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Spin-relaxation process of holes in type-II Al, ;,Ga, ¢¢As/AlAs multiple quantum wells
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We have measured the spin memory and the spin-relaxation times of holes in type-II quantum wells by
means of pump-and-probe methods. The fast I'-X interlayer scattering which is characteristic of type-II
multiple quantum wells allows us to observe directly the hole spin-relaxation process. The hole spin re-
laxation is described by two decay components. The faster decay time ranges from 20 to 100 ps and de-
pends on the number density of “antiparallel-spin” holes. This indicates that the scattering between up-
spin holes and down-spin holes is the major spin-relaxation process of holes. The slower time com-
ponent is about 20 ns, which is probably ascribed to the spin relaxation of localized holes in the well lay-

ers.

The spin-relaxation process of carriers in semiconduc-
tors has been extensively studied by means of static
luminescence polarization measurements. Such measure-
ments have informed us of spin-relaxation mechanisms of
carriers in bulk semiconductors.! Today, ultrafast laser
spectroscopy is used to observe directly the time-resolved
polarization.? 1% Recently the time-resolved polarization
measurement is often applied to GaAs quantum
wells.2~47710 In quantum wells, two-dimensionality
splits the degenerate valence bands into heavy- and light-
hole bands whose total angular momenta are -g— and 1, re-
spectively. As a result of the nondegeneracy, spin-
relaxation processes of holes in quantum wells are quite
different from those in bulk crystals and are studied inten-
sively.!b 12

Time-resolved luminescence polarization experiments
were done in type-II as well as type-I GaAs quantum
wells. Kohl et al. observed that the electron spin-
relaxation time is 150 ps in good quality type-I
GaAs/Al,Ga,_,As quantum wells at 10 K.” In short-
period type-II GaAs/AlAs quantum wells, van der Poel
et al. reported that hole spin memory remains longer
than the lifetime of carriers, 7 us, at 1.7 K.>* The polar-
ized luminescence comes from the radiative recombina-
tion of spin-polarized electrons and holes. Therefore, it is
not clear which are polarized, electrons or holes. To
overcome this difficulty, Damen et al. measured the
spin-relaxation time of electrons and holes individually
by using p- and n-doped GaAs/Al, ;Gag ;As type-1 mul-
tiple quantum wells.® The obtained spin-relaxation times
of electrons and holes are 150 and 4 ps, respectively. The
pump-and-probe technique is also applied to the time-
resolved studies of spin relaxation of electrons and holes.
Bar-Ad and Bar-Joseph measured the spin relaxation of
carriers in the GaAs/Al,Ga,_,As type-I quantum
wells.! They observed two decay times, 120 and 50 ps.
They ascribed 120 ps to the spin-relaxation time of elec-
trons and 50 ps to that of holes.

We measured the spin-relaxation processes of holes in
type-II Al 34Gag ¢¢As/AlAs multiple quantum wells by
means of the pump-and-probe method. In a type-II sam-
ple, photogenerated electrons are quickly scattered to the

4

barriers, so that holes alone remain in the wells.'*~17

The pump-and-probe method is applicable to the obser-
vation of hole states. In fact, the experimental results
give unique information about the hole spin relaxation.
We can observe how to relax the spin polarization of the
nondegenerate holes in this two-dimensional system in
detail. The hole spin-relaxation time ranges from 20 to
100 ps, depending on the excitation intensity. We also
observed that 10% spin memory is still conserved for an
order of a nanosecond.

