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Electron and holeg factors measured by spin-flip Raman scattering
in CdTe/Cd 12xMg xTe single quantum wells

A. A. Sirenko,* T. Ruf, and M. Cardona
Max-Planck-Institut fu¨r Festkörperforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany

D. R. Yakovlev,* W. Ossau, A. Waag, and G. Landwehr
Physikalisches Institut der Universita¨t Würzburg, Am Hubland, D-97074 Wu¨rzburg, Germany

~Received 4 March 1997!

We report resonant spin-flip Raman scattering measurements in CdTe/Cd12xMg xTe single quantum wells
with x50.15, 0.26, and 0.5 as well as in Cd12xMg xTe alloys withx50, 0.15, and 0.5. Effectiveg factors of
electrons and heavy holes are measured as a function of the quantum well width (182100 Å! and the angle of
the magnetic field with respect to the growth axis. The electrong factors in quantum wells are between the
values for bulk CdTe (ge521.64460.005) and Cd0.85Mg0.15Te (ge520.80260.005). We show that the
change in the energy gap induced by the quantum confinement of the carriers provides the dominant contri-
bution to the electrong factor in quantum wells. A largeg factor anisotropy for conduction electrons is
observed. It is shown that this anisotropy depends on the splitting between light- and heavy-hole states. The
experimentally determinedg factors are in good agreement with theoretical predictions.
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I. INTRODUCTION

Electron and holeg factors are among the fundament
properties of charge carriers in semiconductors. The effec
electrong factor can differ strongly from its value in vacuum
due to the spin-orbit coupling. Theg factors are directly
related to semiconductor band parameters.1,2 A precise
knowledge ofg factors is important for the interpretation o
phenomena such as magneto-optics, magnetotransport,
nance spectroscopy on spin-split sublevels, and li
scattering.3,4

Recently, the carrierg factors in low-dimensional system
have attracted the interest of both theorists5–8 and experi-
mentalists.9–20 In heterostructures and quantum we
~QW’s! the g factors of electrons and holes often devia
from the bulk values. Several reasons can be adduce
explain these differences in zinc-blende based structures

~i! The band parameters are changed by the confinem
especially the energy gap.

~ii ! The reduced symmetry of the system results in
anisotropy of theelectron g factor.5 As a consequence i
might become important to take off-diagonal components
the electronicg factor tensor into account~for more details
see Refs. 7,8!.

~iii ! Carrier wave functions penetrate into the barrier m
terial resulting in different contributions to theg factor.

~iv! Strain effects due to the lattice mismatch between
dissimilar materials in heterostructures may be importa
Combinations of these reasons, which depend distinctly
the structure parameters~like, e.g., the QW width!, cause in
low-dimensional systems a rather complicated behavio
theg factors on such parameters.

Various experimental techniques have been applied
study carrierg factors in QW’s.9 A remarkable anisotropy o
the electrong factor has been observed in Ga12xIn xAs/InP
QW’s by optically detected magnetic resonance,10 and in
GaAs/Al12xGaxAs QWs under optical orientation of elec
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tron spins.11–13 It has also beendirectly measured in
GaAs/AlAs QW’s by resonant spin-flip Raman scatteri
~SFRS!.14 Nevertheless, the experimental data base for e
tron and holeg factors in low-dimensional systems is fa
from complete and at present is limited predominantly
heterostructures based on the III-V semiconductors. O
very recentlyg factors in wide~80–300 Å! II-VI semicon-
ductor QW’s~CdTe/Cd0.75Mg0.25Te! have been measured b
means of quantum beat spectroscopy and photoluminesc
~PL!.15

In this paper we studyg factors of excitons, electrons, an
heavy holes in CdTe/Cd12xMg xTe single quantum wells
~SQW’s! with the aim to determine the dominant systemat
of their values and anisotropy. We use resonant SFRS, w
has been shown to be one of the most reliable experime
techniques for a direct measurement ofg factors in low-
dimensional systems such as GaAs/Al12xGaxAs
QW’s,14,16–18 submonolayer InAs/GaAs structures,19 and
structures with InP/In12xGaxP quantum dots.20

