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g values of effective mass donors in AlxGa1ÀxN alloys
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Electron spin resonance experiments were performed on Si-doped wurtzite and zinc-blende GaN and Si-
doped wurtzite AlxGa12xN alloys with x50.15, 0.32, 0.52, 0.75, and 1. For zinc-blende GaN, an isotropicg
factor of 1.9475 is found. Theg tensors of the silicon effective mass donor in wurtzite GaN and AlxGa1-xN
alloys are determined experimentally, and forx,0.38 areidentical within experimental error to tensors
observed in unintentionallyn-type-doped material. With increasing Al content, theg values increase and the
g-tensor anisotropy is reduced. Theg values are calculated within a five-bandk•p model in the cubic approxi-
mation. To account for the isotropicg factor of wurtzite AlN, a nonvanishing spin-orbit coupling of the higher
G5 conduction bands of the order of 50 meV is necessary. To describe the anisotropy at lower Al content, a full
seven-bandk•p model for the wurtzite crystal structure is investigated. The model shows that the anisotropy
in this material system is also due to coupling to higher conduction bands rather than to valence bands.
Additional estimates for the momentum matrix elements and the interband mixing coefficients are discussed.
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I. INTRODUCTION

Thek•p theory has proved to be an important tool for t
modeling of physical properties of semiconductors. It h
been successfully applied, for example, for band-struc
calculations and the determination of effective masses ang
values in many semiconducting materials. Initial work
InSb,1 and on the elementary group-IV semiconductors s
con and germanium,2–4 was soon extended to various III-V
and II-VI compound semiconductors5 as well. Later on, the
effects of alloying in III-V compounds6 were added to thes
studies. As most semiconductors of interest crystallize in
cubic zinc-blende phase, the vast majority of the calculati
have been performed using this crystal structure. The h
symmetry of the cubic system leads to a comparatively sm
number of parameters that can describe the band structu
the material at theG point: the energy gapsE0 andE08 , the
spin-orbit-splitting constantsD0 andD08 , and the momentum
matrix elementsP and P8. As is conventional, the primed
symbols refer to properties of higher conduction ban
while the others describe properties of the valence ba
The measurement and identification of the influence of e
parameter on the effective mass or theg factor is quite ob-
vious because of the small number of parameters.

For wurtzite-type crystals, the situation is more compl
since due to the lower symmetry a larger number of para
eters is necessary for an exact treatment. Calculation
valence-band parameters such as splitting constants an
terband mixing coefficients7 and a correct treatment of th
effective mass tensor are already well established for
wurtzite symmetry. On the other hand, the situation for
modeling of theg factors is different. Here, wurtzite-typ
materials, such as CdSe and GaN, have been described
in the cubic approximation, partly due to the nonavailabil
of various of the band-structure parameters.

Group-III nitrides have recently been subject to inten
0163-1829/2001/63~16!/165204~10!/$20.00 63 1652
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investigation, primarily motivated by the successful use
this material system in light-emitting diodes, lasers, a
high-frequency transistors. However, many details of
band structure of the wurtzite group-III nitrides are still n
well known, e.g., basic band-structure parameters of
higher conduction bands in GaN. In this paper, we study
g factor of conduction-band electrons in the AlxGa12xN sys-
tem, using conventional electron-spin resonance~ESR! to
determine theg factor experimentally over the whole com
position range andk•p theory to extract band-structure in
formation from these data. While the electrong values of
most semiconductors and in particular of the other III
compounds are dominated by the contributions of the
lence bands, we find that in the AlxGa12xN system the large
band gap in combination with the quite small valence-ba
splitting energies cause a reduction of the valence-band
fluence. Rather, contributions of coupling to the higher co
duction bands are found to be very important. A second ch
acteristic of the wurtzite AlxGa12xN system is the anisotropy
of the g values due to the hexagonal symmetry. In order
allow modeling of this anisotropy, we have derived the co
ponents of the wurtziteg tensor in a seven-band model, an
discuss values for the band-structure parameters in GaN
AlN that are compatible with the experimental observatio

It is commonly known that electrons bound to effecti
mass donors show roughly the sameg values as free
conduction-band electrons.8 In the case of GaN, the ‘‘na-
tive’’ shallow defect observed in nominally undoped ma
rial has been used to investigate theg factor of conduction-
band electrons, using a cubic five-bandk•p model to extract
band-structure information. However, oxygen, which is no
considered to cause this unintentional doping, quickly for
a deep state with increasing Al contentx in Al xGa12xN, and
therefore this method is not suitable for such studies fox
.0.4. In contrast, Si is the donor with the lowest bindin
energy in GaN and, although exhibiting aDX-like behavior
©2001 The American Physical Society04-1
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at higher Al concentration, it can be optically excited into
effective-mass-like paramagnetic state also for those allo9

Therefore, we here use the Si donor as the probe best s
for determination of theg values of conduction-band elec
trons in AlxGa12xN alloys.

