significantly, overlooks the
plasmon-mode contributions and overestimates the electron
screening. o
We first show in Fig. 1 the electron and hole distribution 5
functions fe,(t) (0==1/2) and fy3/2)(t) versust and
electron energy (for electron distributionsor hh energy 04
epk (for hole distribution for B=4 T. In the initial time one
observes a small peak around 10 meV fQ,y in Fig.
1(a). This peak is the effect of the pump pulse and strong 0
Hartree correction Eq(10). The similar peak can also be
observed for the hh distribution function in Figcl At later
times the carriers relax to the low-energy states g ») FIG. 1. Electron distributions vs timeand electron energg,
reaches its first highest peak at 1.4 ps. Around 7 ps, ther the spin 1/ZFig. 1a)] and — 1/2[Fig. 1(b)] and hh distribution
distribution function of spin-up band reaches the valley ofvst and hh energy,, [Fig. 1(c)].
zero values and the spin-down band, in the mean time, ar-
rives at its peak. This indicates that electrons in the spin-uglecay. The distribution for hh relaxes into the Fermi-like
band evolve into the spin-down band. After that electrondistribution after a few picoseconds and remains unchanged.
start to move back to the spin-up band and at about 14 pk Fig. 2, the absolute value of the optical coherence,
fe1/2) reaches its second highest peak &gg_1/,) reaches [Py (1/2)3/2t)], and the absolute value of the spin coher-
its valley. The reason that the second highest peak is a littlence,|pqc x (1/2)1/2)(t)|, are plotted as functions dfand
higher than the first one is because there are more electroe$ectron energy. It is seen from Fig(a2 that the optical
at higher energy states at initial times due to the position otoherence decays very quickly and within the first few pico-
the pump pulse. This oscillation keeps going without anyseconds it has already totally disappeared. Nevertheless, the

fhip
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FIG. 3. Total densities of each spin baNd,,(t) for electron
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summed polarizatiorP 1,32 and spin coherencg(t) (dashed
curves are plotted against timefor B=4 T. Note the scale of the
coherences is on the right side of the figure.
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s Now we include the contribution of EHSEEQs.(15) and
(16)]. As said before that the contribution from “exchange”
EHSE is negligible, we therefore only include the “direct”
one[Eg. (15)] here. We are lacking information of the matrix

FIG. 2. Absolute amounts of optical coheren€g; ;22 (t)| elementdJ,, which requires a detailed band-structure calcu-
[Fig. 2@] and spin coherenchp.ck (1/2(-1/2)(t)| [Fig. 2b)] as  lation. For the sake of simplicity and also for comparison
functions oft and electron energi, . Note the time scale of optical with the effect of Coulomb scattering, in this study we as-
coherence is much shorter than the spin coherence. sume it is the same ag, but with a phenomenological pref-
actor 4/F/3. We takeF=0.015 so that in the scattering

spin coherence does not decay at all. The second peak is M, EQ.(15), the matrix element of EHSE is two orders of
the same height as the first one. magnitude smaller than that of the Coulomb scattering. This

The incoherently summed polarizatidyy ) 3/2(t), and number_ls taken so that ;[:ELe spin dephasing time is in agree-
the incoherently summed spin coherenafg), are plotted as ment with the experimernit. We have aI“so perforrrled nu-
dashed curves in Fig. 3. The total densities of eaCHnerlcal cal_culanon by taking only the_ exchange EHSE
spin band Ne, (1) = Sy f oo (t) for electron andNy(t) and found in order to ge_t th_e same spin dephasw_]g, the pref-
_sof te‘ff hh € I lotted lid in th actor has to be 0.1, which is one order of magnitude larger

kFhkcar2)(t) for hh are also plotted as solid curves in the o e present case. This big prefactor is understood due to
same_ﬂ_gure. It is seen from the flgure that th_e optical coherfhe effect of the limitation of the energy phase space dis-
ence injected by the pump pulse is about 3 times larger thag ;ssed before.
the spin coherence. However, this_ coherence is strongly The electron distribution functiond ¢, (1) (o= = 1/2)
dephased by the Coulomb scattering and is totally gongersyst and electron energy,, are plotted in Fig. 4 foB
within the first few picoseconds. It is further shown from the —4 T. The hh distribution functiorys/2(t) versust and
figure that the spin coherence exhibits beating that does ngj energysp, remains unchanged from’ Fig(cl after the
decay at all. The electron densities of spin-up and downnclusion of EHSE. In the initial time one observes again a
bands oscillate between zero and the total excitation. Thessmall peak around 10 meV fdki1/2) in Fig. 4a) due to the
results confirm that pure Coulomb scattering does not coneffect of pump detuning. A similar peak can also be observed
tribute to the spin dephasing. We further find that the fre-for the hh distribution function as in Fig.(d. Again one
qguency of the oscillation is mainly determined by the Zee-observes that the carriers relax at later times to the low-
man splitgugB, but redshifted by the Hartree-Fock terms in energy states and all the distributions show the Fermi-like
Eq. (11). The reducedy factor resulting from the oscillation distributions. Differing from the case with only Coulomb
frequency is 1.25. It is interesting to see from the figure thascattering, there are only small oscillations of electrons be-
the maximum value 0fNg(1/2)— Ne(—1/2) Occurs when the tween spin 1/2 and-1/2 bands in the later time. The hh
(incoherently summedspin coherence is zero. The forbid- distribution remains unchanged after the first few picosec-
den optical coherence is about 30 times smaller than thends as before. The absolute value of optical coherence,

