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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 bel'75>Tg5>1"7¢1y, 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 3 band. The result is found to be robust even when effects beyond the local density approximation
on the Zn 3 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 af=2 andn=1 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 Regtnald$hys. 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 havd'g symmetry. The differences between our and Reynolds’ analysis of the data are
discussed and arise from the sign of the Lagdactor for holes, which is here found to be negative for the
upperI’; band.
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I. INTRODUCTION mas was challenged by Paek al® They concluded on the
basis of temperature dependence studies and on the basis of a

The ordering of the crystal-field and spin-orbit coupling prior study by Reynoldst al® that the lines which were
split states of the valence-band maximum in wurtzite ZnOjdentified as theA-exciton linesA,, andA, (the latter being
has been the subject of controversy for more than 40 yearg longitudinal excitonby Thomas, in fact, did not arise from
The nature of the valence-band maximum fine structure ifree-exciton states but corresponded to Faeand I’y states
ZnO was first studied by Thomas3ased on the polarization of an ionized donor bound exciton. This was later disputed
dependence of the absorption and reflectivity spectra, hpy other authors, among them by Sedaltho confirmed the
came to the conclusion that the valence-band ordering ofee-exciton nature of the absorption line in question by a
ZnO is anomalous compared to the usual one in other Il-Vitudy of the phonon-assisted absorption onset. The contro-
wurtzite materials. Namely, the symmetry character of thesersy was never fully resolved, although most future papers
highest valence-band statieading to the so-called exci-  adopted the interpretation of Thomas.
ton) according to his analysis IS; rather tharl’y. The sym- Recently, Reynoldset al® restudied this issue using
metry of theB state would then bé&'. The C exciton also  second-order photoluminescence spectra. The second order
has symmetryl’;. We will here label the states & B, and  of the diffraction grating provided them higher resolution,
C from top to bottom, independent of their symmetry char-fully resolving the additional fine structure of the excitons
acter. His interpretation was that the crystal-field splitting isdue to the exchange splitting. Furthermore, they studied the
large compared to the spin-orbit splitting. Without spin-orbitbehavior of these spectra in a magnetic field. Their conclu-
coupling, the valence band would be split into a sindlgt  sion was that the line in question is indeed a free-exciton
and a doublell“5.2'3 The singletl’; is essentially ap,-like line, but that, nevertheless, the valence-band maximum must
state(with slight s admixturg while thel's is a p,,py-like  havel's symmetry. We will discuss their arguments below in
state. With the usudls>1"; ordering, one thus expects te  more detail and show that they are based on assumptions
exciton to be allowed ifE| c polarization and thé's derived  about the sign of the Landgfactors, which we will later on
(unresolvedA,B excitong to be allowed for the other polar- in this paper show to be incorrect.
ization ELc. This is essentially what was observed in Tho- The ordering proposed by Thomas can be understood in
mas’s reflectivity spectra. Absorption reveals the fine structerms of an effective negative spin-orbit splitting. The possi-
ture splitting in A and B excitons. With the spin-orbit bility of a negative spin-orbit splitting was first suggested by
coupling present, th&'; state derived from thé&'s will ob- Cardona in a study of copper and silver halidéswas sub-
tain a slight admixture op, while thel'q stays purelyp, and  sequently explained by Shind al1° The origin is the pres-
py like. Thus, one expects thE; state to become weakly ence of lower-lyingd bands. The valence-band maximum
allowed forE|c. Thomas’s data revealed this to be the casédeing an antibonding combination of anipHike states and
for the highest-energg exciton: hence, his assignment. This cation d-like states results in a negative contribution of the
was later confirmed by Liang and Yoffe. atomic d orbitals to the effective spin-orbit splitting. Thus,

On the other hand, the interpretation of the lines by Tho-one expects the possibility of a negative spin-orbit parameter
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if the d bands lie fairly close to the valence-band maximumlated directly, we can determine it using a relation between
and have a strong atomic spin-orbit parameter. This is clearlgnd the Luttinger effective mass parameléfsr the valence

the case in Cu compounds. The situation is marginal in ZnOpands which are obtained from our first-principles band
because the bands here lie about 7 eV below the valence-structure.

band maximum(according to photoemission ddta.In pre- The remainder of the paper is organized as follows: first
vious work on the group-III nitrides, we pointed out the im- We describe the computational method used for the band
portance of thel bands in considerably reducing the valuesStructure calculations in Sec. Il. Next, we describe the band

of the spin-orbit splitting®’ even though thel bands there lie ~ Structure results including a discussion of the Zo i3and
even deeper than in ZnO. shift and our justification for the choice of this shift in Sec.

In the present paper, we first present the results of a first!! A. Using this same parameter, we then fit the bands to the
principles band structure calculation using the linearizedX@shba-Sheka-PikuRRSP effective Hamiltonian and dis-
muffin-tin orbital (LMTO) method®*and carried out within  cuss the relationships between these parameters and the sim-
the local density approximatiéhto the density functional Plified Luttinger Hamiltonian used later in the paper in Sec.
theory. Spin-orbit coupling effects are included. These calculll B- In Sec. IV we briefly describe the exciton model
lations indeed indicate a negative spin-orbit splitting andgHamiltonian, including the magnetic field terms, describe its
thus confirm Thomas’ conclusion. From the above discusiréatment by perturbation theory and give its results for the
sion, however, it is clear that the results of a negative spin€Xciton binding energies in zero magnetic field. The fine
orbit splitting may depend crucially on the position of tthe strl_Jc_ture_due to the Qxc_hange terms and th_e results for the
bands and the question arises whether the latter is obtainé®litting in a magnetic field are presented in Sec. V. The
correctly in the local density approximati¢hDA). We thus d|ffer§nces betwgen ours and t.he interpretation of Reynolds
further investigate how shifts of the Zrd3ands affect the et al’® are also dls_cuss_ed in this section. The main conclu-
conclusions of the valence-band ordering and show that £0NS are summarized in Sec. VI.
does not alter them for reasonable values of the shift.

