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Symmetry of excitons in GaN
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Magnetoreflectivity measurements on GaN are used to resolve the symmetry of three excitonic resonances,
arising from the crystal-field and spin-orbit effects on the valence band. The symmetry characteristic for each
valence subband is directly seen in the observed Zeeman pattern. The linear magnetic-field effect for all
exciton components is well accounted for by introducing only two coupling constants: the electronicg factor
for the conduction band and the Luttingerk parameter for the valence band. The strength of the electron-hole
exchange interaction is determined.@S0163-1829~99!08531-8#
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In most semiconductors, excitonic resonances involv
coupled pair of ans-type conduction-band electron and
p-type valence-band hole. The behavior of this 12-fold d
generate exciton ground state in the presence of spin-o
interaction, crystal field, electron-hole exchange, and a m
netic field is a challenge for the Luttinger model,1 which
accounts for the complex nature of valence-band states
this model, the effects of a magnetic field are taken i
account in terms of a single coupling constant (k), which
redefines theg factors for different valence subbands.
singlek model has been successfully introduced for the fo
fold degenerateJ53/2 hole subbands in zinc-blend
semiconductors.2,3 On the other hand, in the case of lowe
symmetry, wurtzite-type semiconductors, the magnetic fi
pattern of different excitonic states has only been discus
in terms of the effectiveg factors, separately for each va
lence subband.4,5 Such a many-parameter description offer
rather limited understanding of excitonic resonances, part
larly in the case when the amplitudes of spin-orbit a
crystal-field interactions are of the same order. GaN i
representative wurtzite structure semiconductor with com
rable strength of spin-orbit and crystal-field interactions.6 It
is a technologically important compound because of the
evant efforts to ‘‘blue-shift’’ the spectral range of optoele
tronic semiconductor devices, though its optical proper
are still not sufficiently known.7 It is clear, however, that the
near band edge response in this material is determined b
so calledA, B, andC exciton components which are close
energy and most likely form a coupled state, and theref
PRB 600163-1829/99/60~7!/4438~4!/$15.00
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need to be understood within the most general model p
sible with a minimum number of parameters.

In this paper we examine the symmetry of excitons
wurtzite structure GaN crystals using high field magneto
flectance experiments. The magnetic-field pattern of
resonances is confronted with calculations based on the
tinger model completed by introducing the crystal-field a
electron-hole exchange interactions. We show that sym
tries of the observed magneto-excitonic levels can be sa
factorily parametrized using only two coupling constan
i.e., the g factor for the conduction band-electrons and
singlek parameter for all three valence subbands. The in
play between the crystal-field and spin-orbit interactio
leads to the unexpected spin symmetries of the resulting
citon states. The experimental observations are well
counted for by the invariant expression for a Hamiltoni
based on group theory.

The experiments were performed using homoepitax
GaN layers grown by metal-organic chemical-vap
depositic~MOCVD! on GaN bulk crystals. A detailed de
scription of samples and the experimental setup is gi
elsewhere.6 Low temperature reflectivity spectra were me
sured with the magnetic fieldB parallel and perpendicular to
the c axis of the GaN crystal lattice. The representative r
data measured in the configuration of the magnetic fieldBic,
in the range fromB50 to 27 T, are presented in Fig. 1. Th
spectrum obtained atB50 shows three characteristic fea
tures, which correspond to the optically active excitonsA, B,
andC. This is typical for wurtzite structure semiconductor8
4438 ©1999 The American Physical Society
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and directly reflects the valence-band splitting caused by
spin-orbit and crystal-field interactions. The magnetic-fie
evolution of the reflectivity spectra shows the Zeeman eff
which is essentially different for different exciton comp
nents and also depends on the magnetic-field orientation.
example, in theBic configuration~see Fig. 1! we clearly
observe the spin splitting ofB andC excitons, while exciton
A does not split in this configuration, though a tiny featu
appears on its low energy wing.9

