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Magnetic-circular-dichroism study of heavy- and light-holeg factors
in In xGa12xAs/InP quantum wells
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Intersubband transitions in InxGa12xAs/InP quantum wells have been studied by magnetic circular dichro-
ism ~MCD! of the absorption. Theg values of the heavy and light holes in the different subbands are deduced
from the intensity dependence of the MCD signals on the applied magnetic field:ghh1* 520.6860.1,
ghh2* 521.8160.4, andglh1* 58.8761.2. These results are in good agreement with effective-mass-theory cal-
culations and allow one to estimate the in-plane effective masses of the second heavy-hole (mhh2* 50.85m0)
and the first light-hole (mlh1* 50.17m0) subbands. An observed increase of the half-width of the subband
transitions with increasing transition energy and increasing magnetic field is qualitatively explained by statis-
tical fluctuations of the quantum-well width.@S0163-1829~97!06615-0#
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I. INTRODUCTION

To study the magneticg factors of electrons, holes, an
excitons in low-dimensional semiconductor systems is
portant because it provides insight into the subband struct
Furthermore, it is important for the interpretation
magneto-optic and magnetotransport measurements and
also provide a test of the theoretical description of the b
structure comparable to that obtained from studies of
effective mass.1

For practical reasons, most of the information obtained
far has been about the lowest~highest! lying electron~hole!
sublevels. These states dominantly determine the lumi
cence properties of undoped quantum wells and are ea
measurable. Information concerning the higher-lying sta
can be obtained by absorption spectroscopy. However
most quantum-well systems, such as GaAs/AlxGa12xAs the
quantum size effect increases the intersubband transition
ergies to values greater than the band-gap energy of the
derlying substrate material. To apply absorption spectr
copy would thus require preparing substrate free samp
which is a difficult task. The situation is better fo
In xGa12xAs quantum wells grown on a GaAs or InP su
strate. There the intersubband transition energy is less
the band-gap energy of the substrate. Thus it was possib
apply magnetoabsorption spectroscopy to study the diam
netic shift of two-dimensional excitons in lattice-match
In0.53Ga0.47As/InP samples and to deduce the carrier eff
tive masses.2 However, due to the large linewidth a Zeem
splitting could not be observed directly for magnetic fiel
up to 8 T and information on theg values could not be
obtained.

In this paper we report on magnetoabsorption experime
using circular polarized light~MCD, magnetic circular di-
chroism!. The differential detection of left and right circula
polarized light allows one to observe the Zeeman splitt
already at relatively low magnetic fields (, 1 T! and the
described analysis of the data enables one to determine
g* values of the heavy holes of the first and second subba
and of the light holes in the first subband
In0.53Ga0.47As/InP quantum wells. A comparison wit
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effective-mass theory~EMT! shows very good agreement fo
the ~hh1,e1) transition. For the other two transitions EMT
used to calculate the effective mass of the involved carri
Line broadening, which depends on the transition energy
the magnetic field, is explained in terms of statistical fluctu
tions of the quantum-well width.

II. EXPERIMENTS

All samples were grown by low-pressure metalorga
chemical vapor deposition~LP MOVPE!.3 The undoped
samples have 15 In12xGaxAs quantum wells (x50.47),
grown lattice matched onto InP. The wells are 100 Å wi
and are separated by 300 Å of InP. The buffer layer to
semi-insulating InP substrate is 0.5-mm-thick InP. The
samples are capped with a 1.0-mm-thick layer of InP.

Absorption and MCD measurements were performed
helium temperatures~liquid helium at 4.2 K or superfluid
helium at 1.5 K! and in the field of a superconducting ma
net capable of providing a field of up to 2 T. The measu
ments were performed in Faraday configuration. Light fro
a halogen lamp was filtered by a grating monochroma
Circular polarization was produced by a combination o
linear polarizer and an electro-optic modulator operating
50 kHz. The light was detected by a cooled germanium
tector. Using the lock-in technique, the measured signal
tensityIMCD is proportional to the difference between the le
(I1)- and right (I2) circular polarized light transmission in
tensities divided by their sumIMCD5(I12I2)/(I11I2).
This method is immune to drifts and allows the determin
tion of the MCD intensity with high precision.4,5