II. EXPERIMENT

A set of six wurtzite AlxGa12xN samples with approxi-
mate aluminum contentx of 0, 0.15, 0.32, 0.52, 0.75, and
and a zinc-blende GaN film were investigated. The wurtz
and zinc-blende samples, with typical thicknesses of 1mm,
were grown by plasma-induced molecular-beam epitaxy
c-plane sapphire and~001! GaAs substrates, respectivel
and intentionally doped with Si in the range of 131018 to
131019cm23. Further details of the growth are give
elsewhere.10–12The aluminum content of the AlxGa12xN al-
loys was determined with high-resolution x-ray diffractio
by measurements of the symmetric~002! and the asymmetric
~205! reflexes. Via the position of the asymmetric reflex t
Al content is corrected for effects of strain due to varyi
layer thicknesses and doping concentrations. The ESR
periments were performed in a standard 9.3 GHz Bruker
ESP spectrometer using a 6 in. pole-face electromagnet wit
a maximum field of 1.1 T. The temperature could be var
between 4 and 300 K using a liquid-helium flow cryost
The samples could be illuminated inside the cryostat usin
tungsten lamp and additional band-pass filters, when mo
chromatic light was required for spectrally resolved stud
on theDX behavior of AlxGa12xN layers with high Al con-
tent.

III. ESR RESULTS

The ESR spectra of the Si-doped zinc-blende GaN and
wurtzite AlxGa12xN alloys are summarized in Fig. 1. Whil
the g value of the zinc-blende sample (gi5g'51.9475) is
slightly smaller than the value published previously f
nominally undopedn-type material (gi5g'51.9533),13,14

theg values and anisotropy of the wurtzite GaN layer ma
the values published by Carloset al.15 for the intrinsic shal-
low donor in wurtzite GaN. The results for the alloys wi
15% and 32% Al agree with previous reports on unintenti
ally n-type-doped material as well.16–18However, this agree-
ment cannot be used to chemically identify the residual
nor in GaN and AlxGa12xN with Si. As long as both donors
are shallow enough to be considered as effective-mass
states, they will have almost identicalg values according to
effective mass theory, at least within the accuracy of 9 G
ESR.

A summary of theg factors found for the AlxGa1-xN
samples studied here is given in Table I. There are two
parent trends correlated with the Al mole fraction: Theg
values increase with increasing Al content, while the anis
ropy simultaneously decreases.

As a function of temperature, all layers exhibit an initi
decrease in linewidth before the ESR line starts to broad
This is shown exemplarily for an AlN:Si sample in Fig.
Such a temperature dependence has already been obser
16520
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i-GaN.15 The initial decrease in linewidth was attributed
motional narrowing due to electron hopping between nei
boring donor sites, leading to an increased averaging of
homogeneous hyperfine broadening. The broadening
served at higher temperatures is caused by a reduction o
spin lifetime19 as a result of electron-phonon scattering.

The samples with 75% and 100% Al additionally exhib
clearDX-like behavior of the Si donors.9 TheDX assignment

FIG. 1. ESR spectra of silicon-doped zinc-blende GaN a
wurtzite AlxGa12xN samples. The full lines show the spectra f
orientation of the magnetic field parallel to thec axis of the wurtzite
epilayers, the dashed lines for orientation perpendicular to thc
axis. With increasing Al mole fractionx the g factor increases,
whereas theg-factor anisotropy of the wurtzite crystals is reduce

TABLE I. Compilation of g values for silicon-doped zinc-
blende and wurtzite AlxGa12xN samples.

Al contentx gi g' Crystal structure

0 1.9475 zinc blende
0 1.9510 1.9483 wurtzite
0.15 1.9602 1.9586 wurtzite
0.32 1.9677 1.9665 wurtzite
0.52 1.9738 1.9733 wurtzite
0.75 1.9800 1.9802 wurtzite
1 1.9885 wurtzite
4-2
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is based on the following experimental observations.
room temperature no ESR signal can be detected. After c
ing the samples in the dark, the samples are highly resis
and still no ESR signal can be observed. However, u
illumination with photon energies larger than 1.3 and 1.5
for the Al0.75Ga0.25N and AlN layers, respectively, th
samples become conductive and simultaneously an ESR
nal appears~cf. Fig. 3!. Both the conductivity and the ESR
signal persist after switching off the light. Finally, the ES
signal as well as the persistent photoconductivity simu
neously vanish above 60 K. These phenomena indicate
the neutral, paramagnetic Si donord0 in both samples can

FIG. 2. Temperature dependence of the peak-to-peak elec
spin resonance linewidth of effective mass donors in AlN:Si. T
dashed line is a guide to the eye.

