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We have shown recently that the magnetic properties of

excitons change significantly as the excitons acquire kinetic

energy. In particular, the exciton magnetic moments are

enhanced considerably, whilst the diamagnetism decreases.

The behaviour can be investigated through spectroscopic

studies of excitons confined in quantum wells of large width

(greater than five times the exciton Bohr radius) and these

motion-induced changes in the magnetic properties have now

been observed for CdTe, ZnSe, ZnTe and GaAs. The present
paper summarises these phenomena, with particular focus on

CdTe and ZnSe, and shows that the changes can be accounted

for by motion-induced mixing between the exciton ground and

higher lying states. The mixing is caused by the g3 term in the

Luttinger Hamiltonian which describes the dispersion curves

for the valence band and, as a result, the form of the exciton

wavefunction becomes motion-dependent. For both materials,

excellent agreement is obtained between experiment and the

results predicted by this mechanism.
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1 Introduction What happens to excitons when they
move through semiconductors? To answer this question is
not easy, since the usual method of investigating the structure
of excitons is to use optical spectroscopy and, unfortunately,
the small wavevector of photons means that only excitons
with low values of their translational wavevectors can
conventionally be studied. To overcome this difficulty, we
have in a series of recent investigations [1–6] studied exci-
tons in potential wells which are sufficiently wide for quantum
confinement energies to be smaller than the exciton binding
energy. In such quantum wells, the exciton can be described in
the adiabatic or centre of mass (CoM) approximation [7, 8], in
which it is considered as a composite particle formed from the
electron and the hole mutually orbiting each other. The
translational wavevector Kz of the exciton as a whole is then
quantised approximately according to Kz ¼ np=L, where L
is the width of the quantum well and N is a non-zero integer,
and the recombination transition energies of the exciton then
have discrete values. As a result of the loss in translational
symmetry, photons can interact with excitons with large
values of Kz and the transition associated with each value of
Kz can be studied individually. We have used this approach
to investigate how each transition behaves when a magnetic
field is applied and shown that the magnetic properties of the
exciton change markedly as it acquires kinetic energy.

To account for these properties we have proposed a
model [2] which involves motion-induced mixing between
the exciton ground state (which has a 1S envelope function)
and higher lying nP states. The source of the mixing involves
the g3 terms in the description of the dispersion curves for the
valence band. The model provides a successful quantitative
description of motion-induced changes in the magnetic
moments and in the diamagnetism of excitons in CdTe. The
purpose of the present paper is to review this model and to
show that it provides an excellent description not only for
CdTe but also for ZnSe [6], suggesting that it is universally
applicable to excitons in all zinc-blende semiconductors.
Similar effects have been observed for GaAs [1].

The plan of the paper is as follows. In Section 2–4 we
describe representative data for CoM excitons under
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 PLE spectrum obtained by monitoring the intensity of
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magnetic fields in CdTe and in ZnSe, followed in Section 5
by a description of the key features of the motion-induced
mixing process. In Section 6 we discuss application to CdTe
and to ZnSe and show that excellent agreement with the
experimental data is obtained by using valence band
parameters which are close to those obtained independently.

2 Experimental details The specimens studied were
all grown by molecular beam epitaxy as described in Refs. [2,
9]. The CdTe and ZnSe wells were strained, with the energies
of the heavy hole states being lower than those of the light
hole states. All specimens discussed in the present paper
were grown on (001) substrates.

Photoluminescence (PL), transmission, reflectivity and
PL excitation (PLE) spectra were recorded with the speci-
mens at low temperature (2–26 K) in magnetic fields up to
8 T. Experiments could be carried out with the field parallel
to or perpendicular to the quantum well growth direction and
also at intermediate orientations.