We can observe directly the spin relaxation of holes in
type-II quantum-well structures. Figure 1(a) shows the
electronic energy levels of the Al ;,Ga; ¢¢As/AlAs type-
II quantum-well structures. Both the bottom of the con-
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FIG. 1. (a) Optical transitions and interlayer electron
transfer for type-II Al 34,Gag¢sAs/AlAs quantum wells with
circularly polarized light. o and o_ stand for right and left
circularly polarized light, respectively. Electrons at I" points in
wells transfer to the X points in barriers. As a result, holes
alone remain in the wells. (b) Experimental setup of the pump-
and-probe method: P, polarizer; A /4, quarter-wave plate; WP,
Wollaston prism; PD, photodiode. Arrows denote polarization
of light.
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duction and the top of the valence band in the
Alj 3,Gaj ¢6As well are at the I' point in the Brillouin
zone. The TI'-point bottom of the conduction band is
linked to the X point in the AlAs barrier by the interlayer
intervalley scattering of electrons. o, and o_ denote
right circularly polarized light and left circularly polar-
ized light, respectively. The arrows in Fig. 1(a) indicate
the allowed transitions induced by o, and o _.

When the right circularly polarized light hits the
heavy-hole absorption edge, the electrons at the — 1 state
and the holes at the —2 state are generated. As a result
of the I'-X interlayer scattering, I" electrons whose spin
angular momentum is — 1 are scattered to the X point in
the barriers. The mean scattering time is less than a few
picoseconds. !> After electrons at the — 1 state are scat-
tered to the X point in barriers, holes at the —3 state
alone are left in the well. Therefore, we can measure the
spin relaxation of holes by observing the hole density at
the states —2 and 2 which are probed by right and left
circularly polarized light, respectively.

Figure 1(b) shows the experimental setup. A quarter-
wave plate transforms the linearly polarized pump beam
into circularly polarized light. The probe beam is the
linearly polarized light which is the sum of an equal
amount of right circularly polarized light and left circu-
larly polarized light. The probe beam transmitted
through the sample goes through another quarter-wave
plate. The right circularly polarized light component
turns to the vertically linearly polarized light and the left
circularly polarized light to the horizontally linearly po-
larized light. Two linearly polarized lights are separated
by a Wollaston prism and are detected by two photo-
diodes whose sensitivities are equal to each other. The
obtained signals, /., and I_, are proportional to the
differential transmittance of the right and the left circu-
larly polarized light, respectively. Namely, I, is propor-
tional to the hole density at the —2 state and I_ is pro-
portional to that at the 2 state. In addition, a simple
differential electronic circuit is used to obtain the signal
I, —1I_ corresponding to the spin polarization. In this
way, we can take very weak spin memory signals that are
not usually detectable. A detectable degree of polariza-
tion is as small as 0.1%. The advantage of this method
comes from the cancellation of the temporal fluctuations
of laser power, because I, and I_ are measured simul-
taneously. '

The sample used in this investigation is 100 periods of
9.2-nm Al 3,Gag ¢¢As and 2.7-nm AlAs layers which
form type-II ternary alloy multiple-quantum-well struc-
tures. A fundamental optical characterization of the
sample and its ultrafast laser spectroscopy were reported
in our previous publications.'*!"!® The sample was
directly immersed in superfluid helium and was measured
at 2 K. We used the same cavity-dumped synchronously
pumped dye laser system that was used in our previous
study.'®~2° The temporal width of laser pulses was 1 ps.
The repetition rate was varied to be 406 kHz, 812 kHz,
and 4.06 MHz.

Figure 2 shows an experimental result. The excitation
density is 0.07 uJ/cm? corresponding to the sheet carrier
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density of 2.1X10°/cm?. The laser repetition rate is 812
kHz. The inset shows the excitation photon energy and
the absorption spectrum of the sample, indicating that
the excitation photon energy corresponds to the absorp-
tion edge of the heavy-hole exciton. Both I, and I_ sig-
nals show a sharp structure at the beginning. The initial
sharp structure in the I_ signal is ascribed to the
coherent artifact. The initial sharp structure in the I,
signal is the exciton bleaching plus the coherent artifact.
As a result of interlayer intervalley scattering of elec-
trons, exciton bleaching decays at a time constant of 2.5
ps and hole bleaching remains for a long time. After 10
ps, I _ decreases slowly, while I, increases at almost the
same rate. This means that the holes created at the state
—32 relax to the state 3. Even after 1 us, the I signal is
not zero but is equal to 7_. Because the hole lifetime in
this sample is an order of a microsecond,'® and because
the pulse-to-pulse interval is 1.2 us, the absorption
bleaching still remains at the negative time delay. The
result shows that the spin memory is completely lost in
us, while the holes still remained in the wells. This
means that the hole lifetime is much longer than the
spin-relaxation time.

