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We present spin relaxation times of two-dimensional holes obtained by spin sensitive bleaching of
the absorption of infrared radiation paitype GaAs/AlGaAs quantum well[QWSs). It is shown that

the saturation of intersubband absorption of circularly polarized radiation is mainly controlled by the
spin relaxation time of the holes. The saturation behavior has been determined for different QW
widths and in a wide range of temperatures with the result that the saturation intensity substantially
decreases with narrowing of the QWSs. Spin relaxation times are derived from the measured
saturation intensities by making use of calculatdidear absorption coefficients for direct
intersubband transitions. It is shown that spin relaxation is due to the D’yakonov—Perel’ mechanism
governed by hole—hole scattering. The problem of selection rules is address@f04cAmerican
Institute of Physics.[DOI: 10.1063/1.1753656

I. INTRODUCTION gate the spin dynamics of electrons or holes and avoid prob-
lems connected with electrical spin injection. It has been
The spin degree of freedom of charge carriers in semigdemonstrateld that linear and circular PGE show distinct
conductors, of fundamental interest as a dynamic variablesaturation behavior with an increase in intensity of the excit-
has recently attracted much attention because of its possibirg light which provide information about the spin relaxation
role in active spintronic devicéslt is closely related to the time. Analysis of these data requires knowledge of the linear
polarization degree of freedom of electromagnetic waves bybsorption coefficient for intersubband transitions, which is
the selection rules which have been used for optical spidifficult to measure and is hence provided by realistic calcu-
orientation? The spin relaxation times of electrons and holeslations in the self-consistent multiband envelope function
in semiconductor quantum well structures were measured iapproximationl.4
time-resolved photoluminescence experiménfsin these We present here a detailed investigation of spin relax-
investigations, which had optical excitation across the bandtion in rectangulap-type (113-grown GaAs/AlGaAs quan-
gap, electron-hole pairs are created and the measured spghtm wells(QWSs) of different widthsL,y and in a wide range
relaxation times reflect the particular situation of bipolar spinof temperatures. This comprehensive experimental study of
orientation with relaxation processes, in which the electronimonopolar spin relaxation that depends on these two relevant
hole exchange process can play a dominant tdleis situ-  System parameters, the width and the temperature, is accom-
ation is not what would be expected in prospective spintronig®anied by a theoretical analysis that relates the measured
device§ which are likely to operate with one kind of carrier Spin relaxation times to the D’yakonov—Perel’ mechanism.
only, spin polarized electrons or holes, injected into the semi- ~ The article is organized as follows. First, we will present
conductor by ferromagnetic contacts. For this situation theé?ur samples and experimental technique and the results of
monop0|ar Spin relaxation is the decisive dynamica| quantitymeasurements. FoIIOWing that, we outline calculation of the
whose dependence on device parameters needs to be in\/é@SOfption coefficient and using this calculation derive spin
tigated. relaxation times. This is followed by a discussion of the
In Spite of recent progress, the injection of Spin po|arize(ﬂ.0minant Spin relaxation mechanism and the topiC of selec-
carriers through heterocontacts remains a challenge that do#n rules.
not yet allow one to measure spin relaxation timé&SThere-
fore, monopolar optical spin orientation combined with thell. EXPERIMENT
photogalvanic effect§PGE), which has been de_monstrated The experiments have been carried outpstype (113
for_ n- and p—dqped (1qllJ§1_ntum well structures qf dlfferent Ma- molecular beam epitaxyMBE) grown GaAs/AlGaAs QWs
terial compositiond>'?is the method of choice to investi- with widths Ly, of 7, 10 and 15 nm. In order to improve the
sensitivity, multiple structures of 20 QWSs were investigated.
dElectronic mail: petra.schneider@physik.uni-regensburg.de Samples with free carrier sheet densitips of about
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10 ecm™2 and high mobilityu of around 18cnm?/(V's) (at
4.2 K) were studied from liquid helium temperature up to FIG. 2. CPGE and LPGE currenfg normalized by the intensity as a func-
140 K. At the samples a pair of ohmic contacts is_centered OH?: ;)tfgleigtznsny for circularly and linearly polarized radiation\af 148
opposite sample edges along the directiorxffL 10]. As . '
source of radiation a high power pulsed far-infraf&dR)
molecular laser, optically pumped by a TEA-€@ser, was type of spin is involved in the absorption of circularly polar-