Experimental results

For the lattice-matched InxGa12xAs/InP quantum wells
used in our experiments, the first and second heavy-hole
bands lie above the first light-hole subband~see the inset in
Fig. 1!. Thus the order of the observed absorption bands w
increasing energy is as follows: first heavy-hole suble
~hh1! to first electron sublevel (e1) transition followed by
the first light-hole to first electron sublevel transitio
~lh1,e1!, and at higher energies the transitions from the s
9924 © 1997 The American Physical Society
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55 9925MAGNETIC-CIRCULAR-DICHROISM STUDY OF HEAVY- . . .
ond heavy and light hole to the second electron suble
@~hh2,e2) and ~lh2,e2)#. These four transitions are clear
visible in the transmission spectrum of Fig. 1. The energ
of these transitions agree well with subband calculations
ported earlier,6 taking into account an exciton binding energ
of 10 meV.7

In the MCD spectrum each of these transitions has a
rivativelike structure~see Fig. 2!. The intensity of the signa
increases linearly with increasing magnetic field. An intere
ing feature of these MCD bands is that the~hh1,e1) and the
~lh1,e1) transition signals are negative on the low-ene
side and positive on the high-energy side while the oppo
is true for the~hh2,e2) and~lh2,e2) transitions. As will be
shown later, the energy difference between the maxim
and minimum of the MCD signal gives an excellent meas
of the linewidth~2s) of the transition. One can see that th
linewidth increases with increasing transition energy~Fig. 3!.
In a magnetic field of 0.5 T they are 2shh152.82 meV,

FIG. 1. Transmission spectra of the InxGa12xAs quantum wells.
The observed transitions are as follows: first heavy hole to
electron~hh1,e1), first light hole to first electron~lh1,e1), second
heavy hole to second electron~hh2,e2), and second light hole to
second electron (lh2,e2). The inset shows the self-consistently ca
culated band structure.

FIG. 2. MCD spectra of the InxGa12xAs quantum wells at dif-
ferent magnetic fields. All the transitions in Fig. 1 are observed
have a derivative line shape.
el
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2s lh154.42 meV, and 2shh256.76 meV. The measuremen
indicate an additional increase of the linewidth as a funct
of magnetic field~Fig. 3!.

In a transverse static magnetic field the energy of the
citonic transitions is expected to show a diamagnetic s
and to be split due to the Zeeman effect. In the range
magnetic fields used in our experiment the diamagnetic s
is expected to be small and to shift the position of the
sorption lines only slightly.2 It is not relevant to the MCD
line shape and will not be discussed further. In our expe
ment the exciton Zeeman splitting is much less than the
ergy separation between the maximum and the minimum
the MCD signal. Its extraction from the data therefore d
mands a special analysis.

The half-width of excitonic lines in quantum wells doe
not depend on the spins of the electron and hole states. T
the absorption coefficients for both left and right circul
polarized light are described by the same function of
energy,a15 f (E2E1) and a25 f (E2E2), respectively,
whereE1 andE2 are the energies of the excitonic Zeem
levels. Assuming that the half-width of the exciton line
much larger than the Zeeman splitting,DE5E12E2 , and
that Beer’s law is valid, i.e.,I65I 0exp(2a6d), whereI 0 is
the intensity of the incident light, andd is the thickness of
the sample, one can easily obtain the intensity and the sh
of the MCD signal:

IMCD5
1

2

] f

]E
DEd. ~1!

The shape of the signal is essentially given by the deriva
of the function f . The positions of the maximum and th
minimum of the MCD signal are determined by the conditi
] f /]E50. The intensity (IMCD) of the signal is proportiona
to the Zeeman splittingDE and increases linearly with mag
netic field. However, in order to get an absolute value of
splitting we have to scale the MCD signal with the logarith
of I sum/I 0. With the help of Beer’s law and
a6(E)d' f (E)d we obtain

IMCD
ln~ I sum/I 0!

5
1

2 f ~E2E0!