We are then faced with a clear _discrepancy between our Il COMPUTATIONAL METHOD FOR BAND
theory and the most recent experimental 8atg at least, STRUCTURES
with the interpretation of those data given in the experimen-
tal paper. The comparison of our theory to the experimental The basic computational framework used to determine the
data of Reynoldset al. is complicated by the fact that the effective one electron potential of the band structure calcu-
experimentally observed features are excitons whereas wations is the density functional theory in the local density
calculate valence bands. The question thus arises whether thpproximation'> We use the Hedin-Lundqvuist parametriza-
ordering of the valence bands could possibly be differention for the exchange-correlation potenttdiStrictly speak-
from the ordering of the corresponding exciton states due ting, the eigenvalues of the Kohn-Sham equation are not the
differences in exciton binding energy of the excitons derivedquasiparticle eigenenergies but only intermediate results in
from each valence band or, more precisely, due to the intetthe total energy calculation. However, the quasiparticle equa-
actions between these excitons. To address this question,tian differs from the Kohn-Sham equation only in that the
exciton fine structure calculation is carried out in the secongxchange correlation potential is replaced by a nonlocal and
part of the paper. energy-dependent exchange-correlation self-energy operator.

The method followed for that calculation has recently This leads to the well-known gap problem: the LDA under-
been fully described and applied to GaNn brief, a Kohn-  estimates the band gaps. It also leads ttands that are too
Luttinger Hamiltoniah”3 is taken as starting point and the high in energy. This will be shown below to have repercus-
electron-hole Coulomb interactions are added including theions for the valence-band splittings. We will discuss these
coupling between the excitons derived from different valenceeffects beyond the LDA below along with the results. In this
bands. The parameters in this model Hamiltonian are obpaper, we take the slightly empirical point of view of adjust-
tained as much as possible from our first-principles bandng the Zn 31-band position so as to obtain good agreement
structure and combined with some experimental data. Theith the splittings.
main conclusion of this part of the study is that the excitons The linear muffin-tin orbital methdd s used to solve the
follow the same ordering as the valence bands. Kohn-Sham band structure equations. We used both the full-

A careful analysis of the arguments used by Reynoldgpotential (FP) LMTO (Ref. 14 and the atomic sphere ap-
et al® to arrive at their conclusions about the symmetry ofproximation (ASA). At present, the spin-orbit coupling is
the valence-band maximum reveals that it makes assummnly incorporated in our ASA version of the computer code.
tions about the signs of the Landdactor for the holes. The The FP-LMTO results without spin-orbit coupling are found
opposite conclusion, which would then be consistent withto be in good agreement with the corresponding ASA results.
our present theory, would be obtained if thdactor for the  As usual for open structures, empty spheres are included to
holes involved in theA exciton were negative. In the final make the spheres close packed. The choice of empty spheres
part of the paper, we show that this is indeed the case by i wurtzite was described in detail in Kiet al?’ We use the
further elaboration of the Kohn-Luttinger model including experimental lattice parameteas=3.250 A, c/a=1.6018,
the presence of a magnetic field. The splitting of the valencandu= 0.382. Well converge#-point sets were used for the
bands in a magnetic field is essentially determined by thérillouin zone integrations in the self-consistent calculations.
Luttinger « parameter. While this parameter was not calcu-The spin-orbit coupling parameters derives primarily from
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FIG. 1. Band structure of wurtzite ZnO in the local density

approximation. FIG. 2. Valence-band splittings vs Znddand position in

wurtzite ZnO.

regions well within the atomic sphere and thus the ASA isply adding a shift to the center of the Zrddand LMTO

adequate for calculating its effects. potential parameteE,, 4. These results are shown in Figs.
2 and 3. What we find is that both the crystal-field and spin-
Ill. BAND STRUCTURE RESULTS orbit splittings depend strong_ly on theeband po;ition. In
fact, both decrease monotonically and nearly linearly as a
A. Band splittings at I" function of increasingl-band binding energy. We find good

Figure 1 gives an overview of the band structure as ob&greement with the experimentally deducég-Eg and
tained in the local density approximation and the FP-LMTOEs-Ec splittings for ad-band position of-6.25 eV. How-
method and using experimentla andu values. In particu- ©Vver, at _the expenmenta:l-ba_md position, the crystal-field
lar, we note the presence of the narrow Zhigands at about spll_ttmg_ is strongly underestimated. Next we attempt to ex-
—41t0—5 eV which play a crucial role in the present issue. Plain this apparent paradox.

While there is considerable dispersion and splittings oftthe _ 1he origins of the discrepancy between the LDA and the

bands, we define a convenieshband energy parameter by photoemission results on théband position are twofold.
the wéighted average of therderived bands af. In the First, there is the fact that the LDA treats exchange and cor-

LDA this value is —5 eV. These results are comparablerelaﬂon in an orbital independent manner and leads to a self-
with other first-principles LDA calculations: for example, by InNteraction error because of imperfect cancellation of the
Schrer et al?* and Xu and Ching? However, these studies Coulomb and exchange integrals, in particular for localized
did not include the spin-orbit coupling effects and did notStates. Second, however, in the photoemission experiment, a
pay close attention to the valence-band maximum fine strudinal-state relaxation effect is involved. In some sense, in
ture. The experimental value of tlisband position relative order to obtain the correct valence-band splitting we need to

to the valence-band maximum measured by photoemission [8¢lude the first but not the second effect.
—6.95 evll Another way of phrasing this is within the language of

The sign of the spin-orbit splitting was determined in two Many-body theory. The energy of a state as determined by

ways. First, we studied not only wurtzite ZnO but also zinc-
blende ZnO. In zinc-blende ZnO, the valence-band maxi- 80 -
mum splits into a four-fold state of symmethg and a two-
fold state of symmetnt';. Simple inspection of the degen- 60
eracy of the eigenvalues revealed that Ihelies above the 40 |

I'g, indicating a negative spin-orbit parameter. Second, in- 3

spection of the wave functions in the wurtzite case revealed E 20

that the highest valence band containp,aand s compo- = 0 [-FTh emado oo m oo
nents, indicatingl’; symmetry while the second state had eI
purepy,p, (and somed admixturg but absolutely zer@, or 20 ¢

s components. This clearly means that in the LDA, a nega- .40 |

tive spin-orbit splitting is obtained, confirming Thomas’ con-
clusion.

