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"Spin"-Sip scattering of holes in semiconductor quantum wells
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We report results of calculations on the "spin"-Aip relaxation time of holes in semiconductor
quantum wells due to hole interaction with static scatterers such as ionized impurities, alloy Auctua-
tions, and s-d exchange I', in the case of quantum wells based on diluted magnetic semiconductors).
We show that size quantization along the growth axis leads to a drastic quenching of the "spin"-Hip
scattering. This results in hole "spin"-Hip relaxation times, which can be much longer than the
recombination time when the hole in-plane kinetic energy is small compared with the HH&-LHl sep-
aration distance.

Relaxation processes of conduction electrons in semi-
conductor heterostructures have been the subject of
numerous investigations (see, for instance, Refs. 1 —7),
while hole-scattering mechanisms are in contrast rather
rarely documented. ' A particular kind of relaxation is
the "spin"-Aip scattering process in which energy may or
may not be conserved. In what follows we shall denote
by hole "spin"-flip scattering the events that couple two
different Kramers-degenerate hole states. Due to the
large spin-orbit coupling in most of the III-V compounds,
the hole spin is not a good quantum number. In bulk ma-
terials this leads to a very short "spin" relaxation time.
In quantum wells, size quantization along the growth axis
gives rise to eigenstates, which are also eigenstates of J„
the projection along the growth axis of the (pseudo) total
angular momentum J (J=

—,') if the in-plane wave vector
(k) vanishes (subbands' edges). The heavy (light) -hole
subband edges HH„(LH ) correspond to J, =+—', (+—,').
Away from the subband edges, the heavy- and light-hole
nature of the energy eigenstates becomes mixed —the so-
called band-mixing eA'ect. ' ' One may, however, infer
from previous remarks that there should exist in a quan-
tum well an in-plane wave-vector range where the band
mixing is not very large and where the energy levels are
approximate eigenstates of J, . Then, what will matter for
the "spin"-Aip scattering are the magnitudes of the ma-
trix elements of the perturbing potentials between the
two eigenstates of opposite J, at each subband edge. It
turns out that these matrix elements are zero for several
energy-conserving perturbations, such as those due to
ionized impurities, alloy fluctuations, or even s-d ex-
change (when there exist localized magnetic moments in
the heterostructure). This should lead to a suppression of
"spin"-Aip scattering when the hole energy approaches
the subband edges. Information on the carrier "spin"-flip
scattering can then be extracted from cw or time-resolved
photoluminescence experiments.

Very recently, Uenoyama and Sham' have shown that
it is possible to semiquantitatively interpret the experi-
ments performed on undoped, n-type doped, and p-type
doped quantum wells by means of rate equations which

incorporate a partial conservation of the holes' "spin"
during their relaxation towards HH&. The ratio of the
(phonon-induced) "spin"-conserving (r„) to "spin"-Rip
(r,f) hole relaxation times, taken to be energy indepen-
dent, was fitted to the experiments and found to be equal
to 0.46. Our purpose in this communication is to analyze
quantitatively the hole "spin"-Aip scattering time in
quantum wells and to demonstrate that it can be very
large near the HH& edge, a situation reminiscent of the
case of uniaxially stressed bulk materials. ' We shall lim-
it our consideration to the aforementioned energy-
conserving processes, whose Hamiltonians are, respec-
tively,

V; (r) =I g g(1/g)exp[iQ (p —p; ) Q Iz —z, I ]
R,. Q

V„,.„(r)= In, 5 V gx 6(r —R, )

R~

—g(1 —x)6(r —Rc)
Rc

Vd(r)=JhQO+5(r —R;)S; o,
R,.

where Q is a two-dimensional wave vector; R, =(p;,z,. ) is
the impurity position; K is the static dielectric constant; I
is the 4X4 identity matrix on the

~
—,,J, ) basis; o is the

valence-electron spin (also a 4X4 matrix on the same
basis); 6V is the strength of the alloy scattering potential
averaged over the unit cell (volume Qo); x is the C mole
fraction in the ternary alloy C B, „2; J& is the ex-
change constant for holes in diluted magnetic semicon-
ductors; and S, is the localized spin at site R;.

In the following we use an analytical description of the
hole envelope functions. It is obtained by diagonalizing
the off-diagonal terms of the Luttinger Hamiltonian in

43 9687 1991 The American Physical Society



9688 R. FERREIRA AND G. BASTARD 43

the truncated basis spanned by the three lower bound
states HH& LH] and HH2 of the k=O problem, ' '
where k is a two-dimensional in-plane wave vector,

k=(k„,k~)=(k cosO, k sin0) .