II. EXPERIMENT

CdTe/Cd12xMg xTe heterostructures with the type-I band
alignment were grown by molecular-beam epitaxy on~001!-
oriented CdTe and Cd0.97Zn0.03Te substrates~for growth de-
tails see Refs. 21,22!. The CdTe SQW’s with widthsLW
between 18 Å and 100 Å are confined between Cd12xMg x
Te barriers withx50.15, 0.26, and 0.5. The structures we
not intentionally doped. The residual concentration of sh
low impurities does not exceed 101521016 cm23. The pa-
rameters of the structures are given in Table I. The SF
experiments were carried out in magnetic fieldsB up to 14 T
at a temperature of 5 K. The experimental setup allows u
vary the angle between the magnetic field and the gro
axis of the structure (z axis! from 0° to 90°. The SFRS
2114 © 1997 The American Physical Society
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56 2115ELECTRON AND HOLEg FACTORS MEASURED BY . . .
TABLE I. The electron, exciton and heavy-holeg factors and structural parameters of th
CdTe/Cd12xMg xTe SQW’s with different QW widthLW . The heavy-holeg factor components are dete
mined using the relationship:ghh5gex1ge. For all measured structuresg'

ex52g'
e is valid and, consequently

g'
hh50.0060.04.gPL

ex is the excitong factor determined from the Zeeman splitting of the PL lines. Note
difference in the error bars between SFRS and PL data. The splitting between the light- and heavy-ho
DElh-hh has been measured by PLE.

LW x Eex DElh-hh gi
e g'

e gi
ex gPL

ex gi
hh

~Å! ~eV! ~meV!

18 0.15 1.751 26.1 21.0460.01 20.9560.01 2.7160.03 2.660.3 1.6760.04
45 0.15 1.663 24.5 21.3660.01 21.2360.01 2.2060.03 2.160.3 0.8460.04
60 0.15 1.641 20 21.4460.01 21.3260.01 2.0460.03 1.860.3 0.6060.04
100 0.15 1.612 12.5 21.5960.01 21.4960.01 1.5960.03 1.660.3 0.0060.04
75 0.26 1.633 16.5 21.4660.01 21.3760.01 1.4660.03 1.660.3 0.0060.04
70 0.50 1.657 37 21.3760.01 21.1560.01 1.5260.03 1.360.3 0.1560.04
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spectra were analyzed with a SPEX 1404 double monoc
mator equipped with a cooled GaAs photomultiplier. A tu
able Ti-sapphire laser was used for resonant excitation
heavy-hole excitons.

The PL and photoluminescence excitation~PLE! spectra
in these CdTe/Cd12xMg xTe QW’s have been systematical
studied.22–24 A high structural quality of the interfaces~the
fluctuations ofLW do not exceed one monolayer! and an
effective confinement of both carrier types in the CdTe we
~the valence band offset is equal to about 30% of the t
band-gap difference! have been established.22 The lattice
mismatch between zinc-blende MgTe and CdTe is 1.
(aCdTe56.4825 Å andaMgTe56.417 Å!.21 The PL spectra
are dominated by the heavy-hole exciton localized on Q
width fluctuations and the exciton bound to shallo
donors.24 The energies of the heavy-hole exciton transiti
Eex for our samples, determined from PLE, are given
Table I. The light-hole and heavy-hole states in t
CdTe/Cd12xMg xTe SQW’s are split due to both, confine
ment and stress caused by the lattice mismatch betwee
barrier and the well material.22 These two effects act in th
same direction for our system and push the light-hole stat
higher energies. The splitting between the light- and hea
hole statesDElh-hh, determined from PLE, is included i
Table I.

III. RESULTS AND DISCUSSION

In magnetic fields we observed narrow Stokes and a
Stokes SFRS lines for excitation in resonance with
heavy-hole exciton transition. SFRS spectra were meas
with crossed circular polarizations: (s1,s2) and (s2,s1)
for the Stokes and anti-Stokes parts of the spectra, res
tively. Here the first~second! symbol corresponds to the po
larization of the exciting~backscattered! light. The solid line
in Fig. 1 shows the Stokes part of a SFRS spectrum
Biz. The linesEX andE have been attributed to exciton an
electron spin-flip processes, respectively.16,19 The electron
line is narrow and its full width at half maximum~FWHM! is
limited by that of the laser line (L). The exciton line is
broadened due to the hole contribution. This is common
SFRS spectra in QW’s~see, e.g., Ref. 14!.

