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The electronic structure of a prototype dilute magnetic semiconductor (DMS), Ga1�xMnxAs, is studied
by magnetic circular dichroism (MCD) spectroscopy. We prove that the optical transitions originated from
impurity bands cause the strong positive MCD background. The MCD signal due to the E0 transition from
the valence band to the conduction band is negative indicating that the p-d exchange interactions between
the p carriers and d spin is antiferromagnetic. The negative E0 MCD signal also indicates that the hole
doping of the valence band is not so large as previously assumed. The impurity bands seem to play
important roles for the ferromagnetism of Ga1�xMnxAs.
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The discovery of ferromagnetic order in the dilute mag-
netic semiconductor (DMS) Ga1�xMnxAs has generated a
great deal of interest [1,2]. It is generally accepted that the
holes donated by the substitutional Mn mediate the ferro-
magnetic order of the localized Mn spins through the
exchange interaction between the carrier and the spin [2].
Despite a considerable number of experimental and theo-
retical studies since the discovery of the ferromagnetic
Ga1�xMnxAs, however, the electronic structure of this
material, the character of the holes, and the mechanism
of the ferromagnetic order in it are still not well understood
[3–7].

Magneto-optical spectroscopy is a powerful tool for
probing the electronic structures of DMSs [8–10].
Indeed, an unambiguous proof of the intrinsic nature of
the ferromagnetism of Ga1�xMnxAs was provided by mag-
netic circular dichroism (MCD) spectroscopy [11].
Subsequently, many investigators have used magneto-
optical spectroscopy in efforts to clarify the electronic
structure of Ga1�xMnxAs in more detail [12–18].

According to the established MCD analysis [8] for II-VI
DMSs, negative and positive MCD polarities at the E0

critical point (CP) in the center of the Brillouin zone (the
� point), respectively, correspond to antiferromagnetic and
ferromagnetic p-d exchange interactions between the
p carriers and d spin. The polarity of the MCD signal at
E0 ��0 should be opposite that at E8

0. One therefore
expects a pair of positive and negative MCD signals around
the fundamental absorption edge. Beschoten et al. [12],
however, reported that the MCD signal around the funda-
mental absorption edge of Ga1�xMnxAs was very broad
and only positive. Since such a broad and unipolar signal is
not seen in the MCD spectra of traditional insulating
paramagnetic II-VI DMSs [8], its shape might provide
key information about the electronic structure of
Ga1�xMnxAs.

The p-d exchange interaction of Ga1�xMnxAs is widely
believed to be antiferromagnetic [19,20]. To explain both

the expected antiferromagnetic p-d exchange interaction
and the observed positive MCD at E0 consistently,
Szczytko et al. [13] argued that the expected MCD polarity
is inverted because the allowed optical transition is shifted
away from the center of the Brillouin zone because the
valence band (VB) contains many holes (the Moss-
Burstein shift). According to this explanation, the Fermi
level (EF) is deep in the VB (the VB-hole model).
However, this explanation was only qualitative [13,14].
The quantitative analyses of the observed shape of the
MCD spectrum based on the VB-hole model forced Lang
et al. [16] to conclude that the p-d exchange interaction
was ferromagnetic which was opposite the expected one.

Ando et al. [11] and Beschoten et al [12], on the other
hand, although their interpretations of the MCD structures
were not identical, considered the anomalous shape of the
spectrum to be due to a faint negative MCD peak on a
strong positive MCD background. But this explanation was
not persuasive because the origin of the positive MCD
background was not identified.

In this Letter we provide a clear explanation of the
anomalous shape of the Ga1�xMnxAs MCD spectrum
and its implications for electronic structures. Up to now,
the reported MCD spectra of Ga1�xMnxAs were limited
only to the photon energy range around the fundamental
absorption edge. In the work reported here we measured
the MCD spectra in a wider range, from 0.6 to 4 eV.