FIG. 3. Comparison of the electron-spin resonance observe
AlN:Si after cooling the sample to 4 K in the dark and after sub
quent illumination. The light-induced resonance persists in the d
16520
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minimize its energy by undergoing a structural relaxati
and binding a second electron, hence forming a deep,
magneticDX2 state (2d0→DX21d1). Such behavior is
well known in the AlxGa12xAs material system.20–22Due to
the DX reaction, the shallow effective-mass-liked0 state of
substitutional Si is metastable; however, it can be stabili
at low temperatures due to an energetic barrier for thed0 to
DX transition. The spectra shown here for alloys with hi
Al concentration therefore show the same paramagnetic s
of the Si donor as do the alloys with low Al concentration

Finally, note that the width of the spin resonance line
the AlN sample in Fig. 1 is significantly smaller than th
linewidth for the other samples. This implies that either t
spin relaxation time is much longer when Ga is absent or
motional narrowing which is found to influence the linewid
is much stronger in this material.

IV. MODELING OF THE g VALUES

A. Al xGa1ÀxN alloys in cubic approximation

In previous publications, the effective mass approxim
tion in a cubic five-bandk•p model was used to calculate th
g values of electrons in zinc-blende GaN,13 wurtzite GaN
and AlxGa12xN alloys with aluminum content of up to
30%,15 and wurtzite InxGa12xN alloys.23 In this model, theg
value and the effective mass of conduction-band electr
are given by24,25

gc

g0
2152

P2

3 FD0

E0
2 1l2

D08

~E082E0!2G , ~1!

m0

m*
215P2F 1

E0
2

l2

E082E0
G . ~2!

Here gc and m* denote theg value and effective mass o
electrons in the conduction band, whereasg0 andm0 are the
free-electron values.E0 andE082E0 are the band separation
between theG1 conduction band and theG5 valence and
conduction bands~cf. Fig. 4!, which are coupled by the ma
trix elementsP2 and P825l2P2, respectively. TheG5 va-
lence and conduction bands are spin-orbit split byD0 and
D08 , respectively. The schematic band structure at theG point
for cubic zinc-blende symmetry is summarized in Fig. 4.

The cubic approximation seems to be an appropriate
approach for a modeling of theg values of pure GaN, since
the difference between theg values in the zinc-blende (gi

5g'51.9475) and the wurtzite (gi51.9510 and g'

51.9483) GaN is small, and anisotropy effects, which a
neglected in this model, are indeed small in wurtzite Ga
Taking experimental values for the energy gapE0 , the spin-
orbit splitting D0 , andE082E0 ,26 and an effective mass o
m* 50.2m0 , the other band parameters were estimated
Carloset al.15 using Eq.~2!. Thus, the parametersl2, P2,
and D08 have been restricted to ranges of 0.46,l2,0.6,
17 eV,P2,23 eV, and 0.1 eV,D08,0.3 eV for GaN.

For modeling theg values of the AlxGa12xN alloys, the
following assumptions were made by Carlos.16 The gapE0
was calculated as a function of the Al content using the q

n-
e

in
-
k.
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M. W. BAYERL et al. PHYSICAL REVIEW B 63 165204
dratic formula which takes into account the experimenta
observed bowing. The coupling parametersP2 and l2 and
the valence-band spin-orbit splittingD0 were kept constant
The only parameter that was allowed to vary was the sp
orbit splittingD08 of theG5 conduction band, as this splittin
is primarily due to the cation, giving large splittings fo
heavy ions and small for light ions. The magnitude ofD08
was linearly varied from the GaN value@D0850.25 eV~Ref.
16!# to zero for AlN. These assumptions give a quite go
agreement with the experimental data for AlxGa12xN alloys
with an Al content below 30%, but the extrapolated value
an electron in the conduction band of AlN is very close
the free-electron valueg52.0023 rather than to the exper
mentally observedg51.9885.

Therefore, the present experimental data, covering
whole composition range of the AlxGa12xN alloys, make it
necessary to reconsider this first analysis. To account for
g value of 1.9885 in AlN, at least a nonvanishing spin-or

FIG. 4. Schematic picture of the band structure of a cu
Al xGa12xN crystal at theG point in Koster notation. Here, thev
andc superscripts denote functions that form valence and cond
tion bands, respectively. The transformation properties for the
Bloch functions shown on the right side directly follow from th
irreducible representation of theTd single group shown on the lef
side when the electronic spin is included into the group-theoret
considerations.
16520
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splitting D08 of the G5 conduction band is necessary. As
crude estimate,D08 should be of the order of 50 meV or eve
larger in AlN in order to explain the observedg value. But
just including a linear variation ofD08 in the cubic model
presented above still would not fit the experimental data
isfactorily. Under the assumptions mentioned above, theD08
term dominates the predictedg-value dependence on the A
content, which consequently would also be almost line
The experimentally observed bowing of theg factor can be
modeled only if a bowing forD08 is introduced as well, or if
the variation of an additional parameter, for example of
coupling constantl2, is allowed. We have considered a
these arguments and restrictions in order to obtain a rea
able fit to the experimental data of Carlos,16 Reinacher
et al.,18 and this work, which are presented in Fig. 5. The
was achieved by adjusting the values forl2 andD08 to match
an averageg value^g&5(2g'1gi)/3,4 using Eq.~1! and the
effective mass given in Eq.~2! simultaneously. In doing this
some of the values used by Carlos16 have been replaced with
newer experimental and theoretical results. The parame
used for this fit are summarized in Table II. We have use
value of 0.21m0 for the bare effective massm* ,27,28 which

