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Optically Detected Magnetic Resonance Study of a Type-II GaAs-AlAs Multiple Quantum Well
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In a type-II GaAs-A1As multiple quantum well three optically detected magnetic resonance lines and
two level anticrossings were observed. Two of the resonance lines and the two level anticrossings are in

agreement with the electronic level scheme of the heavy-hole exciton. The third resonance line is in ac-
cordance with a magnetic spin resonance of an unbound electron. These optically detected magnetic res-
onance measurements open up the possibility to obtain detailed information about the excitons in and

the band structure of type-II quantum wells.

PACS numbers: 76.70.Hb, 71.35.+z, 73.40.Lq

Optically detected cyclotron resonance (ODCR) and

optically detected magnetic resonance (ODMR) have

proved to be valuable techniques to study carriers and

excitons in bulk semiconductors. ' Recently, these tech-
niques have been applied by Cavenett and co-workers to
study the cyclotron and magnetic spin resonance of elec-
trons in quantum well structures. 2 However, excitons
in quantum wells have not yet been studied by the
ODMR technique. In this Letter we present the results

of the first ODMR investigation of the excitons in a
type-II GaAs-A1As multiple quantum well. It will be
shown that with this technique an identification of the
luminescence feature and detailed information about the
electronic structure of the excitons can be obtained.
Furthermore, it opens up the possibility to obtain infor-
mation about the band structure of these quantum wells.

Depending on the thickness of the GaAs layer, two

types of recombination are possible in a GaAs-A1As

quantum well. For GaAs layers with a thickness larger
than =35 A recombination takes place within the GaAs
layer. This recombination is classed as type I. For
GaAs layers thinner than =35 A the lowest I

conduction-band confined state in the GaAs layer is
higher in energy than the X conduction-band confined

state in the A1As layer. Consequently recombination
takes place between the electrons in the A1As and the
holes in the GaAs. This recombination between spatially
separated carriers is classed as type II. Confirmation of
type-II recombination has been provided by photolumi-
nescence studies.

As a result of the reduced overlap of the electron and

hole wave functions in the type-II systems the lumines-

cence decay rates are several orders of magnitude lower

than in the type-I systems. 7 The type-II lifetimes are
typically in the microsecond range. In an ODMR exper-
iment the microwave-induced transition rate should be
higher than or comparable to the optical transition rate
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FIG. 1. Low-temperature (1.6 K) photoluminescence spec-
trum of the 25-A-GaAs-25-A-A1As multiple quantum well.
Inset: Valence- and conduction-band structure together with

the type-II recombination transition.

to make detection of magnetic resonances feasible. For
the microwave powers available for the measurements at
liquid-helium temperature, this requirement implies life-
times of the spin system studied of microseconds or
longer. Therefore, in contrast to the type-I systems, the
type-II systems can, in principle, be studied by the
ODMR technique.

The sample used in this study was grown by molecu-
lar-beam epitaxy in a Varian Gen II system. The layers
were deposited on a (001)-oriented semi-insulating GaAs
substrate and consisted of 1.0 pm of GaAs buffer materi-
al. Sixty periods of 25-A-GaAsl25-A-AIAs, and finally
a capping layer of 0.1 pm of GaAs. The ODMR experi-
ments were carried out at 9.68 GHz with the sample at a
temperature of 1.6 K. For the excitation the 514-nm line
from an argon-ion laser was used. The luminescence was
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observed in a direction parallel to the magnetic field.

The microwaves were chopped and synchronous changes
in the emission were recorded with a lock-in detector.

The photoluminescence spectrum of the 25-A-
GaAs-25-A-AIAs multiple quantum well is shown in

Fig. 1. For this quantum well the luminescence decay
could be fitted with a time constant of 1.5 ps. This time
constant is in agreement with the type-II recombination
process in this sample. ODMR signals have been ob-
served by the monitoring of microwave-induced changes
in the o+ and o circularly polarized components of the
whole type-II luminescence feature. The ODMR spec-
trum is presented in Fig. 2(a). The resonant change
amounts to about 10 of the luminescence intensity.
Three microwave-induced transitions were observed: two
lines with equal linewidths of 5 mT at 351 and 382 mT,
respectively, and a line in between at 366 mT with a
smaller linewidth of 2 mT.