In order to measure the MCD spectra in the transmission
configuration up to 4 eV and to avoid the optical interfer-
ence effect, we used thin (50 nm) Ga1�xMnxAs films
grown by the molecular beam epitaxy method. The films
were grown at 220–250 �C on 20-nm-thick GaAs buffer
layers grown at 450 �C on sapphire (0001) substrates. No
trace of a second phase was detected in the x-ray diffrac-
tion patterns of these (111)-oriented films. The Mn con-
centration x was measured by an electron probe
microanalysis, and the ferromagnetic Curie temperature
Tc determined by a superconducting quantum interference
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device (SQUID) was 35 K for x � 0:030 and 20 K for x �
0:022.

MCD signal was measured by detecting the difference
between the absorptions of left- and right-handed circu-
larly polarized light with the polarization modulation
method [8]. A magnetic field was applied along the film
normal, and the samples were cooled by a closed-cycle
refrigerator.

Figure 1 shows the MCD spectrum of paramagnetic
Ga1�xMnxAs (x � 0:004). The MCD signal from the
GaAs buffer layer was confirmed to be negligibly small.
The spectrum is composed of four parts: structures in the
range between 2.2 and 3.4 eV, a positive signal around
1.8 eV, a negative signal around 1.5 eV, and a structure
below 1.4 eV. The reported energies of the E0, E0 � �0,
E1, and E1 � �0 CP’s of GaAs [21] are shown in Fig. 1 by
dashed lines.

MCD is generally prominently enhanced around the
CP’s of the band structure [8]. Correspondences with the
CP energies show that the MCD structures between 2.2 and
3.4 eV—a positive peak around 3 eV and a negative wing
from 2.2 to 2.8 eV—are due to the optical transitions at the
L point of the Brillouin zone.

The inset in Fig. 1 shows the MCD spectrum of insulat-
ing paramagnetic Cd1�xMnxTe (x � 0:08) as a refer-
ence [8]. The horizontal scales are adjusted so that the
positions of the E0 and E0 ��0 CP’s of GaAs and
Cd1�xMnxTe coincide. The shape of the MCD spectrum
of Ga1�xMnxAs is very similar to that of the MCD spec-
trum of Cd1�xMnxTe. This correspondence shows clearly

that the MCD structures of Ga1�xMnxAs (x � 0:004) at
around 1.5 and 1.8 eV are, respectively, due to the E0 and
E0 � �0 transitions.

The MCD structure below 1.4 eV has not been reported
before. Since its energy is below the band-gap energy of
GaAs, it must be produced by transitions related to the
impurity levels inside the band gap. One possible impurity
level is the arsenic antisite (AsGa). The MCD signal of bulk
GaAs around 0.9 eV has been attributed to the photoioni-
zation from the AsGa level to the VB [22]. Another possible
impurity level is the Mn�0=�� level of the interstitial Mn.
Although this level has not yet been observed experimen-
tally, a theoretical study [23] has predicted it to be 0.98 eV
above the top of the VB. A transition from the Mn acceptor
level located about 0.11 eV above the top of the VB [24] to
the conduction band might also contribute to the MCD
signal. Further study is needed to clarify the fine structures
of the impurity-level-related contributions to MCD.

Figure 2 shows the MCD spectra of Ga1�xMnxAs
samples with various Mn contents. The MCD spectrum
reported by Beschoten et al. [12] of a sample with x �
0:053, Tc � 101 K, and a hole concentration of 1:5�
1020 cm�3 is also shown by a dotted curve. Its sharp
MCD structures are due to the better crystalline quality
of the sample grown on the lattice-matched GaAs sub-
strate. The samples of x � 0:022 and x � 0:030 showed
the ferromagnetic magnetic field dependence as expected
from the SQUID data. The MCD spectra of each sample
measured at different magnetic field and a fixed tempera-
ture were confirmed to collapse onto the universal shape
when normalized by the MCD intensity. This implies that
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FIG. 1. MCD spectrum of paramagnetic Ga1�xMnxAs (x �
0:004) at 6 K and 1 T. Reported energies [21] of the critical
points of GaAs are shown by broken vertical lines. The inset
shows the MCD spectrum of paramagnetic Cd1�xMnxTe (x �
0:08) [8] at 15 K and 1 T. The horizontal scales are adjusted so
that the E0 and E0 ��0 positions of the two materials coincide.
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FIG. 2 (color online). MCD spectra, at 6 K and 1 T, of
Ga1�xMnxAs samples with various Mn contents. The spectra
of paramagnetic samples (x � 0:004 and 0.011) are magnified
fourfold for clarity. A MCD spectrum reported by Ref. [12] is
shown by a dotted curve in an arbitrary unit vertical scale.
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the observed MCD signal comes from one magnetic ma-
terial, and is free from the contribution of possible second
phase materials [9,25].

