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We describe a direct observation of the excitonic giant Zeeman splitting in Ga1−xMnxN, a wide-gap III-V
diluted magnetic semiconductor. Reflectivity and absorption spectra measured at low temperatures display the
A and B excitons, with a shift under magnetic field due to s , p-d exchange interactions. Using an excitonic
model, we determine the difference of exchange integrals between Mn3+ and free carriers in GaN, N0��−��
=−1.2±0.2 eV. Assuming a reasonable value of �, this implies a positive sign of � which corresponds to a
rarely observed ferromagnetic interaction between the magnetic ions and the holes involved in the transition.
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I. INTRODUCTION

Diluted magnetic semiconductors �DMSs� based on III-V
compounds, such as �Ga,Mn�As, attract attention mainly be-
cause of their magnetic and magnetotransport properties. In
these DMSs, due to free carriers introduced by the magnetic
ions, the direct measurement of the strength of the ion-carrier
coupling through the observation of the giant Zeeman split-
ting of excitons, as routinely performed in II-VI DMS, is
generally not accessible. Hence, conclusions have been
based on studies of extremely diluted samples1 or on a com-
plex interpretation of experimental data.2–4

Here, we show and quantitatively describe excitons in
GaN, with a shift due to the s , p-d coupling to Mn ions
incorporated as neutral centers �Mn3+�. We present both the
magneto-optical study of especially designed and thoroughly
characterized Ga1−xMnxN layers and the excitonic model
needed to determine the strength of ion-carrier coupling.
Such a model is needed, because excitonic effects are espe-
cially strong in wide-gap semiconductors. Hence, the giant
Zeeman splitting measured on the excitons cannot be identi-
fied with that of band-to-band transitions, as it has been done
for other wurtzite DMS.5,6

II. SAMPLES

Ga1−xMnxN layers, about 400 nm thick, were grown by
molecular beam epitaxy on sapphire substrates with a GaN
or AlN buffer layer, with the c axis perpendicular to the
surface.7,8 Layers grown with a GaN buffer allowed us to
study quantitatively9 the infrared absorption identified in
quasibulk crystals10 as due to Mn3+ �d4 ion configuration�.
These layers exhibit9 magnetic circular dichroism at the band
gap energy, ascribed11 to the ion-carrier coupling. Layers
with a higher Mn content evidence8 a ferromagnetic behavior
at low temperature. The present Ga1−xMnxN layers have been
grown on a buffer layer made of AlN, which has a large
energy gap �Eg over 6 eV�, so that the excitonic spectra of
Ga1−xMnxN �Eg about 3.5 eV� are not entangled with those
of the buffer layer. However, the presence of the AlN buffer
layer with a lattice mismatch introduces strain and disorder,
which increases the excitonic linewidth. As disorder in-

creases also with the Mn content, we focused our study onto
rather dilute samples �x�1.2% � exhibiting well-resolved ex-
citons.

The concentration of Mn3+ has been determined using
near infrared spectroscopy. We observe sharp absorption
lines previously reported9,10 as intraionic 5T2→ 5E transitions
of Mn3+. The intensity of these lines has been calibrated9

against secondary ion mass spectrometry �SIMS� in samples,
where the d4 configuration of Mn has been confirmed12 by
x-ray absorption at the Mn K edge. In the present series of
samples, the intensity of the Mn3+ absorption follows the
total Mn concentration determined by SIMS with an accu-
racy better than 10%. Furthermore, a Mn2+ concentration
lower than 0.01% was deduced from the absence of the char-
acteristic lines in electron paramagnetic resonance �EPR�
spectra.13

III. EXCITON SPECTROSCOPY

In wurtzite GaN, the crystal field and the spin-orbit cou-
pling split the valence band into three components, from
which three excitons are formed, labeled A, B, and C in the
order of increasing energy. The valence band ordering is the
natural one with band edge A of symmetry �9 and band
edges B and C of symmetry �7.14 The selection rules result in
a strong optical anisotropy. For � polarization �electric field
E perpendicular to the c axis�, the oscillator strength is larger
for excitons A and B than for exciton C. Exciton C has a
large oscillator strength in � polarization �E �c�. The position
and oscillator strength of all excitons, and particularly exci-
ton C, are modified by strain.15