However, one may argue that the LDA calculation places
the Zn 3 band too high in energy and thus overestimates the F|G. 3. Crystal-field A;=A,) and spin-orbit splittings as func-
negative component of the spin-orbit splitting. We thus fur-tion of zn 3d-band position: fits derived either with the quasicubic
ther investigated the behavior of the splitting as a function oinodel using a single cubid, or with the anisotropic spin orbit
d-band position. We can change thévand position by sim-  parameters\,= Al /3 andA ;= AL /3 are shown.

-7.5 -7.0 -6.5 -6.0 -55 -5.0
Zn 3d band position (eV)
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photoemission is the quasiparticle energy, which followsbution. The contribution of the ZndBorbital to|,|? varies
from an equation which contains a nonlocal and energyfrom about 21% to about 13% when going from the LDA to
dependent self-energy operator instead of the exchange atite shifted Zn 8l-band position if we renormalize the wave
correlation potential. This self-energy operator in the GWfunction coefficients assuming only the @ 2nd Zn 3 are
approximatio®?* is essentially a dynamically screened present. These values indicate that qualitatively we are in-
Hartree-Fock exchange term. The energy dependence of thifeed close to the point of exact compensation of the two
term implies that there is strictly no hope of correctly obtain-contributions to the spin-orbit coupling or close to the point
ing both the valence-band maximuiviBM ) and thed-band  where a sign change may occur. This simple model does not
states from the diagonalization of one energy-independerjuite work quantitatively because we here neglect the gn 4
Hamiltonian matrix. On the other hand, let us assume that weontribution to the effective spin-orbit coupling and the fact
make a static approximation to the screening of the exthat the values may differ slightly in the solid. Nevertheless,
change. In that case, we will already correct the selfit provides some qualitative insight. The partial Zd 8on-
interaction effect that the LDA gets wrong and obtain a muchribition to the normalization integral of the antibonding
better orbital dependent treatment of exchange. Essentiallyalence-band maximum state itself varies linearly with the
this will lead to a downward shift of theé band. This is what  zn 3d-band position as can be easily verified in a simple
our calculation with shiftedd-band potential parameter is two-orbital-bond model and of course decreases as thedZn 3
simulating in a simple manner. Clearly, following the aboveis shifted down.
argument we should not expect that we get ¢hieand and With the thus established Znd3band shift we examine
VBM correct with the same shift. Thus, since we are hereagain the symmetry of the VBM states. We find that we still
interested in the VBM, we adopt a slightly empirical point of haveT'; symmetry for the VBM. Also, if we use the same
view and use this shift as an adjustable parameter. That wenift of thed band in zinc blende, we still find the doublet
obtain ad-band position intermediate between the LDA apbove the quartet. Finally, Fig. 3 shows that assuming a
value and the experimental value for the correct VBM split-negative spin-orbit splitting at thid-band position leads to
ting is completely in agreement with expectations of thethe expected nearly linear dependence versusHbend po-
above outlined theory. Of course, a furthes initio justifi-  sition, whereas assuming a positive splitting would lead to a
cation of thed-band shift required would be preferable and isnonmonotonic behavior. Clearly, we can easily identify the
planned for future work. A simple way for correcting the point where the spin-orbit splitting passes through zero as a
spurious self-interaction of the orbitals in 1I-VI's has been  function of thed-band position. Furthermore, we note that if
proposed within the framework of pseudopotentials by Vogelve shifted thed band to the point where the spin-orbit split-
etal? ting becomes positive, the crystal-field splitting would be

The crystal-field splitting also depends sensitively on thestrongly underestimated. Further corrections beyond the
crystal structure, in particular on the internal parameter | DA, in particular an upward shift of the conduction bands
which specifies the bond length=uc along thec axis. In or gap correction, would be expected to slightly reduce the
the present calculations, we have used the experimentatystal-field splitting and thus would worsen the agreement if
valueu=0.382. FP-LMTO energy minimization calculations we assumed a positive spin-orbit splitting. This is because
give a value very close to the experimental vallie0.380.  opening the gap would reduce the interaction of lhewith
For small enough changes, the crystal-field splitting in-the conduction band and thus reduce the crystal field split-
creases linearly with increasingand the deformation poten- ting. This effect is expected to be small. We note finally that
tial dA./d Inu was calculated to be 2.7 eV, significantly with the optimald-band shift obtained, the gap correction
smaller than in GaN® One further expects that the gap un- required for ZnO is similar to that in GaN. This is expected
derestimate of the LDA will overestimate thg.-I";, inter-  because the two materials have nearly the same experimental
action and thereby overestimate the crystal-field splittinggap, as well as a close correspondence in lattice constant,
Opening the gap will therefore decrease the. The ASA  density of electrons, and dielectric constant, all factors which
slightly underestimates the crystal-field splitting compared tdnfluence the GW corrections. The only significant difference
the FP-LMTO and cancels some of the LDA error. As can bepetween the two is, in fact, the much closer-lyind Bands
noticed from Figs. 2 and 3, the ASA with experimental in ZnO than in GaN.
turns out to provide values in good agreement with experi- In summary, there is no doubt that the calculation leads to
ment for bothA, and A4 for a reasonable and justifiable Zn a negative spin-orbit splitting even in a model that goes be-
3d-band shift. yond the LDA by including the expected shifts of ttdand