3 Excitons in wide quantum wells Most of the
quantum wells which we shall discuss have widths which are
more than five times the exciton Bohr radius (aexc). If the
quantum wells were infinitely deep, the energies of photons
emitted during the recombination in states of a particular
value of N would be given by:
bound exciton luminescence at 3 K from a CdTe quantum well of
width 66.0 nm. Trace (a) is for zero magnetic field and traces (b) and
(c) are for a field of 5 T directed along the sample growth axis. The
light paths were also along the growth axis and traces (b) and (c) are

� 20

e T
erm

s and C
ond
EN ¼ E0 þ
N2h2

8ML2
; (1)
for s� and sþ polarisation of the excitation beam. The arrows
indicate the field-induced energy splittings for the transitions with
the values of N shown at the top.

Figure 2 Energy displacements ðEN � E0Þ plotted against
ðNp=LÞ2

for a CdTe well with width 167.1 nm (filled inverted
triangles) and for three ZnSe wells of widths 20.7 nm (triangles),
29.4 nm (squares) and 43.7 nm (circles).
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where M is the exciton translational mass for motion in the
growth direction and where E0 is the exciton recombination
energy in a well of infinite width. The states of different N
can therefore be observed in absorption, reflectivity, PL and
PLE spectra. Examples of PLE spectra for a CdTe quantum
well are shown in Fig. 1, in which a series of clearly resolved
signals corresponding to different values of N are observed.
If the transition energies are plotted against (N/L)2 with the
correct choices for N, they should lie on a straight line given
by Eq. (1). Figure 2 shows such plots for CdTe and ZnSe,
confirming the identification of the indices (and hence the
values of Kz) assigned to each transition (see also Ref. [9]).

4 The effect of magnetic fields When a magnetic
fieldB is applied along the growth direction ([001], which we
take to be the z-axis), the lines in the spectra split and become
circularly polarised (Fig. 1). For this field direction the
optically active states jmJ, msi for HH excitons are
j3=2;�1=2i and j � 3=2; 1=2i, where mJ and ms are, respec-
tively, the magnetic quantum numbers for the hole and the
electron. The field-induced energy splitting between these
states is linear in B and can be characterised by a parameter
gexc, whereEsþ � Es� ¼ gexcmBB. HereEsþ andEs� are the
photon energies for the sþ and s� transitions and mB is the
Bohr magneton.

At first sight, one would expect gexc ¼ gHH � ge, where
gHH and ge are, respectively, the heavy hole and electron
10 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com
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g-values for this field direction, and that, for a given
specimen, gexc would be the same for all values of N.
However, it is clear from the experimental data in Fig. 1 that
this is not so. The magnitudes of the field-induced splittings,
and hence the values of gexc, increase markedly as the
translational quantisation index N gets larger.

These increases in the Zeeman splittings can be seen in
more detail in Fig. 3, where the continuous lines are of the
form:
Figu
wid
grow
isati
The
diag
N an
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Here, for a given specimen, EN and gexc are functions of
N. The term DB2 represents the diamagnetic shift of the
corresponding transition. It is also apparent from Fig. 3 that,
in contrast to the values of gexc, the diamagnetic shifts (which
determine the upwards curvatures of the continuous and
dotted lines) decrease as N increases. For a given specimen,
the parameter D is thus also a function of N. These changes
in the paramagnetism and diamagnetism are seen below to be
the result of motion-induced mixing of the exciton states.

The values of gexc for a series of quantum wells of
different widths (but with near-identical strain) are shown in
re 3 Transition energies at 3 K for excitons in a CdTe well of
th 66.0 nm as functions of a magnetic field applied along the

th direction. Open and filled circles are for s� and sþ polar-
ons, respectively. The continuous lines are of the form of Eq. (2).
values of N for each transition are indicated at the left of the
ram. The broken lines are the average energies for each value of
d show decreasing curvature as N gets larger.

