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Wurtzite GaN on~0001! sapphire is studied by means of reflectance and magnetocircular dichroism up to 5.5
T at 2 K. This very powerful technique allows us to determine the Zeeman splittings to be about 0.05 meV/T
for theXA andXC excitons and almost zero for theXB exciton. Reflectance and dichroism are interpreted with
a model of Gaussian dispersion of the excitonic energies and are in excellent agreement with previously
proposed band-edge models.@S0163-1829~97!51036-8#

I. INTRODUCTION

The recent improvements in gallium nitride growth tech-
niques and the success in producing bothp andn types have
led to an increasing interest in this material, due to its poten-
tial applications for optoelectronic devices operating in the
short-wavelength spectral region1 and capable of operation
up to about 500 °C.

GaN grown onto~0001! sapphire substrates is a direct
wide band-gap semiconductor with wurtzite structure. The
energy-gap value has been shown to be 3.50 eV at low
temperatures2 ~3.4 eV at 300 K!. The valence-band structure
at the Brillouin zone center can be derived from the irreduc-
ible representations ofC6v at theG point. Thep-type valence
band is split off by crystal-field and spin-orbit effects into
strongly coupled and doubly degenerateG9 , upperG7 , and
lower G7 levels.3 These bands are labeled asA, B, andC,
respectively. In the presence of an external magnetic field,
their degeneracy is lifted, and their mixing gives rise to new
eigenstates of the system and peculiar selection rules.4 A
magnetic field will also split off the doubly degenerates-type
conduction band, labeled asS, without modifying its eigen-
vectors. Due to the crystal symmetry, the bands are charac-
terized by thec-axis component of their total angular mo-
mentum:Jz56 1

2 for theS, B, andC bands, andJz56 3
2 for

the A band.
Magnetocircular dichroism is a kind of modulation spec-

troscopy that has proven to be very powerful in understand-
ing the electronic properties of semiconductors.5,6 In a non-
magnetic semiconductor, such as GaN, the Zeeman splitting
of the excitons is very little ('0.05 meV/T) and it is impos-
sible to resolve it directly at practical magnetic fields. How-
ever, each energy-split transition has its own characteristic
polarization.7 Hence, based on magnetocircular dichroism
measurements, we are able to determine the fine structure of
the free exciton states8 in GaN.

The purpose of the present paper is to determine from
magnetoreflectance measurements the energy and oscillator
strengths of the excitonic transitions for heavy holesXA and
light holesXB,C , the crystal fieldD1 , and spin-orbit param-
etersD2 , D3 of GaN grown onto~0001! sapphire. Experi-
mental results of Zeeman splitting for heavy and light hole

excitonic transitions are also obtained using magnetocircular
dichroism, and corresponding effectiveg values are calcu-
lated. Zeeman splitting for the bandsA, B, andC are deter-
mined.

The paper is organized in the following way: in Sec. II,
the experimental setup will be briefly described. In Sec. III, a
theoretical primer will be given, dedicated to the physics of
wurtzite-type semiconductors~in the first part! and more spe-
cifically to the reflectance and magnetocircular dichroism
techniques~in the second part!. In Sec. IV, experimental re-
sults will be exposed and discussed.

II. EXPERIMENTAL SETUP

The GaN layer studied in this paper was a 4-mm-thick
epilayer grown in a low-pressure~76 Torr! ASM 12 horizon-
tal MOVPE reactor at 985 °C, under hydrogen flow. The
precursors were ammoniac and triethylgallium, and the sub-
strate was~0001! sapphire. A thin GaN buffer layer was
grown at low temperature ('600 °C) on the nitrated sub-
strate before the epitaxy of GaN began. This is a standard
procedure used to obtain GaN epilayers and will be de-
scribed elsewhere.9