To obtain more information on the origin of these res-
onance lines they were studied for various microwave

chopping frequencies. The ODMR spectrum shown in

Fig. 2(a) was obtained at a chopping frequency of 1

kHz, i.e., the microwave pulses were long compared to
the decay time of the luminescence. At this chopping
frequency the three resonance lines are observed with

equal intensity but opposite polarity for the rr+ detection
with respect to a detection. An increase in the chop-

ping frequency changes the intensity ratio of the rr+ and
rr detected signals for the lowest- as well for the

highest-field resonance line. At a chopping frequency of
250 kHz, i.e., when the microwave pulse length is com-
parable to the decay time, the highest-field resonance
line is only seen as an increase in the o+ emission and
the lowest-field resonance line only as an increase in the
o emission intensity. The line in between is observed
with nearly equal intensity but opposite polarity in the
a and o emission for microwave chopping frequen-
cies up to 250 kHz. From the similar behavior of the
lowest- and highest-field resonances as well as the equal
linewidths it is clear that these two resonances should be-
long to the same spin system. The resonance line in be-
tween is most likely a resonance in another spin system.

To determine whether the lowest- and highest-field
lines can be assigned to excitons we looked for level an-
ticrossings (LAC's). LAC's are expected for the exciton
because of the exchange coupling of the hole and elec-
tron and the resulting zero-field splitting of the energy
levels. If one of the levels involved decays by emission of
circularly polarized light, the LAC can be observed as a
change in rr+ or cr emission intensity as a function of
the magnetic field. For the LAC measurement the
difference of o+ and cr emission was recorded with a
photoelastic modulator operating at 50 kHz. The LAC
spectrum showing two overlapping LAC's at about 15
mT is presented in Fig. 2(b).

To ascertain whether the lowest- and highest-field res-
onance lines and the LAC's are related and to obtain an
assignment of the resonance line at 366 mT, the Hamil-
tonians'0" for the electrons,
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are considered. The exchange coupling of the electron
and hole forming the exciton is given by

H, I,
= —aJ S b(J„S„+Ji—, Si, +J,S,).

He P Bgez Sz8z

for the holes,

Hp = —D[J, —
—,
' J(J+ I)] —2pa8, (xJz+qJ,'), (2)

and for the excitons,
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FIG. 2. (a) ODMR signals of the heavy-hole excitons and
the unbound electrons obtained at a microwave chopping fre-
quency of 1 kHz and detected as intensity changes in the o+
and o circularly polarized components of the emission. (b)
Level-anticrossing measurement taken by our monitoring the
diff'erence in cr and o. emission intensities as a function of
the magnetic field.

In these expressions, S denotes the electron spin, J the
effective hole spin including angular momentum, pa the
Bohr magneton, and 8, the magnetic field strength. The
magnetic field is applied along the z direction which cor-
responds to the [001) crystal axis. In the expressions a
potential of low symmetry has been assumed; g„ is the g
factor for the electrons, x. and q are the Luttinger param-
eters' for the Zeeman energy splitting of the holes, and
a, b are the exchange-coupling constants. The first term
in Hi, describes the difference in confinement energy for
the light hole (J, = ~ —,

' ) and the heavy hole (J,
3 )

For the magnetic fields used in the ODMR experi-
ments the Zeeman energy splittings are much smaller
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than the difference in confinement energy for the light
and heavy holes which amounts to 61 meV in the quan-
tum well studied. Therefore, the light-hole exciton
(J, = + —,', S, = + —,

' ) and the heavy-hole exciton
(J, = ~ —,', S, = + —,

' ) can be considered separately. At
liquid-helium temperature only the heavy-hole exciton
energy levels are populated. For the heavy-hole exciton
the microwave-induced transitions with hS, = + 1,
AJ, =0 are allowed. Because of the exchange coupling,
these two transitions occur at different magnetic fields.
The experimental observation of two related resonances
is in agreement with a heavy-hole exciton assignment.