] f

]E
DE, ~2!

t

o

FIG. 3. Half-width of the ~hh1,e1), the ~lh1,e1) and the
~hh2,e2) transitions determined from the energy separation of
maximum and minimum of the MCD spectra.
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where I sum5I11I2 and E0 is the energy position of the
unsplit exciton line. For a Gaussian absorption line with ha
width s,

f ~E2E0!5
C

A2ps
expS 2

~E2E0!
2

2s2 D , ~3!

where the constantC is proportional to the oscillator strength
of the corresponding optical transition, the MCD signal lin
shape should have a typical derivative shape with extre
separated by 2s. The normalized MCD signal@Eq. ~2!# can
thus be rewritten:

IMCD
ln~ I sum/I 0!

5
E2E0

2s2 DE. ~4!

The intensity of the MCD (IMCD) divided by the logarithm
of the transmission intensity@ ln(Isum/I 0)# is inversely pro-
portional to the square of the half-width of the absorptio
line and proportional to the Zeeman splittingDE. At the
maximum or minimum of the MCD intensity, i.e., a
E5E06s, this relation becomesDE/2s. This provides a
tool for the experimental determination of the Zeeman sp
ting from a measurement of the MCD and the transmiss
spectrum, both of course for identical experimental con
tions.

The above described analysis should hold for the case
experimentally well determined optical transitions, i.e., n
other effects influence either the MCD or the transmissi
spectrum. In our case of excitonic transitions in a quant
well, two complications arise:~1! to obtain ‘‘pure’’ transmis-
sion spectra, reflectivity effects have to be taken into a
count; and~2! the exciton lines are superimposed on th
intersubband transitions of free electrons and holes. In
MCD spectra these effects do not cause any signal. Howe
they modify the transmission spectrum. In order to determ
the transmission due to the excitonic transitions only,
considered the reflectivity of GaAs in the spectral range
interest to be constant and substracted constant values t
at appropriate energies below the excitonic lines. This ana
sis gives the dependence of the Zeeman splitting for
~lh1,e1), ~hh2,e2), and ~hh1,e1) transitions on magnetic
field as shown in Fig. 4.

FIG. 4. Zeeman splitting of the different transitions as a functi
of the magnetic field.
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III. DISCUSSION

It is known that a magnetic field splits the ground state
the two-dimensional exciton in each subband into four Z
man sublevels, but only two of them are optically active
the Faraday excitation geometry. Right circular polariz
light (I1) excites theu13/2,21/2& exciton state in the
heavy-hole subbands and theu11/2,11/2& state in the light-
hole subband~the numbers here are the hole and elect
spin projections, respectively!. Left circular polarized light
(I2) excites theu23/2,11/2& and u21/2,21/2& exciton
states correspondingly. This results in the left wing or t
right wing of the MCD signal being positive, depending o
the relative order of these excitonic states.

In general, data on the excitonic Zeeman splitting and
MCD signal shape are not sufficient to extract the elect
andholeg factors. There are four algebraic combinations
electron and holeg factors that can describe the MCD dat
depending on their relative values and signs. But for
In 0.53Ga0.47As/InP quantum wells, which are the object
this study the electrong factor is well determined to be
ge*523.3,8 and this enables us to determine theg factor of
the holes.

The MCD signal of the first heavy-hole subband has
positive right wing and the smallest Zeeman splitting~see
Figs. 2 and 4!. This is the situation illustrated in Fig. 5~b! and
the splitting is determined byDE5mBB(uge* u23ughh1* u) if
uge* u.3ughh1* u, and we obtainghh1* 520.6860.1.

The positive right wing for the MCD signal for the light
hole transitions indicated in Fig. 5~b! is possible only if
glh*.uge* u.0, and the splitting energy of the~lh1,e1) transi-
tion isDE5mBB(glh1* 2uge* u). As a result, we obtain for the
light-holeg factorglh1* 58.8761.2.

The positive left wing of the MCD signal for the heavy
hole transitions@see Fig. 5~a!# is only possible ifghh* ,0 and
3ughh* u.uge* u, thus for the ~hh2,e2) transition
DE5mBB(3ughh2* u2uge* u). This results in a heavy-holeg
factor for the second subband ofghh2* 521.8160.4.

The weak MCD signal intensity of the~lh2,e2) transition
does not allow the determination of theg factor; thus we
excluded this transition from the analysis.