In doing so, we should be able to describe accurately the
topmost subband dispersions of sufFiciently narrow quan-
tum wells (typically, L + 100 A in GaAs-Gap 7Alp 3AS).
In the axial approximation, ' the eigenenergies, each two-
fold degenerate, are the solutions of

(EHH1 E)l (ELH1 E)(EHH2 8) I ( 41 lb +2 & I j

—
I & y, Iely, & I'(E„„—E) =0, (4)
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p„y1, and y2 are the quantum-well envelope functions of
the LH„HH, , and HH2 states at k =0, and y„y2, y, are
the hosts' Luttinger parameters. With each of the
twofold-degenerate eigenenergies, one can associate the
two orthogonal wave functions

—(1+a +21 )
1

&S
X(ae ' y, (z), p, (z), 0, i2)e' y2(x))e'"i',

A 0—
V

-0.5—

-1.0—

LH

I

0.01

k (A")

I

0.02 0.03

(1+a2+~2)-'"1
k( +S

X( ice —' y2(z), 0,$,(z), ae ' y, (z))e'"'e

relative to the basis ( —', , ——,', —,', —
—,') and where
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FIG. 1. (a) Calculated in-plane dispersion relations of the
0

topmost valence subbands in a 80-A-thick GaAs-Gao 7AlQ 3As
single quantum well. Solid line, three-level model; dashed lines,
inclusion of all the levels bound in the well at k =0. The arrow
locates the maximum of the LH i subband. (b) Calculated
dependence upon the in-plane wave vector of the J, averages
over the energy eigenstates in the three-level model. The nota-
tion $, $ refers here to the dominant character at k =0. They
coincide with (are opposite to) those used in the text for the
HH, (LH1, HH&) subbands.

(12)

One readily checks that ( 0'kt J, I%'1, t & (( %'kt
I J, 'P1, 1& )

extrapolates to + —,
'

( ——,') for the lowest-lying hole states
(the HH1 branch). Moreover, J, has no nonvanishing
matrix element between any %'k& and 0'k~ corresponding
to the same energy. This has led us to label the hole
eigenstates according to the "spin" ( 1, 1), even though
neither 0'k& nor 0'k& are eigenstates of ~, or J, at finite k.
Figures 1(a) and 1(b) show the calculated dispersion rela-
tions and averages of J, over the 1 and $ eigenstates for a
80-A GaAs-(Ga, A1)As quantum well (valence-band offset
I Vz I

= 177 meV, y, =6.85, y2=2. 1, y3=2. 9). As expect-
ed on intuitive grounds and already discussed else-

&&22r&.k
—X I & 'p„1 1 I 1'd.rl +„k 1 & I'&(&.1 t

—E.1 1),
k'

(13)

where Vd, f is the scattering potential and where an aver-
age over the random location of the scatterers has to be

where, " the J, averages deviate from +—,
' (+—,') for the

heavy (light) -hole branches when they anticross. We
also show for comparison in Fig. 1(a) the dispersion
curves obtained by retaining more subbands in the k =0
basis. It is seen that over a significant k range the three-
level model gives a fair account of the HH& dispersion.

The "spin"-Hip scattering time ~„k within the nth sub-
band is calculated under the Born approximation by us-
ing the Fermi golden rule:
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FIG. 2. Calculated dependence upon the in-plane wave vec-
tor of the impurity-assisted "spin"-flip scattering times (~,f)
within the HH& and LHl subbands for three GaAs-AlAs quan-
tum wells.

performed. Note that ~„k is directly linked to a measur-
able quantity when n coincides with the lower hole sub-
band (HH&). In fact, it is easy to check by using rate
equations that any initial hole polarization ( n k&

—n k& ), as
e.g. , is created by optical spin orientation, decays with a
time constant ~„k/2 due to the defect-induced spin-flip
scattering. It is therefore of importance to get quantita-
tive estimates of ~„k in order to decide whether photo-
luminescence polarization results only from electron
disorientation as in bulk materials (because the hole po-
larization decays almost instantaneously or because the
holes which participate in the recombination process ex-
ist prior to the illumination and are unpolarized) or
whether size quantization complicates this simple pic-
ture.

