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Valence-band ordering and magneto-optic exciton fine structure in ZnO
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Using first-principles linear muffin-tin orbital density functional band structure calculations, the ordering of
the states in the wurtzite ZnO valence-band maximum, split by crystal-field and spin-orbit coupling effects, is
found to beG7(5).G9(5).G7(1) , in which the number in parentheses indicates the parent state without
spin-orbit coupling. This results from the negative spin-orbit splitting, which in turn is due to the participation
of the Zn 3d band. The result is found to be robust even when effects beyond the local density approximation
on the Zn 3d band position are included. Using a Kohn-Luttinger model parametrized by our first-principles
calculations, it is furthermore shown that the binding energies of the excitons primarily derived from each
valence band differ by less than the valence-band splittings even when interband coupling effects are included.
The binding energies ofn52 andn51 excitons, however, are not in a simple 1/4 ratio. Our results are shown
to be in good agreement with the recent magneto-optical experimental data by Reynoldset al. @Phys. Rev. B
60, 2340~1999!#, in spite of the fact that on the basis of these data these authors claimed that the valence-band
maximum would haveG9 symmetry. The differences between our and Reynolds’ analysis of the data are
discussed and arise from the sign of the Lande´ g factor for holes, which is here found to be negative for the
upperG7 band.

DOI: 10.1103/PhysRevB.65.075207 PACS number~s!: 71.35.Ji, 71.70.Ej, 71.70.Gm
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I. INTRODUCTION

The ordering of the crystal-field and spin-orbit couplin
split states of the valence-band maximum in wurtzite Z
has been the subject of controversy for more than 40 ye
The nature of the valence-band maximum fine structure
ZnO was first studied by Thomas.1 Based on the polarization
dependence of the absorption and reflectivity spectra,
came to the conclusion that the valence-band ordering
ZnO is anomalous compared to the usual one in other II
wurtzite materials. Namely, the symmetry character of
highest valence-band state~leading to the so-calledA exci-
ton! according to his analysis isG7 rather thanG9. The sym-
metry of theB state would then beG9. The C exciton also
has symmetryG7. We will here label the states asA, B, and
C from top to bottom, independent of their symmetry ch
acter. His interpretation was that the crystal-field splitting
large compared to the spin-orbit splitting. Without spin-or
coupling, the valence band would be split into a singletG1
and a doubletG5.2,3 The singletG1 is essentially apz-like
state~with slight s admixture! while the G5 is a px ,py-like
state. With the usualG5.G1 ordering, one thus expects theC
exciton to be allowed inEic polarization and theG5 derived
~unresolvedA,B excitons! to be allowed for the other polar
ization E'c. This is essentially what was observed in Th
mas’s reflectivity spectra. Absorption reveals the fine str
ture splitting in A and B excitons. With the spin-orbit
coupling present, theG7 state derived from theG5 will ob-
tain a slight admixture ofpz while theG9 stays purelypx and
py like. Thus, one expects theG7 state to become weakl
allowed forEic. Thomas’s data revealed this to be the ca
for the highest-energyA exciton: hence, his assignment. Th
was later confirmed by Liang and Yoffe.4

On the other hand, the interpretation of the lines by Th
0163-1829/2002/65~7!/075207~12!/$20.00 65 0752
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mas was challenged by Parket al.5 They concluded on the
basis of temperature dependence studies and on the basi
prior study by Reynoldset al.6 that the lines which were
identified as theA-exciton linesAm andAL ~the latter being
a longitudinal exciton! by Thomas, in fact, did not arise from
free-exciton states but corresponded to theG5 andG6 states
of an ionized donor bound exciton. This was later dispu
by other authors, among them by Segall,7 who confirmed the
free-exciton nature of the absorption line in question by
study of the phonon-assisted absorption onset. The con
versy was never fully resolved, although most future pap
adopted the interpretation of Thomas.

Recently, Reynoldset al.8 restudied this issue usin
second-order photoluminescence spectra. The second o
of the diffraction grating provided them higher resolutio
fully resolving the additional fine structure of the excito
due to the exchange splitting. Furthermore, they studied
behavior of these spectra in a magnetic field. Their conc
sion was that the line in question is indeed a free-exci
line, but that, nevertheless, the valence-band maximum m
haveG9 symmetry. We will discuss their arguments below
more detail and show that they are based on assumpt
about the sign of the Lande´ g factors, which we will later on
in this paper show to be incorrect.

The ordering proposed by Thomas can be understoo
terms of an effective negative spin-orbit splitting. The pos
bility of a negative spin-orbit splitting was first suggested
Cardona in a study of copper and silver halides.9 It was sub-
sequently explained by Shindoet al.10 The origin is the pres-
ence of lower-lyingd bands. The valence-band maximu
being an antibonding combination of anionp-like states and
cation d-like states results in a negative contribution of t
atomic d orbitals to the effective spin-orbit splitting. Thus
one expects the possibility of a negative spin-orbit param
©2002 The American Physical Society07-1
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if the d bands lie fairly close to the valence-band maximu
and have a strong atomic spin-orbit parameter. This is cle
the case in Cu compounds. The situation is marginal in Z
because thed bands here lie about 7 eV below the valenc
band maximum~according to photoemission data.11! In pre-
vious work on the group-III nitrides, we pointed out the im
portance of thed bands in considerably reducing the valu
of the spin-orbit splittings12 even though thed bands there lie
even deeper than in ZnO.

In the present paper, we first present the results of a fi
principles band structure calculation using the lineariz
muffin-tin orbital~LMTO! method13,14and carried out within
the local density approximation15 to the density functiona
theory. Spin-orbit coupling effects are included. These ca
lations indeed indicate a negative spin-orbit splitting a
thus confirm Thomas’ conclusion. From the above disc
sion, however, it is clear that the results of a negative sp
orbit splitting may depend crucially on the position of thed
bands and the question arises whether the latter is obta
correctly in the local density approximation~LDA !. We thus
further investigate how shifts of the Zn 3d bands affect the
conclusions of the valence-band ordering and show tha
does not alter them for reasonable values of the shift.

We are then faced with a clear discrepancy between
theory and the most recent experimental data8 or, at least,
with the interpretation of those data given in the experim
tal paper. The comparison of our theory to the experime
data of Reynoldset al. is complicated by the fact that th
experimentally observed features are excitons whereas
calculate valence bands. The question thus arises whethe
ordering of the valence bands could possibly be differ
from the ordering of the corresponding exciton states du
differences in exciton binding energy of the excitons deriv
from each valence band or, more precisely, due to the in
actions between these excitons. To address this questio
exciton fine structure calculation is carried out in the seco
part of the paper.