The MCD signal of the high-Mn-content samples is
positive in the range between 1.4 and 2.4 eV as reported
in Ref. [12]. But it should be noted that the characteristic
features seen in the MCD spectrum of a sample with a low
Mn content (Fig. 1)—i.e., a minimum around 1.5 eV and a
maximum around 1.8 eV—are seen in the MCD spectra of
all the samples.

The shape of the MCD spectrum below the absorption
edge changes with Mn content, indicating that the plural
impurity bands contribute the MCD signal. The contribu-
tion from the structure around 1 eV rapidly increased with
increasing Mn content and eventually became a very broad
peak with a long tail on the higher-energy side. Optical
transitions between the VB and impurity bands (IBs) in
GaAs are known to have long tails on the higher-energy
side because of the relaxation of the optical selection rule
[7,26].

It became clear that the anomalous positive MCD signal
[12] around the absorption edge of Ga1�xMnxAs is com-
posed of a negative peak at E0, a positive structure around
E0 ��0, and a very broad positive background due to the
IB-related transitions (Fig. 3). A negative contribution
from the L point also contributes to the signal in the range
above 2.2 eV (Figs. 1 and 2). Beschoten et al. [12] argued
that a faint negative MCD peak was hidden in the MCD
shoulder at 1.6 eV rather than at 1.5 eV. This misinter-
pretation was due to the positive peak around 1.8 eV being
mistakenly assigned to the Mn intraionic transition [12]. Its
actual origin is the E0 � �0 transition, and the Mn intra-
ionic transitions in DMSs should not cause a large MCD
signal [27]. Subtle difference of the temperature depen-
dences of the MCD contributions form the E0 and E0 � �0

transitions may have caused the spurious negative MCD
peak in their analysis.

The negative MCD at the E0 of Ga1�xMnxAs clearly
shows the antiferromagnetic nature of the p-d exchange
interaction [8]. Further detailed studies with thicker
samples will enable us to evaluate the strength of this
interaction quantitatively.

As indicated by Szczytko et al. [13], the polarity and the
position of the MCD structures should be closely related to
the occupancy of the VB by electrons. Our analyses show
that both the polarity and shape of the MCD spectrum due
to the interband transition at the � point (E0 and E0 � �0)
of ferromagnetic Ga1�xMnxAs are essentially same as
those of the MCD spectrum due to the corresponding
transitions in insulating paramagnetic Cd1�xMnxTe
(Figs. 1–3). This indicates that the hole doping of VB is
too small to modify the shape of the MCD signal due to the
E0 CP. As shown in Fig. 4, the position of the MCD
minimum around E0 does not show noticeable change
with Mn content. Slightly lower energies observed for x �
0:022 and x � 0:030 may be due to the broadening of the
MCD structures. The energy level and the electron occu-
pancy of the VB of Ga1�xMnxAs seem to be rarely affected
by the Mn substitution. This is in a sharp contrast with a
widely used phenomenological model of Ga1�xMnxAs
proposed by Dietl et al. [3], who assumed the Fermi level
locates below the top of the valence band (VB-hole model).
Theoretical analyses [14,28] based on the VB-hole model
predicted that the energy positions of the MCD structures
should shift to the higher energy side with increasing
Mn content because a greater Mn content would make
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FIG. 3. Schematic decomposition of the anomalous positive
MCD signal around the absorption edge of Ga1�xMnxAs. The
negative E0 peak, positive E0 ��0 peak, and negative L signal
are due to transitions between the valence band and conduction
band. The broad and positive MCD signal is due to transitions to
impurity bands (IBs).
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FIG. 4. Mn-content dependence of the photon energies corre-
sponding to the minimum and maximum of the MCD intensity at
6 K. The data from Ref. [12] are also shown by open circle and
box. Reported energies [21] of the critical points of GaAs are
shown by horizontal lines.
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the EF deeper in the VB. However, such blueshifts were
not observed experimentally (Fig. 4).