As shown in Fig. 2 the spin-flip shifts of the exciton an
electron lines,Dex andDe, are directly proportional to the
o-
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magnetic field. The linear dependence ofDex(B) shows that
the mixing between light- and heavy-hole states is weak
to 14 T. This is expected because the requirem
Dex!DElh-hh is always fulfilled for all our samples (Dex is
about 1 meV atB510 T, DElh-hh.10 meV!. A nonlinear
behavior for exciton Zeeman splittings was reported in R
25 for wide GaAs/AlGaAs QW’s, whereDElh-hh is consid-
erably smaller. On the other hand the magnetic fields use
our experiments are strong enough to break up the s
dependent electron-hole exchange interaction. The excha
splitting of the fourfold degenerate exciton levels atB50 is

FIG. 1. SFRS~solid line! and PL ~dashed lines! spectra of a
45 Å CdTe/Cd0.85Mg0.15Te SQW atB510 T ~Biz!. The SFRS
spectrum has been measured in the crossed circular polariza
(s1,s2), where the first~second! symbol corresponds to the po
larization of the exciting~scattered! light. Exciton and electron
spin-flip lines, and laser line~attenuated by a neutral density filte!
are marked withEX, E, andL, respectively.s1 ands2 are the
circular polarizations of the exciton components in the PL spec
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2116 56A. A. SIRENKO et al.
supposedly small compared to Zeeman splittings and ca
disregarded here. Thus,Dex can be considered as the Zeem
splitting between optically allowed states of the heavy-h
exciton forBiz.19 De corresponds to the electron compone
in the Zeeman splitting of the heavy-hole exciton.Dex and
De can be related to theabsolutevalues of the exciton and
electron g factor components along the growth directio
gi
ex andgi

e , by the relationshipDex,(e)5ugi
ex,(e)umBB, where

mB is the Bohr magneton (mB.0.05788 meV/T!.
We discuss next the signs of the electron and excitog

factors in CdTe-based QW’s. Apositivesign ofgi
ex was de-

termined experimentally from the selection rules for circu
polarization of the corresponding Raman lines.16,19 A nega-
tive sign ofgi

e was determined experimentally for the samp
with LW518 Å, where a heavy-hole spin-flip line was als
detected. The negative sign ofgi

e corresponds to a large
spin-flip shift for the exciton line than for the heavy-hole lin
Dhh: Dex.Dhh. Since it is known that bulk CdTe has a neg
tive electrong factor,2,26 we have taken anegativesign of
gi
e for all QW’s studied. Thus, in our experiments the ele
tron and excitong factors are measured directly. The heav
hole g factor gi

hh is determined by the relationship
gi
hh5gi

ex1gi
e . Theg factor values are summarized in Table

for samples with differentLW . Similar data for wider QW’s
(1002300 Å! have been obtained from spin quantu
beats.15

The excitong factor can also be obtained from the Ze
man splittingdE of the optically allowed circularly polarized
(s1 ands2) components in the PL spectrum15 such as those
shown by the dashed lines in Fig. 1. We measureddE for
Biz and determined the excitong factor gPL

ex from

dE5Es1
2Es2

5gPL
exmBB. The excitong factors determined

by SFRS agree within the experimental accuracy with
ones measured from the PL line splitting for all our samp
~see Table I!. However, the SFRS data have a much hig

FIG. 2. Exciton and electron spin-flip shifts,Dex andDe, in a
45 Å CdTe/Cd0.85Mg0.15Te SQW vs. magnetic field applied a
15° to the QW axis. The dashed straight lines are guides to the e
be
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accuracy due to the narrower FWHM. This demonstrates
advantage of SFRS in comparison with conventional
measurements for systems where the inhomogeneous b
ening of the PL spectrum exceeds considerably the Zee
splittings.