'
I'M \
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optical coherence and decays similarly as the optical coher-
ence. It plays an insignificant role in this problem.

|

I
Wl
‘ “\\\'"lzfo

/ Peck,1/2-1 /2 I

Cree) \/vXed |




FIG. 4. Electron distributions vs timeand electron energi,
for the spin 1/ZFig. 4a] and — 1/2[Fig. 4(b)] and hh distribution
vst and hh energ¥,, [Fig. 4(c)] for B=4 T. Effects of EHSE are

included.
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FIG. 5. Absolute amounts of optical coherer€g /2 (/2 (t)|
[Fig. 5@] and spin coherencép.c (1/2-1/2(t)| [Fig. 5b)] as
functions oft and electron energ¥.. Effects of EHSE are in-
cluded.B=4 T.

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

The incoherently summed polarizatid® ) (s/2)(t), and

IPwwi2)ar2(t)| [Fig. 5@)], versust and electron energy is the incoherently summed spin coherenef), are plotted as

also unchanged from Fig.(® after inclusion of EHSE.

dashed curves in Fig. 6. In order to have the effect of spin

Therefore, as before, the optical coherence decays verypherence more pronounced, we plot in the same figure also
quickly and within a few picoseconds it has totally disap-4.5X p(t) as dash-dotted curve. The total densities of each
peared. However, EHSE makes a big change to the absolugpin bandN,,(t) and Ny, (t) are also plotted as solid

value of the spin coherence as can be seen in i .véhere
|pcek.(1/2)-1/2(t)| is plotted as a function of and electron

curves in Fig. 6. It is seen from the figure that the optical
coherence injected by the pump pulse is about 4.5 times

energy. It is seen that the spin coherence lasts much long&rger than the spin coherence. However, this coherence is
and one can see a smaller second peak around 10.5 ps andteongly destroyed by the Coulomb scattering within the first
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ko' ko

andNpa/2)(t) for hh (solid curves together with the incoherently  andNp /2 (t) for hh (solid curves together with the incoherently
summed polarizatiorP 1,32 and spin coherencp(t) (dashed summed polarizatiorP /32 and spin coherencg(t) (dashed
curvesg are plotted against timé for B=4 T. The dash-dotted curves are plotted against timefor B=2 T. Effects of EHSE are
curve is 4.5(t). Effects of EHSE are included. Note the scale of included. Note the scale of coherences is on the right side of the
coherences is on the right side of the figure. figure.

