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Zeeman splittings have been investigated for =1 heavy-hole excitons In,Ga,_,As/GaAs strained-layer

quantum wells at 1.8 K. and at magnetic fields up to 6 T applied parallel to the growth axis (001). The sign and

magnitude of the splitting to precision of =2 ueV were obtained from the shift in the exciton photolumines-
cence line upon switching between right and left circularly polarized detection. Measurements have been made
for well widths between 3 and 12 nm and for x values of 0.075 and 0.11. Linear field dependence is observed
below 1.5 T giving exciton g factors. For higher fields in narrow wells the dependence becomes nonlinear. We
have calculated the g factor using an eight-band k-p model and obtain satisfactory agreement with experiment
by using the Luttinger parameter « for In,Ga; _,As as a variable parameter. From this we obtain an empirical
concentration dependence x~7.68x+ 1.1(1—x)~4.0x(1 —x).

Recent investigations of the g factors and Zeeman split-
tings of carriers in GaAs/Al,Ga; _,As quantum wells have
demonstrated strong variations with quantum well
parameters,!~ anisotropy of electron, hole, and exciton g
factors,* and also strong nonlinearity of Zeeman splitting at
high fields.>> This is important for interpretation of magneto-
optic or magnetotransport measurements and also can pro-
vide an excellent test of theoretical descriptions of the band
structure comparable to that obtained from calculations of
effective mass. For In,Ga; _,As/GaAs quantum wells the
built-in strain must be included, giving an additional test of
theory. We describe here direct polarization-selective spec-
troscopic measurements, similar to those of Ref. 2, of the g
factors and Zeeman splitting for magnetic fields up to 6 T of
the n=1 heavy-hole exciton luminescence in (001)-grown
In,Ga, . ,As/GaAs strained-layer quantumn wells with x be-
tween 0,075 and 0.11 and well widths between 3.0 and 12
nm. In spite of the inhomogeneous broadening (typically 1-2
meV), our technique gives the Zeeman splitting to *2
peV. This precision is as good as that available from “sub-
inhomogeneous” laser spectroscopic techniques such as
quantum beats® and hole-burning® and moreover in our mea-
surements the sign of the Zeeman splitting is directly deter-
mined. We have also made calculations of the Zeéman split-
tings based on k-p theory including the strain’ which give a
satisfactory description of the sign and magnitude of the g
factors. The conduction band makes only a small contribu-
tion to the splitting, which is therefore particularly sensitive
to the rich spin structure in the valence band. To date there
have been few reported studies of this. Detailed comparison
of the calculations with the experimental data gives insight to
the concentration dependence of the Luttinger parameter «.

For purposes of definition, we take the Zeeman Hamil-
tonian for the n=1 heavy-hole exciton in a magnetic field

orizeél;ed along the growth axis of the quantum well (z) to
be™™

HzﬁBz(geSz_ghzz)"_Hexch, (1)
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where S= 3 is the spin quantum number of the conduction
electrons, 3 = 1 is an effective spin quantum number describ-
ing the heavy-hole valence-band states (J,==*3), B is the
Bohr magneton, and g, and g, are the electron and heavy-
hole g factors, respectively. The electron g factor is expected
to show a small variation with field direction,*'® whereas in
the above effective spin formalism the heavy-hole splitting
factor is strongly anisotropic, being zero by symmetry for a
field perpendicular to the growth axis.® H ., represents the
spin-dependent exchange interaction of the electron and
hole.®*
The four exciton basis states |S,,3,) are
¢1=I%’—%>’ ‘//2=l—%7%>7
@)
¢3 = l %} %) >

" In zero magnetic field these are separated by the exchange

term into two doublets ¢ , and ¢34 in which the spins are
antiparallel and parallel, respectively. We expect the ex-
change splitting to be very 'small for In,Ga;_ ,As/GaAs be-
cause of the weak quantum confinement in this system® and
indeed we have found no evidence of level crossings in ap-
plied magnetic field resulting from zero-field splitting of the
kind observed in GaAs/Al,Ga, _,As samples.’ In a field B,
there are splittings of the two doublets given by

El—EZ:(ge'l_gh)BBz:

E3—FE4=(8.~£4)BB. .