In the following we will first concentrate on the electro
g factor. Figure 3 shows experimental values forgi

e vs. the
heavy-hole exciton energy for the samples with differe
LW and Mg contents in the barriers. Data for bu
Cd12xMg xTe alloys are represented by squares. The val
determined forgi

e fall in the range between the electrong
factor measured for bulk CdTe (ge521.64460.005! and
the barrier material Cd0.85Mg0.15Te (ge520.80260.005!.
The increase ingi

e with Eex can be understood by using th
five-bandk•p model.27,28 In this approximation confinemen
effects are taken into account via the changes inEex only.
Relatively small variations ofgi

e2g0 (g052 is the free elec-
tron Landéfactor! are expected since both, the gap and sp
orbit splitting change rather little with the confinement. F
the analysis ofgi

e(Eex) the value ofDElh-hh is neglected in
comparison withEex ~this is valid since our samples hav
typical values ofDElh2hh/Eex'0.01). The solid line in Fig.
3 corresponds to the following expression:1,2

gi
e~Eex!'g0F12

EP

3 S 1

Eex
2

1

Eex1D0
D

2
EP8

3 S 1

E~G7
c!2Eex

2
1

E~G8
c!2Eex

D 1C8

1
2

9

AEPEP8D2

E~G7
c!2E

ex

S 1

Eex
1

2

Eex1D0
D G , ~1!

es.

FIG. 3. Dependence of the longitudinal component of the el
tron g factor gi

e on the energy of the heavy-hole exciton transiti
Eex for CdTe/Cd12xMg xTe SQW’s. The solid line represents
five-bandk•p calculation according to Eq.~1!. The g factors for
bulk Cd12xMg xTe are shown by squares.
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where the band parameters1,2,28EP521.0 eV,D050.93 eV,
EP8 55.1 eV,E(G8

c)55.6 eV,E(G7
c)55.3 eV,C8520.02,

and D2520.16 eV are taken to be the same as for b
CdTe. The good agreement between the experimental
and the calculation leads to the conclusion that the varia
of the electrong factor in CdTe/Cd12xMg xTe QW’s with
changing structural parameters~QW width and barrier con-
tent! is determined by the confinement effect on the ene
gap, i.e., byEex.

Let us consider next the situation when the magnetic fi
is tilted by an anglew with respect to the QW growth axis
SFRS spectra taken for different values ofw are presented in
Fig. 4. Note that the electron lineE depends only weakly on
w, whereas the exciton lineEX shifts significantly and
reaches the position ofE at w 5 90°. Figure 5 shows the
experimental values ofgex andge as a function of cosw for
the sample withLW545 Å. The lines represent fits using th
common expressions for the components of electron
heavy-holeg factor tensors:

ge~w!52A~gi
ecosw!21~g'

esinw!2, ~2!

gex~w!5A~gi
ecosw!21~g'

esinw!2

1A~gi
hhcosw!21~g'

hhsinw!2, ~3!

with the parametersgi
e521.3660.01, g'

e521.2360.01,
gi
hh50.8460.04, andg'

hh5060.04, which are the longitudi
nal ~Biz! and transverse~B'z! components of the electro
and the heavy-holeg factors, respectively. The dotted line
corresponding to the heavy-holeg factor, is the sum of
ge(w) andgex(w) calculated from Eqs.~2! and ~3!. Values

FIG. 4. SFRS spectra for a 45 Å CdTe/Cd0.85Mg0.15Te SQW at
B510 T and different anglesw betweenB andz. The notation used
for the spin-flip lines is the same as in Fig. 1.
k
ta
n

y

d

d

for gi ,'
e,hh are listed in Table I. For all measured structures

foundg'
ex52g'

e and, therefore,g'
hh50.0060.04.

The anisotropy of the electrong factor in a 60-Å-thick
QW is shown in more detail in the inset of Fig. 6, where t
dashed line is calculated from Eq.~2! with parameters given
in Table I. Note that the anisotropies of the electron a
heavy-holeg factors have different reasons. That ofge is
determined by the reduction of the point symmetry fromTd
~bulk! to D2d ~QW’s! resulting in a splitting between light
and heavy-hole states,5 whereas the anisotropy of the heav
hole g factor corresponds to the symmetry of the period
part of the Bloch functions of the heavy-hole state, which
expected to be nearly the same in QW’s and in bulk zi
blende semiconductors:ugi

hhu@ug'
hhu'0.29 The splitting be-

tween light- and heavy-hole states correlates with the e
tron g factor anisotropyDg, defined asDg[g'