few picoseconds. This is part of the reason of the fast decaguring the frequency of the beating of the FR angle is the
in the FR angle for the first few picoseconds in theeffective gfactor. It is seen from the figure that the period of
experiment! As seen in Eq(18), the FR angle is propor- the oscillation isT=15.58 ps. As 2/T=gugB, the ef-
tional to the “total” optical transitions. For the first few fective g factor g is therefore 1.14, in agreement with that
picoseconds, the optical transitions are induced by both theeported in the experiment as $41Again from the figure
pump pulse and the much weaker probe pulse, and the fashe observes that the maximum value ¢Ne(1,2)
decay of the initial pump pulse-induced optical transition—Ng 4/, occurs when théincoherently summedspin co-
gives rise to the strong decay of the FR angle. herence is zero. Our calculation shows again that the forbid-
It is further shown from the figure that the electron den-den optical coherence is insignificant in this problem.
sities of spin-up and -down bands oscillate with the ampli- In order to compare witl8B=2 T case, we plot in Fig. 7
tude of the oscillation decaying. The circularly polarizedthe incoherently summed polarizatiéh ) (3/2)(t) and spin
pump pulse first pumps electrons into the spin-up CB fromcoherencep(t) as function of timet, together with the total
the spin-up hh band. Therefore, electrons first occupy th@ensities of each spin bamd,(t) and Npa/2)(t). One finds
spin-up CB band and leave behind hhs in the spin-up VBthe spin coherence decays at the same rate as irBthe
Therefore,Ng(1/2) and Npcsyz) fast rise to 3<10* cm™? =4 T case but without any beating. So do the electrons in
within the time scale of the pump pulse. Then due to thethe spin bands. This confirms the finding in the experiment
magnetic field, electrons in the spin-up band start to go to thénhat there is no beating in the Faraday rotation afhle.
spin-down band. This makeNg,,) decrease andN. 1/,
rise. In the mean time, the u_nbalance in populations also IV. CONCLUSION AND DISCUSSION
serves as pump field to the spin coherence. Afisraround
5 ps, the electron population in the spin-down band surpasses In conclusion, we have performed theoretical studies of
that in the spin-up band. Without dephasing, this oscillationthe kinetics of the spin coherence of optically excited elec-
may keep going on as shown in the previous section. Howtrons in an undoped insulating ZnSefZpCd,Se quantum
ever, the spin dephasing makes these two populations finallwell under moderate magnetic fields in the Voigt configura-
merge. From the figure, one can see thattfer20 ps, the tion. Based on a two spin-band model in both the CB and the
difference is already negligible compared to the oscillationsvB, we build the kinetic equations combined with intra- and
before andp also decays to zero. This oscillation is also interband Coulomb scattering and interband EHSE in the
shown in the experiment through the FR angle as beatingBoltzmann limit. We include all the coherences induced di-
for the same magnetic fiefd.All these results confirm what rectly by the laser pulse—optical transitions—and indirectly
we proposed in Sec. Il, that the spin dephasing is caused jrough the effect of the magnetic field—electron-electron
EHSE and the electron spin coherence is representagsl by spin coherence and forbidden optical coherence—for the
Moreover, one also finds that besides the effect of spirelectron and hh in our model. The hh-hh spin coherence
dephasing, EHSE also changes the oscillation frequency amngl, k,(3/2)(-3/2) iS neglected in our present investigation be-
hence the beating frequency of the FR angle. By comparingause it cannot be induced by the effect of the magnetic field,
the period of the oscillations in Figs. 3 and 6, one finds thebut only through the pump pulse coupled to the forbidden
period increases by about 1.34 ps in the later case. Thigansitions and is therefore much smaller than the other co-
means that the EHSE further redshifts the spin splittingherences. We separate the spin coherence from the well
Therefore, they factor reported in the experiméhby mea-  known optical coherences and study the effects of Coulomb
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scattering and EHSE on all the coherences. We find that théhat the scattering of EHSE is proportional to the hole distri-
Coulomb scattering makes strong dephasing of the opticddution and therefore its contribution to the spin dephasing
coherence and forbidden optical coherence. However, it doegecreases with the recombination of electron and hole. How-
not contribute to the spin dephasing at all. EHSE is the mairever, for then-doped case, it is also possible for EHSE to
mechanism leading to the spin decoherence. We numericallgontribute to the spin dephasing. As the timescale of the spin
solve the kinetic equations for two different magnetic fields.dephasing for ther-doped sample is much longer than the
We find that the beating in the Faraday rotation angle ignsulating sample, the coupling between the hh and the light
basically determined by the electron Zeeman splittipgB, hole cannot be neglected and the spin of hh also experiences
however, with a redshift from the Coulomb Hartree-Fockthe precessioft Therefore, the hh-hh spin coherence
contribution and EHSE effect. The forbidden optical coher-p,, i 3/2)(-3/2), Which is insignificant for the undoped case,
ence is found of marginal importance in this problem. Themay play an important role in the doped sample. Its contri-
matrix element of the Coulomb scattering is taken as statibution to the scattering term to the electron spin coherence is
cally screened Coulomb potential and the matrix element oin the similar form as Eq(15) but all the hole distribution
EHSE is assumed the same as the Coulomb scattering withparts are replaced by terms composed of hh-hh spin coher-
phenomenological prefactor. By fitting this prefactor with ences. In the absence of the hole distribution, it becomes the
the dephasing time in the experiméhipur theory can well leading mechanism from the contribution of EHSE to the
explain the experimental data for two different magneticspin dephasing. Physically this contribution is the spin ex-
fields. A first principal investigation of the EHSE scattering change between electrons and virtual holes. This mechanism,
matrix element is definitely important for a more thoroughtogether with other spin dephasing mechanisms due to the
understanding of the spin dephasfig? band mixing for then-doped casé? is still under investiga-

For then-doped material, things are quite different from tion. A corresponding extension of the present theory for the
the undoped case discussed in this paper. Due to the presenedoped material will be published in a separate paper.
of large numbers of doped electrofabout one order of
magnitude larger than the optically excited carniérs the
CB, the lifetime of holes is therefore quite short and is mea-
sured smaller than 50 ps compared to the lower limit of 100 MWW would like to thank Professor L.J. Sham for bring-
ps for the insulating sampfé. The experiments found that ing this topic into his attention and Professor A. Imamoglu
the spin dephasing for the doped sample is three orders @ind Dr. Yutaka Takahashi for valuable discussions. Dr. J.M.
magnitude longer than the undoped sample, but with a fa¥ikkawa is acknowledged for providing information about
dephasinglosing about 50% coherencwithin the first 50  his pertinent experimental work and critical reading of this
ps. The fast dephasing in the initial times can be well undermanuscript. This research was supported in part by QUEST,
stood by the EHSE discussed above, but modified with théhe NSF Science and Technology Center for Quantized Elec-
fast decreasing of hh population. Nevertheless, the mecharonic Structures, Grant No. DMR 91-20007, and by the Na-
nism of the spin dephasing discussed above cannot be afienal Science Foundation under Grant No. CHE 97-09038
plied to the doped case after 50 ps as shown from(E§. and CDA96-01954, and by Silicon Graphics Inc.
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