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Recent studies of excitons in wide quantum wells have shown that the magnetic properties are strongly
affected as the excitons acquire kinetic energy. In the center of mass approximation, these motion-induced
changes are ascribed to mixing between the 1S exciton ground state and the higher lying nP states. The origin
of the mixing is due to the dispersion curves for the valence band not being of simple parabolic form. Detailed
previous studies of excitons in CdTe have resulted in excellent agreement between experiment and the predic
tions of this model. One consequence of the mixing is that the magnetic moment of the exciton is not simply
the sum of the magnetic moments of the electron and hole, but contains motion-induced contributions, which
can easily dominate the contributions from the individual charge carriers. To conﬁrm the validity of the model,
we have carried out detailed investigations of the magnetic properties of center of mass excitons in a second
semiconductor, ZnSe, for which the magneto-optical properties of the individual charge carriers are completely
different from those of CdTe. Excellent agreement is obtained between theory and experiment with a choice of
the Luttinger parameter �3 = 0.98, in close agreement with the value determined independently by two-photon
magnetoabsorption experiments. The success of the model when applied to both materials provides strong
evidence that motion-induced changes in magnetism are a universal feature in zinc-blende semiconductors.
DOI: 10.1103/PhysRevB.81.085208

PACS number�s�: 71.35.Cc, 71.35.Ji, 78.20.Ls, 78.55.Et

I. INTRODUCTION

Experiments in magnetic ﬁelds can provide considerable
insight into the electronic structure of excitons. In recent
papers,1–5 we have shown that this structure becomes modiﬁed as the kinetic energy of the excitons becomes larger. To
account for this, we have proposed a model2 in which the
exciton ground state is mixed with excited states. The origin
of the mixing is due to the dispersion curves for the valence
band not being of simple parabolic form. In particular, the
model provides an accurate quantitative description of the
extensive data for CdTe. It leads to the important conclusion
that the magnetic behavior of excitons cannot be explained
simply by adding together the properties of the individual
constituent particles �as has often been done in the literature�: in fact, for CdTe, the motion-induced contributions to
the magnetism begin to dominate those of the constituent
electrons and holes as the exciton kinetic energy becomes
larger. The motivation behind the present work was to show
that this motion-induced behavior is observed in a different
semiconductor and that the model constructed for CdTe is
applicable here also, thus providing strong evidence for the
universality of the phenomena in zinc-blende semiconductors. ZnSe is a particularly suitable choice because �i� its
band gap is much larger than that of CdTe �so that contributions to the magnetism from interband mixing are much
smaller� �ii� the ZnSe exciton binding energy is much greater
than that of CdTe �so that quantum conﬁnement effects on
the individual charge carriers are relatively less important�,
and �iii� the magnetic moments �g values� of the electrons
and holes are of opposite sign to, and, therefore, completely
1098-0121/2010/81�8�/085208�5�

different from, those in CdTe, so that conclusive evidence
can be obtained that it is not the magnetic moments of the
individual particles that matter, but that of the exciton as a
whole.
The key to our approach is the conﬁning of excitons in
quantum wells whose width L is much larger than the exci
ton radius and in which the lowest conﬁnement energies of
the exciton are less than its binding energy. Under such cir
cumstances, the exciton can be described with the “adia
batic” or center of mass �c.m.� approximation,6–10 in which it
is treated as a composite hydrogen-like particle in which the
electron and hole orbit one another �the internal motion�. In a
wide quantum well of sufﬁcient depth, the translational mo
tion of the center of mass can be described by a wave vector
K, whose component normal to the plane of the well is quan
tized, to a ﬁrst approximation, according to Kz = N� / L,
where N is a nonzero integer. If the sample quality is sufﬁ
ciently high, the exciton recombination energies for states
with different values of N can be resolved in photolumines
cence �PL� experiments and their behavior under magnetic
ﬁelds can be investigated. In particular, the Zeeman splitting,
which is a measure of the exciton magnetic moment, can be
studied for different values of KZ and therefore as a function
of kinetic energy. The magnetic moment itself is sensitive to
the electronic structure of the exciton.
The plan of the paper is as follows. Following a descrip
tion of the experimental data �Sec. II�, we summarize brieﬂy
�Sec. III� the mixing process that modiﬁes the magnetic
properties. The model is applied successfully to ZnSe and
our overall conclusions presented �Sec. IV�.
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II. EXPERIMENTAL DETAILS
A. Sample growth