As for the variation of the spin-orbit splitting with the Zn and their influence on the crystal-field and spin-orbit split-
3d band position, we note that this varies essentially linearlytings and gap correction.
with the d-band contribution to the wave functidmodulo For future reference, we provide in Table | the symmetry-
squared of the valence-band maximum. In fact, in a simple labeled eigenvalues &t not only for the valence-band maxi-
modell® A= 2(—dzn 3q{zn 30+ 9o 2pdo 2p) With ¢ the re-  mum but also for some of the higher conduction-band states
spective atomic spin-orbit coupling parameters apdhe  and for the Zn 8 bands, which are relevant to p pertur-
fractional contributions to the normalized wave function bation theory. No attempt is made at this time to obtain the
|4,]2. The atomic spin-orbit parameters are approximafely valence-band parameters from perturbation theory. Instead
{zn 3¢=0.162 eV{s ,,=0.027 eV; i.e., the Zn @ atomic  we obtain them by direct fitting to the bands as discussed in
parameter is about a factor of 6 larger than the@c@ntri-  the next section.
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TABLE |. Eigenvalues af” in wurtzite ZnO. TABLE Il. Rashba-Sheka-Pikus Hamiltonian and related param-
eters: unitgi?/2m, for A;—Ag andy;—y; with m, the free-electron
Without spin orbit With spin orbit mass and?/2 for A;, meV for A;, andm, for effective masses.
Label Energy(eV) Label Energy(eV) Comment
A, A, A; Ar As  Ag A,
Ty —17.502 Iz ~17.507 03 ~3.78 —0.44 345 —163 168 —223 0.025
I3 —-16.574 Ig —-16.580
Ts ~6.719 Ty ~6.801 Znal A AL, Ay, AR
r, —6.728 38 —13.59 —9.15 -13
sooomoon am A
3.06 0.26 259 030 1.12
I'g —6.487
s ~6.003 r, ~5.989 mh? me  mh oms omb omg
Iy —-5.971 Present 2.74 0.54 3.03 055 0.27 112
I's —5.760 I's —5.913 Expt* 0.59 0.59 059 059 0.31 0.55
Iy —5.681 k-pd 0.67 0.63 0.67 0.63 0.25 2
I's —5.738 I'g —5.647 K-L® 2.16 048 233 047 027 224
I's —4.822 I'g —4.815 0% K-Lf 2.74 049 3.03 048 0.26 2.88
T —-0.710 Iy -0.724 9
Ie 0706 set 1 1155 3256 72)356 —g 25
Iy —0.039 I —0044 set 2 1.49 058 058 —0.20
I's 0.000 Iy —0.010
I'7 0.000 VBM 3ffective masses in the absence of spin-orbit coupling.
r, 3435 r, 3437 CBM EE:]?CS;E masses including spin-orbit coupling.
I's 7.101 I's 7.126 dRef.. 29'.
?3 12;22 58 ig;gi ®From quasicubic Kohn-Luttinger model with parameter set 1.
5 ' 7 ) fFrom quasicubic Kohn-Luttinger model with parameter set 2.
T's 16.117 9Quasicubic Kohn-Luttinger parameters; see text.
T 16.489 Iy 16.421
'y 16.604
r, 16.634 r, 16.675 1 I \/ ALY 8,
r, 19.574 r, 19.601 Ery=Br,= 3] ActAso™ V| Ae™ 37| Tghsol
s 21.283 r, 21.286 )
Iy 21.395
s 23.160 Ty 23.185 The — sign corresponds to the uppy or BA splitting, the
Ty 23.187 + sign to the lowell”; or BC splitting. These energy differ-
s 24.430 T's 24.436 ences are labelefi; andA, in Ref. 16. Note that in Ref. 26,
r, 25.119 r, 25.125 A, is calledAq, Alo corresponds to 8,, and A, corre-

sponds to A 3. The inverse mass parametéys—Ag are ob-
®All calculated conduction bands are shifted up by 1.624 eV so as teained by first fitting parabolic curves to the bands in the

agree with the experimental band gap of Ref. 8. directions parallel and perpendicular to theaxis and by
using the analytic expressions relating the effective masses
B. Effective mass parameters and theA; parameters given in Eq7) of Ref. 26. The linear-

] ] ) in-k A, parameter, which is related to the anticrossing of the

Using the Zn 8l-band shift parameters determined above,jight-hole and split-off hole band in the perpendicular direc-
we now examine the valence bands in the neighborhodd of tjon, is obtained by adjusting the parameter to the resulting
and derive from them the Luttinger-type effective mass panonparabolicity of the bands. Finally, the parameters are
rameters. In fact, we here follow the procedure described ifine-tuned to give the best overall fit over a rangekofal-
Kim etal?® The parameters of the %66 Rashba-Sheka- ues. The first-principles energy levels of approximately
Pikus effective Hamiltonighare adjusted so as to provide 1700 k points within a sphere of radius of 0.82#/a cen-
the best possible fit to the band structure for the highest sixered atI’ in k space were used in the fittings. This is to
valence-band stategncluding the spin degree of freeddm  ensure the overalhot just in some specific directionfit of
The resulting parameters are given in Table Il. Note thathe RSP parameters. Figure 4 illustrates the quality of the fit.
since we can in theory switch off the spin-orbit coupling atThe average root-mean-square deviation of the fitted and
will, we obtain the crystal-field parametay, directly as the first-principles energies is less than 3 meV. We note that the
I's-I'y splitting. The three eigenstates Bt providing two  spin splitting of the bands in the perpendicular direction is
energy differences, then allow us to obtain both Mﬂg and  not completely accurately reproduced by the model. This in-
Ay, spin-orbit parameters from dicates the need for further linear knterms in the Hamil-
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FIG. 5. Energy-dependent effective hole masses: thick lings,
FIG. 4. Band structure of ZnO. The open circles represent thehin lines, k.
ASA-LMTO results including spin-orbit coupling. The solid lines
represent the RSP fit. =1.55+0.01 and, finally, fromAg= y,+ 273, we obtainy,
=0.56. Thus, the axial model with a single= y,= vy, ap-
ears to be well applicable for ZnO. On the other hand, solv-
ng the two equations +;—2v3)=—(A;+A3) and (y;
+7vy3)=—(A,+A,) for y; and y3=1v gives y;=1.49 and
v=0.58. Thus, there is some uncertainty simply from the
fact that we try to reduce a six-parameter model to a two-
. arameter model and the choice of equations to use is not
and_ change by a few % \./vhen. going from the LDA to _the Snique. To gauge the effect of this uncgrtainty on the results
optimal d-band location identified above. The effective - )
of the calculations, we have used two sets far ,(y):

masses differ significantly when spin-orbit coupling is in-( .
) . (1.55,0.56 and(1.49,0.58. The corresponding values of the
cluded from those when it is neglected. Also, the e1‘fect|vee1,_fecﬁve masses obtained using EqE0)—(12) in Ref. 16,

mass of the split-off hole band in th_e perp_endlcular dlrect|orbut with A and B interchanged becaus& in GaN corre-
is strongly affected by the band anticrossing effect. Our val- ; . .
onds tol'g while here it corresponds tb,, are also in-

ues are in reasonable agreement with the experimental valud :
of Himmer® except forml, andml, andmg . The reason for cluded in Table_ . . .