Figure 2 shows the k dependence of the "spin"-flip re-
laxation time within the HH1 and LH& subbands for three
GaAs-A1As quantum wells with thicknesses I =30, 50,
and 70 A (~ Vz~ =0.5 eV). The scatterers are ionized im-
purities (Ã; „=10' cm ), assumed to be localized on
one interface of the quantum well. The dominant trend
seen in Fig. 2 is a very strong dependence of the "spin"-
flip relaxation time upon k, i.e., upon the band mixing.
Note, in particular, that ~,k diverges as k tends to zero,
where the energy eigenstates are also eigenstates of J,
and thus characterized by forbidden "spin" flip. As k in-
creases, intra-HH1 or -LH, "spin"-flip scattering be-
comes allowed and ~,k decreases sharply. As expected
from the physical origin of the "spin"-Aip scattering, the
~„k drop with K is steeper for the thicker wells, since the
energy separation between the k =0 levels decreases with
increasing L. Over a significant k range the ~k for HH, is
longer than 100 ps, i.e., becomes comparable to the
electron-hole recombination time. We are thus led to
conclude that any hole polarization created in this k
range will not decay quickly enough, which invalidates
the interpretation of the photoluminescence polarization
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FIG. 3. Calculated dependence upon the in-plane wave vec-
tor of the impurity- and alloy-fluctuation-assisted "spin"-flip (sf)
and "spin"-conserving (sc) scattering times within the HH& sub-
band of Gap 47Inp, &As-Inp quantum wells and bulk
Gap 47Inp g3As.

experiments in terms of an instantaneous hole depolariza-
tion. On the other hand, when the band mixing is large
(say, k )0.02 A ' for L ) 50 A) the "spin"-Rip time be-
comes short ( ~ 10 ps), a bulklike situation. Two singu-
larities (very short r's) are noticeable in the LH&-related
curves. They are linked to the one-hump shape of the
LH& dispersion relations which induces a very large (in
principle, infinite) density of states in the vicinity of the
local maximum and thus a very short "spin"-flip time.
The singularity is absent in the 30-A-thick well because
the energy separation between LH1 and HHz is too large
to allow a relative maximum in the LH& dispersion (at
least in our three-level analysis). We cannot compare the
"spin"-flip time with the equivalent "spin"-conserving
one due to the long-range nature of the Coulombic poten-
tial which leads to an infinite cross section for the
"spin"-conserving processes.

Such is not the case for the short-range alloy scatter-
ing, an important scattering mechanism in
Gao 47Ino z&As-InP heterolayers. Figure 3 shows a plot of
the intra-HH1 "spin"-flip and "spin"-conserving relaxa-
tion times versus k due to alloy and impurity scatterings
for two quantum-well thicknesses (30 and 50 A,

~ Vp ~

=0.365 eV). The "spin"-(lip curves display versus k
the same sort of large variations as discussed in Fig. 2.
%'e again find that over a significant k range the hole
"spin"-flip relaxation time is comparable to, or larger
than, the recombination lifetime. The "spin"-conserving
transitions are instead fast and almost k independent.
The latter feature is reminiscent of that already discussed
for electrons, where the alloy-scattering-limited lifetime
is inversely proportional to the density of states, a con-11

stant for quasi-two-dimensional motion. Notice that at
large k the "spin"-flip and "spin"-conserving times are of
the same order of magnitude, a quasibulk situation. In
fact, we also show in Fig. 3 the k dependence of the
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"spin"-Aip and "spin"-conserving relaxation times for
bulk Gao~7Ino 53As when k, is set equal to that corre-

0

sponding to the HH& bound state in the 50-A-thick well,

—A' k, (y, —2y~)/2mo =EHH

Xx(1—x)(6V) (k, +k )'

A/2~r„= I'motto/8~h (y] —2y2)]

(14)

These times have been calculated with neglect of the
band warping (y2=y3 in the Luttinger Hamiltonian) and
found to be equal to

f2/2777 f= [moflo/32wh (y, —2y2)]
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FIG. 4. Calculated dependence upon the in-plane wave vec-
tor of the s-d exchange-assisted "spin"-Hip (sf, dashed lines) and
"spin"-conserving (sc, solid lines) scattering times within the
HH& subband of a Cdo 935Mno «5Te-Cdo 62Mno 38Te quantum
well.

Over the k range shown in Fig. 3, k «k, and both ~,f
and ~„ in the bulk are nearly constant and close to w„ in
the well. It is remarkable that under very comparable k
and k, conditions a quantum well and the corresponding
bulk material can be characterized by "spin"-conserving
recombination times which are of the same order of mag-
nitude, while the "spin"-Aip relaxation times are several
decades longer in the well than in the bulk.

Let us now discuss the case of quantum wells based on
diluted magnetic semiconductors' such as

Cd& „Mn„Te-Cd& Mn Te .