The energy positions of the excitonic resonances h
been defined from the measurements by the standard me
of calculating the derivatives,dR/dE, of the reflectivity
spectra and assigning the maxima of (2dR/dE) to the opti-
cally active transverse excitons. This method can introd
some systematic error in the absolute value of the exc
energy, but is quite accurate in describing the relative d
placement of the Zeeman components. The energy posit
of the exciton Zeeman components, measured for diffe
magnetic fields and for two experimental configurations
shown in Fig. 2. Representative derivatives of the reflecta
spectra measured atB527 T are also presented in this fig
ure. Using the ‘‘derivative’’ method we can very easily fo
low the magnetic field evolution of excitonsA and B. This
procedure is less effective in the region of excitonC because
of the significant broadening of this resonance and beca
of the overlap of excitonC with the excited states of exciton
A andB. Nevertheless, the effect of magnetic fields on ex
ton C can be quite clearly seen in the raw data~see Fig. 1!.
Note, for example, that excitonC splits into only two com-
ponents in theBic configuration whereas the feature appe
ing in between the two spin-split components@see Fig. 2~a!#
is related to the 2s state of excitonA.

We note the following characteristic features of splitti
patterns presented in Fig. 2~a! and 2~b!. ~i! Bic configura-
tion: the spin splitting of excitonA is negligibly small;10

excitonB splits into two components of comparable inten
ties; the biggest splitting is observed for excitonC. ~ii ! B'c
configuration: the excitonA clearly splits into two compo-
nents; excitonB shows up to four spin-split components
highest fields; excitonC splits into more than two optically

FIG. 1. Magnetoreflectance spectra of GaN measured in m
netic fields up to 27 T applied along thec axis of the wurtzite
crystal. For clarity, subsequent spectra are shifted vertically.
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active components~due to a broadening and the appearan
of the excited states of excitonA, the splitting pattern of
excitonC is less precisely determined!.

These observations allow us to deduce the symm
breaking diagram of the sixfold degenerate valence band
the twofold degenerate conduction band states. Such a
gram, reflecting the simplified approach to excitonic tran
tions in terms of band-to-band transitions, is schematica
shown in Fig. 3. Within this approach, the symmetry of ea
exciton component is characterized by two quantum numb
(se , j z). se561/2 andj z563/2,61/2 denote, respectively
the projections of the conduction-band spin and of the to
angular momentum of the valence-band states onto the d
tion parallel to thec axis of the crystal. As shown in Fig. 3
the spin-orbit and crystal-field interactions reduce the h
symmetry of initial states to those withG9( j z563/2) and
G7(se561/2 or j z561/2) symmetries. The orientation o
the magnetic field with respect to the crystalc axis is an
important ingredient in the determination of a transition
symmetry: states withG7 symmetry split in both configura
tions of the magnetic field whereas the states ofG9 symmetry
split in theBic configuration but not whenB'c.8

Our results confirm theG9˜G7 character of the transition

g-

FIG. 2. ~a! Left side: energies of the Zeeman components for
exciton in GaN as a function of the magnetic field forBic; circles –
experiment; shadow and broken lines — calculated energies of
tically active and ‘‘dark’’ excitons, respectively. The width of th
shadow area is proportional to the calculated oscillator strength
given Zeeman component. Right side: derivative of the reflecta
spectrum atB527 T. ~b! The same as~a! for the magnetic-field
directionB'c.
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associated with excitonA. As expected, this transition show
only two, equal intensity Zeeman components in theB'c
configuration. The splitting of excitonA in this configuration
is determined solely by the spin splitting in the conducti
band, allowing a direct measure of the electronge factor. In
the B'c configuration one expects up to four Zeeman co
ponents for eachG7˜G7 interband transition, as indeed
observed for excitonsB andC.