. ptiormy B c- For the excitonic calculations below, we also need the
these discrepancies is not clear. We only remark that the,,yction-hand electron masses. For the latter we obtain
experimental values are deduced from a somewhat elaborate
analysis of_ the_ behe_lvior of Landau levels measured by mag- m\(\a: 0.23an,, m.=0.21my, 3
netoreflection in which the Coulomb effects are only treated
crudely. We also compare our results with those obtained by direct fitting to the first-principles bands with the same
k-p theory?® d-band shift applied as before. Hergy is the bare electron

The combined effect of the spin-orbit splitting Btwith mass. These values are expected to be slight underestimates
the various interactions between the bands leads to signifPecause of the underestimate of the gap. The bare mass as
cant nonparabolic behavior of the bands. We can describebtained from a Faraday rotation measurement isry?4
this in terms of energy-dependent masses as in Ref. 26. THEne polaronic mass was determined to be fg8or Hl|c
resulting energy-dependent masses are shown in Fig. 5. Wand 0.24n, for H.L ¢ by cyclotron resonance measurements
note in particular the strong energy dependence ofithe ~ of Buttonet al®

In Sec. IV and V, a simplified quasicubic Kohn-Luttinger
model is adopted in order to facilitate the exciton calcula- IV. EXCITON BINDING ENERGIES
tions. It is thus of interest to investigate how well the qua- L . . L
sicubic model works. The relations between the RSP param- The Ha_1m|_lt0n|gn for the relative motion of the_ exciton in
eters and the quasicubic paramet&,C were given in Eq. a magnetic field in a hexagonal semiconductor is
(5) of Kim et al?® Furthermore, the Luttinger parameters are

tonian which are of relativistic origin and denoted by in
Ref. 26. Since here we are primarily interested in deducin
an even simpler Kohn-Luttinger model, we did not attempt
to fit the «; terms. We also investigated the sensitivity of
these parameters to the Zrd-Band position. TheA;—-A;
parameters vary basically linearly with tlieband position

A~ ~ ) e . ' e
v1=—(A+2B)/3, Hexc(r):He<—|V+%A)—Hh |V+%A>
v,=—(A—B)/6, o .
ya=—CI6. ) Vebeo (C+y?) 8572

From —6y3;=C=—A3=2A,, we obtain y;=0.56+0.02. where {,y,z)=(r) are the relative electron-hole coordinates
From A;=—vy;—4y; and A,=—y,;+2y3, we obtainy;  (thezdirection is chosen along the hexagooalxis), eis the

075207-6



VALENCE-BAND ORDERING AND MAGNETO-OPTC.. .. PHYSICAL REVIEW B 65 075207

magnitude of the free-electron chargfﬂ) and e are the us =101, ug=I[1,-1)],
low-frequency dielectric constants, add=(1/2)[HXr] is L _ -
the vector potential of the magnetic field. We write the ki- Uax=ial1,)|—ib[1,07, up=a

netic energy parts of both the electrdfi,, and the hole, uec=ib|1,| +ia|1,007, uc=b|1,—1)7—a|1,0/|

1,-1)71+b[1,0/],

H,, effective envelope Hamiltonians in the quasicubic 7)
appr.oximatiorﬁ neglecting relativistic terms linear ik it |I,m) the usual spherical harmonics or angular momen-
=*iV+eAlf c, respectively, as tum eigenstategl,+1)=(|X)*i|Y))/\2,/]1,00=]2).

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

terms of
P T TN R
He(k)_z_rr]lkz+R(kx+ky)+§geMB(0—sz) 1 «
a= , b= ,
1, . . x“+1 x“+1
+§geMB(UxHX+GyHy)1 5
—(3A.—AL)+(3Aa.— Al )2 +8AL2
X= B . (8)
2\/§Aso
-~ . h? ) ey The values ofa andb are 0.9950 and-0.0999.
—Hp(k)= 2me (y1+4y)k“=6y a;X:y , kala Another important factor, affecting the groun® and ex-
” cited 2S exciton state energies, is the polar interaction of
A 1 | e excitons with optical phonons. The exact description of the
+2; {kaKgHl ol g} ~38s0[(1202)—1] exciton—optical-phonon system in wurtzite semiconductors
“rh such as ZnO and GaN has not been developed. To estimate
1 o -~ R the “polaron” effects we use here the simple band isotropic
- §AJS'0(|J_O'J_)—AC[lz—l]—,uB(l‘i‘BK) (1H) Polimann-Btitner modei* as described in Ref. 16. For this,
we add to the isotropic part of the Coulomb interaction po-
. tential, —e?/eqr, whereso= yejey, the Pollmann-Btiner
+ EMBQO((’ H), ®  correction potentiaV/b% given by
where go=2,9l,g. are the free-electron and conduction- pol e 1 ' '
90=4,9¢.9e i ) VPB:_WE mpex —l— —MgeX —l— . (9)
band parallel and perpendiculgrfactors, respectivelyug emr h e

=ehl/2mgc is the Bohr magnetorf;rx,y,Z are the Pauli ma-  Here 1£P°'=(1/e,.— 1/e,); e..= \eleX; me andm, are the
trices,| is the orbital angular momentum operator of the holeelectron and hole effective masses, respectively, averaged
(1=1), {ab}=(ab+ba)/2, andk is the magnetic Luttinger over the three directions ik space, Th,= (2/m; + 1/mﬂ)/3
constant’ and 1m,=y/m, (note thatm, is the same for all valence

To calculate the free-exciton energy levels from thesubbands andAm=my—m,, andl,,= VA“/2me E o are
Hamiltonian of Eq.(4) we first rescale the coordinates the electron- and hole-polaron radii. The energy of optical
X, y—vy, andz—z\, wherep=e5/c). This leads to a Phonons in ZnO is known to B2E =72 meV, and the

separation into isotropic and anisotropic terms as well ayalues used for the low-frequenay;” , and high-frequency,
coupling terms. If the latter two are neglected, the problerrriloél, dielectric constants at®

reduces to the hydrogenic problem for the envelope function.