used to deliver 100 ns pulses with intensity up to 1 MW/cm ized light(a closer look at selection rules will be given at the
in the wavelength range of 76—148n, thus providing di- end of this article Thus absorption bleaching of circularly
rect intersubband transitions from the lowest heavy hole hhpolarized radiation is governed by energy relaxation of pho-
to the light hole Ih1l subband. The radiation of the FIR lasertoexcited carriers and spin relaxation within the initial spin-
is linearly polarized and a/4 plate was used to generate split subbandsee Figs. (a) and Xb)]. These processes are
circularly polarized radiation with polarization degrg,.  characterized by energy and spin relaxation timeand 7,
= =1 for right- and left-handed circularly polarized light.  respectively. We note that during energy relaxation to the
The absorption of terahertz radiation by free carriers ininitial state in hhl, the holes lose their photoinduced spin
QWs is weak due to their small thickness and is difficult toorientation due to rapid relaxatidf.Thus, spin orientation
measure in transmission experiments. This is even worse iaccurs in the initial subband hhl only. In contrast to circu-
the case of bleaching at high power levels. Therefore, théarly polarized light, absorption of linearly polarized light is
nonlinear behavior of the absorption was investigated emnot spin selective and saturation is controlled by energy re-
ploying recently observed circulé€PGB and linear photo- laxation only[see Fig. 1c)]. For 7> 7., bleaching of ab-
galvanic effects(LPGE).1*''? Both CPGE and LPGE yield sorption becomes spin sensitive and the saturation intensity
easy to measure electrical current in theirection. Accord- | of circularly polarized radiation drops below the value of
ing to Ivchenko and Pikds the nonlinear absorption coeffi- linear polarization as indicated in Fig. 2 by arrows. The satu-
cient is proportional to the photogalvanic curr¢ptnormal-  ration intensity is defined as the intensity at whighl is
ized by the radiation intensity. Thus, by choosing the one half its unsaturated value lat- 0.
degree of polarization, we obtain a photoresponse that corre- Figure 3 presents the saturation intensities for different
sponds to the absorption coefficient of circularly or linearly QW widths in the whole temperature range investigated.
polarized radiation. Note that saturation intensitidg for excitation with circu-
The investigated intensity dependence of the absorptiotarly polarized radiatior(circles are generally smaller than
coefficienta=j, /I shows saturation with higher intensities those for linearly polarized radiatiaisquares A significant
for all samples used in our experiments. It is observed thateduction of saturation intensity with a decreaseLip is
saturation takes place for excitation with circularly polarizedobserved and it indicates longer hole spin relaxation times
radiation at a lower level of intensity than excitation with for narrower QWSs, which was shown theoretically in
linearly polarized radiation. The basic physics of this spinRef. 16.
sensitive bleaching of absorption can be understood by look- The nonlinear behavior of photogalvanic currents
ing at Fig. 1. llluminating g-type sample with FIR radiation was analyzed in terms of excitation-relaxation kinetics taking
of appropriate wavelength results in direct transitions beinto account both optical excitation and nonradiative relax-
tween the heavy-hole hhl and the light-hole Ih1 subbandsation processes. It was shotfthat the photocurrerit pge,
This process selectively depopulates and populates spinduced by linearly polarized radiation, is given by
states in hhl and |h1 subbands. The absorption is propojpge/l=(1+1/15) "1, wherel, is the saturation intensity
tional to the difference in population of the initial and final controlled by energy relaxation of the hole gas, whereas the
states. At high intensities the absorption decreases since tipdotocurrent induced by circularly polarized radiation

photoexcitation rate becomes comparable to the nonradiativigspge< | /[ 1+ 1 (I;e1+lssl)] in addition is controlled by spin
relaxation rate back to the initial state. Fog €mmetry, relaxation by the ternhse=% wps/(aglwts). Hereag is the
which is relevant to our113-grown QWSs, the selection unsaturated absorption coefficient at low intensities. Thus the

rules for absorption dt close to zero are such that only one spin relaxation timerg is given by
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FIG. 3. Temperature dependence of the saturation intensities for various QW widths for lilogemmysquaresand circularly(closed circlespolarized light.
The thickness of the QWs decreases from left to right.

hwps logical parameter to account for level broadening due to scat-
TSZaoL—vv'ss' D) tering. In EFA, the velocity(k) is a matrix operator ex-
pressed as the gradient ik-space of the Luttinger
Hamiltonian. Its matrix elements are calculated from the
) ) . EFA wave functions.

