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The effect of external electric bias on the kinetics of circularly polarized photolumines¢Bhr®f the
GaAs quantum well§QWs) is studied experimentally. It is found that a negative bias applied to the top surface
of the samples causes the appearance of a slow component in the decay of the PL circular polarization. The
amplitude of this component grows with the bidg;,s and reaches nearly 100% @t,,s= —2 V. In a trans-
verse magnetic field, the polarization decay shows oscillations related to the spin precession. The changes in
the shape of the oscillations with the applied bias indicate a transition from the exciton spin precession to that
of the electron spin. Based on the analysis of the experimental data, we came to the conclusion that the external
electric field reduces the exchange coupling between the electron and hole spins. As a result, the hole spin
exhibits fast relaxation whereas the electron spin holds its light-induced orientation for a relatively long time.
The studies of the electron spin dynamics in obligue magnetic fields have allowed us to estimate the effective
energy of the electron—hole exchange interaction in the electric field created by thd Qias—2 V. The
exchange splitting thus obtained is much smaller than typical exchange splittings of the excitonic states in the

GaAs QWs.
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. INTRODUCTION much longer than the total spin of the excitrn® In the

quantum wells about 10 nm thick, the situation appears to be

In the last decade, considerable interest has arisen in stuthtermediate, with the energies of the exchange and spin—
ies of spin states in semiconductor heterostructures. A greg@honon coupling being of the same order of magnitude. This
deal of attention is now attracted to feasibility of spin fact offers a fundamentally new opportunity to control the
transistors, spin logic switches, and elements of spin exciton spin relaxation rate by varying the ratio between
memory for quantum computefs. Intense research is de- these parameters.
voted to studying the relaxation of spins of individual carri- It seems highly probable that the competition between the
ers(electrons and holge®r of the electron—hole paif@xci-  exchange and spin—phonon interaction is responsible for the
tons coupled by the Coulomb interaction. An important role paradoxical effect described in Ref. 14. The effect consists in
in the exciton spin dynamics is played by exchange interacslowing down, rather than accelerating, of the spin quantum
tion that couples the electron and hole spins. This interactiobeats decay with increasing temperature. Most likely, this
is distinctly revealed in the spin relaxation rates. In particu-effect is due to decoupling of the electron and hole spins at
lar, while the relaxation time of the free-hole spin in the elevated temperatures. As a result, the electron spin can
GaAs- based heterostructures lies, according to Ref. 4, in thieeely precess for a sufficiently long time. The electron-spin
range of units of picoseconds and the electron-spin relaxfree precession has been also detected in Ref. 10 upon exci-
ation time may reach 1000 ps and moréthe exciton spin  tation of the photoluminescend®L) with a large Stokes
is characterized by intermediate values of the relaxatiorshift. According to Ref. 10, the structure is locally heated in
times lying in the range of 100—200 PSThis is, in fact, a the course of the excitation relaxation. The results of these
result of competition between the exchange coupling, correexperiments show that the opportunity to control the electron
lating the motion of the electron and hole spins, and thespin dynamics is quite realistic. At the same time, such an
perturbation inducing the spin relaxation of individual carri- inertial and hard-to-control parameter as local temperature
ers (primarily, of hole. Indeed, as shown in Ref. 10, in the can hardly be used for this purpose.
narrow GaAs quantum wells, below 5 nm thick, where the We think that a more straightforward way to affect the
exchange interaction is large, and the relaxation of the holexciton spin relaxation is to vary the electron—hole exchange
spin is strongly suppressétithe spin dynamics is well de- interaction by applying an electric field normal to the hetero-
scribed by the motion of the exciton spin as a whole. In thestructure layers. The field polarizes the exciton along the
layers thicker than 20 nm, the spin—phonon interaction folgrowth axis, thus decreasing the overlap of the electron and
the hole exceeds the exchange one. As a result, the hole sgiole wave functiond®>~1’ According to theoretical estimates
rapidly relaxes, while the electron spin holds its orientationmade in Ref. 16, the exchange coupling in the GaAs quan-
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tum wells 10—15 nm thick shows a noticeable decrease in thevas excited directly to the exciton absorption band and was
fields about 100 kV/cm. The electric field of this strength candetected with the small long-wavelength shif2 meV) to
be produced by the bias of about 10 V applied to the strucminimize the polarization losses. In all the experiments, the
ture, which can be easily realized under usual experimentaixciting beam was directed at an angle of 90° to the mag-
conditions. netic field direction, and the PL was detected in the backward
In this paper, we present the results of studying the effectlirection. Orientation of the magnetic field with respect to
of electric field on kinetics of the polarized excitonic PL of the growth axis of the structure was changed by rotating the
heterostructures with the GaAs quantum wells 10 nm or lessample. In this case, the angle of incidence of the light on the
in thickness. We have found that the application of the exsample was changed but, due to the large refractive index of
ternal electric bias not only drastically changes the spin rethe medium, the light was propagating inside the sample
laxation rates, but also substantially affects the spin precesgractically along the growth axis even at relatively large ro-
sion in the external magnetic field. The analysis of thetation anglegup to 50°).
experimental data has shown that the observed effects are
indeed related to the breakage of the exchange coupling be-