Samples of ZnSe/ZnSSe with nominal well thicknesses of
20, 28, and 40 nm were grown by molecular beam epitaxy in
a twin-chamber system, on top of 180 nm GaAs buffer layers
on �001� GaAs substrates. The ZnSSe layer thicknesses were
1 �m on the GaAs side and 0.5 �m on the top side. The
samples were characterized as described in Ref. 11, the well
thicknesses determined by high resolution x-ray diffraction
being 20.7, 29.4, and 43.7 nm, respectively. The sulfur con
tents in the barriers were 5.2%, 5.0%, and 5.8%, respectively,
leading to barrier/well band gap differences on the order of
23–28 meV.
The specimens are strained such that the heavy-hole �HH�
states lie lower than those of the light holes �LHs�. At 2 K,
we ﬁnd that the strain contribution S to the energy difference
between the HH and LH excitons is about 13 meV.
The well widths are more than ﬁve times the ZnSe exciton
Bohr radius ��3.5 nm� and the conﬁnement energies of the
excitons are smaller than the exciton Rydberg R �e.g., for the
lowest exciton state, the conﬁnement energies in the 20 nm
well are on the order of an meV, compared with
R � 20 meV�.12
B. Photoluminescence spectra

Photoluminescence spectra for magnetic ﬁelds up to 6
Tesla were excited at 2 K by using the 325 nm line from a
He-Cd laser. The angle � between the magnetic ﬁeld and the
growth axis could be altered continuously between zero and
90°. Examples of the spectra for the sample with a well
width of 43.7 nm are shown in Fig. 1.
The PL spectrum in zero magnetic ﬁeld shows a clearly
resolved set of lines whose energies can be described to a
good approximation by

FIG. 1. PL spectra at 2 K from the specimen with well width
43.7 nm: �a� in zero magnetic ﬁeld; �b� in a ﬁeld of 6 T applied
along the growth direction �the solid and broken lines refer, respec
tively, to �+ and �− polarization of the emitted light�; �c� in a ﬁeld
of 6 T applied perpendicular to the growth direction. In cases �b�
and �c�, the energy splittings caused by the magnetic ﬁeld are indi
cated by the pairs of arrows. The values of the translational quan
tum number N are shown.

�1�

�3 / 2 , −1 / 2� and �−3 / 2 , 1 / 2�, where mJ and ms are, respec
tively, the magnetic quantum numbers for the valence band
hole and the conduction band electron. The Zeeman splitting
between these states can be characterized by a parameter
gexc, deﬁned according to E�+ − E�− = gexc�BB where �B is
the Bohr magneton.
For an exciton at rest, one would expect gexc = gHH − ge,
where gHH and ge are, respectively, the heavy-hole and elec-

where M HH is the HH exciton translational mass for motion
in the growth direction, as appropriate for a particle of mass
M HH in wide quantum well of large depth. Figure 2 shows
this dependence for all three specimens, the value of
M HH being 1.26m0, where m0 is the mass of a free electron.
This is identical to the value obtained for ZnSe layers in
Ref. 13 �where the relation between the translational mass
and the Luttinger parameters14 is discussed�. In the present
work, the values of Kz = N� / L for most of the transitions are
in the range �1 – 6� � 106 cm−1 and therefore signiﬁcantly
greater than the magnitude of the photon wave vector kphoton
��0.5� 106 cm−1� so that the relevant part of the polariton
dispersion curve is close to that of a simple c.m. exciton. The
data in Fig. 2 thus enable the values of N to be assigned for
each specimen. A full discussion of the ﬁt to the line posi
tions is given in Ref. 11.
� is applied along the growth di
When a magnetic ﬁeld B
rection ��001�, taken to be the z axis�, the lines in the PL
spectra split and become circularly polarized �Fig. 1�. For
excitons formed from electrons and heavy-holes, the opti
cally active states �mJ , ms� in this ﬁeld conﬁguration are

FIG. 2. Line positions of the c.m. excitonic features in the PL
spectra from the three specimens, plotted against �N� / L�2 �see Eq.
�1��. Open squares, ﬁlled triangles, and ﬁlled circles refer, respec
tively, to well widths of 20.7, 29.4, and 43.7 nm.

EN = E0 + N2h2/8M HHL2 ,
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TABLE I. Values of gexc for different values of N used to ﬁt the
c.m. exciton transition energies as a function of magnetic ﬁeld ap
plied along the z axis. The accuracies of the values of gexc are
typically �0.10. The values of the diamagnetic parameter D for
� = 0 are 8.0� 0.5� 10−6 eV T−2 for entries in bold type and
7.0� 0.5� 10−6 eV T−2 for those in normal type. For � = 90°, the
values of D are approximately 4 � 10−6 eV T−2.
L
�nm�
N=1
N=2
N=3
N=4
N=5
N=6
N=7

FIG. 3. Line positions of the c.m. excitonic signals in the PL
spectra from the specimen with well width 29.4 nm as functions of
a magnetic ﬁeld applied in the growth direction. The continuous
lines are of the form given in �Eq. �2��. The open and ﬁlled symbols
refer, respectively, to �+ and �− polarization of the emitted light.

tron g values for this ﬁeld orientation. However, from Fig.
1�b�, it is clear that, for ﬁelds along the growth direction, the
Zeeman splittings, and hence the values of gexc, increase with
the value of N. This can be seen more clearly in the fan
diagram of Fig. 3 �where ﬁeld dependent contributions to the
energies due to diamagnetic shifts are also apparent�. The
continuous lines are on the form
E = EN + DB2 � gexc�BB/2.