The method followed for that calculation has recen
been fully described and applied to GaN.16 In brief, a Kohn-
Luttinger Hamiltonian17,3 is taken as starting point and th
electron-hole Coulomb interactions are added including
coupling between the excitons derived from different valen
bands. The parameters in this model Hamiltonian are
tained as much as possible from our first-principles ba
structure and combined with some experimental data.
main conclusion of this part of the study is that the excito
follow the same ordering as the valence bands.

A careful analysis of the arguments used by Reyno
et al.8 to arrive at their conclusions about the symmetry
the valence-band maximum reveals that it makes assu
tions about the signs of the Lande´ g factor for the holes. The
opposite conclusion, which would then be consistent w
our present theory, would be obtained if theg factor for the
holes involved in theA exciton were negative. In the fina
part of the paper, we show that this is indeed the case b
further elaboration of the Kohn-Luttinger model includin
the presence of a magnetic field. The splitting of the vale
bands in a magnetic field is essentially determined by
Luttinger k parameter. While this parameter was not calc
07520
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lated directly, we can determine it using a relation betweek
and the Luttinger effective mass parameters18 for the valence
bands which are obtained from our first-principles ba
structure.

The remainder of the paper is organized as follows: fi
we describe the computational method used for the b
structure calculations in Sec. II. Next, we describe the ba
structure results including a discussion of the Zn 3d band
shift and our justification for the choice of this shift in Se
III A. Using this same parameter, we then fit the bands to
Rashba-Sheka-Pikus~RSP! effective Hamiltonian and dis-
cuss the relationships between these parameters and the
plified Luttinger Hamiltonian used later in the paper in Se
III B. In Sec. IV we briefly describe the exciton mode
Hamiltonian, including the magnetic field terms, describe
treatment by perturbation theory and give its results for
exciton binding energies in zero magnetic field. The fi
structure due to the exchange terms and the results for
splitting in a magnetic field are presented in Sec. V. T
differences between ours and the interpretation of Reyno
et al.8 are also discussed in this section. The main conc
sions are summarized in Sec. VI.

II. COMPUTATIONAL METHOD FOR BAND
STRUCTURES

The basic computational framework used to determine
effective one electron potential of the band structure cal
lations is the density functional theory in the local dens
approximation.15 We use the Hedin-Lundqvuist parametriz
tion for the exchange-correlation potential.19 Strictly speak-
ing, the eigenvalues of the Kohn-Sham equation are not
quasiparticle eigenenergies but only intermediate result
the total energy calculation. However, the quasiparticle eq
tion differs from the Kohn-Sham equation only in that th
exchange correlation potential is replaced by a nonlocal
energy-dependent exchange-correlation self-energy oper
This leads to the well-known gap problem: the LDA unde
estimates the band gaps. It also leads tod bands that are too
high in energy. This will be shown below to have repercu
sions for the valence-band splittings. We will discuss the
effects beyond the LDA below along with the results. In th
paper, we take the slightly empirical point of view of adjus
ing the Zn 3d-band position so as to obtain good agreem
with the splittings.

The linear muffin-tin orbital method13 is used to solve the
Kohn-Sham band structure equations. We used both the
potential ~FP! LMTO ~Ref. 14! and the atomic sphere ap
proximation ~ASA!. At present, the spin-orbit coupling i
only incorporated in our ASA version of the computer cod
The FP-LMTO results without spin-orbit coupling are foun
to be in good agreement with the corresponding ASA resu
As usual for open structures, empty spheres are include
make the spheres close packed. The choice of empty sph
in wurtzite was described in detail in Kimet al.20 We use the
experimental lattice parametersa53.250 Å, c/a51.6018,
andu50.382. Well convergedk-point sets were used for th
Brillouin zone integrations in the self-consistent calculatio
The spin-orbit coupling parameters derives primarily fro
7-2
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VALENCE-BAND ORDERING AND MAGNETO-OPTIC . . . PHYSICAL REVIEW B 65 075207
regions well within the atomic sphere and thus the ASA
adequate for calculating its effects.

III. BAND STRUCTURE RESULTS

A. Band splittings at G

Figure 1 gives an overview of the band structure as
tained in the local density approximation and the FP-LMT
method and using experimentalc/a andu values. In particu-
lar, we note the presence of the narrow Zn 3d bands at abou
24 to 25 eV which play a crucial role in the present issu
While there is considerable dispersion and splittings of thd
bands, we define a convenientd-band energy parameter b
the weighted average of thed-derived bands atG. In the
LDA this value is 25 eV. These results are comparab
with other first-principles LDA calculations: for example, b
Schröer et al.21 and Xu and Ching.22 However, these studie
did not include the spin-orbit coupling effects and did n
pay close attention to the valence-band maximum fine st
ture. The experimental value of thed-band position relative
to the valence-band maximum measured by photoemissio
26.95 eV.11

The sign of the spin-orbit splitting was determined in tw
ways. First, we studied not only wurtzite ZnO but also zin
blende ZnO. In zinc-blende ZnO, the valence-band ma
mum splits into a four-fold state of symmetryG8 and a two-
fold state of symmetryG7. Simple inspection of the degen
eracy of the eigenvalues revealed that theG7 lies above the
G8, indicating a negative spin-orbit parameter. Second,
spection of the wave functions in the wurtzite case revea
that the highest valence band contains apz and s compo-
nents, indicatingG7 symmetry while the second state ha
purepx,py ~and somed admixture! but absolutely zeropz or
s components. This clearly means that in the LDA, a ne
tive spin-orbit splitting is obtained, confirming Thomas’ co
clusion.

However, one may argue that the LDA calculation plac
the Zn 3d band too high in energy and thus overestimates
negative component of the spin-orbit splitting. We thus f
ther investigated the behavior of the splitting as a function
d-band position. We can change thed-band position by sim-

FIG. 1. Band structure of wurtzite ZnO in the local dens
approximation.
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ply adding a shift to the center of the Zn 3d-band LMTO
potential parameterCZn 3d . These results are shown in Fig
2 and 3. What we find is that both the crystal-field and sp
orbit splittings depend strongly on thed-band position. In
fact, both decrease monotonically and nearly linearly a
function of increasingd-band binding energy. We find goo
agreement with the experimentally deducedEA-EB and
EB-EC splittings for ad-band position of26.25 eV. How-
ever, at the experimentald-band position, the crystal-field
splitting is strongly underestimated. Next we attempt to e
plain this apparent paradox.