tween the electron and hole spins. _ - lll. DYNAMICS OF THE DEGREE OF CIRCULAR
The paper is organized as follows. A brief description of POLARIZATION

the experimental conditions is followed by two main sec- _

tions. The first of them describes the effect of electric field A. Experimental results

on the kinetics of circularly polarized PL both in zero mag-  As was found in preliminary experiments, the PL spectra
netic field and in a magnetic field aligned perpendicular togf the undoped QWs, in the whole range of the biases
the growth axis of the structur/igt configuration. Itis (-2 v=U,,<0 V), did not show trionic lines characteris-
shown that, in all the samples under study, the kinetics of thgc of the QWs with excess electros:?! The electric-field
polarized I_DL in the absence qf the e.xternal bias is determinegiduced shift of the exciton peaks was found to agree well
by dynamics of the total exciton spin. Application of an ex-with the results of studying the Stark effect in the neutral
ternal bias noticeably changes the kinetics of the polarizeghyys with the same thickne$This allowed us to conclude
PL of the samples with 10 nm quantum wells. The kineticsthat the QWs under study virtually did not contain free car-
acquires the features typical for the free electron spin dynantiers, Thus, the effect arising in the presence of the bias may
ICS. o ) _ result only from the action of the electric field upon the ex-
~ The next section is devoted to the electron spin dynamicgitons. In addition, it has been established that practically all
in the magnetic fields deviated from the exact Voigt configuthe observed regularities are critically related to the QW
ration. A previously unobserved mechanism of the electroRhjickness rather than to the sample topology. In particular,
spin dephasing is found. The dephasing is caused by th@e results of the measurements on the samples with MQWSs
exchange interaction with the randomly oriented spin of the;gincided not only qualitatively but also quantitatively with
hole. The paper is concluded by a summary of the maifne results obtained on the sample with single QWs of the
results of the work. same thickness. For this reason, we will present in the fol-
lowing mainly the results of studying the samples with
MQWs examined in more detail.

To avoid possible spurious effects related to the circular

We studied a set of heterostructures with single GaAglichroism of the optical system, we performed the measure-
QWs (SQWS9, multi-QWs (MQWSs), and double QWs sepa- ments under botle™ and o~ polarized excitation. Because
rated by a relatively thif20 nm Al, 4Ga, ;As barrier. The we did not find any noticeable dependence of the kinetics
thickness of the QWs was varied from 8 to 10 nm. In theunder study on the handedness of the excitation, we present
samples with double QWs, one of the wells was doped witthere only the data obtained undet polarized excitation.
Si to study the effect of free electrons on the spin dynamics Figure 1 demonstrates the effect of electric bias on the
of the excitons. The samples were grown on thdoped circularly polarized PL kinetics for two samples with the
GaAs substrate using the MBE technique. The top surface d®Ws 8 and 10 nm thick. The PL was measured indfieand
each sample was coated with a semitransparent ITOs~ polarizations undew* polarized excitation in the ab-
electrode for application of the external bias. We measuredence of the applied magnetic field. Figure 1 shows the ki-
the kinetics of the circularly polarized PL excited by sh@t netics of the degree of circular polarization defined as the
ps pulses of a tunable Ti—sapphire laser. The PL kineticgatio of the difference of the signals of the” ando~ po-
was detected in real time using a streak camera. The kinetidarized PL to their sum. As is seen, the PL polarization ki-
of the circularly polarized PL was studied as a function of thenetics of the 8 nm QWs is practically unaffected by the elec-
electric bias and of the magnitude and orientation of the extric bias, while, in the 10 nm QWSs, the kinetics substantially
ternal magnetic field. All the measurements were made alepends on the bias. In the absence of the bias, the kinetics
5 K. of the PL degree of polarization of all the samples is domi-

The PL spectra of the structures under study displayedated by a fast component characterized by the decay time
intense excitonic lines with a halfwidth of 2—3 meV. Ap- below 100 ps. In addition, there is also a small slow compo-
proximately of the same value was the Stokes shift betweenent with the decay time-1 ns. When a negative bias is
the exciton peaks in the absorption and PL spectra. The Papplied to the top electrode of the sample with the 10 nm

Il. EXPERIMENTAL DETAILS
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FIG. 2. The kinetics of the degree of circular polarization of the
0.0 . I S| T T 1 | PL in the magnetic field=6 T (Voigt configurationg for different
0 100 200 800 400 500 values of the bias indicated near the curves. Solid lines are the
Time (ps) experimental data and dashed lines are the fits by(Hq.