c

c-
ll

al

FIG. 5. Fit of the dependence of theg factor of the effective
mass donors in AlxGa12xN as a function of the Al mole fractionx
using the cubic five-bandk•p model~1! to the experimental data o
Carlos ~Ref. 16! and Reinacheret al. ~Ref. 18! on nominally un-
doped material and to the experimental data from Si-doped mat
reported in this work. The dashed line represents a fit with
parameters used by Carlos, assuming zero spin-orbit splittingD08 of
the higher conduction bands. Theg factor in AlN can be modeled
only if a finite value ofD08 is taken into account~solid line!.
uding

TABLE II. Compilation of the parameters used for the five-band fit in Fig. 5~solid line! of effective mass

electrong factors in AlxGa12xN alloys. Note that the effective masses are bare band masses excl
polaron effects.

E0

~eV!
E082E0

~eV!
D0

~meV!
D08

~meV!
P2

~eV! l2 m* /m0

GaN 3.5 6.5 17 590 15.4 0.27 0.21
AlN 6.2 6.5 14 200 15.4 0.19 0.33
4-4
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excludes effects due to the formation of polarons leading
heavier effective masses observed in transport experime
15.4 eV for the momentum matrix elementP2,29 and 6.5 eV
for the energy gap between the conduction bands30 E082E0

of GaN taken from more recent experiments.31 In zinc-
blende GaN, the splittingD0'17 meV of the valence band i
due to spin-orbit interaction.32 For wurtzite GaN, an identica
value for the spin-orbit splitting can be derived from optic
data33,34 using Hopfield’s quasicubic approximation.35 In
wurtzite GaN, in addition to the spin-orbit interaction, th
valence bands are affected by a crystal-field splitting of
meV; however, this term is not considered in the cubic fiv
bandk•p model. Also note that the spin-orbit and crysta
field splitting energies in the literature sometimes are
signed the other way round,36,37 which contradicts the
experimental results for zinc-blende GaN. The values forD0

and the bare effective massm* of AlN were taken from
theory.38

We emphasize that this set of parameters should be
only as an example, as similarly good fits can be achie
within the whole allowed parameter range. For example,
increase of the effective mass would lead to an increas
l2 and a reduction ofD08 . Indeed, using the polaron mas
0.23m0 instead of the bare mass, we would obtainl2

50.44 andD085340 meV for GaN. A variation ofE082E0 ,
D0 , or P2, in principle, would be compensated in a simil
way.

B. The electrong value in zinc-blende GaN

As already mentioned above, we have determinedg
factor of 1.9475 for Si donors in zinc-blende GaN. The o
served difference from the previously published value
1.9533 obtained from autodoped material13 is far beyond the
experimental error and therefore has to be related to the
ture of the residual donor in zinc-blende GaN, which w
assigned to the nitrogen vacancy by Fanciulli, Lei, a
Moustakas.13 This could indicate that the residual donor
nominally undoped material does not completely reflect
properties of conduction-band electrons in zinc-blende G
probably due to a larger binding energy. This leads to
stronger localization of the electron on the donor and, the
fore, larger central-cell corrections have to be considered
a consequence, the deviation from theg value of conduction-
band electrons will increase and theg factor of such deepe
donors will be closer to the free-electron value. It is theref
plausible that theg factor observed in intentionally Si-dope
material ofg51.9475 is closer to theg factor of effective
mass electrons in zinc-blende GaN. In principle, most of
parameters used to fit the averageg factor ^g&5(2g'

1gi)/3 of wurtzite GaN should have almost identical valu
in zinc-blende GaN. Therefore, to describe the obser
value in zinc-blende material, we use the same fit para
eters, except for the electronic band gapE0 , which has been
experimentally determined to be 3.3 eV in zinc-blen
GaN.32,39 The calculated value for theg factor in the five-
16520
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band model@Eq. ~1!# is then equal to 1.9465, which is ex
tremely close to the value ofg51.9475 observed here, henc
confirming our assumptions.

C. Exact treatment of the wurtzite symmetry

The cubic approximation of course cannot account for
anisotropy observed in the wurtzite AlxGa12xN alloys. In
order to include anisotropy effects, at least the correct wu
ite band structure of the valence band at theG point ~Fig. 6!
has to be included in thek•p calculations. In contrast to the
cubic case, here the degeneracy of the light- and heavy-
bands is lifted due to the crystal-field-splitting term.
wurtzite GaN, the highest valence band is theG9 heavy-hole
band followed by theG7 light-hole and theG7 split-off bands
(G78).