These heterostructures contain eScient spin-fiip scatter-
ers: the localized magnetic moments (Mn +, S =

—,')
whose effect on the spin-Aip scattering of conduction
electrons has recently been shown' to lead to intrasub-
band spin-fiip relaxation times falling in the range
10—100 ps, irrespective of the in-plane electron kinetic
energy. Time-resolved photoluminescence polarization
experiments have yielded evidence for a very fast decay
of the photoluminescence polarization, ' independently
of the location of the scatterers (well or barrier). For
"spin"-Hip scattering within the HH, subband induced by
a Heisenberg coupling between the valence and d elec-
trons, one should examine the matrix elements of o. be-
tween O'I,

&
and Ilk~. At k =0 o. has no nonvanishing ele-

ments between the P, +—', ) eigenstates, in marked con-
trast with the conduction-band case where the band-edge
Bloch functions are pure spin states. o.+ and o. couple

~

—', , +—,') with
~

—', , +—,') while o, is diagonal on the
~

—', ,J, )
basis. Thus, at finite k, S, .o. will have nonzero matrix
elements between 0k& and 4k& only to the extent that
these wave functions display an admixture of HH& and
LH, band-edge states. Therefore, the narrower the well,
the smaller will be the band-mixing effects, because the
energy separation between HH, and LH, will increase,
and thus the more inhibited will be the "spin"-flip
scattering in the HH, branch. This process will end
when, by further decreasing the quantum-well thickness,
the distance between HH, and LH& will be made to de-
crease until, at zero thickness, HH& and LH& will coin-
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FICx. 5. Same as in Fig. 4 but for different well thicknesses
and "spin"-Aip scattering only.

cide with the top of the well where a fully three-
dimensional situation will be restored.

With this in mind, we again have to expect a large vari-
ation of the "spin"-Aip scattering time with k when the
quasi-two-dimensional situation prevails. This is illustrat-
ed in Fig. 4 where we show the k dependence of the
intra-HH& "spin"-Hip and "spin"-conserving relaxation
times in a Cd, ,Mn„Te-Cd, Mn Te

I
x =0.065,

y =0.38, I V~~ =98 meV, Jh =0.88 eV (Ref. 20)] quantum
well with L =86 A. We have neglected the strain efI'ects
that are due to the elastic accommodation of the lattice
mismatch between the two hosts on the grounds that the
exact strain state depends sensitively on the exact sample
configuration (nature of the substrate, buffer thickness,
etc.). We have also assumed that the scattering rates are
proportional to the corresponding mole fractions x or y
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whereas it may be argued' that the only spins available
for the "spin"-flip scattering are those which are not anti-
ferromagnetically locked to a nearest neighbor into a
nonmagnetic singlet. In any case the numerical results
displayed in Figs. 4 and 5 can be scaled to the appropri-
ate Mn concentration. As in the electron case, ' we find
that the spins located in the well are considerably more
eflicient than those located in the barrier, as a result of
the strong localization of the hole eigenstates in the well.
The s-d exchange scattering shows many common
features with the alloy scattering; in particular, its short-
range nature leads to "spin"-conserving relaxation times
which are fast and almost k independent. The "spin"-flip
scattering times again display a very large decrease with
increasing k as a result of band-mixing effects. The k
range where the "spin"-flip times are comparable to, or
larger than, the recombination time is significant (10
cm ' for "spin"-flip scattering occurring in the well,
more than 2. 5 X 10 cm ' for that occurring in the bar-
rier). In Fig. 5 we show the k dependence of the "spin"-
flip scattering time for the same material parameters as
used in Fig. 4 but for several quantum-well thicknesses.
With increasing L, band mixing becomes more impor-
tant, which results in a faster "spin"-flip scattering for
the localized spins in the well. For those located in the
barrier, the inverse trend takes place due to the prevalent

effect of decreasing wave-function penetration into the
barrier with increasing L.

In conclusion, we have shown that the current assump-
tion of fast hole depolarization is not correct in semicon-
ductor quantum wells and that there exists instead a
significant k range where the hole "spin"-flip relaxation
time is comparable to, or longer than, the recombination
time. We recall that the "spin"-flip scattering in the
lower heavy-hole branch HH& arises entirely from the ad-
mixture at finite k between the HH, and LH, band-edge
states. It is thus natural that the suppression of "spin"-
flip scattering will be the more e%cient in the narrower
wells, provided, of course, that the assumption of a x
strong quasi-two-dimensionality remains valid. Finally,
we believe the suppression of hole "spin" flip should be
taken into account in order to interpret the spin-
orientation experiments.
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