.pss-b.com
Fig. 4. As the well width is increased, a larger value of N is
required to produce a given value of gexc and it becomes clear
that what matters is not the value of N but the value of Kz,
given byNp/L. When the values of gexc are plotted againstKz

they are found, for a given material and a given strain in the
well, to lie on common curves, as shown in Fig. 5. We deduce
therefore that there is aKz-dependent contribution to gexc and
write:
Figu
diff
For
wel
ZnS
mat
and
14 m
gexc ¼ gHH � ge þ gðKzÞ:
Similarly, when the values of the diamagnetic parameter
D are plotted against Kz for a series of wells of a given
material and strain, they also lie on a common curve (Fig. 6).
When the magnetic field is at an angle u to the growth axis,
the g-value for a heavy hole is expected to be gHH cos u [10],
whilst that of the electron is expected to be approximately
independent of u. Figure 7 shows the experimental values of
gexc as a function of u. We find that we can write:
gexc ¼ �ge þ gHH cos u þ gðKzÞ cos u: (3)
re 4 Exciton g-values as functions of N for quantum wells of
erent widths for CdTe (upper panel) and for ZnSe (lower panel).
CdTe open triangles, filled squares and filled circles represent
l widths of 66.0, 110.0 and 167.1 nm, respectively, whilst for
e theyrepresent in turnwidthsof20.7,29.4and43.7 nm.Foreach
erial the strain contribution S to the energy splitting between LH
HH states is approximately the same in all samples (S¼ 12–
eV for CdTe, S¼ 13 meV for ZnSe).

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 Exciton g-values (relative to their extrapolated values at
Kz ¼ 0) as functions of the translational wavevectorKz forCdTe and
ZnSe. For each material the strain contribution S to the energy
splitting between LH and HH states is approximately the same in
all samples (S ¼ 14meV for CdTe and S ¼ 13meV for ZnSe). For
CdTe filled squares, open squares, open circles and filled circles
represent well widths of 80.0, 110.0, 144.2 and 167.1 nm, respec-
tively, whilst for ZnSe open triangles, filled squares and filled circles
represent in turn well widths of 20.7, 29.4 and 43.7 nm. The con-
tinuous lines are those obtained from the model described in the text.

Figure 6 ThediamagneticparameterDasafunctionofKz forCdTe
wells with a LH–HH strain splitting ofS ¼ 14meV (lower trace) and
S ¼ 36meV (upper trace). The well widths are 36.5 nm (filled
triangles), 80.0 nm (filled squares) and 110.0 nm (open squares).
The continuous curves are those obtained from the model in the text.
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When u ¼ 90�, the exciton g-values thus become equal
in magnitude to that of an electron (for CdTe, ge � �1:6
[11–14] and for ZnSe, ge � 1:1 [15–17]). It is important to
note that the exciton’s translational motion remains
quantised along the growth axis, even though the magnetic
field is applied in a different direction.

5 The motion-induced mixing process The origin
of the Kz-dependent changes in the magnetic properties is
motion-induced mixing between the 1S-like exciton HH
ground state and higher lying hydrogenic envelope states.
The mixing is due to the presence of terms in the valence
band dispersion curve which result in it not being possible to
separate the CoM motion and the internal motion (a full
discussion of this will be given elsewhere [18]). The relation
between energy and wavevector for the valence band can be
described by the Luttinger Hamiltonian [19], as follows:
�

� 20

 for rules of use; O
A
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HðvÞðkÞ ¼ g1 þ
5

2
g2
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�h2k2

2m0

� 2mBkJ � B
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z J
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ðfkxkygfJxJyg þ cycl:perm:Þ;

(4)
Figure 7 Dependence of exciton g-values on the direction of the
magnetic field relative to the growth axis for transitions with various
values of the quantisation index N, for quantum wells of widths
167.1 nm (CdTe, upper set) and of 43.7 nm (ZnSe (lower trace). The
g-values for each sample converge to �1 times the electron g-value
when u ¼ 90�.
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where k is the wavevector of the hole and fJxJyg ¼
ð1=2ÞðJxJy þ JyJxÞ, etc. The directions x, y, z refer to the
crystal [100], [010] and [001] axes. The quantities g1, g2, g3

and k are the (dimensionless) Luttinger parameters and m0 is
the electron rest mass. In Eq. (4) we have omitted the
10 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
electron–hole exchange interaction, which is small (less
than 1 meV) and does not affect the Zeeman splittings for
u ¼ 0. We have also omitted small terms involving BxJ