38 The complete band structure of wurtzite semicond
tors at theG point is much more complex than shown in Fi
6.7 However, due to transition selection rules and the cons
erably smaller influence of bands with increasing energ
separation, the seven bands presented in Fig. 6 will domi
the properties of conduction-band electrons. In the followi
we will derive theg factors for the wurtzite structure in suc
a seven-bandk•p model. For this purpose, we will first con
sider the valence bands and the lowest conduction band
and later include the effects due to the upper conduc

FIG. 6. Schematic picture of the band structure of wurtzite se
conductors at theG point. Again, the irreducible representation
shown on the right side directly follow from the irreducible repr
sentation of the wurtziteC6v

4 single group shown on the left sid
when the electronic spin is included into the group-theoretical c
siderations.
4-5
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bands. We will use the set of eight orthonormal base fu
tions near the zone center from Chuang and Chang40

spin up spin down

uiS↑& u iS↓&

u15U2 X1iY

&
↑L u45UX2iY

&
↓L

u25UX2iY

&
↑L u55U2 X1iY

&
↓L

u35uZ↑& u65uZ↓&

~3!

Here, theS functions transform like atomics orbitals, while
X, Y, andZ transform like atomicp orbitals oriented along
the x, y, andz directions, wherez is parallel to the wurtzite
crystal’s c axis. The↑ and ↓ arrows denote the ‘‘up’’ and
‘‘down’’ spin eigenstates, respectively.

The solution of the Schro¨dinger equation

S H01
\2k2

2m0
1

\

m0
k•p1HsoDunk~r !5En~k!unk~r ! ~4!

in the k•p approximation, including the spin-orbit interac
tion Hamiltonian,Hso, for the periodic partunk(r ) of the
Bloch functions yields the following doubly degenera
eigenvectors for the conduction band and the three vale
bands:

G7
c u iS↑& u iS↓&

G9
v u1 u4

G7
v au21bu6 bu31au5

G78
v bu22au6 2au31bu5.

~5!

The coupling constantsa andb, wherea21b251, introduce
a mixing between states with spin-up and spin-down e
trons within theG7 valence bands. Therefore, they are oft
written in the forma5A12q7

2 and b5q7 .7,41 The corre-
sponding spin mixing can also occur of course between
G9 heavy-hole band and a deeper band of the same symm
via an equivalentq9 coupling parameter,7,42 but this effect is
comparatively small due to the large energy separation
tween theG9 bands and therefore will be neglected here.
the absence of a magnetic field, the eigenvalues of Eq.~4!
are spin degenerate and calculated in Refs. 38, 40, and 4

ECB~G7
c!5E01D11D2 ,

E1~G9
v!5D11D2 ,

E2~G7
v!5

D12D2

2
1A@~D12D2!/2#212D3

2,

E3~G78
v!5

D12D2

2
2A@~D12D2!/2#12D3

2, ~6!

except for a constant offset, which for convenience was
to zero. Here, in decreasing order of energies,ECB denotes
the lowest conduction band,E1 the heavy-hole,E2 the light-
16520
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hole, andE3 the crystal-field split-off valence bands. Th
electronic band gapE0 is given by the energy differenc
between the conduction band and the highest valence b
which is the heavy-hole band in GaN. The sequence of
valence bands is predicted to be different for AlN, where
ordering was calculated to be split-off, heavy-hole, and lig
hole band.38

The D i denote splitting parameters. Using the quasicu
approximation of Hopfield,35 D1 is usually referred to as the
crystal-field splitting, whileD25D3 is assigned to1

3 of the
spin-orbit-splitting energy. Experimental and theoretical v
ues for theD i , as shown in Table III, are also summarized
Ref. 33 or can be derived from the valence-band splittings
the excitonic transition energies given in, e.g., Ref. 34.

It has been shown that the coupling parametersA12q7
2

andq7 can be expressed in terms of the band parametersE2
andD3 ,40

A12q7
25AE2

2/~E2
212D3

2!,

q7
25

2D3
2

E2
212D3

2 . ~7!

Until this point we have used the nomenclature conv
tions of Chuang and Chang.40 Let us now consider the mo
mentum matrix elementP, also called the Kane paramete
which in the cubic model described above is given by
isotropic constant. Due to the wurtzite symmetry of the cr
tal this isotropy is broken and we obtain, in principle, diffe
ent values forP along and perpendicular to thec axis. For
convenience, we define two independent Kane paramete44

as

P15A2/m0^ iSupzuZ&,

P25A2/m0^ iSupxuX&5A2/m0^ iSupyuY&, ~8!

again with thez direction parallel to the crystallographicc
axis. Here, thepx,y,z denote the components of the mome
tum operator in thex, y, andz directions. P1

2 andP2
2 have

units of energy.
Now we can calculate theg tensorgJ of effective-mass-

like electrons in wurtzite crystals fromk•p theory. At theG
point and in first-order perturbation theory, the standard
33 gJ tensor is related to the Pauli spin matrices4 via

gJ•s5g0~s1G̃!, ~9!