Magnetoreflectance measurements were performed in the
Faraday configuration. The sample was placed in a magneto-
optical cryostat equipped with a split superconducting coil
for a magnetic field up to 5.5 T. The measurements were
carried out at 2 K. The source was a tungsten filament lamp.
The reflected signal was analyzed using a double synchro-
nous detection technique. A first lock-in tuned to a chopper,
with a frequency of 23 Hz, measured theI 11I 2 reflectance
signal while at the same time a second one, operating at the
frequency~50 kHz! of a Hinds photoelastic modulator, mea-
sured the magnetocircular dichroism signalI 12I 2. The de-
scription of the magnetocircular-dichroism technique is be-
yond the scope of this paper; details have been previously
given in Ref. 5. This measurement allows one to determine
absolute values of the circular polarization rateP5(I 1

2I 2)/(I 11I 2) and reflectanceR5(I 11I 2)/2 in arbitrary
units. The measurements were done typically at 1 Å inter-
vals.
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III. THEORETICAL BACKGROUND

A. Near-gap bands at theG point in wurtzite semiconductors

The Hamiltonian near the band edge, following Kane’s
model,10 can be written as

H5H01
\2k2

2m0
1

\

m0
k•p1Hso , ~1!

where H05
p2

2m0
1V~r ! and Hso5

\

4m0
2c2 ~¹V3p!s.

V(r ) is the periodic potential,Hso represents the spin-orbit
interaction, ands are the Pauli matrices. For the valence
bands near theG point, we have chosen the following basis
~written as uL,Lz ,Sz&!: $u1,1,↑&,u1,1,↓&,u1,0,↑&,u1,21,↓&,
u1,21,↑&,u1,0,↓&%, with orbital parts given byu1,0&5uZ& and
u1,61&5(7uX&2 i uY&)221/2 whereuX&, uY&, anduZ& trans-
form like Px , Py , andPz atomic wave functions atk50. In
this basis, the Hamiltonian~1! for valence-band edges writes

H5S H3

0
0

H3
D , with H35S 0

0
0

0
22D2

&D3

0
&D3

2D12D2

D ,

~2!

whereD1 is the crystal-field energy, andD2 andD3 are the
spin-orbit coupling parameters, respectively, parallel and
perpendicular to thec axis. The energy of theA band has
been taken as a reference. Diagonalizing the Hamiltonian
matrix ~2!, we obtain the following eigensystem:

Band Jz Eigenvectors Energy at zero field

A
1

3
2 u1,1,↑& 0

2
3
2 u1,21,↓&

B
1

1
2 a1u1,1,↓&1A12a1

2 u1,0,↑&
2

D113D2

2
1AS D12D2

2 D 2

12D3
2

2
1
2 a2u1,21,↑&1A12a2

2 u1,0,↓&

C
1

1
2 A12a1

2 u1,1,↓&2a1u1,0,↑&
2

D113D2

2
2AS D12D2

2 D 2

12D3
2

2
1
2 A12a2

2 u1,21,↑&2a2u1,0,↓&

Without a magnetic field,a1 anda2 are equal and given
by the formulas

a15a25a5
1

xA1/x211
, where

x5
2~D12D2!1A~D12D2!218D3

2

2&D3

.

Because of the selection rulesDLz561 ~in s6 polarization,
respectively!, the oscillator strengths are given by:aB
5a2aA andaC5(12a2)aA .

So, the oscillator strengthsaA of the transition from theA
band is the sum of those from theB and C bands,aB and
aC . In a magnetic field, the degeneracy betweena1 anda2

is lifted, leading to a slight dependence ofaB andaC upon
the polarization. These calculations for wurtzite semiconduc-
tors are detailed, for example, in Refs. 11 and 12.