e2gi
e . Figure

6 shows the dependence ofDg on DElh-hh in the different
structures.Dg is positivein all SQW’s studied and become
larger with increasingDElh-hh. This is illustrated by the val-
ues ofDg observed for two samples with close values
LW ~75 Å and 70 Å! but with a different Mg content in the
barrier materials (x50.26 and 0.5, respectively!. Due to the
different strain of the QW-layer the values ofDElh-hh are
16.5 and 37 meV, respectively. Consequently, the anisotr
of the electrong factor is also different: 0.09 and 0.22, re
spectively~see the open symbols in Fig. 6!. This trend in the
dependence ofDg on DElh-hh can be illustrated using a
simple two-bandk•p approximation for theG6

c and G8
v

bands, by analogy with the case of a uniaxial crystal.28 The
contribution to the electrong factor from other bands
(G7

v ,G7
c ,G8

c) should be almost isotropic and can be neglec
here. The solid line in Fig. 6 corresponds to the followi
qualitative expression:

FIG. 5. Exciton and electrong factors,gex andge, vs. the angle
w between the magnetic field and the structure axis for the 4
CdTe/Cd0.85Mg0.15Te SQW. The solid lines are fits using Eqs.~2!
and ~3!. The angular dependence of the heavy-holeg factor ghh is
taken as a sum ofgex andge ~dashed line!.
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Dg'
EP

Eex
2 DElh-hh, ~4!

calculated with a fixed value ofEex51.65 eV and the band
parameterEP521.0 eV of bulk CdTe. It can be seen fro
Eq. ~4! that the sign ofDg is determined by the relative
position of the light- and heavy hole subbands:Dg is posi-
tive if the ground state in the valence band is the heavy-h

Now we turn our attention to the strongly anisotrop
heavy-holeg factor. The longitudinal component of th
heavy-holeg factor increases whileLW decreases. This de
pendence is shown in Figure 7. In the first approximat
gi
hh is determined by the valence band parameterk
(gi

hh'26k), which in turn depends on the energy gap
zinc-blende semiconductors@see Eq.~9! in Ref. 30#. This
explains qualitatively the tendency in the variation ofgi

hh

with LW , but gives no quantitative agreement. We thus co
pare our experimental data with the result of precise ca
lations from Ref. 6 performed in a multiband envelop
function appoximation for CdTe/Cd0.7Mg0.3Te QW’s. The
theoretical dependence is shown by the solid line in Fig
The good agreement between this result and the experim
tal data is obtained for the the value of the valence b
parameterk521.57 and renormalized for QW’s from it
value in bulk CdTe (k50.35).31 The difference in the Mg
content in the barriers (x50.3 in the calculations and
x50.15, 0.26, and 0.5 for our samples! should not strongly
affect the results since the penetration of the heavy-h

FIG. 6. Correlation between the electrong factor anisotropy
Dg and the splitting between light-hole and heavy-hole sta
DElh-hh for the structures with different QW widths and Mg conte
in the barriersx. The solid line represents a two-bandk•p calcula-
tion according to Eq.~4! with the band parameterEP of bulk CdTe
and with a fixed energy of the heavy-hole exciton transitio
Eex51.65 eV. The inset depicts the anisotropic behavior of
electrong factor in a 60 Å SQW. The dashed line shows a fit w
Eq. ~2! which yieldsgi

e521.44 andg'
e521.32.
e.

n

f

-
-
-

.
n-
d

le

wave function in the barrier is not significant. The measu
transverse components of the heavy-holeg factor are negli-
gibly small for all samples:ug'

hhu,0.04. In zinc-blende semi
conductors this value is determined by the valence band
rameterq which is usually close to zero.30,31

IV. CONCLUSIONS

We have measured the electron, exciton, and heavy-
g factors in CdTe/Cd12xMg xTe SQW’s and some
Cd12xMg xTe alloys with a high accuracy by resonant SFR
The variations ofge in SQW’s are basicaly determined b
the changes in the energy gap due to confinement. The
isotropy of the electrong factor correlates with the splitting
between light- and heavy-hole exciton states. The res
agree with simple expressions derived fromk•p theory.
More elaborate calculations ofge, taking into account the
complicated structure of the ‘‘confined’’ valence-band a
the penetration of the electron wavefunction into the barr
should give a still better description of the experimenta
observed dependences. The values of the heavy-holeg factor
are in good agreement with the calculations of Ref. 6 usin
value of the valence-band parameterk521.57.
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