The origins of the discrepancy between the LDA and
photoemission results on thed-band position are twofold.
First, there is the fact that the LDA treats exchange and c
relation in an orbital independent manner and leads to a s
interaction error because of imperfect cancellation of
Coulomb and exchange integrals, in particular for localiz
states. Second, however, in the photoemission experime
final-state relaxation effect is involved. In some sense,
order to obtain the correct valence-band splitting we need
include the first but not the second effect.

Another way of phrasing this is within the language
many-body theory. The energy of a state as determined

FIG. 2. Valence-band splittings vs Zn 3d-band position in
wurtzite ZnO.

FIG. 3. Crystal-field (D15Dc) and spin-orbit splittings as func
tion of Zn 3d-band position: fits derived either with the quasicub
model using a single cubicDso or with the anisotropic spin orbit
parametersD25Dso

i /3 andD35Dso
' /3 are shown.
7-3
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photoemission is the quasiparticle energy, which follo
from an equation which contains a nonlocal and ener
dependent self-energy operator instead of the exchange
correlation potential. This self-energy operator in the G
approximation23,24 is essentially a dynamically screene
Hartree-Fock exchange term. The energy dependence o
term implies that there is strictly no hope of correctly obta
ing both the valence-band maximum~VBM ! and thed-band
states from the diagonalization of one energy-independ
Hamiltonian matrix. On the other hand, let us assume that
make a static approximation to the screening of the
change. In that case, we will already correct the s
interaction effect that the LDA gets wrong and obtain a mu
better orbital dependent treatment of exchange. Essent
this will lead to a downward shift of thed band. This is what
our calculation with shiftedd-band potential parameter i
simulating in a simple manner. Clearly, following the abo
argument we should not expect that we get thed band and
VBM correct with the same shift. Thus, since we are h
interested in the VBM, we adopt a slightly empirical point
view and use this shift as an adjustable parameter. Tha
obtain a d-band position intermediate between the LD
value and the experimental value for the correct VBM sp
ting is completely in agreement with expectations of t
above outlined theory. Of course, a furtherab initio justifi-
cation of thed-band shift required would be preferable and
planned for future work. A simple way for correcting th
spurious self-interaction of thed orbitals in II-VI’s has been
proposed within the framework of pseudopotentials by Vo
et al.25

The crystal-field splitting also depends sensitively on
crystal structure, in particular on the internal parameteru,
which specifies the bond lengthd5uc along thec axis. In
the present calculations, we have used the experime
valueu50.382. FP-LMTO energy minimization calculation
give a value very close to the experimental valueu50.380.
For small enough changes, the crystal-field splitting
creases linearly with increasingu and the deformation poten
tial dDc /d lnu was calculated to be 2.7 eV, significant
smaller than in GaN.26 One further expects that the gap u
derestimate of the LDA will overestimate theG1c-G1v inter-
action and thereby overestimate the crystal-field splitti
Opening the gap will therefore decrease theDc . The ASA
slightly underestimates the crystal-field splitting compared
the FP-LMTO and cancels some of the LDA error. As can
noticed from Figs. 2 and 3, the ASA with experimentalu
turns out to provide values in good agreement with exp
ment for bothDc andDs for a reasonable and justifiable Z
3d-band shift.

As for the variation of the spin-orbit splitting with the Z
3d band position, we note that this varies essentially linea
with the d-band contribution to the wave function~modulo
squared! of the valence-band maximum. In fact, in a simp
model,10 Ds5

3
2 (2qZn 3dzZn 3d1qO 2pzO 2p) with z i the re-

spective atomic spin-orbit coupling parameters andqi the
fractional contributions to the normalized wave functi
ucvu2. The atomic spin-orbit parameters are approximate27

zZn 3d50.162 eV,zO 2p50.027 eV; i.e., the Zn 3d atomic
parameter is about a factor of 6 larger than the O 2p contri-
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bution. The contribution of the Zn 3d orbital to ucvu2 varies
from about 21% to about 13% when going from the LDA
the shifted Zn 3d-band position if we renormalize the wav
function coefficients assuming only the O 2p and Zn 3d are
present. These values indicate that qualitatively we are
deed close to the point of exact compensation of the
contributions to the spin-orbit coupling or close to the po
where a sign change may occur. This simple model does
quite work quantitatively because we here neglect the Znp
contribution to the effective spin-orbit coupling and the fa
that the values may differ slightly in the solid. Neverthele
it provides some qualitative insight. The partial Zn 3d con-
tribition to the normalization integral of the antibondin
valence-band maximum state itself varies linearly with t
Zn 3d-band position as can be easily verified in a simp
two-orbital-bond model and of course decreases as the Znd
is shifted down.

With the thus established Zn 3d-band shift we examine
again the symmetry of the VBM states. We find that we s
haveG7 symmetry for the VBM. Also, if we use the sam
shift of the d band in zinc blende, we still find the double
above the quartet. Finally, Fig. 3 shows that assumin
negative spin-orbit splitting at thisd-band position leads to
the expected nearly linear dependence versus thed-band po-
sition, whereas assuming a positive splitting would lead t
nonmonotonic behavior. Clearly, we can easily identify t
point where the spin-orbit splitting passes through zero a
function of thed-band position. Furthermore, we note that
we shifted thed band to the point where the spin-orbit spli
ting becomes positive, the crystal-field splitting would
strongly underestimated. Further corrections beyond
LDA, in particular an upward shift of the conduction ban
or gap correction, would be expected to slightly reduce
crystal-field splitting and thus would worsen the agreemen
we assumed a positive spin-orbit splitting. This is beca
opening the gap would reduce the interaction of theG1 with
the conduction band and thus reduce the crystal field s
ting. This effect is expected to be small. We note finally th
with the optimald-band shift obtained, the gap correctio
required for ZnO is similar to that in GaN. This is expect
because the two materials have nearly the same experim
gap, as well as a close correspondence in lattice cons
density of electrons, and dielectric constant, all factors wh
influence the GW corrections. The only significant differen
between the two is, in fact, the much closer-lying 3d bands
in ZnO than in GaN.

In summary, there is no doubt that the calculation leads
a negative spin-orbit splitting even in a model that goes
yond the LDA by including the expected shifts of thed band
and their influence on the crystal-field and spin-orbit sp
tings and gap correction.