We measured reflectivity at temperatures down to 1.7 K
using a high-pressure Xe lamp, a 0.46 m monochromator,
and a charge coupled device camera. In our configuration
with light propagating along the c axis, only the � polariza-
tion is accessible. In zero-field spectra, we observe two char-
acteristic features. For the most diluted sample �x=0.01%,
Fig. 1�a��, the energy of these features corresponds to the
energy of the A and B excitons in GaN, shifted toward high
energy by a biaxial compressive strain estimated to be about
19 kbar according to Ref. 15. Such a strain strongly reduces
the oscillator strength of exciton C. In addition, exciton C is

PHYSICAL REVIEW B 76, 165304 �2007�

1098-0121/2007/76�16�/165304�6� ©2007 The American Physical Society165304-1

http://dx.doi.org/10.1103/PhysRevB.76.165304


particularly sensitive to broadening due to strain disorder.
This explains why we do not observe a third structure at
3540 meV, as expected for exciton C for such a strain value.
In another sample with x=0.5% �see the middle spectra
marked as B=0 in Fig. 1�b��, the A and B excitonic features
are further broadened and shifted to higher energies. This
shift confirms the increase of the band gap energy upon in-
creasing the Mn content, previously inferred from magnetic
circular dichroism spectra.9

Magneto-optical spectra were measured in the Faraday
configuration, with the magnetic field parallel to the common
c axis and optical axis. We recorded reflectivity spectra in
both circular polarizations using a quarter wave plate and a
linear polarizer and by sweeping the magnetic field from
−11 T up to +11 T. The �+ and �− circular polarizations are
defined with respect to the direction of a positive applied
field. Magnetoreflectivity spectra of pure GaN or very di-
luted GaN:Mn �x=0.01% �, not shown, exhibit a very small

excitonic Zeeman shift, �E�0.5 meV, even at B=11 T, in
agreement with previously reported data on GaN.16,17

The Zeeman shift of excitons is strongly enhanced in the
presence of a significant content of Mn ions. This is shown in
Fig. 1�b�, which displays reflectivity spectra of the sample
with x=0.5%, at 1.7 K and different values of the applied
field. Exciton A shifts to low energy �redshift� in �− polar-
ization ��E=6 meV at B=11 T�. Note that the saturation of
the redshift of A starts at quite high field values when com-
pared to other DMS containing Mn2+ �d5 configuration�. In
�+, it shifts to high energy and merges with the B exciton.
The behavior of exciton B is more complex. Excitons A and
B are observed also in absorption, Fig. 1�c�; however, exci-
tonic features are more visible in the derivative of these ab-
sorption spectra, Fig. 1�d�, which confirm the observations
made on the reflectivity spectra.

The positions of excitonic features were determined by
different methods. The most advanced method involves a
detailed fit of the reflectivity spectra using a model based on
the dielectric function related to the three excitons A, B, and
C, including their optically active excited states, and transi-
tions to the continuum of states, as described in Refs. 18 and
19. The dielectric function was calculated for the system
formed by the 374 nm thick �Ga,Mn�N layer deposited on a
semi-infinite substrate with a refractive index of 1.8. The
total reflectivity of the structure was calculated, and there-
fore, interferences within the thin layer are automatically
taken into account. As an example, Fig. 2 displays the fit of
experimental spectra recorded in zero field and at 11 T. The
values of exciton energy entering this fit are shown by full
circles in Fig. 3. A simpler method to determine the field
dependence of the exciton energy is based on the determina-
tion of a characteristic point in the spectra. We have chosen
the maximum of reflectivity and the maximum of the absorp-
tion derivative, and these maxima were determined either by
visual pointing or by a local fit with two Gaussian lines. All
methods give very similar results, as shown by different
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FIG. 1. �Color online� �a� Reflectivity measured for Ga1−xMnxN
with x=0.01%. �b� Reflectivity, �c� absorption, and �d� derivative of
absorption for x=0.5% in Faraday configuration in �+ �red dots�
and �− �blue solid lines� circular polarizations at T=1.7 K. In �b�–
�d� spectra are shifted for clarity; the left axis is valid for B=11 T in
�− polarization.
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FIG. 2. �Color online� Details of the reflectivity spectra shown
in Fig. 1�b� for the sample with x=0.5% at T=1.7 K; experimental
spectra are shown by dots and calculated spectra by solid lines. The
values of exciton energy used in the calculation and plotted in Fig.
3 �filled circles� are shown by vertical arrows.
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symbols in Fig. 3. In particular, the redshift of exciton A was
the same, to within 1 meV, for all methods. We take this
value of 1 meV as our experimental accuracy in the determi-
nation of the redshift of exciton A. The accuracy in the de-
termination of the position of exciton B is significantly
worse, ±2 meV. Finally, in �+ polarization at B�3 T, exci-
tons A and B merge; therefore, the only feature which re-
mains is marked in Fig. 3 with error bars taken as the value
of the A-B splitting for the last resolved spectra. We will
come back later on to the redshift of exciton A, which pro-
vides us with a particularly easy way of measuring a quantity
proportional to the magnetization.