The essential difference between the MCD spectra of
ferromagnetic Ga1�xMnxAs and paramagnetic
Cd1�xMnxTe is the broad MCD signal due to the IBs in
Ga1�xMnxAs (Figs. 1–3). Up to now, only three ferromag-
netic DMSs have been confirmed to be intrinsic [9]:
Ga1�xMnxAs [11], In1�xMnxAs [29], and Zn1�xCrxTe
[30]. It is interesting that Zn1�xCrxTe, which has a Tc of
300 K, also shows a broad MCD signal below its funda-
mental absorption edge [30,31]. IBs may generally play
important roles for the appearance of ferromagnetic order
in DMSs.

The carrier in the IB is another possible candidate [7,32]
that is responsible the ferromagnetism of Ga1�xMnxAs.
Our experimental results seem to be consistent with the
IB-hole model, which seems to be also supported by the
angle-resolved photoemission spectroscopy [33], the reso-
nant tunneling spectroscopy of quantum wells [34], and the
infrared spectroscopy [7,35]. Further MCD spectroscopy
studies of the IBs in DMSs will enable us to clarify the
electronic structure of Ga1�xMnxAs and to find a guiding
principle to make high-performance ferromagnetic DMSs.

In conclusion, we have shown that the anomalous shape
of the MCD spectrum of ferromagnetic dilute magnetic
semiconductor Ga1�xMnxAs is due to a newly discovered
broad and positive MCD background signal caused by the
optical transitions related to impurity bands inside the
band gap. Our analyses of MCD spectra revealed an anti-
ferromagnetic p-d exchange interaction in Ga1�xMnxAs
and suggests that the carriers in the impurity bands play
important roles for the ferromagnetism of this material.

We thank Dr. A. K. Bhattacharjee for useful discussions
and Ms. A. Yamamoto for contributions to the sample
preparation.
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55, R3347 (1997).
[4] T. Dietl, H. Ohno, F. Matsukura, J. Cibert, and D. Ferrand,

Science 287, 1019 (2000).
[5] T. Jungwirth, J. Sinova, J. Masek, J. Kucera, and A. H.

MacDonald, Rev. Mod. Phys. 78, 809 (2006).
[6] A. H. MacDonald, P. Schiffer, and N. Samarth, Nat. Mater.

4, 195 (2005).
[7] K. S. Burch, D. B. Shrekenhamer, E. J. Singley,

J. Stephens, B. L. Sheu, R. K. Kawakami, P. Schiffer,
N. Samarth, D. D. Awschalom, and D. N. Basov, Phys.
Rev. Lett. 97, 087208 (2006).

[8] K. Ando, in Magneto-Optics, edited by S. Sugano and
N. Kojima, Springer-Verlag Series in Solid-State Science
Vol. 128 (Springer, Berlin, 2000), pp. 211–244.

[9] K. Ando, Science 312, 1883 (2006).
[10] J. A. Gaj, in Semiconductors and Semimetals, edited by

R. K. Willardson, A. C. Beer, J. K. Furdyna, and J. Kossut
(Academic, Boston, MA, 1988), Vol. 25, Chap. 7.

[11] K. Ando, T. Hayashi, M. Tanaka, and A. Twardowski,
J. Appl. Phys. 83, 6548 (1998).