Figure 2(b) shows the logarithmic plot of I, —1_. We
can consider that I, —I_ is proportional to degree of
polarization because the relaxation time of I, +1_ is of
us order. After 10 ps, the signal decays exponentially at
a time constant of 67 ps. At this time region, there are
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FIG. 2. (a) The differential transmission signals observed un-
der the pump of the right circularly polarized light. The pump
density is 0.07 uJ/cm? The laser repetition rate is 812 kHz.
The solid line shows the differential transmission signal of the
right circularly polarized probe light. The dashed line shows
the differential transmission signal of the left circularly polar-
ized probe light. The inset shows the absorption spectrum of
the Alj 3,Gag ¢sAs/AlAs multiple quantum wells with arrowed
excitation photon energy. (b) The logarithmic plot of I, —1_.
The decay of I, —I_ is fitted by single exponential decay
(dashed line).
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no electrons in the well as a result of the I'-X interlayer
scattering. Therefore, the time constant of 67 ps means
the spin-relaxation time of holes. Furthermore, we ob-
served the dependence of the relaxation time of holes on
the excitation density.

The hole spin-relaxation time depends upon the excita-
tion density and ranges from 20 to 100 ps. Figure 3
shows the temporal change of I, —I_ at three excitation
densities. The relaxation time becomes shorter with an
increase in excitation density. The hole spin-relaxation
time becomes faster as the excitation density increases.
We also measured I, —I_ for the long-time scale. We
observed that a 10% spin memory is still conserved for
an order of a nanosecond. The results show that spin re-
laxation has another slow decay time component whose
time constant is about 20 ns. Similar slow decay is ob-
served in the I'-X luminescence of short-period type-II
GaAs/AlAs quantum wells by van der Poel et al.>3

The fast decay component depends not only on the ex-
citation density but also on the repetition rate of the laser
pulses. In a previous work, we clarified that the lifetime
of holes in the well layer is as long as an order of a mi-
crosecond in a type-Il Al 3,Gag ¢As/AlAs sample.'®
The long lifetime of holes forms a base signal at the nega-
tive time delay in the temporal trace of the pump-and-
probe experiment, which is proportional to the number
density of accumulated holes. When the right circularly
polarized light hits the heavy-hole absorption edge, the
electrons at the —1 state and the holes at the — 2 state
are generated. After the photoexcitation, generated holes
coexist with holes generated by the previous pulses, be-
cause the inverse of the repetition rate of the laser is com-
parable to the lifetime of holes. Holes generated by the
previous pulses lose the spin memory completely and half
of them are at the J state. We call the holes at the 2 state
“antiparallel-spin” holes. We also call the holes at the
— 2 state “parallel-spin” holes.

We plotted the spin-relaxation rate of holes as a func-
tion of number density of antiparallel-spin holes. The
number density of antiparallel-spin holes is proportional
to the bleaching signal taken by left circularly polarized
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FIG. 3. The logarithmic plot of I, —I_ for three excitation

densities. Three decay curves of I, —I_ are fitted by single ex-
ponential decay (dashed lines).
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light. Differential transmittance of 1% due to the bleach-
ing of the hole state corresponds to the hole number den-
sity of 2.2 X 10°/cm? which is calibrated at the excitation
density of 0.1 uJ/cm?. Therefore, the number densities of
antiparallel-spin holes are obtained from the bleaching
signal of I _ at 10 ps. The result is shown in Fig. 4. Data
include the results taken at three different repetition
rates, 406 kHz, 812 kHz, and 4.06 MHz. Changing the
repetition rate corresponds to changing the equal number
densities of “parallel-spin” holes and “antiparallel-spin”
holes, while changing the excitation density corresponds
to changing mainly the number density of parallel-spin
holes.