For future reference, we provide in Table I the symmet
labeled eigenvalues atG not only for the valence-band max
mum but also for some of the higher conduction-band sta
and for the Zn 3d bands, which are relevant tok•p pertur-
bation theory. No attempt is made at this time to obtain
valence-band parameters from perturbation theory. Inst
we obtain them by direct fitting to the bands as discusse
the next section.
7-4
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B. Effective mass parameters

Using the Zn 3d-band shift parameters determined abo
we now examine the valence bands in the neighborhoodG
and derive from them the Luttinger-type effective mass
rameters. In fact, we here follow the procedure describe
Kim et al.26 The parameters of the 636 Rashba-Sheka
Pikus effective Hamiltonian3 are adjusted so as to provid
the best possible fit to the band structure for the highest
valence-band states~including the spin degree of freedom!.
The resulting parameters are given in Table II. Note t
since we can in theory switch off the spin-orbit coupling
will, we obtain the crystal-field parameterDc directly as the
G5-G1 splitting. The three eigenstates atG, providing two
energy differences, then allow us to obtain both theDso

i and
Dso

' spin-orbit parameters from

TABLE I. Eigenvalues atG in wurtzite ZnO.

Without spin orbit With spin orbit
Label Energy~eV! Label Energy~eV! Comment

G1 217.502 G7 217.507 O2s
G3 216.574 G8 216.580
G5 26.719 G9 26.801 Zn3d

G7 26.728
G1 26.634 G7 26.589
G6 26.583 G9 26.684

G8 26.487
G5 26.003 G7 25.989

G9 25.971
G6 25.760 G8 25.913

G9 25.681
G3 25.738 G8 25.647
G3 24.822 G8 24.815 O 2p
G6 20.710 G9 20.724

G8 20.706
G1 20.039 G7 20.044
G5 0.000 G9 20.010

G7 0.000 VBM

G1 3.435 G7 3.437 CBMa

G3 7.101 G8 7.126
G3 10.738 G8 10.755
G5 16.005 G7 15.924

G9 16.117
G6 16.489 G9 16.421

G8 16.604
G1 16.634 G7 16.675
G1 19.574 G7 19.601
G5 21.283 G7 21.286

G9 21.395
G6 23.160 G9 23.185

G8 23.187
G3 24.430 G8 24.436
G1 25.119 G7 25.125

aAll calculated conduction bands are shifted up by 1.624 eV so a
agree with the experimental band gap of Ref. 8.
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EG9
2EG7

5
1

2 FDc1Dso
i 6AS Dc2

Dso
i

3 D 2

1
8

9
Dso

'2G .

~1!

The2 sign corresponds to the upperG7 or BA splitting, the
1 sign to the lowerG7 or BC splitting. These energy differ-
ences are labeledD1 andD2 in Ref. 16. Note that in Ref. 26
Dc is called D1 , Dso

i corresponds to 3D2, and Dso
' corre-

sponds to 3D3. The inverse mass parametersA1–A6 are ob-
tained by first fitting parabolic curves to the bands in t
directions parallel and perpendicular to thec axis and by
using the analytic expressions relating the effective mas
and theAi parameters given in Eq.~7! of Ref. 26. The linear-
in-k A7 parameter, which is related to the anticrossing of
light-hole and split-off hole band in the perpendicular dire
tion, is obtained by adjusting the parameter to the result
nonparabolicity of the bands. Finally, the parameters
fine-tuned to give the best overall fit over a range ofk val-
ues. The first-principles energy levels of approximate
1700 k points within a sphere of radius of 0.0732p/a cen-
tered atG in k space were used in the fittings. This is
ensure the overall~not just in some specific directions! fit of
the RSP parameters. Figure 4 illustrates the quality of the
The average root-mean-square deviation of the fitted
first-principles energies is less than 3 meV. We note that
spin splitting of the bands in the perpendicular direction
not completely accurately reproduced by the model. This
dicates the need for further linear ink terms in the Hamil-

to

TABLE II. Rashba-Sheka-Pikus Hamiltonian and related para
eters: units\2/2m0 for A1–A6 andg1–g3 with m0 the free-electron
mass ande2/2 for A7, meV for D i , andm0 for effective masses.

A1 A2 A3 A4 A5 A6 A7

23.78 20.44 3.45 21.63 1.68 22.23 0.025

Dc Dso
i Dso

' Dso
cub

38 213.59 29.15 213

mhh
i 5mlh

i a ms
i mhh

' mlh
' ms

'

3.06 0.26 2.59 0.30 1.12

mA
i b mA

' mB
i mB

' mC
i mC

'

Present 2.74 0.54 3.03 0.55 0.27 1.12
Expt.c 0.59 0.59 0.59 0.59 0.31 0.55
k•pd 0.67 0.63 0.67 0.63 0.25 2
K-Le 2.16 0.48 2.33 0.47 0.27 2.24
K-L f 2.74 0.49 3.03 0.48 0.26 2.88

g1
g g2 g3 k

set 1 1.55 0.56 0.56 20.25
set 2 1.49 0.58 0.58 20.20

aEffective masses in the absence of spin-orbit coupling.
bEffective masses including spin-orbit coupling.
cRef. 28.
dRef. 29.
eFrom quasicubic Kohn-Luttinger model with parameter set 1.
fFrom quasicubic Kohn-Luttinger model with parameter set 2.
gQuasicubic Kohn-Luttinger parameters; see text.
7-5
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tonian which are of relativistic origin and denoted bya i in
Ref. 26. Since here we are primarily interested in deduc
an even simpler Kohn-Luttinger model, we did not attem
to fit the a i terms. We also investigated the sensitivity
these parameters to the Zn 3d-band position. TheA1–A7
parameters vary basically linearly with thed-band position
and change by a few % when going from the LDA to t
optimal d-band location identified above. The effectiv
masses differ significantly when spin-orbit coupling is i
cluded from those when it is neglected. Also, the effect
mass of the split-off hole band in the perpendicular direct
is strongly affected by the band anticrossing effect. Our v
ues are in reasonable agreement with the experimental va
of Hümmer28 except formA

i andmB
i andmC

' . The reason for
these discrepancies is not clear. We only remark that
experimental values are deduced from a somewhat elabo
analysis of the behavior of Landau levels measured by m
netoreflection in which the Coulomb effects are only trea
crudely. We also compare our results with those obtained
k•p theory.29

The combined effect of the spin-orbit splitting atG with
the various interactions between the bands leads to sig
cant nonparabolic behavior of the bands. We can desc
this in terms of energy-dependent masses as in Ref. 26.
resulting energy-dependent masses are shown in Fig. 5
note in particular the strong energy dependence of themA

' .
In Sec. IV and V, a simplified quasicubic Kohn-Lutting

model is adopted in order to facilitate the exciton calcu
tions. It is thus of interest to investigate how well the qu
sicubic model works. The relations between the RSP par
eters and the quasicubic parametersA,B,C were given in Eq.
~5! of Kim et al.26 Furthermore, the Luttinger parameters a

g152~A12B!/3,

g252~A2B!/6,

g352C/6. ~2!