�=0
20.7

29.4

−0 . 21
0.51
1.38
2.24

−0 . 20
0
0.72
1.50
2.20

� = 90°
43.7

20.7

29.4

43.7

−0 . 08
0.23
0.66
1.17
1.68
2.09

−1.11
−1.37

−1.29

−1.13
−1.13
−1.20
−1.29

to gexc,15 while it is shown in Ref. 2 �see also Sec. III below�
that the contribution from the Kz-dependent term has a cos �
form. In contrast, the electron contribution is almost
isotropic.16
Figure 4 shows the dependence of gexc on � for some of
the exciton transitions in the sample with L = 43.7 nm, and
conﬁrms the expected behavior. In particular, when the mag
netic ﬁeld is perpendicular to the growth direction, the en
ergy splittings are now only slightly dependent on the values
of N �Fig. 1�c��; in this arrangement, in which PL emitted

�2�

2

The term DB describes the diamagnetic shift in the exciton
line. For a given specimen, EN, gexc, and D are functions of
N.
Similar fan diagrams were obtained for the other two
specimens and the corresponding values of gexc are given in
Table I. The diamagnetic shifts are too small to be measured
accurately, but approximate values of the parameter D are
also given in Table I.
In Refs. 1 and 2, it was pointed out that, when the values
of gexc for a series of quantum wells are considered, it is not
the values of the quantum numbers N that are important:
rather, what matter are the values of the z component of the
translational wave vector. When the values of gexc for the
three samples are plotted �see Fig. 5 of Sec. III� on the same
graph as functions of Kz�=N� / L�, they lie on a common
curve, as was the case for a series of CdTe quantum wells.1,2
The explanation of this is given in Sec. III. In consequence,
we write
gexc = �gHH + g�Kz��cos � − ge ,

�3�

where g�Kz� is a function of Kz and where the ﬁeld is at an
angle � to the growth direction. The cos � factor arises be
cause the heavy-hole g value makes a contribution gHH cos �

FIG. 4. Exciton g values for the specimen with well width 43.7
nm as a function of the angle � between the magnetic ﬁeld and the
growth direction for the N = 3 �open squares�, N = 4 �ﬁlled triangles�,
N = 5 �ﬁlled circles�, and N = 6 �ﬁlled squares� transitions. The
continuous lines are of the form of Eq. �3� with the parameters of
Table I.
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along the growth direction was monitored, the emitted light
is unpolarized and the transitions cannot be separated by cir
cular polarization analysis�. The values of gexc �Table I� now
correspond approximately to the g-value of an electron
�in bulk material ge = 1.12,17,18 and in strained material with
S = 13 meV, when � = 90°, ge � 1.15�.16
III. MODEL AND APPLICATION TO ZnSe

We shall see that the origin of the Kz-dependence of gexc
is due to mixing between the 1S-like heavy-hole exciton
ground state and the higher lying P-like light-hole exciton
states. The mixing is a result of the terms in the valence band
Hamiltonian which cause the dispersion to depart from
simple parabolic form. This Hamiltonian can be written, fol
lowing Luttinger,14 as

�

�

5
� 2k 2
�2
− H�v��k� � = �1 + �2
− �2 �k2x J2x + k2y J2y + kz2Jz2�
2
2m0
m0
− 2�3

�2
�
��kxky��JxJy� + cycl.perm.� − 2�B�J� . B
m0

− 2�Bq�BxJ3x + ByJ3y + BzJz3�,

FIG. 5. gexc vs Kz for the three specimens. Open squares, ﬁlled
triangles, and ﬁlled circles refer, respectively, to well widths of
20.7, 29.4, and 43.7 nm, respectively. The continuous line is the
predicted behavior for a value of �3 = 0.97 and the other parameters
given in the text.