FIG. 1. The kinetics of the degree of circular polarization of the
PL (p.iro) With no magnetic field for different values of the biéa).

oscillations in small magnetic fields is close to 1 ns and
Kinetics for 8 nm MQWs(sample e26Bat U,;.—=0 V (solid line) 9

. ) : . drops to 150 ps in the fiel@=8 T. In the absence of the
and U= —2 V (open circleg Inset: the line shape of the exci- . o o L .
. . : bias, the PL polarization kinetics in the magnetic field is
tonic PL. The arrows show the energies of the excitatibg)(and tially diff titis ch terized b h initial d
PL (Ep). (b) Kinetics for 10 nm MQWgsample e274at different _essﬁn I(? ydi erfen .II IS characterize Ye(‘jsb arp Imkla rglp
biases indicated near each curve. Inset: the pulse shape of the d Lt € aegree of po arlz_atlon accompanied by weak rapidly
and cross-circular-polarized Plo( o* anda* o™, respectively of amping oscillations with a complex shafsee the upper

the 10 nm QW for the biabl = —2 V. curve in Fig. 4. By approximating the oscillations by Eq.
(1), one can estimate the mean effective value of the oscilla-

tion frequency. The frequencies found in this way also grow

QWs, the amplitude of the slow component increases andin€arly with the magnetic fieldsee Fig. &), the lower
for the biasU,=—2 V, this component predominates. curve), but W|_th slope sub_stantlally_ smaller than in the pres-
The effect of electric bias on the polarized PL kinetics of €N¢€ of the_ b|a}s. For the intermediate vallues_ of the bias volt-
the 10 nm QWs appears to be even more pronounced in tf9€: the kinetics of thg degree of polarlzatlon can be pre-
presence of the magnetic field oriented perpendicular to th&€nted as a superposition of the rapidly and slowly damping
observation directiontransverse field as is evident from components oscnla_tlng at different frequencies. Th_e fraction
Fig. 2. For the biagJ,=—2 V, the polarization kinetics ©f the slowly damping high-frequency component increases
shows distinct oscillations symmetric with respect to the With increasing magnitude of the bigsee Fig. 2
axis. The oscillation amplitude is initially equal tpg>
~0.75 and slowly decays with time. The shape of the oscil- B. Discussion
lations can be well fitted by the exponentially damping har- )
monic function 1. The effect of the bias
The fine structure of the hh-exciton, responsible for the
p=p>exp(—t/7)cog wt), (1)  main part of the PL, comprises four sublevels with the pro-
jections of the total angular momentum on the growth axis of
which allows one to find the oscillation frequeneyand the  the structure(z axis) J,=+1 andJ,=+2.2 As was men-
decay timer. The dependence of the oscillation frequencytioned in Sec. Il, the directions of the exciting beam and
on the magnetic field is shown in Fig(a. As is seen, the detected PL well coincide with theaxis. In conformity with
frequency is directly proportional to the magnetic field in thethe selection rules, the* polarized light will excite, in this
whole range of the field usg@-8 T). The decay time of the case, only one excitonic sublevel wilh= + 1 (the hole and
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transition from dynamics of the exciton spin to that of inde-
pendent electron and hole spins. In the absence of the bias,
the exchange coupling exceeds the spin—phonon interaction,
and the main relaxation mechanism is provided by the exci-
ton spin flips. It is this process that is responsible for the fast
component of the polarization decay of the PL in our experi-
ments.

The electric field created by the applied bias spatially
separates the charges and thus reduces the electron—hole ex-
change coupling. As a result, the interaction of the hole spin
with phonons becomes stronger than the exchange interac-
tion, and this leads to a breakage of the coupling between the
electron and hole spins. As a consequence, the hole spin
exhibits fast relaxation, while the electron spin holds its
orientation, providing the slow component in the PL polar-
ization decay. The decay time=1 ns measured at)y;,s
=—2 V well agrees with the literature data on the relaxation
time of the electronic spin in the GaAs-based
heterostructure¥:

The possibility to break the spin coupling strongly de-
pends on the QW thickness. With decreasing thickness of the
QW, the exchange interaction increases and the hole spin
relaxation rate decreases. In addition, in thin QWs, the effi-
ciency of spatial separation of the electron and hole by the
electric field is smaller than in thick welf€.Due to the joint

100

(a)

50

hao (ueV)