Electric-dipole-allowed recombination occurs oanly from
states ¢ and ¢, with emission of ot and o~ circularly
polarized photons propagating along z; 5 and ¢, are not
optically allowed. This means that the heavy-hole exciton
emission line shows a Zeeman splitting with g factor

@)

gexc=ge+gh- (4)
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FIG. 1. Zeeman components of the heavy-hole exciton lumines- v
cence observed in 0¥ (O) and o~ (@) polarization for well width 0.6 v d
8 nm, indium concentration 0.075, applied field B,=1.07 T, and .
temperature 1.7 K. 041} 7 ]
v
Tt also shows that the two Zeeman components can be dis- 02r ¥ . 1
tinguished and their separation measured in a polarization- x4 ﬁgc‘) ; o ®* o
selective measurement. This analysis assumes that the split- 0.0 . °© o
0 1

tings are linear in field. Our measurements show this is the
case up to 1.5 T but at higher fields the measured Zeeman
splittings become nonlinear due to field-induced admixture
of other excitonic states.!!2 In principle this admixture may
change the polarization characteristics of the luminescence,
resulting in an error in the splitting measurements, but we do
not expect this to affect our results significantly.

Four In,Ga;_,As/GaAs samiples were investigated. All
were undoped and grown by molecular-beam epitaxy (MBE)
on (001)-orientated semi-insulating GaAs substrates with a
0.5-um GaAs buffer layer between substrate and quantum
wells. One contained three quantum wells of nominal thick-
nesses 3, 6, and 10 nm separated by 30-nm GaAs barriers,
and the others contained single 4-,-8-, and 12-nm quantum
wells, respectively. The well widths for the three-well sample
were found from electron microscopy to be close to the
nominal values and we assume the nominal widths for the
other samples to be correct. The nominal indium concenira-
tion was 0.11 for all samples. In order to obtain independent
estimates of the concentrations we made photoluminescence
excitation measurements of the 4.2-K light- and heavy-hole
exciton energies in ‘¢éach sample and compared these with
calculations based on the Kane model using the set of mate-
rial parameters given by Warburton and co-workers”
and assuming the nominal well widths. This indicated that
the indium concentration for the three-well sample was
0.11£0.02, whereas for the three single-well samples it was
0.075+0.01.

Zeeman measurements were made at 1.8 K and at fields
up to 6 T applied along the sample growth direction (see
Figs. 1 and 2). The luminescence was excited using a HeNe
laser and detected in a direction parallel to the magnetic field
using a f=0.25 m grating spectrometer and photomultiplier.
The inhomogeneous broadening only allows direct resolution
of the Zeeman splitting of the line without polarization se-
lection at much higher fields.®>'* In the present measure-
ments we used double modulation and dual channel lock-in
detection of the photomultiplier current; one channel was

2 3 4 5
Magnetic Field (T)

FIG. 2. (a) Zeeman splitting for x=0.075 for well widths of 12
(V), 8 (@), and 4 nm (O). {b) Zeeman splittings for x=0.11 for
well widths of 10 (V), 6 (@), and 3 nm (O).

locked to a 2-kHz chopper in the HeNe excitation beam the
second channel was locked to a 50-kHz photoelastic modu-
lator (oscillatory wave plate) and linear polarizer positioned
in the input beam to the spectrometer. The signal at 2 kHz
gave the sum of the two circularly polarized Zeeman com-
ponents while that at 50 kHz gave their difference. Addition
and subiraction of these two signals then gave the two Zee-
man components point by point across the inhomogeneous
line. A typical set of data is shown in Fig. 1. The method has
excellent immunity from drifts and allows the separation to
be obtained to high precision using the algorithm described
in Ref. 2.

The precision of the splitting obtained by this method was
shown in Ref. 2 to approach the theoretical limit +1T'/ VN,
where I’ is the inhomogeneous linewidth and N is the
equivalent wavelength-integrated photon count recorded in
the spectrum. The precision can therefore be much less than
the inhomogeneous width and, given the stability of the
modulation measurement technique, can rival that from laser
techniques which avoid the inhomogeneous broadening.>®
For the samples studied here, unlike those of Ref. 2,
systematic variations of the splittings across the sample
surface were found to be small and the overall accuracy was
~+2 upeV. The sign of the spliiting between the compo-
nents in the luminescence was determined directly by com-
parison with the signal obtained when a standard
o™ -polarized beam was passed through the detection system.