3
x ,

etc. so that gHH � �6k.
www.pss-b.com
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To describe excitons in the CoM approximation, one
replaces k by ð�p=�hþ eA=�hþ bKÞ [20–22]. Here p is the
momentum operator for the electron within the exciton
(equal to minus that of the hole). The parameter
b ¼ mHH=ðme þ mHHÞ represents the fraction of the momen-
tum carried by the heavy hole (of effective mass mHH, me

being the effective mass of the electron). The vector potential
A (for B along z) is given [20–22] by ð1=2ÞB� r, where r is
the electron–hole separation. For (001) wells with magnetic
fields at an angle u to the growth direction, the terms in the
extended Hamiltonian which cause changes in the exciton g-
value [2] are those which involve g3. These terms become:
www
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H� ¼ � g3�hb

2m0

p� � ir�
eB cos u
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where p� ¼ px � ipy, px ¼ �i�h@=@x, etc. and r� ¼ x� iy.
The parts of H� which involve p� and r� mix the 1S state
with nP states, whilst those parts which involve Jþ and J�
cause it to be light hole states of nP form that are mixed with
the 1S heavy hole ground state. The energy of these LH
states relative to the HH states depends on the amount of
strain. The extent of the mixing and hence the magnitude of
the changes in the magnetic properties therefore depend on
the strain in the quantum well.

The changes in the magnetic properties can be calculated
by using perturbation theory. To illustrate this, we consider
mixing between the 1S and 2P states. The 1S HH ground
states with ms ¼ �1=2, mJ ¼ �3=2 are mixed with 2P states
with ms ¼ �1=2, mJ ¼ �1=2, ml ¼ �1, where ml is the
orbital quantum number. The matrix elements involved are
of the form jM�j ¼ ða� bB cos uÞKz, respectively, where a
and b are both proportional to g3 (see Eq. 5 of Ref. [2]). The
energies of the ground states are then depressed by amounts
ða� bB cos uÞ2K2

z=DE2, where DE2 is the energy difference
between the unperturbed 2P LH and 1S HH state, given by:
onditions) on W
iley 
DE2 ¼ 3R

4
þ Sþ �h2 1

2MLH

� 1

2MHH

� �
K2

z : (6)
O
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The cross terms (linear in B) lead to contributions to the
energy changes which are of opposite signs for the
ms ¼ �1=2, mJ ¼ �3=2 states; in other words, they lead to
a contribution to the Zeeman splitting and therefore to gexc.
The contributions to the g-value are [2] of the form:
 articles are governed
dg ¼
2abK2
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mBDE2

¼ 24g2
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where v2 ¼ �h2P; pxj@=@xj1Siaexc ¼ 0:279 and
w2 ¼ hnP; pxjxj1Sia�1

exc ¼ 0:745. In addition, the terms
which are quadratic in B lead to Kz-dependent decreases
in the diamagnetic shifts. There are contributions to the
diamagnetic parameter D which, for u ¼ 0, are [2] of the
.pss-b.com
form:
dD0ðKzÞ ¼ �
b2K2

z

DE2

¼ � 3

2

g3b�heaexc
m0

� �2 w2
2

DE2

� �
K2

z : (8)
There are similar contributions to gexc and to D from all
nP states, including P-like states in the continuum [2] and
these have to be integrated over all such excited states. The
results of such calculations are shown by the curves in Figs. 5
and 6. The trend towards saturation in these curves at high
values of the translational wavevector is caused by the
presence of Kz in the energy denominator DE2.

We note here that the wavevectors which we consider are
less than 107 cm�1, compared with the zone boundary
wavevectors of order 108 cm�1, so we assume that departures
of the valence band from Eq. (4) can be ignored.