0 . 1 . L . L . 1 action of these factors, a relatively small change in the QW
0 2 4 é 8 thickness(from 10 to 8 nm drastically increases the electric
Magnetic field (T) field required for breakage of the coupling of the electron

and hole spins. This fact explains the absence of noticeable
FIG. 3. Characteristics of the oscillations of the degree of cir-changes in the polarized PL kinetics of the samples with the

cular polarization in a magnetic fieldvoigt configuration. (a) 8 nm QWs in the whole range of the bias used in our experi-
Variation of the oscillation frequency with the magnetic field for ~ments.
different values of the bias indicated near the curves. Symbols are The threshold-like nature of the competition between the
the experimental data obtained @f,,.=—2 V for 10 nm MQWs  exchange and spin—phonon interaction is revealed in the ki-
(sample e274, open triang)eand SQW(sample €294, open circles netics of the degree of PL circular polarization of the 10 nm
and atUp,=0 V for 10 nm MQWs (sample e274, closed tri- QWSs under intermediate values of the electric bias. As was
angle$. Solid lines are the theoretical fittings by the formdla noted in Sec. lll A, the change in the bias leads to a redistri-
=geuB. The values of the fitting parametgg for each line are  bution of amplitudes of the slow and fast components, with
given in the text(b) Dependence of the oscillation decay rat¢  their time constants remaining the same. We suppose that the
on the magnetic field for sample e2720 nm MQW at bias  reason for this redistribution is related to the inhomogeneity
Upias= —2 V (open trianglek Solid line is the theoretical fitting by  f the excitonic ensemble in the QWs which may be caused
the formular™*= yo+ AguBI2 (see in the tejtwith parameters  poth by the local variations of the QW thickness and by
70=8.5<10"* ps™* andAg,=0.02. random electric fields created by charged impurities. Due to
the inhomogeneity, the critical values of the electric fields

electron spin projections are,=+3/2 and m,=—1/2). breaking the electron—hole spin coupling have a certain
The PL from this sublevel is alse* polarized. spread and, at small applied biases, are realized only for a

Relaxation of the excitonic spin oriented by the light will fraction of the localized excitonic states. As the bias in-
result in the PL depolarization. As was pointed out earlierCT€aSes, this fraction grows, which is revealed as an increase

the two alternative mechanisms of the spin relaxation ar@f the slow component.

possible, namely, a flip of the exciton spin as a whole or
independent flips of the electron and hole spins. In the first
case, the decay time of the degree of polarization is directly An analysis of the PL polarization dynamics in a trans-
determined by the exciton spin relaxation rété.the carrier ~ verse magnetic field gives additional evidence for the ex-
spins relax independently, the fast flip of the hole spin doeshange interaction suppression in an external electric field. In
not affect the PL polarizatiotf The decay of the degree of the presence of the bias, the hole spin rapidly relaxes and its
polarization is controlled, in this case, by the relaxation ofprojection onto the direction of observation varies in a ran-
the long-lived electron spin. dom way betweent3/2 and —3/2. Being uncoupled with
The above treatment allows us to conclude that the biaghe hole spin, the electronic spin may freely precess around
induced changes in the polarized PL kinetics are related tthe magnetic field direction. The projection of the electron

2. Polarization dynamics in the transverse magnetic field
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spin onto the direction of observation will oscillate in time 1.0
between—1/2 to +1/2 with the frequencyw=g.uB/%, '
whereg, is the electrorg factor, u is the Bohr magnetorB
is the magnetic field strength, aridis the Planck constant.
The degree of circular polarization should oscillate between
+1 and—1 with the same frequency because, when the hole
spin has no preferential orientation, this quantity is deter-
mined only by the projection of the electron spmiThe os-
cillations of the degree of polarization, observed under the
biasU,s= —2 V [lower curve in Fig. 2, completely corre-
late with this scenario. The oscillations are symmetric with
respect to the axis and their frequency is proportional to the
magnetic field strengthiFig. 3(@)] with the proportionality
factor corresponding to the valuge=0.21+0.02. This well ' Simulation
agrees with the experimental and theoretical estimates of the
transverse electrog-factor in the GaAs QWs of the same
thickness%:27

In the absence of the bias, one has to consider the behav-
ior of the exciton spin as a whole. The transverse magnetic
field mixes the states of the excitonic quartet and, as a result,
the o* polarized light becomes capable of exciting several
states. The kinetics of the polarized PL is controlled, in this
case, by the interference of the states of the exciton fine
structure split by the combined action of the magnetic field
and exchange couplif§?® The degree of polarization o 20 w0 00
should vary in time in a rather complicated fashion, reflect- Time (ps
ing superposition of the beats at several frequentidhe

upper curve in Fig. 2 demonstrates exactly this kind of the £ 4. The kinetics of the degree of circular polarization of the
polarization kinetics. . _ o PL of the 10 nm MQWs in oblique magnetic field84 T): (a)