The fact that the LAC's are observed at much lower
fields than the ODMR lines implies that the microwave
energy hv is much larger than the exchange energy. For
this situation the heavy-hole exciton energy levels as
functions of the magnetic field together with the LAC's
and the microwave-induced transitions are shown
schematically in Fig. 3.

For the heavy-hole exciton the two resonances with

AS, = ~1, AJ, -O occur for hv=pag„B, ~ (1.5a
+3.375b). From the exciton resonance fields we obtain
g„=1.89 and the exciton exchange splitting 1.5a
+3.375b=1.7 peV. When we consider the foregoing
expression for the exciton resonances, it is obvious that
the ODMR line in between the exciton resonances
should be a spin resonance of the electrons not bound to
holes. In the literature no experimental magnetic
electron-spin-resonance g value is reported for A1As,
however, for AlosGao. zAs Bottcher et al. ' report a g
value of 1.96 for X-conduction-band electrons. An es-
timated value for AlAs of =-1.9 can be obtained by use
of Roth's formula. '3 These values are far off rrom the g

value of 0.4 for 1-conduction-band electrons in GaAs.
We therefore conclude that the electron of the heavy-
hole exciton is indeed at the A1As X point. Preliminary
measurements on the anisotropy of the g value indicate
that there is an anisotropy of a few percent. This anisot-

ropy and;he difference between the 1.96 value of
Bottcher et al. and the experimental value of 1.89 likely
are a consequence of the confinement of the electrons in

the A1As.
The electron-spin resonance is observed as an increase

in the cr and a decrease in the o+ emission intensity.
This can be understood by spin-conserving formation of
the excitons. '4 The electron-spin resonance causes the
population of the I

+ —,
' ) and I

——,
' ) levels to change in a

complementary way. A transfer of population from the
I

—
—,
' ) to the I+ —,

' ) level at resonance will involve an
increase in population of the I

~ —', , + 2 ) and a decrease
in population of the I

+ -', ,
——,

' ) exciton levels. Because
only the I

——', , + —,
' ) and

~
+ -', ,

—
—,
' ) levels decay by

rx and cr radiation, respectively, this electron-spin res-
onance will increase the a emission and decrease the
cr+ emission which is in agreement with the observation.
So in the nonresonant situation the I

—
—,
' ) level of the

unbound electrons is the most populated. Because the
I

—
—,
' ) level is the lowest energy level and spin-

dependent population of the electron energy levels is not
expected with excitation far above the bandgap, the
highest population being in the I

—
—,
' ) level is most like-

ly a result of thermalization.
The population distribution over the exciton energy

levels can also be obtained from the experiment. At a
microwave chopping rate comparable to the lumines-
cence decay rate both exciton resonances are detected as
an increase in the corresponding circularly polarized
emission. This can only be explained by a nonthermali-
zation of t}ie population over the exciton energy levels,
with the highest populations in the I+ 2, + 2) and

eve s.
From the spin Hamiltonians the level-crossing fields

are calculated as
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&
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2 ' 2
BLc, = (1.5a+ 3.375b)/pug„
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2 ) and

~
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els and
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FIG. 3. Energy-level diagram for the heavy-hole excitons.
Inset: Schematic of the level anticrossing region. The
microwave-induced transitions and the eA'ective population
changes are indicated by arrows.

for the crossing of the
~
+ —', ,

—
—,
' ) and I

——', ,
—

—,
' ) lev-

els. Because of higher-order terms in the spin Hamil-
tonian, LAC's instead of level crossings will occur. The
exchange-coupling strength obtained from the ODMR
fields implies BLAC, =16 mT. Because the highest popu-
lations are in the I

+ —,', + —,
'

) levels, the LAC's should

correspond to an increase in the o.+ emission. This is in

accordance with the observation of a LAC region with

an overall positive I + I . Analysis of th—e spe—ctrurn as
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consisting of two LAC's gives maxima at 8 and 18 mT.
The highest-field maximum most likely corresponds to
the crossing of the i+ —', ,

—
—,
' ) and i+ —', , + —,

' ) levels.
From the other LAC maximum the sum of the Zeeman
energy splitting constants for the hole is obtained as
«+2.25q =0.6+ 0.3.