IV. ANALYSIS

We now turn to a detailed analysis of shifts such as ob-
served in Fig. 3. It includes the proper description of the
valence band and of excitons in GaN, the strength of the
s , p-d exchange interactions, and the magnetic properties of
Mn in GaN.

We first briefly note the different components entering the
excitonic Hamiltonian and discuss necessary assumptions. In
zero field, the energy of a hole in the valence band of a
semiconductor with the wurtzite structure is given by20

Hv = − �̃1�Lz
2 − 1� − 2�2Lzsz − 2�3�Lxsx + Lysy� , �1�

where �̃1 describes the effect of the trigonal components of
crystal field and biaxial strain; �2 and �3 are the anisotropic
spin-orbit interactions; and L� and s� are projections of the
orbital and spin momenta, respectively. The z direction is
parallel to the c axis. We take into account explicitly the
averaged biaxial stress in the layer by using an effective

crystal field parameter �̃1.14 We do not take into account

second order terms, which could lower the crystal symmetry
and mix excitons of different symmetries, such as alloy ef-
fects or random strain. These terms induce mostly a broad-
ening of the excitonic lines and change weakly the averaged
energy of A and B excitons. Their main influence could lead
to an increase of the oscillator strength of exciton C but the
latter is too weak to be analyzed in our case.

Electron-hole interactions within the exciton result in

He-h = − R* + 2	s�es� , �2�

where R* is the binding energy, s�e is the electron spin and s�
the hole spin, and the electron-hole exchange16,20 is param-
etrized by the exchange integral 	. A possible difference in
the binding energies of the three excitons cannot be distin-

guished from a change in the values of �̃1 or �2 above �Eq.
�1��.

Both holes and electrons interact with the Mn ions
through the so-called s , p-d exchange. In this work, we use
the standard form of the s , p-d Hamiltonian �Hs,p-d=Hs-d

+Hp-d�, which only depends on the relative orientation be-

tween the carrier spin and the averaged Mn spin �S� �. It reads

Hs-d = − xN0�s�e · �S� � �3�

for electrons and

Hp-d = − xN0�s� · �S� � �4�

for holes, where � and � are the s , p-d exchange integrals for
electrons and holes, respectively. A more complex descrip-
tion of the p-d interaction for the d4 electronic configuration
has been given in Ref. 21, but our experimental precision
does not allow us to evidence any effect of the additional
terms involving the orbital momentum. The direct influence
of the magnetic field on the exciton �usual Zeeman effect and
diamagnetic shift� can also be easily implemented in our
model,16,22 but it is small enough to be safely neglected in
the present study.

Finally, our Hamiltonian takes the following form:

H = E0 + Hv + He-h + Hsp-d, �5�

where E0 is the band gap energy. For a magnetic field paral-
lel to the c axis and light incident along the same direction,
we limit ourselves to subspaces containing excitons optically
active in � polarization �excitons of �5 symmetry�. The
Hamiltonian separates into two independent operators, each
acting in one of the two subspaces corresponding, respec-
tively, to excitons active in the �+ and �− circular polariza-
tions. For �+, we use the following basis: �s↓p+↑ � and
�s↑p+↓ � �which are identically active in �+ polarization and
will give the main contribution to excitons A and B� and
�s↑pz↑ � �which is optically inactive since it is spin forbidden
but will give the main contribution to exciton C in � polar-
ization�. The arrows denote sign of spin projection of elec-
tron �s� and hole �p�, respectively. We denote p+, p−, and pz

the hole states with orbital momenta +1, −1, and 0, respec-
tively. For �− polarization, we use the basis �s↑p−↓ �,
�s↓p−↑ �, and �s↓pz↓ �. In these bases, the Hamiltonians are
written as20,23,24
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FIG. 3. �Color online� Zeeman shifts of excitonic transitions
determined from the fit of reflectivity spectra �filled circles, blue�,
from the reflectivity maxima �empty squares, black�, and from the
maxima of absorption derivative �empty circles, red� at T=1.7 K
and B �c. Corresponding spectra are shown in Figs. 1�b�, 1�d�, and
2. Solid lines represent the excitonic shifts calculated using the
model and with parameters as discussed in the text.
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Hv = 	− �2 0 0