The relation is well written by a straight line, that is,
1/7= A + BN, where 1/7 is the spin-relaxation rate, 4 is
0.0054 ps~!, B is 0.084X107!° ps!cm?, and N is the
sheet number density of antiparallel-spin holes. The
spin-relaxation rate of holes is proportional to the num-
ber density of holes which have an opposite spin. Anoth-
er plot of the spin-relaxation rate of holes as a function of
total number density of holes gives the scattering of data.
The experimental result definitely shows that the hole-
hole collision dominates the spin-relaxation mechanism
of holes and that up-spin holes selectively collide with
down-spin holes.

Collisions of two identical particles are discussed in
quantum mechanics.?! The identity of the particles leads
to the symmetric or antisymmetric orbital wave function
of the system, according to whether their spins are anti-
parallel or parallel to each other. The scattering cross
section of two holes are represented by do,
=|f(0)+ f(m—8)|*> do, when the spins of the holes are
antiparallel to each other. Here, f(60) is a part of the
outgoing wave function f(60)e* /r from the scattering
center, and do is an element of the solid angle. On the
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FIG. 4. The plot of the hole spin-relaxation rate as a function
of the “antiparallel-spin” hole density. A dashed line is the
fitted line 1/7= A +BN; N is a sheet number density of
““antiparallel-spin” hole, 4 is 0.0054 ps~', and B is 0.084 X 107 1°
ps~!'cm? The solid squares, solid triangles, and solid circles
correspond to the data taken at the repetition rates of 406 kHz,
812 kHz, and 4.06 MHz, respectively.
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other hand, the scattering cross section of two holes is de-
scribed by do, =|f(8)— f (w—8)|? do, when the spins of
the holes are parallel to each other. The two-dimensional
Coulomb scattering cross section is analytically ob-
tained.??> However, we cannot find that do, is much
larger than do,.? If hole wave vector is small compared
with the radius of action of the scattering potential, f(8)
is constant.?! This situation corresponds to the scatter-
ing of rigid spheres. Then, do, is zero, but do is finite.
This means that antiparallel-spin holes are scattered to
each other, but that parallel-spin holes are not scattered
to each other. The two-dimensional screened Coulomb
potential is proportional to 1/r* and the condition of
slow particle scattering can be satisfied in this case.?!?*
Therefore, the two-dimensional screened Coulomb
scattering may explain the reason why antiparallel-spin
holes are mutually scattered much more than parallel-
spin holes. Further theoretical investigation is needed to
explain the experimental results.

In III-V semiconductors, valence-hole states are
characterized by mixture of orbital angular momentum
of j =1 and spin angular momentum of s =1. In quan-
tum wells, subband mixing takes place further. As a re-
sult, spin is not the good quantum number. Therefore,
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change in the wave vector of holes caused by hole scatter-
ing brings about the change in the spin state.!"!? In the
slower time domain, holes are considered to be localized
at the interface fluctuation. Holes scarcely collide with
each other. The spin-relaxation time then becomes
slower. We think localization of holes is responsible for
this slow spin-relaxation time of 20 ns.

In summary, we measured the spin-relaxation time of
holes in type-II Alj ¢cGag 34As/AlAs multiple quantum
wells by means of the pump-and-probe technique. Spin
relaxation of holes is described by fast and slow relaxa-
tion rates. The fast spin-relaxation time of holes ranges
from 20 to 100 ps and depends on the antiparallel-spin
hole density. The fast spin relaxation of holes is caused
by hole-hole collision. The slow spin-relaxation time of
holes is about 20 ns. Slow spin relaxation is probably as-
cribed to the localization of holes.
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