The presence of a magnetic field along thec axis lifts the
degeneracy of all the bands, giving rise to a tiny symmetric
splitting DES for the conduction band, andDEA,B,C for the
valence bands where eachDEi is defined asDEi5Ei(1J)
2Ei(2J). Due to the selection rules in the Faraday configu-
ration, we only have access to the splittingsdEA,B,C of the
excitonic transitions, i.e., to particular combinations of the
band splittings: dEA5DEA2DES , dEB5DEB1DES ,
dEC5DEC1DES . It has been proved that in the presence of
a magnetic field the exciton splittings can be taken as equal
to the splittings of the band to band transitions.13,14

B. Reflectance and magnetocircular dichroism

The polarization rate induced by a magnetic field is
straightforwardly related to the logarithmic derivative of the
reflectance spectrum,6 if a unique transition exists. That is,

P5
R12R2

R11R2 >
dR

2R
5

dE~dR/dE!

2R
5

1

2

d lnR

dE
dE,

wheredE is the splitting of the exciton and the1 and 2
superscripts stand for thes1 ands2 polarizations of light.5

In this case, the Zeeman splitting of the excitonic transition
is very easily calculated from the reflectance and polarization
spectra.

However, when several excitonic transitions are quite
close~in our case,XA to XB! and their splittings in the mag-
netic field are different, we cannot use the method described
in the latter paragraph to calculate the Zeeman splittings.
This is due to the fact that the reflectance coefficient is not
simply given by the sum of three reflectance structures. In
this paper, we then determine the reflectance and the polar-
ization rate directly from the dielectric constant«6 for each
polarization of light.

In order to calculate«6 in GaN, we consider three exci-
tonic transitions labeled asXA , XB , andXC , each one de-
scribed by three parameters: the transition energyE0

6 ~with-
out a magnetic field, one hasE0

15E0
2[E0!, the oscillator

strengtha6, and the broadening factorG. This broadening
factor is mainly due to a distribution of the band-gap energy
over the surface of the sample, which is very unhomoge-
neous. We then assumed a Gaussian rather than a Lorentzian
line shape.15 In this case, the calculated dielectric constant is

«6~E!5«`1 (
j 5A

C

4pa j
6S 2

2xj

G j
FS 1

2
,

3

2
,2xj

2D
1 iAp

2

1

G j
D exp~22xj

2!,

where xj5(E2E0,j
62\2k2/2M j )/G j . In this formula,

F(a,g,z) is the degenerate hypergeometric function. The
spatial dispersion term,\2k2/2Mi , was calculated to be neg-
ligible in this case, and will therefore be disregarded. The
background dielectric constant,«` , was taken to be 9.5.1

To take into account the effect of the magnetic field in the
dielectric constant, we have introduced a splitting parameter
dEi for each excitonic transition, defined asdEi5E0,i

1

2E0,i
2 . Therefore,E0,i

65E0,i6dEi /2.
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The perturbative effect of the magnetic field upon the os-
cillator strengths, illustrated by the fact thata1Þa2 , is
implemented by a new parameterPBC/A , the oscillator
strength polarization rate, defined asPBC/A5(aB

12aB
2)/aA

52(aC
12aC

2)/aA .
The reflectanceR6 was calculated with the assumption

that the sample is coated with a so-calleddead layer, mainly
due to the excitons being absent from a top layer of a thick-
ness of the order of their Bohr radius. The exact value of this
thickness is not critical to the final value of the parameters to
be adjusted. We took a thicknessl d560 Å, and a dielectric
constant«d equal to the background constant.3

IV. RESULTS AND DISCUSSION

Reflectance and magnetocircular dichroism measurements
have been done at several magnetic fields, ranging between 0
and 5.5 T, and at a temperature of 2 K. As an example, we
present reflectance@Fig. 1~b!# and dichroism@Fig. 1~a!# spec-
tra at 5.5 T. On the reflectance spectrum we can clearly dis-
tinguish three structures corresponding to the three excitons
XA , XB , andXC . The XA andXC excitons also clearly ap-
pear on the dichroism signal at the position of the maximum
slope of the reflectance structures. TheXB exciton, on the
other hand, does not appear in the same way. That is, the
maximum in its dichroism signal does not appear at the in-
flection point of its reflectance structure. We attribute this to
the polarization of the oscillator strengths induced by the
high magnetic field. Furthermore, its dichroism signal is
smaller than that for the other excitons. This will be ex-
plained by its near-zero splitting. The low-energy limit
shows interference fringes appearing because the sample
turns transparent. Our assignment ofXA , XB , andXC exci-
tons agrees well with the natural order of the sequence of
levelsG9 , G7 , andG7 , also seen in wurtzite ZnS.