TABLE III. Experimentally~expt.! and theoretically~theor.! de-
termined values for the valence-band splitting parameters in G

D1 ~meV! D2 ~meV! D3 ~meV! Reference

36 5.0 5.9 33 theor.
19 6.3 6.3 33 theor.
24 5.4 6.8 38 theor.
22 5 5 37 expt.
10 6.2 5.5 50 expt.
17 4 4 51 expt.
22 3.7 3.7 36 expt.
4-6
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wheres is a vector consisting of the three Pauli spin ma
ces

sJx5S 0 1

1 0D , sJ y5S 0 2 i

i 0 D , sJz5S 1 0

0 21D
and G̃ is a vector whose elementsG̃J i are 232 matrices as
well. This results in equations of the form

gxxsJx1gxysJ y1gxzsJz5g0sJx1g0S G̃x
↑↑ G̃x

↑↓

G̃x
↓↑ G̃x

↓↓D , etc.,

~10!

which relate the components of the experimentally obse
able g tensor to the components ofG̃, which are defined
as3,45

G̃J i
ab5

1

im0
(

nÞCB

^ iSaupun&^nupu iSb&
ECB2En

. ~11!

Herea andb label↑ and↓, p is the momentum operator, an
the functionsun& denote the eigenstates solving Eq.~4!, ex-
cept for the lowestG7 conduction band, whoseg tensor is to
be calculated. These include, of course, the highest vale
band states from Eq.~5!, but in principle also lower valence
bands and higher conduction bands of a symmetry tha
lows optical dipole transitions.

For the purpose of illustration, we present the derivat
of the G̃z

↑↑ component, which is defined as

G̃z
↑↑5

1

im0
(

nÞCB

3
^ iS↑upxun&^nupyu iS↑&2^ iS↑upyun&^nupxu iS↑&

ECB2En
.

~12!

For the three valence-band states@see Eq.~5!#, the evaluation
of the matrix elements yields

^ iS↑upxuG9
↑&52

Am0

2
P2 , ^ iS↑upyuG9

↑&52 i
Am0

2
P2 ,

^ iS↑upxuG9
↓&50, ^ iS↑upyuG9

↓&50,

^ iS↑upxuG7
↑&5

Am0

2
A12q7

2P2 ,

^ iS↑upyuG7
↑&52 i

Am0

2
A12q7

2P2 ,

^ iS↑upxuG7
↓&50, ^ iS↑upyuG7

↓&50,

^ iS↑upxuG78
↑ &5

Am0

2
q7P2 , ^ iS↑upyuG78

↑ &52 i
Am0

2
q7P2 ,

^ iS↑upxuG78
↓ &50, ^ iS↑upyuG78

↓ &50, ~13!
16520
-

-

e-

l-

n

and therefore

G̃z
↑↑5

P2
2

2 S 2
1

ECB2E1
1

12q7
2

ECB2E2
1

q7
2

ECB2E3
D . ~14!

As we have already seen for zinc-blende crystals, theg val-
ues of the AlxGa12xN alloys are strongly affected by contr
butions due to the higher conduction bands via the mom
tum matrix elementP8. In fact, these contributions wer
shown to even exceed the effects of the valence bands
scribed above. Therefore, we have to include the next hig
set of conduction bands ofG5 symmetry into the calculations
for wurtzite symmetry, too. Contributions of further condu
tion and valence bands are neglected due to their m
smaller effect. Owing to the hexagonal symmetry, theg ten-
sor is axially symmetric:

gJ5S g' 0 0

0 g' 0

0 0 gi

D ~15!

and in our full seven-bandk•p model the components are

g'

g0
215

P1P2

2 S 1

ECB2E3
2

1

ECB2E2
DA2q7

2~12q7
2!

1
P18P28

2 S 1

ECB2E38
2

1

ECB2E28
DA2q78

2~12q78
2!,

gi

g0
215

P2
2

2 S 2
1

ECB2E1
1

12q7
2

ECB2E2
1

q7
2

ECB2E3
D

1
P28

2

2 S 2
1

ECB2E18
1

12q78
2

ECB2E28
1

q78
2

ECB2E38
D .

~16!

Here, primed parameters refer to the higher conduct
bands. In contrast to previous treatments ofg factors in
wurtzite crystals,41,46 Eq. ~16! explicitly includes the higher
conduction bands and also takes into account the anisot
of the momentum matrix elements. For completeness,
also give the results for the effective mass tensormJ * in this
approximation:41

m0

m'

215
P2

2

2 S 1

ECB2E1
1

12q7
2

ECB2E2
1

q7
2

ECB2E3
D

1
P28

2

2 S 1

ECB2E18
1

12q78
2

ECB2E28
1

q78
2

ECB2E38
D ,

m0

mi
215P1

2S q7
2

ECB2E2
1

12q7
2

ECB2E3
D

1P28
2S q78

2

ECB2E28
1

12q78
2

ECB2E38
D , ~17!

which obviously reflects the same symmetry as theg tensor.
Note that the contributions of the valence bands and of
4-7
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higher conduction bands to Eqs.~16! and ~17!, in principle,
have opposite signs due to the change of sign in the en
denominator.