Under suitable conditions, which we will show below to be s‘(‘)=8.49, g0 =7.40, (10
satisfied here, the anisotropy and coupling terms as well as

the magnetic field terms can be treated in second-order per- I N

turbation theory following the approach of Baldereschi, £,=3.72, &,=3.68. 1D

Lipari, and Altarell’>*® as fully described in Ref. 16. The According to Pollmann and Bner3* the “bare” band elec-
important parameters for the validity of the perturbationtron and hole effective mass parameters are used in the
treatment are p,=u,/u2", with v=A,B,C and p, Hamiltonians of Eqs(5) and(6) as well as in Eq(9). The
=1yuo/my, defined below and which are, respectively, acorrection potential of EqQ9) is treated as a perturbation on
measure of the anisotropy and coupling. The coupling termghe same basis as the anisotropic and coupling terms de-
further involve the dielectric constant anisotropy factpr scribed in Ref. 16.

defined earlier and the mixing parameters of the various We will focus only on the grounch=1 and excitedn
Bloch basis functions of the valence-band edge in the spin=2 exciton states of th& symmetry and present the result-
orbit coupled states, ing exciton transition energies in zero magnetic field as
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TABLE lll. Binding energy contributions to theS.and 2S ex- but only discuss the trends. First of all, we note that the

citons, all energies in meV. anisotropy and coupling contributions are relatively small

_ compared to the effective Rydberg and the polaron correc-

v R,  AEX™ AEXY  AEPY  EY™  AEP®  tion. Next, we note that the binding energy differences be-
1S excitons tween theA andB and between thB andC excitons are less

than 1 meV and 2 meV, respectively. These are small com-
pared to theA-B and B-C splittings. Using a somewhat

A .2 . 1.67 11.4 49.94 . . L
36.25 0.58 6 ° 9.9 larger electron mass of 0.24 leads to an increase in binding

i gsig 8'22 g'gg E;‘: :(2).431; energy of about 5-6 meV for theﬁlstates, of which 3 meV
: : : ) : is due to the change in the effective Rydberg, 2 meV, due to
2S excitons the polaron correction, and 0.5 meV due to the coupling
contributions. It leads to an increase in binding energy of the
A 0.90 1.80 228 1031 139.63 2S states by only 1 meV. The alternative set of Kohn-
B 0.93 205 228 1037 3996 Luttinger parameteréused in sets 3 and)4ends to increase
c 1.00 0.84 233 1032 4216 the anisotropy qnd coupllng corrections by Ies§ than 1 meV.
The substantial corrections to the Rydberg imply that the
AEP=EDI-EDDC. exciton binding energies cannot be directly obtained from the
experimental separation betweer=1 and n=2 states,
Epn=EJ—Eoh?, (12 AE;?by the simple relation 4/8E;*. For example, using set

1 we obtain for the energy separation betweéhahd 25
whereEY is the separation between the bottom of the conenergy levels 39.63 meV for th& exciton and 39.96 meV
duction band and the top of each of the-A,B,C valence for the B exciton. These values differ significantly from
subbands and the binding energies are given by 3/4E2‘2d and 3/&3{9", respectively. They can also be com-
pared with 3/4 of the binding energies reported in Ref. 8:
bing 1 an coup pol 60.0 meV for A excitons and 57.0 meV foB excitons,
Eon =5 (R, TAEL+HAESPHAE)D). (13 which give AEX%(A)=45.0 meV and AE¥(B)
n =42.75 meV, respectively.
The effective Rydberng=,uve4/2hzs§ are calculated with Overall, the ggreement with the bindilng energies deduced
the exciton reduced massgs averaged over the three di- 10M the experiment are fairly good, given that no param-
rections ink space: Mv=(2/ﬂﬁ+ ﬂ/M‘l‘,)/&l/Mi’H:l/mi I eters were adjusted to the binding energies, all parameters

+ Umt | The termsA E&" AEi?nup andAEfj"’n' contain the being derived either from theory or from other experimental

. : v, : . data, and keeping in mind the above-mentioned difficulties in
anisotropy, intersubband coupling, and polaron corrections

. . . extracting binding energies directly from the splittings of ex-
respectively, calculated in the second order of perturbatlo%ited and ground states of the excitons. In addition, the treat-
theory. We note that the indices and B in all expression : '

given in Ref. 16 for GaN must be inverted when applied toment of the numerically important polaron effect used here

: should be considered as a fairly rough estimation. In any
ggr?dsdue to the inverse order of the upfigy andI’y sub- case, the conclusions about the order of #&eB, and C

To examine the effects of the uncertainty of the Kohn-?nxgr'éog|§é8$§tg'3t§§cﬂ,apns£%?sW'" not change if one uses
Luttinger parameters, we carried out the calculations with The main coan:Iusion of this éection is thus that the exci-
four sets of parameters. The first set uggs- 1.55,y=0.56, tons closely maintain their principal valence-band character
and the, electron masses of H@. In the second set, the even when band mixing effects are included. The binding
samey’s but an isotropic electron mass of 0.24 are ern'energy differences are small compared to the valence band-
ployed. The third and fourth sets uge=1.49,y=0.58 With  ¢jiings. In other words, the lowest energy exciton is stil
electron masses_of E() and 0.24, respggnvely. an  the one primarily derived from the top valence band, i.e.,
The perturbation parametefs,=u,/u,", where 14, from theI'; valence band, even when coupling effects are

=(Uui— 7;/#‘1‘))/3 for anisotropic corrections, angy included.

=1ywpol/My=po/my, where 1lho=(Lpua+Llpug+lipnc)/3

for the coupling corrections, obtained with the first set are

ph=0.095, pp=0.149, pg=0.151, andpc=0.155. Similar V. EXCHANGE AND MAGNETIC FIELD EFFECTS
values are obtained with the other sets of parameters. All are
about 0.1, showing that perturbation theory is well satisfied
In particular, for the § states all expressions involve the
square of these parameters.