0 �2 − 
2�3

0 − 
2�3 �̃1

� , �6�

He-h = − R* +
	

2	− 1 2 0

2 − 1 0

0 0 1
� , �7�

Hsp-d
�± = ±

1

2
N0x�− Sz�	� − � 0 0

0 � − � 0

0 0 � + �
� . �8�

The only difference between the matrices for �+ and �− po-
larizations is the opposite sign of the giant Zeeman term. We
do not give the corresponding matrices for the other six ex-
citons �of symmetries �1, �2, and �6�, which are not opti-
cally active in � polarizations.

Diagonalizing the Hamiltonian gives the energy of the
three excitons A, B, and C in each circular polarization, as
plotted in Fig. 4. The corresponding oscillator strength is
deduced from the projection of the eigenvector �
� onto the
relevant subspace active in circular polarization: it is propor-
tional to ��s↓p±↑ �
�+ �s↑p±↓ �
��2 for �± circular polariza-
tion, respectively. It is marked by bars ib Fig. 4.

We use the excitonic model described above to fit the
experimental data shown in Fig. 3. The fitting parameters
were determined as follows: we use �3=5.5 meV and 	
=0.6 meV as reported for pure GaN, �Refs. 15 and 20� and
calculate the mean spin of Mn3+ �−Sz� from the expression

given in Ref. 9. Finally, we fit the data by keeping �̃1, �2,
and N0��−�� as free parameters. The best fit was obtained

with �̃1=11 meV and �2=10 meV, and we determine
N0��−��=−1.2±0.2 eV.

In zero field, the relative position of the excitons is deter-
mined mainly by the trigonal component of the crystal field

including strain �̃1 and the parallel spin-orbit interaction �2.
The giant Zeeman shift of the excitons is induced by s , p-d
interactions. It leads to crossings of exciton A with B and of
B with C. The electron-hole exchange interaction 	 governs
the anticrossing and mixing of the A and B excitons. It
strongly alters the excitonic oscillator strength. The perpen-
dicular spin-orbit interaction ��3� is responsible for the anti-
crossing and mixing between the B and C excitons. The giant
Zeeman shift of exciton A is governed by N0��−�� and quite
insensitive to the exact value of N0�; in order to plot Fig. 4,
we used N0�=0.2 eV, the usual value reported in II-VI
DMSs. In practice, the value N0��−��=−1.2±0.2 eV, ob-
tained from the fit above, can be read directly on the slope of
exciton A in �− polarization. The latter method will be used
for a whole series of samples below.

The separate determination of N0� and N0� would require
fitting the giant Zeeman shift of exciton C, which is gov-
erned by N0��+��, or having a stronger anticrossing be-
tween excitons B and C at high field �i.e., higher Mn con-

centration or smaller �̃1�. An example of spectra on a sample
with a larger Mn content is shown in Fig. 5. The Zeeman
shift of exciton B in �− polarization increases significantly
the mixing with exciton C. As a result, at high field, exciton
C acquires an oscillator strength sufficient to be observed.
This is in good qualitative agreement with the predictions of
the exciton model, but the linewidth is too large and pre-
cludes any quantitative study.

An important result is that, generally speaking, the giant
Zeeman splitting of excitons A and B is not proportional to
the Mn magnetization. In order to probe the giant Zeeman
energy �N0��−��x�−Sz��, one should rather use the redshift
of exciton A in �− polarization, which appears to be propor-
tional to the magnetization as shown by the straight line in
Fig. 4. This redshift of A is well accounted for over a large
range of fields and temperatures, as shown in Fig. 6�a�,
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FIG. 5. �Color online� Reflectivity of the sample with the high-
est Mn concentration �x=1.2% �. Due to the increase of the line-
widths, excitons A and B are not resolved in zero field and in �+

polarization. Nevertheless, the giant Zeeman effect can be clearly
observed by the redshift of exciton A in �− polarization �the dashed
line is a guide for the eye�. In the same polarization, the blueshift of
exciton B increases the mixing between excitons B and C, so that
exciton C can be observed at high field.
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where the mean spin of Mn3+ is calculated using Ref. 9. Both
saturate only at the lowest temperature and highest magnetic
field, in agreement with the fact that the field is applied along
the hard magnetization axis of the strongly anisotropic Mn3+

ion. Any contribution from Mn2+ ions would saturate at low
field �3 T�, as does the Brillouin function for d5. From the
data presented in Fig. 6�a�, we conclude that such a contri-
bution should be at least 1 order of magnitude weaker than
the Mn3+ contribution. This agrees with the negligible Mn2+

content �x�0.01% � estimated by EPR13 on the same
sample, compared to the Mn3+ content equal to x=0.5%,
determined from d-d absorption.