[12] B. Beschoten, P. A. Crowell, I. Malajovich, D. D.
Awschalom, F. Matsukura, A. Shen, and H. Ohno, Phys.
Rev. Lett. 83, 3073 (1999).

[13] J. Szczytko, W. Mac, A. Twardowski, F. Matsukura, and
H. Ohno, Phys. Rev. B 59, 12 935 (1999).

[14] J. Szczytko, W. Bardyszewski, and A. Twardowski, Phys.
Rev. B 64, 075306 (2001).

[15] Th. Hartmann, S. Ye, P. J. Klar, W. Heimbrodt, M.
Lampalzer, W. Stolz, T. Kurz, A. Loidl, H.-A. Krug von
Nidda, D. Wolverson, J. J. Davies, and H. Overhof, Phys.
Rev. B 70, 233201 (2004).

[16] R. Lang, A. Winter, H. Pascher, H. Krenn, X. Liu, and
J. K. Furdyna, Phys. Rev. B 72, 024430 (2005).

[17] S. Picozzi, A. Continenza, M. Kim, and A. J. Freeman,
Phys. Rev. B 73, 235207 (2006).

[18] R. Chakarvorty, Y.-Y. Zhou, Y.-J. Cho, X. Liu, R. Jakiela,
A. Barcz, J. K. Furdyna, and M. Dobrowolska, IEEE
Trans. Magn. 43, 3031 (2007).

[19] J. Szczytko, A. Twardowski, K. Swiatek, M. Palczewska,
M. Tanaka, T. Hayashi, and K. Ando, Phys. Rev. B 60,
8304 (1999).

[20] M. Shirai, T. Ogawa, I. Kitagawa, and N. Suzuki, J. Magn.
Magn. Mater. 177–181, 1383 (1998).

[21] D. E. Aspnes and A. A. Studna, Phys. Rev. B 7, 4605
(1973).

[22] A. Prasad, P. Stallinga, X. Liu, and E. R. Weber, Phys. Rev.
B 57, R4214 (1998).

[23] S. C. Erwin and A. G. Petukhov, Phys. Rev. Lett. 89,
227201 (2002).

[24] J. Schneider, U. Kaufmann, W. Wilkening, M. Baeumler,
and F. Kohl, Phys. Rev. Lett. 59, 240 (1987).

[25] K. Ando, H. Saito, V. Zayets, and M. C. Debnath, J. Phys.
Condens. Matter 16, S5541 (2004).

[26] W. J. Brown, Jr. and J. S. Blakemore, J. Appl. Phys. 43,
2242 (1972).

[27] K. Ando, Phys. Rev. B 47, 9350 (1993).
[28] E. M. Hankiewicz, T. Jungwirth, T. Dietl, C. Timm,

and J. Sinova, Phys. Rev. B 70, 245211 (2004).
[29] K. Ando and H. Munekata, J. Magn. Magn. Mater. 272–

276, 2004 (2004).
[30] H. Saito, V. Zayets, S. Yamagata, and K. Ando, Phys. Rev.

Lett. 90, 207202 (2003).
[31] MCD study of In1�xMnxAs around its fundamental ab-

sorption edge has not been reported.
[32] H. Akai, Phys. Rev. Lett. 81, 3002 (1998); V. I. Litvinov

and V. K. Dugaev, Phys. Rev. Lett. 86, 5593 (2001);
J. Moreno, R. S. Fishman, and M. Jarrell, Phys. Rev.
Lett. 96, 237204 (2006).

[33] J. Okabayashi, A. Kimura, O. Rader, T. Mizokawa, A.
Fujimori, T. Hayashi, and M. Tanaka, Phys. Rev. B 64,
125304 (2001).

[34] S. Ohya, P. N. Hai, Y. Mizuno, and M. Tanaka, Phys. Rev.
B 75, 155328 (2007).

[35] K. S. Burch, D. D. Awschalom, and D. N. Basov (private
communication).

PRL 100, 067204 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
15 FEBRUARY 2008

067204-4