The case of theBic configuration is particularly transpar
ent due to the clearly definedse2 j z561 selection rules for
optically allowed transition~see Fig. 3!. In this configuration,
each excitonA, B, andC is expected to split into a double
Apparently, the spin splitting of theG9˜G7 transition is not
experimentally resolved. This is because spin splittings in
conduction and the valence band compete with each o
leading to an almost exact cancellation of the Zeeman ef
for the excitonA in this configuration. We assume thatge
.0 and that its value is not sensitive to the fie
orientation,11 therefore concluding that theg factor value for
the G9 valence-band states is positive:gvAi.ge.0.

Although excitonA remains accidently degenerate wh
Bic, the doublet splitting is indeed observed for excitonsB
andC. We note that the spin splitting of excitonB in theBic
configuration is smaller than the spin splitting of excitonA in
the B'c configuration, the latter splitting being determine
solely by the spin splitting in the conduction band. Accor
ing to the selection rules shown in Fig. 3, we conclude t
theg factor ofG7 valence states associated with excitonB is
negative (gvBi,0). In contrast, the spin splitting of excito
C in theBic configuration is bigger than the spin splitting
the conduction band and therefore theg factor ofG7 valence
states associated with excitonC is positive (gvCi.0). The
resulting spin order of Zeeman components of the vale
states is shown in Fig. 3.

It is interesting to note that in the limit of the finite spin
orbit splitting (Dso.0) but vanishing crystal field effec
(Dc f50), one would expect1 that gvBi

0 5 1
3 gvAi.0 andgvCi

0

5( 1
3 gvAi21),0 in contrast to our observation (gvBi,0,

FIG. 3. Breaking symmetry scheme of the conduction and
lence bands in GaN. The influence of the subsequent interact
spin-orbit, crystal-field, and the magnetic-field (Bic) is shown from
left to right. The total angular momentum of the resulting state
given on the right side. The optically active excitons correspond
the allowed transitions, which are marked by arrows.
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gvCi.0). Although the crystal-field effects are relative
weak in GaN (Dso.Dc f),

6 our results clearly show that mix
ing of valence-band states in this compound is sufficien
strong to reverse the spin order for the twoG7 valence sub-
bands.

The qualitative considerations presented above can be
tified by comparing the experimental data with the followin
more rigorous model. We assume that the 12-fold degene
ground exciton is composed of ans-like conduction-band
electron and ap-type valence-band hole, which can be d
scribed using ause ,l z ,s& basis, where thezW direction is cho-
sen along thec axis. These three quantum numbers cor
spond to the spin operator of the electrons¢e(se56 1

2 ),
orbital angular momentum, and spin operators of the h
l¢( l z51,0,21) ands¢(s56 1

2 ), respectively. For the wurtzite
structure, in the simplest, quasicubic approximation, negle
ing thek dispersion, an invariant expression of the 1s exci-
ton Hamiltonian forB50 gives:12,13

H05E02Dc fl z
22

2

3
Dsol¢s¢12Dexs¢es¢, ~1!

whereE0 corresponds to the energy gap;Dc f andDso denote,
respectively, the crystal-field and spin-orbit splittings, a
Dex is the isotropic exchange splitting. The values of t
crystal-field and spin-orbit interaction parameters determ
the G9 , G7, andG7 energies of the split valence bands.6

According to Luttinger,1 the linear magnetic-field effect
can be included as follows:

HB5gemBB¢ s¢e12mBB¢ s¢2mB~3k̃11!B¢ l¢. ~2!

Here, the first term corresponds to the Zeeman splitting
the conduction band and is described by the effectiveg fac-
tor of the electronge . The next two terms account for th
valence subbands splitting and are related to the spin
orbital angular momentum of the hole, respectively. The
rameterk̃ gives directly the Zeeman splitting of the ho
bound in excitonA for the Bic configuration (ghAi56k̃).14

Its value may be directly expressed by thek parameter of the
free hole, and other valence-band parameters.2,15 The dia-
magnetic shift, clearly visible in the experimental resu
~Fig. 2!, was introduced in the simplest way throughHD
5dB2.