In order to obtainrs with this formula from the mea- Following this scheme we calculate the absorption coef-
sured saturation intensitieg, the value qfao, not avallgble fﬁcientao(w) — 3, a;_;(w). The absorption spectrum for the
from.expenment, is determ_ln_ed theorgtlcally. Calculauon_s Osystem withL =7 nm is shown in Fig. @). At low tem-
the linear absorption coefficient, for intersubband transi- .

eratures two pronounced peaks evolve, which correspond to

tions are based on the self-consistent multiband envelo ansitions from the lowestspin split hol bband 1o th
function approximationEFA)* that takes into account the o '>1oNS Irom the owesspIn spiih ho'e subband 1o the
second and third subbands, respectively. Figui® ghows

crystallographic orientation of the Q\Wiere thg 113] direc- T =
tion) and the doping profilé’ Calculations are performed the temperature dependen@ie to the Fermi distribution

using the Luttinger model of heavy and light hole states tgunction of a at respective excitation energies for the dif-
obtain the hole subband dispersier(k) and eigenstates ferent samples. The calculated valuesxgfare used to con-
li,k) of hole subband and in-plane wave vectok. For  Vvert the measured saturation intensitiggaccording to Eq.
direct (electrical dipol¢ transitions between subbanidandj (1) into spin relaxation timess.

the contribution to the absorption coefficient . (w) as a The resulting hole spin relaxation times that depend on
function of excitation energjiw is then given b#i the temperature are shown in Fig. 5 for QWSs of different
widths. Our measurements show longer hole spin relaxation

IIl. ABSORPTION COEFFICIENT

2

a_j(w)= —J a?k|(j k| eV(k)li,k)|? times for narrower QWs. Note the different behavior of the
dmeqwenly spin relaxation times with the temperature for different QW
e [e(K—¢(k)~hol?T? widths. It is worth mentioning that at high temperatures dou-
X[ (k) —fi(k)] = , (2 bling of the QW width decreases by almost two orders of
wl magnitude. Compared to the values given in Ref. (&8

wheree is the light polarization vectom is the refractive Lw=15nm), wherex, was derived from Ref. 18, we obtain
index, €, is the free-space permittivityf;(k) is the Fermi  here smallefrg at higher temperatures due to a more realistic
distribution function in the subbaridandI” is a phenomeno- theoretical model for the calculation of,.
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FIG. 4. (a) Calculated absorption coefficieat, for a QW withL,y=7 nm as a function of photon energw for various temperatureEand(b) as a function
of T for various QW widths withhw corresponding to the energy of the exciting laser ligbt.Hole spin orientation efficiencp,,; as a function ofiw for
differentT, Ly,=7 nm, and right handed circular polarization. All calculations were performed for carrier degsifyabout 2< 10t cm™2 and broadening
I'=2.47 meV.
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5 100 L % AW it () where ke is the Fermi wave vector. is vyields
E 3 A A 4 = a 7s~5X 10° ps which is three orders of magnitude larger than
'é' s = " measured values. Therefore, the main mechanism of hole
= * spin relaxation is the D’yakonov-Perel’ mechaniéthole
g 1oL M z 10 nm spin is lost between scattering events. For this mechanism,
[ * . . . .
c F N - ., the spin relaxation rate is given by
2 - 15 nm 2
7 [ 1 (B

\ 7:(5) k,Z:T*, 3
1 - S
F 1 ] 1 L

whereg is the spin-splitting coefficient of thie-linear terms
in the Hamiltonian, yielding