A detailed analysis of the exciton spin dynamics lies out-experimental curvesb) results of calculations. The values of the
side the scope of this paper. We can only note here that th@t angles: 1 —#=90°; 2 — 9=110°; 3 — #=120°; 4 — ¢
lowest of the beat frequencies should correlate, in this case; 130°; 5 — = 140°.
with the splitting of the heavy-hole spin states, characterized
by extremely low value of the transvergdactor®! Indeed,

the oscillation frequencies obtained from the experimentagiple to study the free-electron spin dynamics even in the
data increased linearly with the magnetic field streri§ily.  structures where the electron and hole spins are initially
3(a), lower curvg, with the proportionality factor corre- strongly coupled. In Sec. IV we will show that this approach
sponding to theg=0.06+0.01. This value virtually coin- enables one to get new information about the spin relaxation
cides with the transverse component of the heavy-holef electrons.

g-factor (g,,=0.04*=0.01), found experimentally in Ref. 30
for the structures with close parameters. Thus, the dynamics
of the polarized PL in the transverse magnetic field in the
absence of the bias well agrees with the suggestion that this

dynamics is controlled by the exciton spin. In this section we analyze the data about kinetics of the
For intermediate values of the bias, the breakage of th@olarized PL in the 10 nm QWs at the bibk,,=—2 V,

exchange coupling is realized only for a fraction of the states,e., under conditions when the PL polarization is determined

of the inhomogeneous excitonic ensemfgee Sec. lIIBL by the electron spin orientation. We studied the dependence

In this case, the kinetics of the degree of circular polarizatiorpf the electron spin relaxation rate on the magnitude and
should represent a combination of the slowly and rapidlyorientation of the external magnetic field.

damping oscillating components, which is really observed
experimentally{ Fig. 2].

The experimental data presented in this section allow us
to conclude that application of the bias to the structures with The dependence of the oscillation decay raié on the
10 nm quantum wells weakens the exchange interaction banagnetic field strength in the Voigt configuration is shown in
tween the electron and hole spins. As a result, the hole spiRig. 3(b). The values of the decay rates were obtained by
rapidly relaxes while the electron spin holds the light-fitting the experimentally measured oscillations with ELQ.
induced orientation for a fairly long time and, in the presenceAs seen from the figure, the increase of the magnetic field is
of a magnetic field, may freely precess around its axisaccompanied by practically linear growth of the beat decay
Therefore, the use of the external electric bias makes it pogate. Extrapolation of the linear dependence to zero field

Experiment (a)

“ D who

“ N who

IV. ELECTRON-SPIN DYNAMICS IN OBLIQUE
MAGNETIC FIELDS

A. Experimental data
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60 B. Discussion

(@)

1. Angular dependencies of the oscillation amplitude
55 and frequency

The changes in the frequency and amplitude of the oscil-
lations in obliqgue magnetic fields are quite understandable.
The increase in the oscillation frequency upon deviation of
the magnetic field from the transverse directimee Fig.
5(a)] is related to the anisotropy of the electrgtiactor re-
sulting from the size quantization effect. According to the
theory (Ref. 23, the splitting between the spin sublevels of
the free electron in quasi-2D structures is given by

50 |-

ho (uev)

a5 L ] R ] R ] , 1 , ]
50 70 90 110 130 150

AE=uB+/(g,cos6)’+ (g, sin6)?, 2

pcirc

whereg, andg, are the longitudinal and transverse compo-
nents of the electrog-factor. By forcing the experimental
ool v data to fit Eq.(2) [solid line in Fig. %a)] we have found the
50 70 90 110 130 150 values of the corresponding components in the structure un-
- der study:g,=0.26 andg,=0.21. These values well agree
o [ (o) with the valuesy,=0.24 andg,=0.19 given in Ref. 27 for

Q 10f the QWs of the same thickness, as well as with the results of
(2]