6 Discussion The model outlined above leads to
excellent quantitative agreement with the experimental data
for the Kz-dependence of the exciton g-values for both CdTe
and ZnSe. This is illustrated by the calculated curves for gexc

in Fig. 5, which are obtained using published values for the
following parameters: for CdTe, g1 ¼ 4:7 � 0:3,
g2 ¼ 1:45 � 0:15 [23], me ¼ 0:09m0 and R ¼ 11meV [24]
and for ZnSe, g1 ¼ 2:45, g2 ¼ 0:61 [25] me ¼ 0:145m0 [26]
and R ¼ 20meV [26]. The variation of gexc with Kz depends
critically on g3 and to fit the data we use g3 ¼ 1:9 for CdTe
and g3 ¼ 0:97 for ZnSe. These values are close to those
obtained by other methods (g3 ¼ 1:9 [23] for CdTe and
g3 ¼ 1:11 for ZnSe [25]). The strain splitting S is sample
dependent and can be measured directly from the spectra or
calculated from the known sample parameters. To fit the data
in Fig. 5, we have used the values of gHH ¼ �2:4 (CdTe) and
gHH ¼ 0:4 (ZnSe); the choice of these values determines the
intercept at Kz ¼ 0 and thus slides the calculated curve as a
whole in the vertical direction (there is evidence [2] that the
values of gHH are strain-dependent).

The model also accounts well for the angular depen-
dence of the g-values (Fig. 7), since the mixing causes
changes to gexc which contain the factor cos u (Eq. 7).

The calculated variation in the diamagnetic parameter D
is shown in Fig. 6. The calculated curve depends on the value
chosen for aexc (see Eq. 8) and, for CdTe, aexc ¼ 7:2 nm
provides an excellent fit [2]. For ZnSe, the dependence of the
diamagnetic parameter onKz is much less pronounced, since
the expected value of about 3.5 nm for aexc is much smaller
than for CdTe.

The relevance of strain, which enters via the term S in Eq.
(6), is illustrated in Fig. 8. This shows the effect on the g-
values of increasing the strain by growth on a different
substrate. The model accounts well for the observed changes,
with only a slight change in g3. It also accounts well for the
accompanying changes in the diamagnetic parameter, as
shown in Fig. 6. Cases in which the strain splitting is such that
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8 The effect on the exciton g-values of increasing the strain
contribution to the LH–HH splitting. The crosses represent data for a
CdTe well of width 37.0 nm and with S ¼ 36meV. The other
symbols (for S ¼ 14meV) have the same meaning as in Fig. 5.
The continuous lines are calculated as described in the text.
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light hole excitons lie lower in energy than heavy hole
excitons are more difficult to treat. In this case, the 1S light-
hole exciton ground state will be mixed with heavy hole
states of nP character. However, problems arise since the
light-hole dispersion curve rises more quickly than that of the
heavy hole as Kz gets larger and the perturbation theory
becomes inappropriate. There is, however, clear experimen-
tal evidence, for the case of ZnTe quantum wells grown with
ZnMgTe barriers [27], that the magnetic properties of the
excitons have strong dependences on the translational
wavevectors. However, discussion of this case lies beyond
the scope of the present paper. More generally, it is the
presence of a large energy splitting between the HH ground
state and the excited nP LH states which make possible the
present simple calculation. This is not the case for unstrained
GaAs and for the oppositely strained ZnTe.

A final comment concerns the fact that we have used
quantum wells to study the dependence of the exciton
magnetism on kinetic energy. The mixing process will,
however, apply equally to excitons in motion in a bulk
material: the use of quantum wells has simply been an
expedient which has made the optical studies possible.

7 Conclusions The experiments described above
show clearly that the magnetic properties of excitons are
affected strongly as they acquire kinetic energy. In the center
of mass approximation, the origin of the effect is motion-
induced mixing between the 1S exciton ground state and
excited states of nP form. The mixing is due to the g3 term in
the valence band dispersion curve. In the presence of such
terms, the CoM motion and the internal motion of the
particles within the exciton cannot be separated. Both for
CdTe and for ZnSe, calculations based on this mixing
process have led to excellent quantitative agreement with the
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
observed motion-induced changes of the magnetic moments
and of the diamagnetic shifts. For the (001) quantum wells
studied above, these changes are dependent primarily on the
value of g3 and the values chosen to fit the experimental data
are in excellent agreement with those determined by other
means. The success of the model thus provides convincing
evidence that the structure of excitons in zinc-blende
semiconductors is significantly affected as the excitons
acquire motion.
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