Esa(k) —E_z2(k)=2pBk.
FIG. 5. Spin relaxation times of holes for three different widthqIi3)- . . . . . . .
grown GaAs/AlGaAs QWS as a function of the temperature. The solid lines 1 N€ time* is the microscopic scattering time which has

show a fit according to the D'yakonov—Perel’ relaxation mechanism. Thecontributions from both momentum scattering and carrier—
inset shows hole spin-splitting paramef@pbtained from the fit. carrier Co||ision52_1 We have calculated the hole—hole scat-
tering time governing the D’yakonov—Perel’ spin relaxation
mechanism by solving the quantum kinetic equation for the
IV. SPIN RELAXATION MECHANISM hole pseudospin density matrix similar to in Ref. 22. Our
ﬁalculation shows that the hole—hole scattering time is
relaxation, we consider the ratio of momentumand spin ?horter thans, at 4.2 K. We believe th.at n the relevant
emperature range, does not change significantly. There-

75 relaxation times af =4.2 K presented in Table I. In the fore. hole—hole scattering controls D'vakonov—pPerel’ spin
p-doped QWs, studied here, there are two possible routes tgre: 9 Y P

hole spin relaxation: the Elliot—Yafet mechanism or therelaxatlon in the whole temperature range.

X , . : L . Figure 5 presents spin relaxation times extracted from
D’yakonov—Perel’ mechanism. In the first, spin is lost during h . : : o
. . : experiment(pointy together with a theoretical fit using Eq.
scattering. However the ratio,/ 75 for holes, wherer, is

. - r@ (solid lineg, showing a good agreement between theory
determined from mobility measurements, has strong depe and experiment. The discrepancy at low lattice temperatures
dence on the QW width~ L\GN) for scattering due to impu- b X bancy P

rity or interface microroughness. Note that for calculation of 1Y be attributed to the fact that the hole gas is not in equi-

the spin relaxation time we do not take into account phon0r|1Ibrlum .due to optical pumping. This case requires special
scattering because most of the experimental data are for tﬁgeoretlcall treatmen_t. . "
In the inset in Fig. 5 the hole spin-splitting parameger

range of low temperatures where phon(_)_n sc_atterlng pro(_)btained from the fit is plotted as a function of the QW
cesses play an unimportant role. In additiap, is of the

same order as, for the two wider QWs which contradicts width. The corresponding spin splitting is equal to 0.17, 0.68,

the main idea of the Elliot—Yafet mechanism. Another pos—and 1.32 meV for QW widths of 7, 10, and 15 nm, respec-

e . . . tively. This order of magnitude agrees with hole spin split-
sibility IS E”'Ot Yafet spin reIaxatloq controlled by hole ting obtained from multiband calculatioA$The parameter
hole collisions, but for this mechanism asymmetry of the . . . S o

. B increases with the QW width. This is a specific feature of
QW heteropotential is needed.

We conclude that the Elliot—Yafet mechanism is unim_two-d|menS|onaI hole systems where spin splitting is deter-

portant in the structures under study, since the experimenrp.lged t\)/)\// Qfa"y"'ght hole mixing, which is stronger in
shows too weak dependence fQr/ 7 on the QW width. The wider QWs:
apove_experlmental _results SL_Jggest much longer spin rela>§7- SELECTION RULES AND SPIN ORIENTATION
ation times for the given mobilities than those expected for
the Elliot—Yafet mechanism. The spin relaxation time at he-  For the definition ofl ; we assumed that the spin selec-
lium temperature according to the Elliot—Yafet mechanismtion rules are fully satisfied at the transition energy. This is
can be estimated as the case for optical transitions that occur closekts0 in
(001)-grown system$® However, in(113-grown systems,
heavy-hole and light-hole subbands are strongly mixed, even
TABLE I. Momentum relaxation times;, (determined from the mobility ~ at k=0. This reduces the strength of the selection rules and
and ratiosr, /7 for different QW widths at 4.2 K. therefore the efficiency of the spin orientation. Mixing can
be taken into account by means of a multiplicative factor in

0 30 60 90 120 150
Temperature (K)

In order to understand the mechanism that governs spi

QW width Ty o > . .
(nm) ) 7ol s lss, Which increases the saturation intensity at constant spin
relaxation time?®
1?) 2%'5 g'é 4 The lowest subband, which fd001)-grown systems is

15 38 173 purely heavy hole ;= +3/2) atk=0, has for growth di-
rection[113] an admixture of about 10% light hole spinor
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