o

A the theoretical calculatior§:*?
A A The experimental dependence of the initial oscillation am-
plitude pg*° on the angled between the magnetic field and
[ the direction of observatiofFig. 5b)] can also be easily
o L explained. The PL polarization is determined by the orienta-
050 T o0 110 130 180 tion of_ the electron _spin Wit_h respect to the direction of ob-
servation. The optical excitation aligns the electron spin
0 (degrees) along thez axis. When the electron spin precesses around the
transverse magnetic fielddE&90°), its projection onto the
FIG. 5. CharaCterlS“CS of the oscillations of the degree of Clr‘d”'ectlon Of Observatlon per|od|ca”y Changes the S|gn, Wh|Ch
cular polarization of the PL of the 10 nm MQWSs in oblique mag- |eads to the oscillations of the degree of polarization. In the
netic fields.(a) Variation of the oscillation frequenay with the tilt longitudinal magnetic field §=0°), the projection of the
angle @ . Open triangles are experimental values, solid line is theelectron spin onto the direction of observation does not
fiting by formula (2). The values of the fitting parametegs change with time and, therefore, the degree of polarization
=0.26 andg, = 0.21. (b) Variation of the oscillation amplitudag™ remains constant. For ’intermedia’te values of the afigtbe
with the tilt angled. Open triangles are experimental values, solid dearee of circula.r olarization contains both the oscillatin
line is the fitting by formula(4). (c) Variation of the oscillation 9 I P . . 9
decay rater* with the tilt angled. Open triangles are experimen- and non-oscillating Cqmponents. The theoretical Cglculatlon
tal values, solid line is the result of calculatiofs®e the texjt of the degree of polarization _Of the Fﬂ* p(_arform_ed with the .
use of the model electron spin-Hamiltonian built on the basis
functions |+ 1/2) and |— 1/2),'® yields, in the general case
yields 7 1=(8.5+1)x 10 4 ps !, which is close to the de- (with no allowance for the dampingthe following expres-
cay rate of the degree of circular polarization measured witlsion for p:
no magnetic fieldsee Fig. 1
Figure 4a) shows variations in the dynamics of circular p=p3coq wt)+pS™. 3
polarization with the magnetic field direction. When the . e osc m
angle 6 deviates from@=90°, a non-oscillating weakly The amplitudes of the oscillating,™ and smoothp,™ com-
damping componentpedestal arises, with its amplitude ponents in Eq.(3) are controlled by the transversd,(
growing with the deviation angle. Simultaneously, the ampli-=B sin¢) and longitudinal B,=B cosf) components of the
tude of the oscillating componenpg™, decreases. The magnetic field:
analysis of the oscillating part of the signal has shown that it
can be well ag(p;oximated by the damping oscillating func- po(119yBy)? po(gySing)?
tion of the type(1). This allowed us to find the dependencies Po = 2 2 — 2
of the amplitudepg®®, frequencyw, and decay rate of the (1GBI"F(10B2)"  (9ysind)"+ (g, Cos6)

oscillations7~* on the angld. In these dependencies shown @
in Fig. 5 one can distinctly see that the deviation from the (110,B,)2 0)2

exact Voigt configuration §=90°) is accompanied by a sm_ Pol 1975, = Po(92€0S6) ]
slight increase in the oscillation frequency with a substantial ' °  (GxBy)?+ (19,B,)%  (0,sin6)2+ (g,c0s6)2
increase in their decay rate. 5)

035329-6



SPIN DYNAMICS OF CARRIERS IN GaAs QUANTUM . .. PHYSICAL REVIEW B9, 035329 (2004

As is seen from Fig. ®), the theoretical curve given by Eq. factor of 4 larger than that of the transverse component.
(4) agrees well with the experimental data with the fitting Since these components are close in magnit(sd® Sec.

parametep,=0.8. IV B 1), the possibility of such a difference in the spread of
their values looks rather unlikely.
2. The decay of the oscillations in the Voigt configuration From our point of view, the reason for the additional de-

he d i fth illation d . .hcay of the oscillations is related to the residual exchange
The data on variations of the oscillation decay time Withj,;eraction between the electron spin and rapidly relaxing
experimental cond_mons ShO.UId. be d|squssed separately_bgpin of the hole. The exchange interaction can be regarded as
cause they contain essential information about relaxation  offective magnetic field acting on the electron spin. The

processes in the spin system. Since the circular polarizatiof|q js directed along the spin of the hole, i.e., is parallel to
of the PL is determined by the electron spin orientation, th,a ; axis. The speed and direction of the electron spin pre-

only process that destroys the PL polarization in the absenc@ession are determined by the total fi@i#}™ representing a

of .the magnetic fie_ld is the energy relaxation of the electroq/ector sum of the magnetic and exchange fields. The magni-
spin (spin flips. It is exactly this process that controls the tude and direction of the exchange field are determined by

polarization decay time measured in zero magnetic field afhe state of the hole spin, which is in the general case, a

U‘?iasz —2V (r~1ns, see Sec. lll A The energy relax- linear combination of the states with opposite spin directions,
ation of the electron spin should also lead to a decay of thga_e_ m,=a|+3/2)+b| — 3/2). The coefficients andb obey

ngélzstlogzigg'ophse'2;2}2ttri?ﬁr:\ie:]ssecrr?;%réfgﬁzgil?hén'the normalization condition/a?+b?=1. Theo . polarized
» app y excitation creates the hole spin state witk1 andb=0.