The better-known Eqs.~1! and ~2!, resulting from the
five-bandk•p model used for the description of cubic mat
rials, can be derived from Eqs.~16! and ~17! by settingE1

5E2 ~i.e., zero crystal-field splitting!, q7
25 2

3 , and P15P2 ,
and using the identical assumptions for the equival
primed parameters.

Let us now evaluate the experimentally observed val
of the effective mass andg tensor of wurtzite GaN and AIN
on the basis of Eqs.~16! and~17!, postponing the discussio
of alloys for a moment. The components of the effect
mass tensor~17! are dominated by terms proportional
Pi

2/E0 andPi8
2/E08 . All other terms are smaller by at least

factor of D i /E0(,1022) and therefore to first order can b
neglected in this evaluation. In addition, while modeling t
effective mass in the cubic crystal, we have already seen
the contributions due to the valence bands are larger by m
than a factor of 4 compared to the contributions of the hig
conduction bands~cf. Table II!. For these reasons, we ca
expect that an anisotropy of the momentum matrix eleme
Pi will govern the anisotropy of the effective mass tensor
well. However, the anisotropy of the effective masses
conduction-band electrons is found to be small in both G
and AlN, i.e.,umi2m'u,0.01m0 .38 Therefore, we can esti
mate the anisotropy of the momentum matrix element to
uP1

22P2
2u,1 eV, which is in good agreement with theore

cal calculations.47

Such a small difference betweenP1
2 and P2

2 cannot ac-
count for the observed anisotropy of theg factors in wurtzite
GaN. If the anisotropy of theg factor of wurtzite GaN is
caused by the valence bands, we have to consider the e
resulting fromq7

2, since it is the only free parameter left. A
mentioned above,q7

2 is determined by Eq.~7! and can be
calculated for wurtzite GaN using the quasicubic approxim
tion of Hopfield35 for Eq. ~6!, and, e.g., experimental value
for the valence-band splittings. This approach yields 1
61 meV for the spin-orbit splitting andD1510.861 meV
for the crystal-field splitting and, thus,q7

2'0.35.
In addition to the ambiguous assignment of the splitt

energies, the value ofq7
2 is also quite sensitive to the validit

of the Hopfield approximation, i.e.,D25D3 . However, ac-
cording to theory, differences betweenD2 and D3 of the
order of 1 meV seem to be reasonable.33,38 This would have
a considerable influence on theq7

2 parameter. Therefore, w
have to check the validity of the estimated value forq7

2 by
other means.

Another way to look for the proper value ofq7
2 would be

determine exactly the intensity ratios of the excitonic tran
tions along the different crystallographic directions,7 since
q7

2 is also given by

q7
25

1

11 f B
'/ f C

' 5
1

11 f C
i / f B

i , ~18!

wheref denotes the oscillator strength of theB andC exci-
tons for excitation perpendicular and parallel to thec axis.
The work of Gil, Hamdani, and Morkoc48 would give an
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estimate ofq7
2'0.27 for unstrained GaN, which confirms th

assignment of 17 meV to the spin-orbit splitting sugges
above.

The situation with respect to theq7
2 parameter is even

more uncertain for AlN than for GaN. The only informatio
available today on the valence-band structure is from the
Here, an ordering of the bands withE(G78).E(G9)
.E(G7) is predicted with a separation of about 220 me
between the twoG7 bands. This would lead to aq7

2 value
close to 0, reflecting a strongly reduced mixing of theG7
states due to their large energetic separation.

More importantly, when evaluating Eqs.~16! and ~17!
using an isotropicP2, which is reasonable according to ou
considerations above on the effective mass, and experim
tally determined values for the other parameters, we find
the measuredg-factor anisotropy of wurtzite GaN (gi

51.951,g'51.9483) cannot be explained by the valenc
band terms in Eq.~16!, independent of the actual value o
q7

2. In contrast, the valence-band contributions in Eq.~16!
alone would yield an anisotropic effect with the oppos
sign, i.e.,gi,g' .