In order to be able to compare theg values obtained by
the above analysis we also performed effective-mass ca
lations. In effective-mass theory theg values can be calcu
lated from the Luttinger parameters and the in-plane eff
tive massmhhn* of thenth heavy-hole subband:9

ghhn* 5
2

3 S 3k2g12g21
1

mhhn*
D , ~5!

wherek,g1, andg2 are the Luttinger valence-band param
eters. For In0.53Ga0.47As quantum wells these parameters a
g1510.8, g254.2, andk53.7;10 the heavy-hole mass wa
determined in Ref. 11 to bemhh1* 50.35m0. With these values
we obtainghh1* 520.69, which clearly falls within the limi-
tations given by the experimental line sha
(0.3ghh1* .ge* ) and agrees well with the value obtaine
from the analysis above.

The in-plane effective mass of the second heavy-hole s
band has not been experimentally determined yet, therefo
similar comparison is not possible. But the good agreem
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FIG. 5. The schematic struc
ture of the possible transitions:~a!
schemes leading to a positive le
wing for the MCD signal. ~b!
schemes leading to a positive righ
wing for the MCD signal. The al-
lowed optical transitions are
marked with arrows.
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between the EMT calculations and the MCD analysis de
onstrated for the~hh1,e1) transition may allow one to esti
mate this effective mass using Eq.~5!. With theg value of
ghh2521.81, we calculate for the second heavy-hole b
an effective mass ofmhh2* 50.85.

Effective-mass theory can also give a relation between
effective g factor (glhn* ) and the effective in-plane mas
(mlhn* )for thenth light-hole subbands. Calculations similar
those for the heavy-hole subbands lead to the following
lation:

glhn* 52~k1g12g221/mlhn* !. ~6!

With glh158.87 we obtainmlh1* 50.17m0. This value is quite
reasonable because compared to the bulk value the in-p
light-hole mass becomes heavy in a quantum well.12

The observed increase of the linewidth of the excito
transition with increasing transition energy can be explai
by taking fluctuations of the well width into account. Usin
the simplest model of a quantum well with infinity high p
tential barriers, one can easily see thatDE52s
;2(Ene1Enh)dLz /Lz , whereEne(nh) is the energy of the
nth quantum size level of electrons~holes! involved in the
optical transitions in a quantum-well thicknessLz , anddLz
is a typical fluctuation of the thickness, which is on the or
of 1 ML, i.e., dLz.3 Å. Determining the quantization en
ergy from the transmission spectra~see Fig. 1! and the band
gap of bulk InxGa12xAs,

13 we obtain 2shh151.59 meV,
2s lh153.48 meV, and 2shh2510.6 meV. Despite the sim
plicity of the model, these values agree rather well with
experimentally determined half-widths.

The increase of the linewidth of the excitonic transitio
with increasing magnetic field can also be explained wit
the model of random two-dimensional statistical fluctuatio
of the quantum-well thickness. A two-dimensional excit
smooths out all the thickness fluctuations that have a la
size smaller than the exciton radius. A magnetic field
e
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creases the radius of the exciton and increases its tran
tional effective mass.14 Both effects lead to the localizatio
of the exciton within a smaller area of the quantum well, a
statistical fluctuations within a smaller area are larger th
those in a more extended one. This can explain the obse
increase of the exciton linewidth in a magnetic field.

In the analysis of the MCD signal the line shape of t
absorption coefficient was assumed to be a Gaussian. A s
lar analysis using a Lorentzian line shape increases the
tained values for theg* factors only by 1.2%. The accurac
of the analysis, which depends mostly on the precise de
mination of the transmission, is estimated to be ab
610 % for theg values. This uncertainty is the domina
error in the analysis.

IV. CONCLUSION

We investigated In0.53Ga0.47As/InP quantum wells by
MCD and transmission spectroscopy. An analysis is
scribed that allows the determination of theg factors of the
holes in the first and second heavy-hole and the first lig
hole subbands from the experimental data. Due to the la
linewidth of the excitonic transitions this information ca
hardly be obtained by the otherwise more straightforw
approach of Zeeman measurements. Relationships betw
the effectiveg* factors and the in-plane effective mass of t
2D hole subbands are used to calculate the in-plane effec
masses of the first light-hole and the second heavy-hole
band. The half-widths of the observed subband transiti
increase with increasing transition energy and magnetic fi
which can be qualitatively understood in terms of statisti
fluctuations of the quantum-well thickness into account.
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