Osi!att;?enrggcﬁgt(ijce;?eclée%gezgsg Thaegggg; f"ragjof the o After the hole spin is relaxed, the coefficieatandb acquire
9 ' y ndom values, and the mean value of the exchange field

_ciIIations also inqreases,_i.e., the _transverse magnetic fiel anishes, with its instantaneous values varying in time in a
induces an f?“_’d'“"”a' spin relaxation process. we SUPPOS& ndom way. As a result, a fluctuating component arises in
that the additional decay is caused by the mhomogeneou[ X

. N L fe total field acting on the electron spin. This component
broadening of the oscillation spectrgrnkc()B) or!gmgtmg broadens the frequency spectrum of the oscillations and thus
from a spread of the electragrfactor in the excitonic en-

ble. B fth d of the f es. th haccelerates the oscillations decay. In other words, the ex-
semble. because ot the spread ol he frequencies, the co %rﬁange interaction with the disoriented hole spin is accom-

enc;z Of. the osm:)lfmpns c:jeatﬁd c?y :he egcnmg trr)wmstetlrl] ﬂ:%anied by the irreversible phase relaxation of the electron
eﬁﬁgnmﬁﬂsem ”? It?ngrai una Iyd e? roye W&:S] . € ora a Spin. This results in an additional damping of the oscillations
piitude ot the oscillating signal decreases (revers- of the degree of polarization.

ible dephasing®*® If the spread of the electrog-factor - . o .
obeys the Gaussian distribution function with the halfwidth d a;g?n ; ?etggrlﬂg%noinfﬂﬁale éfir;i?aﬂ?or:n;?rtﬁcetlggcr;r:r?géh:n d
Agi,Ath(/ezcisglllaU%r/lzd?czy tlorl‘ne IS given ?y th(T:.reI"’It'ohnSh'pmagnetic fields. Since the direction of the exchange field is
Y~ Aw/2=Ag.uB/2. Indeed, as is seen from FighB the 7101 16 the growth axis of the structure, the oscillation

.decay.rate Iingarly varies with the field, which _is a ConVmc'frequency under arbitrary orientation of the magnetic field
ing evidence in favor of the proposed mechanism of the deéan be determined by

cay. The spread of the electrgafactor evaluated from the
slope of the line in Fig. &) comprisesAg,~0.02, which
makes approximately 10% of thefactor absolute value.

1
wh=%,u,\/g§(B sin @)+ g2(By+ B cosh)?, (6)
3. Angular dependence of the oscillation decay rate

A fundamentally new result is a substantial growth of theWhereB,=5n/(gen) is the instantaneous value of the fluc-
oscillation decay rate upon deviation of the magnetic fielgtuating exchange field corresponding to the exchange split-
from the exactly transverse direction. As seen from Fig),5 1ing n. As is seen from Eq(6), the effect of the exchange
the change of the angle from 90° to 140° is accompanied bI)?'d on the. oscnl_auon frequency may substqnt@lly differ for
more than twofold increase in the decay rate. It should bélifferent orientations of the external magnetic field.
emphasized that, according to the conclusions of the previ- In the exact Voigt configuration, witi#=90°, the oscil-
ous subsection, in the magnetic fi@d-4 T used for study- lation frequency is determmed by the sum of squares of the
ing the angular dependence, the decay of the oscillations @Xternal and exchange fields:
mainly related to the spread of the electrgifiactor rather
than to the electron spin flips. Thus, the observed effect can- 1
not be explained by the electron-spin relaxation rate anisot- wh=%M\/g§Bz+ ngﬁ. (7)
ropy discussed in Refs. 34 and 35.

The reason for the change in the decay rate under varia-
tion of the field direction may be related, to a certain extent, In this case, the decay of the oscillations, related to the
to a difference in the spread of the longitudinal and transexchange field fluctuations, may be effective only in low
verse components of the electrgrfactor. However, to ex- magnetic fields wheB<B,.
plain the experimental data quantitatively, one has to suppose When deviating from the Voigt configuration, a longitudi-
that the spread of the longitudinal component is nearly by aal component of the magnetic field arises, which is linearly
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summed up with the exchange figlkke Eq(6)]. As aresult, factorF(By) which determined the spectrum of the effective
the contribution of the fluctuating component to the totalexchange field. Having no prior idea about the shape of this
field increases, and this should lead to an increase in thepectrum, we assumed that the values of the exchange field
frequen'cy fluctuations and, correspondingly, to an increase igre uniformly distributed within the rang&(Bﬂ, + Bﬂ) and

the oscillation decay rate. used the quantitp as a fitting parameter. The test calcula-

To estimate the efficiency of such a process in quant|tat|leonS with other functions(B,) (e.g., triangular or Gauss-

terms, we have made _merI calcqlaﬂons of the k|net|cs_ Oan) have shown that, except for small variations in the value
the degree of PL polarization for different values of the tilt 0 . . ) .
of By, no essential changes in the final results are noticed.