In Table Il we provide the different components of the
binding energy for the $ and 2S states as calculated with
the first set of parameters. For thé& 3tates we also give
AEP*=ED'-EP'D. Because the other parameter sets pro- H _Jsr 1- 14
duce very similar results, we do not give the results explicitly ex 2 (1=0n: o). (14)

The electron-hole exchange interaction is not included in
the exciton Hamiltonian considered so far. It contains both
short-range and long-range contributi®hs®or, as some au-
thors prefer, analytic and nonanalytic terfis?? The short-
range part can be written in the form
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The effect of the long-range terms can be incorporated bytates for theA and B excitons, respectively. In order to ex-
replacing Jsg by an effectiveJx, which depends on the perimentally identify these different symmetry states, it is
wave vector of the exciton translation motion and is differentuseful to consider their behavior in a magnetic field. We do
for longitudinal excitons, i.e.K| s with u the dipole mo- that next.

ment of the exciton and transverse excitons. Following For a sufficiently weak magnetic field, the corresponding
Skettrup and Balsle® we can write terms in the Hamiltonian can be treated by perturbation
theory at the same level as the anisotropy and exciton cou-
pling terms. The Zeeman energy for the electrons is
i1/2,u,3g|(|e’LHH’L for the magnetic fielH! directed parallel
and H* directed perpendicular to the axis, and “+” (in
parallel field is for the spin up state_ . The reported values
Jr=Jsr 3dir- (15 for the anisotropiay tensor are in the rang&<

2
J =Jsrt §JLRa

The possible symmetries of the exciton states derived gl=1.956-1.958, g.=1.955-1.956. (17)

from the symmetries of the valence and conduction bands at
T are The g tensors for the various valence bands are all ex-
pressed in terms of the singke constant in Ref. 16, Eqs.
I,er,=ryelr,els, (30—(32). The latter is obtained from the well-known
relationship®
F9®F7:F6@F5. (16)

k=(=2=y,+57)/3, (18)
Only I's for ELc and I'; for E|c correspond to allowed

transitions. The other lines are forbidden but may still befor which we obtain the valug= —0.25 with they set 1 and
weakly visible because the finite contribution in the exci- —0.197 withy set 2 as considered before.dgH is small
ton states or because of imperfect alignment of the beamsompared to the valence-band splittingsandA,, the Zee-
with respect to the crystal axis. Tlg states correspond to a man energy for valence subbandsti&/z,u,ggﬂ'l Hl-, where
total (spin+orbital) angular momentum projectiody,,, of  again the “+” sign in parallel field corresponds to the posi-
the hole and electron equal tol. For thel'y®T'; derived tive projection of the hole total momentum: i.e., thg func-
states, they are formed hy u, andu, ug , with the elec- tjon.

tron states|ul)=|s)7,|u;)=]|s)| and the hole states de-  For the free holes in tha, B, andC valence subbands we
fined in Eq.(7). In other words, they are the combinations of obtain

the Jy,,= £ 3/2 states of the hole with thk,,= * 1/2 states of

the electron, giving rise to a total momentum projection of guf —2.455 —-2.772, ga=0.090.135, (19
Jiotz= = (|Ind —|Jed)==*1, and have antiparallel electron
and hole spins. ThE&g states are constructed from the prod- gHB: 1.501.18  g5=0(0), (20)

ucts of the same electron and hole states but with the electron
spins interchanged. Here the electron spins are thus parallel
to those of the holes. Theé;®I'; derivedI's corresponds to
theu, ug andu, u, functions, corresponding to the sum of in which the values in parentheses correspond tocthialue
electron and hole total momenty,,= +1/2 andJ,,,= +1/2,  of —0.197 and the other te=—0.25
leading 10 Jior ,= * (|Jed +[JIn)==1. For the upper’; In Ref. 16, it is shown that the perpendicular values are
state ¢ =A) which has mainlyxy charactefin fact, see Eq. not affected by the coupling effects and are the same for the
(8), a=0.999, the I's exciton again corresponds to a stateholes involved in any exciton states. On the other hand, the
with mainly antiparallel electron and hole spins. Theand  values of the paralley factor of the holes involved in the
I', exciton states are constructed from products of the samexciton states are affected significantly by the coupling be-
band states but with the electron states interchanged. Theeen excitons belonging to the different valence subbands
dominant components of these states have parallel electrand might be very different from the free halevalues and
and hole spins. They would be Kramers degenerate if théor the hole in different exciton states. Recently, the effect of
interaction with the crystal-field split-off band were ne- differentg values for the free hole and the hole involved in
glected. In practice they are still very nearly degeneratethe 1S exciton state in thé\(I'g) subband in wurtzite GaN
Only the states with antiparallel electron and hole spins aréas been observed experimentély.
affected by the exchange Hamiltonian, as written in @&4). With the parameters described above we obtain for the
Due to the additional long-range effects, the ) states holeg values in the ground 3 states ofA, B, andC excitons
are effectively shifted upwards hy;r y with respect to the the values given in Table IV for the four sets of parameters
I'y and I, states. The exchange Hamiltonian also leads tanvestigated. We may note that tigevalues are a bit more
off-diagonal terms between the differein states. sensitive to the choice of parameters than are the binding
Since the Hamiltonian of Eq4) does not contain the energies. The differences due to the different parameter sets
exchange term, the results for the binding energies given iare of the same magnitude as the differences between the
the Table Il strictly speaking pertain to th& {,I';) andI's  different experimental reports, also included in Table IV.

gt=1.9561952, g&=1.911.865, (21
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TABLE |V. Effective Landeg factors for the holes participating ior of the B exciton in a magnetic field would be worthwhile.

in 1S excitons. Our results compare best of all with the most recent data of
” H ] Rosenzw_eid.8 .

ga(1S) 95(19) 9c(19) Returning to the experimental data of Reynoktsal,?
Set 1 ~1.335 3.038 1.062 one might ask why, within our current interpretation, fhe
Set 2 —1.227 3.145 1.130 is so weak compared 5 for E[c. One might further argue
Set 3 —1.556 2.843 1.445 that in luminescence the low-energy excitation should appear
Set 4 —1.438 2.961 1.178 stronger because of the Boltzmann occupation factor. How-

ever, it should be kept in mind that this state still is primarily

Ref. 8 1.2 x,y like with only a very smallz admixture because the
Ref. 28 1.7 crystal-field splitting is much larger than the spin-orbit split-
Ref. 47 |1.6 |1.95 ting. Thus, it is intrinsically a weak transition even if al-
Ref. 48 [1+0.5 [2.7+0.5 lowed.