The highest population being in the i + —', , + —,
' ) and

i

—
—,', ——,

' ) levels is in agreement with the selection
rules, forbidding decay from these levels to the ground
state. For the population in these levels two ways are
possible for indirect decay to the ground state, i.e., either
by first making a hole-spin flip or by first making an
electron-spin flip. In case of hole-spin flips, the
i+ —,', + & ) level decays indirectly by emitting a and

i
——', ,

——,
' ) by tr+ radiation. The opposite is true with

respect to cr and cr+ for electron-spin flips. The oppo-
site polarity of the exciton ODMR lines in o+ and o
detection at low chopping frequencies is a result of these
hole-spin flips. For instance, for the highest-field reso-
nance the microwaves couple the i + —', , + —,

' ) and

i+ —', ,
—

—,
' ) levels resulting in an increase of the 0+

emission. At high enough microwave powers the
microwave-induced transition rate will be higher than
the hole-spin-flip rate and is the depopulation determin-

ing process for the i+ —,', + —,
' ) level. Then, at reso-

nance a simultaneous decrease of the cr emission is ob-
served. This effect is not observed at high microwave

chopping frequencies because during the lifetime of the
exciton only the population of the levels coupled by the
microwaves can be changed.

In conclusion, we have observed for the first time
ODMR of the excitons in a type-II GaAs-AlAs multiple
quantum well. Two of the ODMR lines and the two
LAC's are in agreement with the electronic level scheme
of the heavy-hole exciton. The luminescence feature in

this quantum well is due to the decay of heavy-hole exci-
tons built up of spatially separated electrons and holes.
The exciton exchange splitting and the electron and hole

Zeeman energy splitting constants are obtained. No
thermalization exists among the populations in the exci-
ton energy levels.

We wish to thank J. T. C. van Roosmalen for assis-
tance in the construction of the ODMR setup and D. J.
Hilton for technical assistance in the molecular-beam ep-
itaxy growth.

tB. C. Cavenett, Adv. Phys. 30, 475 (1981).
~B. C. Cavenett and E. J. Pakulis, Phys. Rev. B 32, 8449

(1985).
B. C. Cavenett, G. R. Johnson, A. Kana-ah, M. S. Skolnick,

and S. J. Bass, Superlattices Microstruct. 2, 323 (1986).
4G. R. Johnson, A. Kana-ah, B. C. Cavenett, M. S. Skolnick,

and S. J. Bass, Semicond. Sci. Technol. 2, 182 (1987).
5P. Dawson, K. J. Moore, and C. T. Foxon, in Proceedings of

the Conference on Quantum Wells and Superlattice Physics,
SPIE Proceedings Vol. 792 (International Society of Photo-
Optical Instrumentation Engineers, Bellingham, WA, 1987),
p. 208.

SK. J. Moore, P. Dawson, and C. T. Foxon, J. Phys. (Paris),
Colloq. 48, C5-525 (1987).

7E. Finkman, M. D. Sturge, and M. C. Tamargo, Appl.
Phys. Lett. 49, 1299 (1986).

G. Danan, B. Etienne, F. Mollot, and R. Planel, Phys. Rev.
B 35, 6207 (1987).

J. Feldmann, G. Peter, E. O. Gobel, P. Dawson, K. Moore,
C. T. Foxon, and R. J. Elliott, Phys. Rev. Lett. 59, 2337
(1987).

'OJ. M. Luttinger, Phys. Rev. 102, 1030 (1956).
"G. L. Bir, G. E. Pikus, L. G. Suslina, and D. L. Fedorov,

Fiz. Tverd. Tela (Leningrad) 12, 1187 (1970) [Sov. Phys.
Solid State 12, 926 (1970)].

' R. Bottcher, S. Wartewig, R. Bindemann, G. Kuhn, and
P. Fischer, Phys. Status Solidi (b) 58, K23 (1973).

L. M. Roth, B. Lax, and S. Zwerdling, Phys. Rev. 114, 90
(1959).

' K. Morigaki, P. Dawson, and B. C. Cavenett, Solid State
Commun. 28, 829 (1978).

132