In the region below 1.5 T (Fig. 2) we observe Zeeman
splittings proportional to the field and use these to obtain the
excitonic g factor shown in Fig. 3, which also shows the
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FIG. 3. Experimental (points) and calculated (curves) exciton g
factors; closed circles and solid curves for x =0.75, open circles and
dashed curves for x=0.11. Calculations are shown for a range of
values of Luttinger « in the In Ga; _, As well and comparison with
the experimental points leads to the values quoted in the text and
plotted in Fig. 4.

results of calculations discussed below. The g factor is posi-
tive for all the samples investigated and increases monotoni-
cally with well width. At a given width the g factor falls with
concentration. At higher fields the splittings become nonlin-
ear, as shown in Fig. 2. This effect is particularly marked for
narrow wells where the Zeeman splitting is observed to pass
through zero.

We have made calculations of the Zeeman splittings based
on an eight-band k-p theory, which has been discussed in
detail elsewhere.”*® In Fig. 3 we present results for the g
factors, i.e., the asymptotic low-field region, and we will
publish calculations of the nonlinear, high-field region for
both In,Ga,_,As/GaAs and GaAs/Al,Ga;_,As systems
elsewhere.> We have calculated the electron and heavy-hole
Zeeman splittings separately and combine them to give the
excitonic splitting [see Eq. {4)]; the hole g factor is positive
and is at least ten times the magnitude of the electron g
factor, which has a negative sign. We have used the same
parameters as in Refs. 7 and 13 except that we have used the
Luttinger parameter x of the In,Ga;_,As well as an adjust-
able to give the theoretical curves in Fig. 3. This parameter
represents the major contribution to Zeeman splitting of the
valence band in bulk material. In this way we obtain esti-
mates of k=1.1+0.1 for 8% indium and 1.4%0.1 for 11%
indium, while previous transport studies’ have suggested
k=1.8 for 18% indium. These values are plotted in Fig. 4
together with those for GaAs (Ref. 16) and InAs (Ref. 17)
and can be fitted by

k=7.68c+1.1(1—x)—4.0x(1 - %), )

where x is the indium concentration. It can be seen from Fig.
4 that the experimental value of x for x=0.08 is below the
curve and this might be taken to indicate a lower value of
« than 1.2 for GaAs. Indeed, a value of 0.7 has been found

Indium conc. x

FIG. 4. Experimeﬁtal Luttinger « in In,Ga, -, As compared with
the empirical curve «=7.68x+1.1(1 —x)—4.0x(1—x).

recently'® in magneto-optic experiments. However, our in-
vestigations of Zeeman splittings in GaAs/Al,Ga;_,As
wells®® do not support this lower value and we believe « to
be close to the more generally accepted value of 1.2 in
GaAs.!® We therefore believe that the low value of « for
x=0.08 simply reflects the existence of significant bowing in
the concentration dependence combined with uncertainties in
the analysis of the data.

The origin of the strong concentration and well-width de-
pendence of the Zeeman splittings is the coupling of heavy-
and light-hole valence bands. The first spin-down (J,=—3
heavy-hole state is not influenced by this interaction but the
spin-up (J,= -+ 3) state is. This means that in this case, where
x>0, the heavy-hole Zeeman splitting is reduced by the in-
teraction since the mixing causes repulsion of the spin-up
state away from the (type-II) light-hole levels. The heavy- to
light-hole splitting increases with both indium concentration
and well width, leading to the calculated increase of g factor
which corresponds very satisfactorily with the observed be-
havior. This situation is simpler than that which occurs in the
GaAs/AlL,Ga; _,As system' for which the light- to heavy-
hole splitting passes a maximum value for a well width of -
about 4 nm.

In conclusion, the measured Zeeman splittings for
In,Ga; _,As/GaAs strained-layer quantum wells show linear
field dependence up to about 1.5 T. The g factors obtained
from this region are compared with an eight-band k-p model
which gives generally good agreement. From this we obtain
estimates of the valence band Luttinger parameter « for vari-
ous indium concentrations, x, and obtain an empirical for-
mula for x(x). For higher values of applied field the Zeeman
splittings show strong nonlinearity which for narrower wells
leads to a sign reversal of the splitting.

We wish to thank Dr. S. R. Andrews and GEC Research
Laboratories for the supply of samples and help with their
characterization.
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