Second, we note that the peak at 3.3773 eV inEle
spectrum corresponds to the longitudinal excitdihis in-

Using these values we can finally calculate ti§ekciton ~ terpretation issoconfirmed by the Ss;ltudies of Blattreeral.,*’
effective g factors for the states of different symmetry. For Kuhnertet al,””and Himmeret al.> According to these pa-
the A(T,®T;) exciton we have for thel's state gl pers, thd 57 state is much closert_o tHe, state. Thd'g -I';
+g“ (1S)~0.4-0.7 and for thd",-T', Zeeman splittinggi _spllttmg_ of 1.7 meV does not directly give the exchange
_ ﬁ(lS)%33—35 the range of values beina due to themteractlon parameted, because of the presence of off-

galS ; " 9 g a . diagonal matrix elements of the exchange interaction Hamil-
uncertainty in the parameters. Note that fhe exciton is

; . o . _tonian between thé&'g®I'; andI';®I'; derivedI'5 states.
forbidden without a magnetic field but becomes allowed in St [t N
magnetic field because the latter has symmeéyyTheI'; From the paper of Skettrup and Baisfvwe extract a

X g I'5 -I"4 splitting of 2.2 meV and d'57-I"; splitting of 0.8
22351giesléatt?13énvvcrgﬁglgr:ngeraelr:))éIdeeagc?hn(e;;ﬁteer Ygg&g;gi??ﬁgev in fairly good agreement with the above assignments.
L ’ . ' h I in thei lysis for th h
splitting. The relevang factors just deduced have to be com- e values used in their analysis for the exchange parameters

pared with the value 3.09 reported by Reynadtisl 8 for the correspond ta), =13.4 meV andJy=18 meV. We then

o X btainJsg=5.7 meV and] g=11.7 meV. This should be
Zeeman splitting of the exciton ground state at 3.3756 eV’ SR™ = LR
They obtained a negligible splitting for the higher-enefgy tompared with the exchange parameter reported by Langer

. > . . YY  etal> of 5.6 meV. The latter was in good agreement with
exciton at 3'37.73 eV, which is compatible with dg exci- the theoretical calculation by Rohri@rwhich only includes
ton g factor being less than 1.

Our assignment of the lines is in agreement with that bythe short-range contribution. The value in Langeal is
: . obtained from a uniaxial stress measurement which strictl
Thomas but differs from that of Reynoldst al® Their as- y

. ; L speaking measures a combination of a stress deformation po-
S|gnment differs from ours primarily because they assumed fential and the exchange parameter. Skettrup and Balslev
positive g, factor for the hole. Note that for th&,®1';

. ) . s e T provide an alternative analysis of the date of Langgeal >
derived I's exciton the effectlve_: splitting IS given bige Having identified the maifl's peak in the data of Rey-
+ 9l w_hgrea_s fqr thd's®I'; derivedl's exciton, thg _effec- noldset al.as thel's, , the question then comes up as to why
tive splitting is given b)/lge— gy|. Thus, W'th. a positiveg, Reynoldset al®in EL c see thd'; state at almost exactly the
and g, the small splitting of thd5 state indicated to them

that this exciton would b&'q derived. However, the present same energy as the longitudinal exciton instead of at the
. 9 : ' tranversd s . This is most likely explained by the polariton
calculations shows that with B; VBM, the g, for the A o7 y exp yhe p

et : d thus th : b effect?” The reason why primarily the upper branch of the
eXC|It_onb||s negat;]ve and thus the Tumfo m:%a%rs ecomes polariton is visible in the experiment of Reynolefsal. is not
negligiole. _Furt ermore, our value for the,-I'; Zeeme_m clear but such an interpretation would seem to be consistent
splitting is in good agreement with the data. A negatiye

f d ously | band i with the results of Blattneet al*” on polariton dispersion
aclor was reporte Ag)rewousy or thié; valence band in 50y ations. The behavior fdEL ¢ and H|c is further dis-
GaN by Campcet al.

. I cussed in Hmmer et al® and involves coupling with the
For theB(I'e®1'7) exciton we have for thé's state[de  jinear ink terms. Since these are absentfy it is, accord-

—g5(15)[~0.9-1.1 and for thel's splitting glz|a+9!3(.1s) ing to those authors, further evidence of fhesymmetry of
~4.9-5.1. The values for thB-exciton g factors predicted the VBM.

here are significantly larger than the values reported by Blatt-
neret al*’ obtained from two-photon Raman scattering. This
discrepancy requires further study. Tgdactors for theA
exciton reported by these authors are somewhat larger than
those reported by Reynoldzt al® and closer to the upper The main conclusion of this paper is that the original Tho-
range of values obtained with parameter sets 3 and 4. khas assignment of the valence band maximum as hdwng
should be noted that Blattnet al*’ obtained conflicting re- symmetry is confirmed byl) a direct first-principles band
sults from reflection and absorption data for theplittings  structure calculation an@®) a careful analysis of the recent
of the B exciton. So further experimental study of the behav-magneto-optical data on excitons by Reynaétisl® includ-

VI. CONCLUSION
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ing exciton coupling and a calculation of the h@dactors
within the Luttinger model. sponding to the top valence band.

The origin of the anomalous ordering is the effective The calculations of the magnetic-field-induced splittings
negative spin-orbit coupling which arises from the contribu-of the excitons show that our model is consistent with the
tion of the-lower lying Zn @ bands. The conclusion of a €xperimental data. The discrepancy with thg interpretation of
negative spin-orbit coupling is found to be robust when ef-Reynoldset al®is that they assumed a positive hgléactor,
fects beyond the the LDA on the Znd@and position are whereas our calculations indicate that the hgléactor for
included and an optimal value value for the latter was delhe thel'z valence band is in fact negative. Furthermore, the
rived which gives good agreement with the basic valence&fféctive g for the hole in an exciton is shown to strongly
band splittings. The effective mass parameters of the valencqe‘epenOI on the exciton state.
and conduction bands are obtained from these band structure
calculations and used in the exciton model.

The exciton calculations show that the coupling of the The work at CWRU was supported by the ONR under
excitons leads to only small differences in the exciton bind-Grant No. N000-99-1-1073 and N0O00-14-98-1-0160. A.V.R.
ing energies derived from the three valence-band maximagratefully acknowledges financial support from the Alex-
The differences in binding energy are smaller than the splitander von Humboldt Foundation. We thank A. Hoffmann for

character of the lowest-level exciton is clearly that corre-
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