This magneto-optical study was extended to a whole se-
ries of samples �see Fig. 6�b��. We performed a detailed
analysis of A and B excitons by fitting the A and B excitonic
energies only for the diluted samples. For higher Mn concen-
trations, the behavior of A and B excitons under magnetic
field is qualitatively similar �see Fig. 5�, but the line broad-
ening prevents any precise fit of the spectra. Nevertheless,
the giant Zeeman effect can be unambiguously determined
using the Zeeman shift of exciton A in �− polarization. As
expected, it increases with the Mn3+ content determined from
d-d absorption. In Fig. 6�b�, it is compared, as usual, to the
effective concentration xeff=x�1−x�,12 rather than to the total
concentration x, which accounts for the small nonlinear
variation of the redshift. xeff corresponds to the density of Mn
impurities with no magnetic ion over the 12 nearest neigh-
bors present in the Ga sublattice25 and is used to take into
account an antiferromagnetic blocking of the Mn-Mn nearest
neighbor pairs at low temperature. As shown in Fig. 6�b�, the
value N0��−��=−1.2±0.2 eV determined previously ac-
counts well for the giant Zeeman effect observed in the
whole concentration range. We can note that a spin splitting
of exciton A of about 20 meV can be obtained with a Mn
concentration of about 1%.

V. DISCUSSION

The redshift of exciton A in �− polarization unambigu-
ously points to a negative sign of N0��−��. So far, �N0�� has
been reported to be small ��0.3 eV� and almost constant for
all DMSs, and there is no theoretical hint that the case of
GaN-based DMS could be different. Then, N0��−��=
−1.2 eV means that � is positive for GaN:Mn3+. If we as-
sume a usual value, N0�=0.2±0.1 eV, we deduce N0�=
+1.4±0.3 eV, which means a ferromagnetic interaction be-
tween the magnetic ions and the holes.

A positive � was rarely observed in DMS. A known
exception26,27 is Cr in II-VI DMS, where Cr has the same 3d4

electronic configuration as Mn3+ in GaN. This could suggest
that a less than a half-filled d shell would be responsible for
a positive �. However, this analogy is probably misleading,
because it is essentially the position of the donor and accep-
tor levels which governs the sign of � �Refs. 21 and 28�.

A large negative value of N0� has been deduced from
photoemission experiments4 on �Ga,Mn�N layers where Mn
has been observed to be in the 2+ configuration. In our
samples, the present magneto-optical observation of the d4

electronic configuration of Mn in GaN is consistent with
x-ray absorption near edge spectroscopy measurements per-
formed at the K edge,12 infrared absorption,9,10 magnetic
anisotropy,29 and EPR.13 It would be interesting to under-
stand whether the different electronic configurations origi-
nate from an observation of different samples with different
Fermi levels or a sensitivity to different parts of the samples
�high sensitivity to the surface in the case of photoemission�.

Another explanation could be that our determination of
the p-d exchange energy by magneto-optical spectroscopy,
considered up to now to be a direct experimental determina-
tion of the spin-carrier exchange, and the expectation de-
duced from the knowledge of the p-d hybridization and the
positions of Mn levels, supported by x-ray spectroscopy, ac-
tually deal with different quantities. Indeed, it has been re-
cently suggested that in wide band gap DMS, a strong cou-
pling between the band hole and the localized magnetic
impurities could reduce and reverse the sign of the giant
Zeeman splitting determined optically.22,30 In that case, the
exchange interactions between Mn spins and free holes
would be characterized by an apparent and positive exchange
integral �app, significantly reduced with respect to the intrin-
sic, negative value of �, in agreement with the present re-
sults.

VI. CONCLUSION

To sum up, the giant Zeeman effect of the A and B exci-
tons has been observed by reflectivity and absorption on a
series of Ga1−xMnxN samples. It is well described using an
excitonic model valid for a DMS with the wurtzite structure
and values of the s , p-d exchange integrals such that N0��
−��=−1.2±0.2 eV. Assuming a reasonable value of �, we
find a positive sign of �, which means that in GaN, the
effective interaction between the Mn3+ spins and the holes
involved in the excitonic transition is ferromagnetic.
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