Obtaining the information from the reflectance spectrum
requires fitting the line shape using the model described in
the previous section, where three oscillators contribute to the
dielectric constant. The energies of the excitonic transitions
are determined from the fits with a great accuracy. Oscillator

strengthsa i and damping factorsG i are also calculated.
Table I shows the parameters obtained from the fit of the
spectrum at 5.5 T. In Fig. 1~b!, the dotted line shows the best
fit. The fits have been performed with a 60-Å-thickdead
layer and we have checked that a little variation of this pa-
rameter does not significantly affect either quality or numeric
results. We have checked that the fit quality is better with a
Gaussian line shape than with a Lorentzian one. However,
the actual band-gap energy distribution may be somewhat
different from this, which may explain the slight misfit be-

TABLE I. Fit parameters at 5.5 T; energies of transition, Zeeman splittings (dE) and effective Lande´
factors for excitonsXA , XB , andXC and Zeeman splittings (DE), and effective Lande´ factors for bands
A, B, C.

XA XB XC

Fit parameters at 5.5 T

E0 ~eV! 3.473160.0002 3.481460.0002 3.497760.0004
a ~meV! 2.9460.1 2.0660.1 0.8860.1
G ~meV! 3.960.3 4.660.3 5.960.7
dE ~meV! 0.2560.04 20.0360.05 0.3060.08

Exciton XA XB XC

(dE) Splitting ~meV/T! 0.05560.007 20.00760.009 0.06360.015
Effective Lande´ factor geff 0.4860.06 20.0660.08 0.5460.13

Band A B C

(DE) Splitting ~meV/T! 0.16560.015 20.11760.017 20.04760.023
Effective Lande´ factor geff 0.9560.09 22.060.3 20.860.4

FIG. 1. Reflectance intensity~b! and polarization~a! in GaN at
5.5 T: the fits are plotted with thick dotted curves. The fundamental
energies of the three excitonsXA , XB , and XC are indicated by
vertical dashed lines.
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tween the experimental and the calculated curves.
In order to analyze the dichroism signal (DR/R), the pa-

rametersE0i , a i , andG i have been fixed to the values ob-
tained from the reflectance spectra fits. Only four parameters,
dEi andPBC/A , have then been necessary to fitDR/R. Table
I also presents the results of the fit ofDR/R. The polariza-
tion parameterPBC/A has been found to be equal to 0.028
60.004 at 5.5 T. The dotted line in Fig. 1~a! represents the
best fit forDR/R.

The parameters presented in Table I allow us to calculate
the crystal-field energy and the spin-orbit coupling in direc-
tion z and in directionx,y. Their values were found to be
D1513.160.4 meV, D256.660.4 meV, and D355.3
60.4 meV, respectively. The eigenvector parametera2

5aB /aA is calculated to be 0.68. The spin-orbit coupling
factorsD2 andD3 are relatively close to one another. On the
subject of the broadening factorsG i , one sees thatGA
'GB , whereasGC is somewhat bigger. One possible expla-
nation of this may be that the energy of theXC exciton is
more sensitive than that ofXA and XB to a change in the
biaxial constraint. Indeed, the biaxial constraint modifies the
band energies3,16 and may not be perfectly homogeneous in
our samples. Compared to determinations using only the en-
ergies of the three excitons over a set of samples with dif-
ferent biaxial strain,3 we obtain good agreement onD2 and
D3 and a reasonable agreement onD1 , of which the exact
value depends on the strain of each particular sample. This
proves the validity of the model.