From 26g35C52A352A4, we obtain g350.5660.02.
From A152g124g3 and A252g112g3, we obtain g1

FIG. 4. Band structure of ZnO. The open circles represent
ASA-LMTO results including spin-orbit coupling. The solid line
represent the RSP fit.
07520
g
t

e
n
l-
es

e
ate
g-
d
y

fi-
be
he

e

-
-

-

51.5560.01 and, finally, fromA55g212g3, we obtaing2
50.56. Thus, the axial model with a singleg5g25g3 ap-
pears to be well applicable for ZnO. On the other hand, so
ing the two equations (g122g3)52(A11A3) and (g1
1g3)52(A21A4) for g1 and g35g gives g151.49 and
g50.58. Thus, there is some uncertainty simply from t
fact that we try to reduce a six-parameter model to a tw
parameter model and the choice of equations to use is
unique. To gauge the effect of this uncertainty on the res
of the calculations, we have used two sets for (g1 ,g):
~1.55,0.56! and~1.49,0.58!. The corresponding values of th
effective masses obtained using Eqs.~10!–~12! in Ref. 16,
but with A and B interchanged becauseA in GaN corre-
sponds toG9 while here it corresponds toG7, are also in-
cluded in Table II.

For the excitonic calculations below, we also need
conduction-band electron masses. For the latter we obta

me
i 50.23m0 , me

'50.21m0 , ~3!

by direct fitting to the first-principles bands with the sam
d-band shift applied as before. Here,m0 is the bare electron
mass. These values are expected to be slight underestim
because of the underestimate of the gap. The bare mas
obtained from a Faraday rotation measurement is 0.24m0.30

The polaronic mass was determined to be 0.28m0 for Hic
and 0.24m0 for H'c by cyclotron resonance measuremen
of Button et al.31

IV. EXCITON BINDING ENERGIES

The Hamiltonian for the relative motion of the exciton
a magnetic field in a hexagonal semiconductor is

Ĥexc~r !5ĤeS 2 i¹1
e

\ c
AD2ĤhS i¹1

e

\ c
AD

2
e2

A«0
i «0

' ~x21y2!1«0
'2 z2

, ~4!

where (x,y,z)5(r ) are the relative electron-hole coordinat
~thez direction is chosen along the hexagonalc axis!, e is the

e
FIG. 5. Energy-dependent effective hole masses: thick lines,k';

thin lines,kuu .
7-6
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magnitude of the free-electron charge,«0
i and «0

' are the
low-frequency dielectric constants, andA5(1/2)@H3r # is
the vector potential of the magnetic field. We write the

netic energy parts of both the electron,Ĥe , and the hole,

Ĥh , effective envelope Hamiltonians in the quasicub

approximation,3 neglecting relativistic terms linear ink̂
57 i¹1eA/\ c, respectively, as

Ĥe~ k̂!5
\2

2me
i kz

21
\2

2me
'

~kx
21ky

2!1
1

2
ge

i mB~ ŝz Hz!

1
1

2
ge

'mB~ ŝx Hx1ŝy Hy!, ~5!

2Ĥh~ k̂!5
\2

2m0
F ~g114g!k226gS (

a5x,y,z
ka

2 Î a
2

12 (
aÞb

$kakb%$ Î a Î b% D G2
1

3
Dso

i @~ Î zŝz!21#

2
1

3
Dso

' ~ Î'ŝ'!2Dc @ Î z
221#2mB~113k! ~ ÎH!

1
1

2
mBg0~ ŝ H!, ~6!

where g052,ge
i ,ge

' are the free-electron and conductio
band parallel and perpendicularg factors, respectively,mB

5e \/2m0 c is the Bohr magneton,ŝx,y,z are the Pauli ma-

trices,Î is the orbital angular momentum operator of the h
(I 51), $ab%5(ab1ba)/2, andk is the magnetic Luttinger
constant.17

To calculate the free-exciton energy levels from t
Hamiltonian of Eq.~4! we first rescale the coordinatesx
→x, y→y, andz→zAh, whereh5«0

'/«0
i . This leads to a

separation into isotropic and anisotropic terms as well
coupling terms. If the latter two are neglected, the probl
reduces to the hydrogenic problem for the envelope funct
Under suitable conditions, which we will show below to b
satisfied here, the anisotropy and coupling terms as we
the magnetic field terms can be treated in second-order
turbation theory following the approach of Balderesc
Lipari, and Altarelli32,33 as fully described in Ref. 16. Th
important parameters for the validity of the perturbati
treatment are pv5mv /mv

an , with v5A,B,C and ph

5gm0 /m0, defined below and which are, respectively,
measure of the anisotropy and coupling. The coupling te
further involve the dielectric constant anisotropy factorh
defined earlier and the mixing parameters of the vari
Bloch basis functions of the valence-band edge in the s
orbit coupled states,
07520
s

n.

as
er-
,

s

s
n-

uB
15u1,1&↑, uB

25u1,21&↓,

uA
15 iau1,1&↓2 ibu1,0&↑, uA

25au1,21&↑1bu1,0&↓,

uC
15 ibu1,1&↓1 iau1,0&↑, uC

25bu1,21&↑2au1,0&↓,
~7!

with u l ,m& the usual spherical harmonics or angular mom
tum eigenstates,u1,61&5(uX&6 i uY&)/A2,u1,0&5uZ&.

The a and b mixing coefficients are derived from th
knowledge of the crystal-field and spin-orbit splittings,
terms of

a5
1

Ax211
, b5

x

Ax211
,

x5
2~3Dc2Dso

i !1A~3Dc2Dso
i !218Dso

' 2

2A2Dso
'

. ~8!