angle 0. The procedure of the calculations and their results™ ~! o .
d b Figure 4b) shows the kinetics of the degree of circular

are presented in the next section. I . ’
polarization calculated for several anglésusing a fixed
4. Model calculations of the kinetics of degree of polarization ~ value of the exchange fielBp=1 T. One can see that the
calculated curves perfectly reproduce all the changes arising
(Jjn the kinetics of the degree of circular polarization upon
deviation of the external magnetic field from the exact trans-

The degree of polarization of the PL excited by-avise
light pulse was calculated as a sum of the oscillating an
smooth terms in accordance with E8). The amplitudes of

these terms and the oscillation frequencies were calculateff"S¢€ d|rec_t|on_. _ ,
for each value of the exchange fieR,. Then, the total The oscillating parts of the theoretical curves were fitted

shape of the signal was averaged over the spectrum of tH®yY Ed-(1). The decay rates g thus determined, were com-
random exchange-field valué¢By), realized in the process pared with those obtained experimentally. The results of this
of the hole spin relaxation. comparison, presented in Fig(ch demonstrate good agree-

The final formula used for the calculations had the form:ment between the theory and experiment.

The calculated value of the effective exchange fiBf
=1 T corresponds to the exchange splittidg= Bﬁ/gz,u
=16 ueV. This value is substantially smaller than typical
values of the exchange splitting in excitonic states in the
GaAs QWs:5,=100+ 150 peV.*1%% |t is natural to sug-
gest that the main reason for this difference is the suppres-
sion of the exchange interaction by the electric field. The
value of difference demonstrates the efficiency of the sup-
pression in the 10 nm GaAs QWSs.

p(t,0)= f F(Bp)[po®16,Bp)e (0778 cog wpt)
+po°™(6,By)e” 70']dB,,. (8)

The amplitudes of the oscillating and smooth component
po>(6,By) andpg"(6,By) are given by equations which are
obtained from Eqgs(4) and (5) by replacing of the external
magnetic field with the acting fiel8;""=B sing and B3"™
=B cos#+By. The frequencywy, is defined by Eq(6). The
exponential factor in the first term of formul8) describes
the decay of the oscillations related to the electron spin flips
(constanty,) and to a spread of the electrgrfactor (con- A theoretical possibility to affect the spin dynamics of the
stantyg). The exponent of the second term in E§) does carriers in quantum-confined semiconductor structures by
not containyg, because the spread of the electgfactor means of electric field has been already discussed in the
should not affect the decay of PL polarization in the longi-literature'®’ According to Ref. 16, upon resonance excita-
tudinal field. tion of the excitonic states, the processes of independent re-

The values ofy,=8.5x10"1 ps'! and yg=Ag.uB/2 laxation of the electron and hole spins are not efficient, and
=3.6x10 2 ps ! (for B=4 T) were found from the depen- the electric field may change only the relaxation rate of the
dence of the oscillation decay rate on the field in the Voigtexciton spin as a whole. In this case, an increase in the field
configuration[see Fig. 8)]. The valuep,=0.8 was deter- strength should result in a smooth decrease of the relaxation
mined in Sec. IVB1 using the angular dependence of theate. The results of our studies show that this is not the case.
oscillation amplitude. The valueg,=0.21 andg,=0.26  The electric field may switch, in a threshold way, the dynam-
were obtained in Sec. IV B 1 from the analysis of the angulaics of the exciton spin to that of independent electron and
dependence of the oscillation frequencies. In that analysidiole spins, with essentially different parameters. Thus, the
we did not take into account the effect of the exchange fieldise of the external electric bias allows one to efficiently con-
on the mean oscillation frequency. For more precise calculatrol the spin dynamics of carriers in the structures with the
tions of p(t,d), we used the components of the electronicGaAs QWs. It is not improbable that, in the future, the dis-
g-factor as fitting parameters. It was found, however, that theovered effect will find its application in the systems of spin-
values thus obtained virtually coincided with those giventronics and spin information processing.
above. This result is quite understandable from a physical In the studies of kinetics of the degree of polarization of
point of view. The oscillation frequency is determined by thePL in an oblique magnetic field, we have found a new pro-
time-averaged value of the effective magnetic field. Thecess of electron spin dephasing related to the exchange inter-
mean value of the fluctuating exchange field is zero, so thiaction with the relaxing spin of the hole. The model calcula-
field does not noticeably affect the averaged effective field.tion of the polarization kinetics confirmed the correctness of

Thus, in our calculations, the main variable parametershe interpretation of the experimental data and allowed us to
were the range of integration and the functional form of theestimate the degree of suppression of the electron-hole ex-

V. CONCLUSION
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