Therefore, the anisotropy of theg factor of conduction-
band electrons in wurtzite GaN has to be attributed to the
of higher conduction bands. After choosing a value forq7

2

~we use a value of'0.35 corresponding to a spin-orbit spli
ting of 17 meV following the above considerations!, the en-
ergy splittings of these bands directly ensue from the
servedg values as a function ofq78

2 provided P82 is also
considered isotropic. In the absence of any theoretical p
dictions forP82, this assumption appears warranted in vie
of the small anisotropy of the correspondingP2 discussed
above. The calculated dependence of the energies of the
per conduction bands on theq78

2 parameter is shown in Fig
7. Unfortunately, no detailed information on the band stru
ture of the higher conduction bands in GaN is known so f
Therefore, we cannot determine explicit values for the sp
ting energies and theq78

2 parameter from existing experi
mental data. However, from Fig. 7 we can predict theE38

FIG. 7. Dependence of the separations of the higher conduc
bands in wurtzite GaN on the appropriate interband mixing para
eterq78

2. In this plot, the energy scale is referenced to theE38 higher
conduction band.
4-8
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level to be lower in energy by more than 0.3 eV relative
the E18 andE28 bands, independent of the value ofq78

2. Even
if measured indirectly, this represents an experimentally
termined value for the splittings of the upper conducti
bands in GaN and would not be significantly changed by
anisotropy ofP82 similar to that observed forP2.

Whereas the majority of the parameters used for the m
eling of theg factor of wurtzite GaN are established, most
the parameters for AlN are highly uncertain or even u
known. Therefore, it would be very speculative to derive
corresponding values for the parameters in AlN here. Ho
ever, with the parameters used in the cubic approxima
~1! ~cf. Table II! a good agreement with the experimentag
values can already be obtained for AlN, since no anisotr
is observed. However, the cubic approximation may lead
wrong assignment of the band-structure parameters and
ther work is needed to determine the exact conduction-b
structure of AlN.

As a first approach to fitting theg values of the
Al xGa12xN alloys in the wurtzite model~Fig. 8!, we have
used the parameters listed in Table II in combination w
q7

250.35,E382E28520.36 eV,E285E18 , andq78
250.63 as a

possible parameter set for GaN. As a function of the Al m
fraction, the parameters have been linearly interpolated
tween the values for GaN and AlN, as in the AlxGa12xAs
system.41 An exception was made for the electronic ban
gap energiesE0 , which are again described by the quadra
formula accounting for the experimentally observed bowi
A bowing of the splitting constantsD i and the momentum
matrix elementsP2 and P82, which in principle can be in-
troduced by effects of disorder,24 was not taken into accoun
However, this might turn out to be useful to improve t
quality of the simulation, in particular for Al content be
tween 0 and 0.4, since in this range the fits seem to un
estimate the measuredg values.

The discussion so far has excluded effects of strain on
g values, but at least for the valence-band splitting para

FIG. 8. Seven-bandk•p fit of the g factors of wurtzite
Al xGa12xN as a function of the Al mole fractionx using Eq.~16!
and the band-structure parameters discussed in the text.
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eters, and thereforeq7
2 as well, a significant influence ha

been reported in the literature.48,49 In contrast, the ESR ex
periments reported so far on the effective mass donor~both
in nominally undoped and in Si-doped material! show virtu-
ally no variation of theg values of the effective mass donor
even though a large number of samples with different la
properties, in particular including strain, were investigate
A possible reason for this could be that strain effects
compensated by other band-structure parameters, i.e.,q7

2 and
the differentD i . On the other hand, unlike in most othe
semiconductor materials, the valence-band terms
Al xGa12xN alloys contribute only less than13 to the deviation
of g from the free-electron valueg0 . The major contribution
is due to theP82 terms resulting from the higher conductio
bands, and the separations of these bands could be much
sensitive to the effects of strain than observed for vale
bands. However, a systematic study of the effect of strain
the g value of conduction-band electrons in GaN remains
be performed.

V. CONCLUSION

To summarize, we have reported ESR measurement
the g factor of silicon-doped AlxGa12xN alloys over the
whole composition range. For samples with an Al content
to 32% theg values are consistent with those of the resid
effective mass donors of AlxGa12xN alloys. With increasing
Al content, the deviation from the free-electrong value g0
52.0023 and the anisotropy simultaneously decrease, u
we observe an isotropicg value of 1.9885 for AlN. Within a
five-bandk•p calculation in cubic approximation, theg val-
ues can be modeled only if a nonvanishing splittingD08 of the
G5 conduction bands is taken into account for AlN also.
rough estimate gives a value ofD08.50 meV. To account for
the observed bowing of theg values as well, a variation o
the matrix elementsP2 or l2 of the valence band with the A
content has to be considered. In order to include the ani
ropy of theg factors into the model, a derivation of theg
values for the correct wurtzite symmetry of the valence a
higher conduction bands was performed using a seven-b
k•p model. Thus the anisotropy ofP2 could be estimated to
be smaller than approximately 1 eV in both GaN and Al
Likely values for the interband mixing coefficientq7

2 are
'0.35 for GaN and'0 for AlN. The seven-bandk•p model
clearly shows that the anisotropy of theg values in
Al xGa12xN alloys is in fact caused by the spin-orbit an
crystal-field splittings of the higher conduction bands.
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