The values ofa andb are 0.9950 and20.0999.
Another important factor, affecting the ground 1S and ex-

cited 2S exciton state energies, is the polar interaction
excitons with optical phonons. The exact description of
exciton–optical-phonon system in wurtzite semiconduct
such as ZnO and GaN has not been developed. To estim
the ‘‘polaron’’ effects we use here the simple band isotro
Pollmann-Bu¨ttner model34 as described in Ref. 16. For this
we add to the isotropic part of the Coulomb interaction p
tential, 2e2/«0r , where«05A«0

i «0
', the Pollmann-Bu¨ttner

correction potentialVPB
pol given by

VPB
pol52

e2

«polr

1

Dm FmhexpS 2
r

l h
D2meexpS 2

r

l e
D G . ~9!

Here 1/«pol5(1/«`21/«0); «`5A«`
i «`

'; me andmh are the
electron and hole effective masses, respectively, avera
over the three directions ink space, 1/me5(2/me

'11/me
i )/3

and 1/mh5g/m0 ~note thatmh is the same for all valence
subbands!; andDm5mh2me , and l e,h5A\2/2me,hELO are
the electron- and hole-polaron radii. The energy of opti
phonons in ZnO is known to be35 ELO572 meV, and the
values used for the low-frequency,«0

i ,' , and high-frequency,
«`

i ,' , dielectric constants are36

«0
i 58.49, «0

'57.40, ~10!

«`
i 53.72, «`

'53.68. ~11!

According to Pollmann and Bu¨ttner,34 the ‘‘bare’’ band elec-
tron and hole effective mass parameters are used in
Hamiltonians of Eqs.~5! and ~6! as well as in Eq.~9!. The
correction potential of Eq.~9! is treated as a perturbation o
the same basis as the anisotropic and coupling terms
scribed in Ref. 16.

We will focus only on the groundn51 and excitedn
52 exciton states of theS symmetry and present the resu
ing exciton transition energies in zero magnetic field as
7-7
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Ev,n
0 5Ev

g2Ev,n
bind , ~12!

whereEv
g is the separation between the bottom of the c

duction band and the top of each of thev5A,B,C valence
subbands and the binding energies are given by

Ev,n
bind5

1

n2
~Rv1DEv,n

an 1DEv,n
coup1DEv,n

pol!. ~13!

The effective RydbergsRv5mve4/2\2«0
2 are calculated with

the exciton reduced massesmv averaged over the three d
rections ink space: 1/mv5(2/mv

'1h/mv
i )/3,1/mv

', i51/mv
' i

11/me
' i . The termsDEv,n

an , DEv,n
coup andDEv,n

pol contain the
anisotropy, intersubband coupling, and polaron correctio
respectively, calculated in the second order of perturba
theory. We note that the indicesA and B in all expression
given in Ref. 16 for GaN must be inverted when applied
ZnO due to the inverse order of the upperG7 and G9 sub-
bands.

To examine the effects of the uncertainty of the Koh
Luttinger parameters, we carried out the calculations w
four sets of parameters. The first set usesg151.55,g50.56,
and the electron masses of Eq.~3!. In the second set, th
sameg ’s but an isotropic electron mass of 0.24 are e
ployed. The third and fourth sets useg151.49,g50.58 with
electron masses of Eq.~3! and 0.24, respectively.

The perturbation parameterspv5mv /mv
an , where 1/mv

an

5(1/mv
'2h/mv

i )/3 for anisotropic corrections, andph

5gm0 /m05m0 /mh , where 1/m05(1/mA11/mB11/mC)/3
for the coupling corrections, obtained with the first set a
ph50.095, pA50.149, pB50.151, andpC50.155. Similar
values are obtained with the other sets of parameters. All
about 0.1, showing that perturbation theory is well satisfi
In particular, for the 1S states all expressions involve th
square of these parameters.

In Table III we provide the different components of th
binding energy for the 1S and 2S states as calculated wit
the first set of parameters. For the 2S states we also give
DEv

125Ev,1
bind2Ev,2

bind . Because the other parameter sets p
duce very similar results, we do not give the results explic

TABLE III. Binding energy contributions to the 1S and 2S ex-
citons, all energies in meV.

v Rv DEv
an DEv

coup DEv
pol Ev

bind DEv
12

1S excitons

A 36.25 0.58 1.67 11.45 49.94
B 36.24 0.60 2.06 11.44 50.33
C 37.12 0.64 3.00 11.72 52.49

2S excitons

A 0.90 1.80 2.28 10.31 39.63
B 0.93 2.05 2.28 10.37 39.96
C 1.00 0.84 2.33 10.32 42.16

aDEv
125Ev,1

bind2Ev,2
bind.
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but only discuss the trends. First of all, we note that
anisotropy and coupling contributions are relatively sm
compared to the effective Rydberg and the polaron corr
tion. Next, we note that the binding energy differences
tween theA andB and between theB andC excitons are less
than 1 meV and 2 meV, respectively. These are small co
pared to theA-B and B-C splittings. Using a somewha
larger electron mass of 0.24 leads to an increase in bind
energy of about 5–6 meV for the 1S states, of which 3 meV
is due to the change in the effective Rydberg, 2 meV, due
the polaron correction, and 0.5 meV due to the coupl
contributions. It leads to an increase in binding energy of
2S states by only 1 meV. The alternative set of Koh
Luttinger parameters~used in sets 3 and 4! tends to increase
the anisotropy and coupling corrections by less than 1 m

The substantial corrections to the Rydberg imply that
exciton binding energies cannot be directly obtained from
experimental separation betweenn51 and n52 states,
DEv

12 by the simple relation 4/3DEv
12. For example, using se

1 we obtain for the energy separation between 1S and 2S
energy levels 39.63 meV for theA exciton and 39.96 meV
for the B exciton. These values differ significantly from
3/4EA,1

bind and 3/4EB,1
bind , respectively. They can also be com

pared with 3/4 of the binding energies reported in Ref.
60.0 meV for A excitons and 57.0 meV forB excitons,
which give DEv

12(A)545.0 meV and DEv
12(B)

542.75 meV, respectively.
Overall, the agreement with the binding energies dedu

from the experiment are fairly good, given that no para
eters were adjusted to the binding energies, all parame
being derived either from theory or from other experimen
data, and keeping in mind the above-mentioned difficulties
extracting binding energies directly from the splittings of e
cited and ground states of the excitons. In addition, the tr
ment of the numerically important polaron effect used h
should be considered as a fairly rough estimation. In a
case, the conclusions about the order of theA, B, and C
exciton ground-state transition will not change if one us
more elaborate polaron models.