�4�

where k� is the wave vector of the hole and �JxJy�
= 21 �JxJy + JyJx� etc. The directions x, y, z refer to the crystal
�100�, �010�, and �001� axes. The quantities �1, �2, �3, �, and
q are the �dimensionless� Luttinger parameters; m0 is the
electron rest mass; we shall assume that � is much larger
than q, so that the heavy-hole g value is given by
gHH � −6�. The electron-hole exchange interaction has been
omitted from Eq. �4� since it is small �about 0.4 meV
�Ref. 19�� and in any case does not affect the Zeeman split
tings for � = 0.
When dealing with excitons in the c.m. approximation,
to
replace
H�v��k� �
by
convenient6–8
it
is
�v�
�
�
�
H �−p� / � + eA / � + �K�. Here, �for B along z�, p� is the mo
mentum operator for the electron within the exciton �equal to
minus that of the hole� and � = mHH / �me + mHH�, where me
and mHH are, respectively, the electron and heavy-hole effec
� is given6–8 by 1 B
� �,
tive masses. The vector potential A
2 �r
where r� is the electron-hole separation.
For general directions of the magnetic ﬁeld and of the
translational wave vector, the presence of the terms that in
volve �2 and �3 makes it impossible to separate the center of
mass and internal motions, so that the hydrogenic envelope
functions become mixed �this point will be discussed in de
tail elsewhere�.20 For the particular case of �001� wells, it is
the terms that involve �3 that lead to the changes in the
exciton g value.2
As a result, it is shown in Ref. 2 that the 1S HH ground
states with ms = � 1 / 2 and mJ = � 3 / 2 are mixed with nP
states with ms = � 1 / 2, mJ = � 1 / 2, and ml = � 1, where ml is
the orbital quantum number. The matrix elements involved
are on the form �M �� = �a � bB cos ��Kz, respectively, where
a and b are both proportional to �3 �see Eq. �5� of Ref. 2�.
The energies of the ground states are depressed by amounts
�a � bB cos ��2Kz2 / �E2, where �En is the energy difference
between the unperturbed nP LH and 1S HH state, given by

� �

�En = 1 −

�

�

1
1
1
2
−
K2 .
2 +S+�
n
2M LH 2M HH z

�5�

The presence of the cross terms linear in B thus leads2 to
contributions to the g value of

�g1 =

�

24�23�2�2 cos �
m0

�� �

v nw n 2
K ,
�En z

�6�

−1
.
where vn = −�nP , px� � / �x�1S�aexc and wn = �nP , px�x�1S�aexc
There are similar contributions from all nP states, includ
ing P-like states in the continuum.2 For the present ZnSe
layers, for which the strain splitting S = 13 meV, we take
�1 = 2.45, �2 = 0.61,21 R = 20 meV,12 and me = 0.145m0.19 To
ﬁt the extrapolated value for gexc for � = 0 at a notional value
of Kz = 0, we take ge = 1.12 �Refs. 17 and 18� and
gHH = 0.42� 0.20. The calculated curve for these values is
shown in Fig. 5 and produces excellent agreement with ex
periment with a value of �3 = 0.98� 0.05, which compares
with the value of 1.11� 0.11 from Ref. 21. The value of gHH
corresponds to � � −0.07 in Eq. �4�.
When the ﬁeld is at a right angle to the growth direction
�� = 90°�, there are no contributions to the exciton g value
due to the mixing �see Eq. �6�� and the heavy-hole g value
also becomes zero. As a result, the exciton g value becomes
equal in magnitude to that of the electron, as is observed
experimentally as in Fig. 4 �see also Table I; the sign of gexc
changes as � goes to 90°, in accordance with Eq. �3��. For
the higher lying states in the well, the magnitude of ge is seen
�Table I� to become signiﬁcantly larger than the bulk ZnSe
value of 1.12. This is ascribed to the ﬁnite depth of the quan
tum well and penetration of the wave functions into the bar
rier regions, as discussed in Ref. 16.
In the three specimens, we have also been able to deter
mine the values of gexc for the N = 1 light-hole states, the
values being on the order of 0.5. These values will be af
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fected both by the proximity of the relevant part of the dis
persion curve to the region where polariton effects are im
portant and, as for the heavy holes, by motion-induced
mixing with other excited states. Calculation of these param
eters is, however, beyond the scope of the present article.
The terms in �M ��2, which involve B2, lead to
Kz-dependent negative contributions to the diamagnetic
2
shifts. These contributions contain the factor aexc
. We take
aexc = 3.5 nm and ﬁnd that, at the highest value of
Kz �6 � 106 cm−1� that could be studied, the decrease �rela
tive to the value at Kz = 0� in the diamagnetic parameter D
due to the mixing is calculated to be 9 � 10−7 eV T−2 This is
at the limit of experimental detection, but is in agreement
with the decrease on order 10−6 eV T−2 given in Table I. In
the case of CdTe, the much larger exciton Bohr radius
��7.2 nm �Ref. 2�� allowed this motion-dependent decrease
in D to be much more clearly observable.
IV. CONCLUSIONS

The observations above provide strong conﬁrmation that
the magnetic properties of excitons are affected strongly as
they acquire kinetic energy. In the center of mass approxi
mation, the origin of the effect is motion-induced mixing
between the 1S exciton ground state and excited states of nP
form. The mixing is caused by the �3 terms in the description
of the valence band dispersion curve. In the case of CdTe, a
model for this process led to a successful quantitative de
scription of the motion-induced changes in the magnetic mo-
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