Similarly, R andDR were analyzed over a range of mag-
netic fields~between 0 and 5.5 T! from which the energy
splittings of the three excitonic transitions as a function of
the magnetic field were calculated, as shown in Fig. 2. The
error bars are quite large, especially for theXC exciton. Nev-
ertheless, we believe that estimating the Zeeman splitting for
the three excitonic transitions is unique. Given that excitons
in a Faraday configuration have an angular momentumJz5
61, the effective Lande´ factorsgeff (dE5geffmBBdJz) for the
excitons are calculated. We get the Zeeman splittings and
Landéfactors shown in Table I.

The Zeeman splitting for theS band (DES) has been mea-
sured by photoluminescence in a magnetic field perpendicu-
lar to thec axis, and reported to be 0.1160.008 meV/T,17

that isg51.960.1. With the reasonable assumption that the
S band shows a near isotropic Zeeman splitting; we deter-
mined the splittings andgeff values for the valence bands.
Our results are shown in Table I. We found a positive Zee-
man splitting for theA band, and a negative splitting for the
B and C bands, although much more important for theB
band. A theoretical model accounting precisely for these re-
sults still remains to be established.

The splitting values for theXA andXC excitons are very
similar, whereas theXB exciton exhibits an almost zero split-
ting. This can be explained if we suppose that the splitting of
the conduction bandS is comparable to the splitting of theB
valence band (DEB), and then an accidental cancellation oc-
curs.

J. C. would like to thank the ministerio de Educacio´n y
Cultura of Spain for financial support. M. J. would like to
thank the Ecole Normale Supe´rieure in Paris, France for fi-
nancial support.

1S. Strite and H. Morkoc¸, J. Vac. Sci. Technol. B10, 1237
~1992!.

2R. Dingle and M. Ilegems, Solid State Commun.9, 175 ~1971!.
3B. Gil, O. Briot, and R. L. Aulombard, Phys. Rev. B52, R17 028

~1995!.
4M. Altarelli and N. O. Lipari, Phys. Rev. B7, 3798~1973!.
5D. Coquillat, J. P. Lascaray, J. A. Gaj, J. Deportes, and J. K.

Furdyna, Phys. Rev. B39, 10 088~1989!.
6D. Coquillat, F. Hamdani, J. P. Lascaray, O. Briot, and R. L.

Aulombard, Phys. Rev. B47, 10 489~1993!.
7K. Cho, Phys. Rev. B11, 1512~1975!.
8W. Ekardt, K. Losch, and D. Bimberg, Phys. Rev. B20, 3303

~1979!.
9O. Briot, J. P. Alexis, R. L. Aulombard, and M. Tchounkeu,

Mater. Sci. Eng. B43, 1–3 ~1997!.
10E. O. Kane, J. Phys. Chem. Solids1, 249 ~1957!.
11S. I. Gubarev, Phys. Status Solidi B134, 211 ~1986!.
12S. L. Chuang and C. S. Chang, Phys. Rev. B54, 2491~1996!.
13Y. Chen, B. Gil, H. Mathieu, and J. P. Lascaray, Phys. Rev. B36,

1510 ~1987!.
14K. Cho, inExcitons, edited by K. Cho, Topics in Current Physics

Vol. 14 ~Springer-Verlag, Berlin, 1979!, pp. 1–54.
15H. Shen, S. H. Pan, F. H. Pollak, M. Dutta, and T. R. AuCoin,

Phys. Rev. B36, 9384~1987!.
16B. Gil, F. Hamdani, and H. Morkoc¸, Phys. Rev. B54, 7678

~1996!.
17D. Volm, T. Streibl, B. K. Meyer, T. Detchprohm, H. Amano, and

I. Akasaki, Solid State Commun.96, 53 ~1995!.

FIG. 2. Energy splittings for the three excitonic transitionsdEi ,
as calculated using the dichroism method.
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