The main conclusion of this section is thus that the ex
tons closely maintain their principal valence-band charac
even when band mixing effects are included. The bind
energy differences are small compared to the valence b
splittings. In other words, the lowest energy exciton is s
the one primarily derived from the top valence band, i.
from the G7 valence band, even when coupling effects a
included.

V. EXCHANGE AND MAGNETIC FIELD EFFECTS

The electron-hole exchange interaction is not included
the exciton Hamiltonian considered so far. It contains b
short-range and long-range contributions37–39or, as some au-
thors prefer, analytic and nonanalytic terms.40–42 The short-
range part can be written in the form

Hex5
JSR

2
~12sh•se!. ~14!
7-8
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The effect of the long-range terms can be incorporated
replacing JSR by an effectiveJK , which depends on the
wave vector of the exciton translation motion and is differe
for longitudinal excitons, i.e.,K im with m the dipole mo-
ment of the exciton and transverse excitons. Follow
Skettrup and Balslev,39 we can write

JL5JSR1
2

3
JLR ,

JT5JSR2
1

3
JLR . ~15!

The possible symmetries of the exciton states deri
from the symmetries of the valence and conduction band
G are

G7^ G75G1% G2% G5 ,

G9^ G75G6% G5 . ~16!

Only G5 for E'c and G1 for Eic correspond to allowed
transitions. The other lines are forbidden but may still
weakly visible because the finitek contribution in the exci-
ton states or because of imperfect alignment of the be
with respect to the crystal axis. TheG5 states correspond to
total ~spin1orbital! angular momentum projectionJtot,z of
the hole and electron equal to61. For theG9^ G7 derived
states, they are formed byuv

1ue
2 anduv

2ue
1 , with the elec-

tron statesuue
1&5us&↑,uue

2&5us&↓ and the hole states de
fined in Eq.~7!. In other words, they are the combinations
theJhz563/2 states of the hole with theJez561/2 states of
the electron, giving rise to a total momentum projection
Jtot,z56(uJhzu2uJezu)561, and have antiparallel electro
and hole spins. TheG6 states are constructed from the pro
ucts of the same electron and hole states but with the elec
spins interchanged. Here the electron spins are thus par
to those of the holes. TheG7^ G7 derivedG5 corresponds to
the uv

1ue
1 anduv

2ue
2 functions, corresponding to the sum

electron and hole total momenta,Jez561/2 andJhz561/2,
leading to Jtot,z56(uJezu1uJhzu)561. For the upperG7
state (v5A) which has mainlyxy character@in fact, see Eq.
~8!, a50.995#, the G5 exciton again corresponds to a sta
with mainly antiparallel electron and hole spins. TheG1 and
G2 exciton states are constructed from products of the s
band states but with the electron states interchanged.
dominant components of these states have parallel elec
and hole spins. They would be Kramers degenerate if
interaction with the crystal-field split-off band were n
glected. In practice they are still very nearly degenera
Only the states with antiparallel electron and hole spins
affected by the exchange Hamiltonian, as written in Eq.~14!.
Due to the additional long-range effects, theG5(T,L) states
are effectively shifted upwards byJ(T,L) with respect to the
G1 and G2 states. The exchange Hamiltonian also leads
off-diagonal terms between the differentG5 states.

Since the Hamiltonian of Eq.~4! does not contain the
exchange term, the results for the binding energies give
the Table III strictly speaking pertain to the (G1 ,G2) andG6
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states for theA andB excitons, respectively. In order to ex
perimentally identify these different symmetry states, it
useful to consider their behavior in a magnetic field. We
that next.

For a sufficiently weak magnetic field, the correspondi
terms in the Hamiltonian can be treated by perturbat
theory at the same level as the anisotropy and exciton c
pling terms. The Zeeman energy for the electrons
61/2mBge

i ,'H i ,' for the magnetic fieldH i directed parallel
and H' directed perpendicular to thec axis, and ‘‘1’’ ~in
parallel field! is for the spin up stateue

1 . The reported values
for the anisotropicg tensor are in the ranges43,44

ge
i 51.956–1.958, ge

'51.955–1.956. ~17!

The g tensors for the various valence bands are all
pressed in terms of the singlek constant in Ref. 16, Eqs
~30!–~32!. The latter is obtained from the well-know
relationship18

k5~222g115g!/3, ~18!

for which we obtain the valuek520.25 with theg set 1 and
20.197 withg set 2 as considered before. IfmBH is small
compared to the valence-band splittingsD1 andD2, the Zee-
man energy for valence subbands is61/2mBgv

i ,'H i ,', where
again the ‘‘1’’ sign in parallel field corresponds to the pos
tive projection of the hole total momentum: i.e., theuv

1 func-
tion.

For the free holes in theA, B, andC valence subbands w
obtain

gA
i 522.455~22.772!, gA

'50.09~0.135!, ~19!

gB
i 51.50~1.18! gB

'50~0!, ~20!

gC
i 51.955~1.952!, gC

'51.91~1.865!, ~21!

in which the values in parentheses correspond to thek value
of 20.197 and the other tok520.25

In Ref. 16, it is shown that the perpendicular values
not affected by the coupling effects and are the same for
holes involved in any exciton states. On the other hand,
values of the parallelg factor of the holes involved in the
exciton states are affected significantly by the coupling
tween excitons belonging to the different valence subba
and might be very different from the free holeg values and
for the hole in different exciton states. Recently, the effect
different g values for the free hole and the hole involved
the 1S exciton state in theA(G9) subband in wurtzite GaN
has been observed experimentally.45

With the parameters described above we obtain for
holeg values in the ground 1S states ofA, B, andC excitons
the values given in Table IV for the four sets of paramet
investigated. We may note that theg values are a bit more
sensitive to the choice of parameters than are the bind
energies. The differences due to the different parameter
are of the same magnitude as the differences between
different experimental reports, also included in Table IV.
7-9
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Using these values we can finally calculate the 1S exciton
effective g factors for the states of different symmetry. F
the A(G7^ G7) exciton we have for theG5 state ge

i

1gA
i (1S)'0.4–0.7 and for theG1-G2 Zeeman splittingge

i

2gA
i (1S)'3.3–3.5, the range of values being due to t

uncertainty in the parameters. Note that theG2 exciton is
forbidden without a magnetic field but becomes allowed i
magnetic field because the latter has symmetryG2. The G1
and G2 states, which are nearly degenerate without a m
netic field, then couple and repel each other, resulting in
splitting. The relevantg factors just deduced have to be com
pared with the value 3.09 reported by Reynoldset al.8 for the
Zeeman splitting of the exciton ground state at 3.3756
They obtained a negligible splitting for the higher-energyA
exciton at 3.3773 eV, which is compatible with ourG5 exci-
ton g factor being less than 1.