When the direction of the incoming light is normal to th
crystal surface, the following four states among exciton ba
are optically active:u1 1

2 ,61,2 1
2 & and u2 1

2 ,61,1 1
2 &. For

the unpolarized light their oscillator strengths are equal.
The diagonalization of the HamiltonianH5H01HB

1HD gives the energies and eigenfunctions of the exci
Zeeman components, and their oscillator strengths can
calculated. The resulting exciton spectrum is presented
Fig. 2 in comparison with the experimental results. Fo
eigenstates of the Hamiltonian with the lowest energy co
spond to the components of excitonA. For the magnetic field
Bic, two of them, withG5 symmetry, are almost pure bas
states, namelyu1 1

2 ,21,2 1
2 & andu2 1

2 ,11,1 1
2 &, and are op-

tically active.5 For this configuration, the magnetic-field

-
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resulting
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TABLE I. Band structure parameters of GaN obtained from the analysis of the near band edge magnetoreflectance, and the
energies of the optically active excitons forB50.

Dc f Dso Dex gel k̃ d EA EB EC

~meV! ~meV! ~meV! (meV/T2) ~meV! ~meV! ~meV!

10.260.1 18.160.2 20.9160.05 1.9460.02 20.3660.01 1.8460.1 3476.960.3 3482.160.3 3499.360.8
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induced splitting between these states is equal toDAi(B)
5u(ge16k̃)mBBu. Since this splitting is not resolved, on
can estimatek̃'2ge/6.

Two other eigenstates:u2 1
2 ,21,2 1

2 & and u1 1
2 ,11,1 1

2 &
belong to ‘‘dark excitons’’ withG6 symmetry. A magnetic
field applied in the direction perpendicular to thec axis in-
troduces coupling between the optically active and ‘‘dark’’A
excitons. In the first approximation, neglecting the inter
tions with excitons from theB and C groups, the observed
splitting is described by8 DA'(B)5ADex

2 1(gemBB)2.
Thus, the zero-field exciton energies,A-exciton diamag-

netic shift, and its splitting measured for two configuratio
Bic andB'c, give sufficient information to estimate all pa
rameters involved in the above Hamiltonian. Finally th
values have been corrected using a least-squares-fit p
dure taking into account all transitions resolved in the exp
ments~see Fig. 2!. The obtained parameter values are list
in Table I.

Our model is in fair agreement with the experimental
sults presented in Figs.2~a! and 2~b!. Some disagreement ob
served for the excitonC can be related to its interference
with the excited states of excitonsA and B. The resulting
spin-splitting pattern of excitonsA, B, and C ~see Fig. 3!,
allows us to determine the symmetry breaking scheme of
corresponding valence states. The nonintuitive spin orde
for the twoG7 valence states is an interesting consequenc
the valence-band mixing. The coupling constantk̃ was de-
termined in GaN for the first time. The electron-hole e
change interaction is quite important in this compound due
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a strong localization of the exciton wave functions. Theg
factor value of the electron involved in the free exciton
within experimental error, the same as obtained for the s
low donor11 gD51.95. The crystal-field parameter,Dc f

510.2 meV, presented here differs from the value of 8
meV reported previously,6 since in Ref. 6 the exchange in
teraction was not taken into account, and since the exc
energies may differ slightly among different samples due t
small residual strain.

In conclusion, reflectivity measurements in high magne
fields were used to study the free exciton symmetry in Ga
We have shown that a quite complicated Zeeman splitt
pattern, observed for the free exciton states in a wurt
symmetry semiconductor, can be well approximated us
the classical Luttinger model with a single coupling const
k for all three valence-band components. The competit
between the spin-orbit and crystal-field interactions leads
an unexpected sequence of theg factor signs for the valence
subbbands. The obtained band structure parameters sub
tially improve the state of knowledge about this importa
wide gap semiconductor.
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