Our assignment of the lines is in agreement with that
Thomas1 but differs from that of Reynoldset al.8 Their as-
signment differs from ours primarily because they assume
positive gv factor for the hole. Note that for theG7^ G7
derived G5 exciton the effective splitting is given byuge
1gvu whereas for theG9^ G7 derivedG5 exciton, the effec-
tive splitting is given byuge2gvu. Thus, with a positivegv
and ge the small splitting of theG5 state indicated to them
that this exciton would beG9 derived. However, the presen
calculations shows that with aG7 VBM, the gv for the A
exciton is negative and thus the sum of theg factors becomes
negligible. Furthermore, our value for theG1-G2 Zeeman
splitting is in good agreement with the data. A negativeg
factor was reported previously for theG7 valence band in
GaN by Campoet al.46

For theB(G9^ G7) exciton we have for theG5 stateuge
i

2gB
i (1S)u'0.9–1.1 and for theG6 splitting ge

i 1gB
i (1S)

'4.9–5.1. The values for theB-exciton g factors predicted
here are significantly larger than the values reported by B
neret al.47 obtained from two-photon Raman scattering. Th
discrepancy requires further study. Theg factors for theA
exciton reported by these authors are somewhat larger
those reported by Reynoldset al.8 and closer to the uppe
range of values obtained with parameter sets 3 and 4
should be noted that Blattneret al.47 obtained conflicting re-
sults from reflection and absorption data for theg splittings
of theB exciton. So further experimental study of the beha

TABLE IV. Effective Landég factors for the holes participating
in 1S excitons.

gA
i (1S) gB

i (1S) gC
i (1S)

Set 1 21.335 3.038 1.062
Set 2 21.227 3.145 1.130
Set 3 21.556 2.843 1.445
Set 4 21.438 2.961 1.178

Ref. 8 u1.2u
Ref. 28 u1.7u
Ref. 47 u1.6u u1.95u
Ref. 48 u160.5u u2.760.5u
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ior of theB exciton in a magnetic field would be worthwhile
Our results compare best of all with the most recent data
Rosenzweig.48

Returning to the experimental data of Reynoldset al.,8

one might ask why, within our current interpretation, theG1

is so weak compared toG5 for Eic. One might further argue
that in luminescence the low-energy excitation should app
stronger because of the Boltzmann occupation factor. H
ever, it should be kept in mind that this state still is primar
x,y like with only a very smallz admixture because th
crystal-field splitting is much larger than the spin-orbit spl
ting. Thus, it is intrinsically a weak transition even if a
lowed.

Second, we note that the peak at 3.3773 eV in theEic
spectrum corresponds to the longitudinal exciton.49 This in-
terpretation is confirmed by the studies of Blattneret al.,47

Kuhnertet al.,50 and Hümmeret al.51 According to these pa-
pers, theG5T state is much closer to theG1 state. TheG5L-G1
splitting of 1.7 meV does not directly give the exchan
interaction parameterJL because of the presence of of
diagonal matrix elements of the exchange interaction Ham
tonian between theG9^ G7 and G7^ G7 derived G5 states.
From the paper of Skettrup and Balslev,39 we extract a
G5L-G1 splitting of 2.2 meV and aG5T-G1 splitting of 0.8
meV in fairly good agreement with the above assignmen
The values used in their analysis for the exchange parame
correspond toJL513.4 meV andJT51.8 meV. We then
obtain JSR55.7 meV andJLR511.7 meV. This should be
compared with the exchange parameter reported by Lan
et al.52 of 5.6 meV. The latter was in good agreement w
the theoretical calculation by Rohner,53 which only includes
the short-range contribution. The value in Langeret al.52 is
obtained from a uniaxial stress measurement which stri
speaking measures a combination of a stress deformation
tential and the exchange parameter. Skettrup and Balsl39

provide an alternative analysis of the date of Langeret al.52

Having identified the mainG5 peak in the data of Rey
noldset al.as theG5L , the question then comes up as to w
Reynoldset al.8 in E'c see theG5 state at almost exactly th
same energy as the longitudinal exciton instead of at
tranverseG5T . This is most likely explained by the polarito
effect.47 The reason why primarily the upper branch of t
polariton is visible in the experiment of Reynoldset al. is not
clear but such an interpretation would seem to be consis
with the results of Blattneret al.47 on polariton dispersion
calculations. The behavior forE'c and Hic is further dis-
cussed in Hu¨mmer et al.51 and involves coupling with the
linear ink terms. Since these are absent forG9, it is, accord-
ing to those authors, further evidence of theG7 symmetry of
the VBM.

VI. CONCLUSION

The main conclusion of this paper is that the original Th
mas assignment of the valence band maximum as havingG7
symmetry is confirmed by~1! a direct first-principles band
structure calculation and~2! a careful analysis of the recen
magneto-optical data on excitons by Reynoldset al.8 includ-
7-10
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ing exciton coupling and a calculation of the holeg factors
within the Luttinger model.

The origin of the anomalous ordering is the effecti
negative spin-orbit coupling which arises from the contrib
tion of the-lower lying Zn 3d bands. The conclusion of
negative spin-orbit coupling is found to be robust when
fects beyond the the LDA on the Zn 3d-band position are
included and an optimal value value for the latter was
rived which gives good agreement with the basic valen
band splittings. The effective mass parameters of the vale
and conduction bands are obtained from these band stru
calculations and used in the exciton model.

The exciton calculations show that the coupling of t
excitons leads to only small differences in the exciton bin
ing energies derived from the three valence-band maxi
The differences in binding energy are smaller than the sp
tings of the valence bands themselves. Thus, the prim
1

h

s

s

ll,

in

o
,

07520
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character of the lowest-level exciton is clearly that cor
sponding to the top valence band.

The calculations of the magnetic-field-induced splittin
of the excitons show that our model is consistent with
experimental data. The discrepancy with the interpretatio
Reynoldset al.8 is that they assumed a positive holeg factor,
whereas our calculations indicate that the holeg factor for
the theG7 valence band is in fact negative. Furthermore,
effective g for the hole in an exciton is shown to strong
depend on the exciton state.
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