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Valence-state Model of Strain-dependent Mn L2,3 X-ray Magnetic Circular Dichroism

from Ferromagnetic Semiconductors

G. van der Laan,1 K. W. Edmonds,2 E. Arenholz,3 N. R. S. Farley,2 and B. L. Gallagher2

1Diamond Light Source, Chilton, Didcot OX11 0DE, United Kingdom
2School of Physics and Astronomy, University of Nottingham, Nottingham NG7 2RD, United Kingdom

3Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 94720

(Dated: June 3, 2010)

We present a valence-state model to explain the characteristics of a recently observed pre-edge
feature in Mn L3 x ray magnetic circular dichroism (XMCD) of ferromagnetic (Ga,Mn)As and
(Al,Ga,Mn)As thin films. The prepeak XMCD shows a uniaxial anisotropy, contrary to the cubic
symmetry of the main structures induced by the crystalline electric field. Reversing the strain in
the host lattice reverses the sign of the uniaxial anisotropy. With increasing carrier localization, the
prepeak height increases, indicating an increasing 3d character of the hybridized holes. Hence, the
feature is ascribed to transitions from the Mn 2p core level to unoccupied p-d hybridized valence
states. The characteristics of the prepeak are readily reproduced by the model calculation taking
into account the symmetry of the strain-, spin-orbit- and exchange-split valence states around the
zone center.

PACS numbers: 75.50.Pp, 75.25.-j, 75.30.Gw, 78.70.Dm

I. INTRODUCTION

III-V ferromagnetic semiconductors are of widespread
interest for applications in spin-based electronics, as
well as for fundamental studies of localized-moment fer-
romagnetism. The ferromagnetic interactions between
Mn dopants located at random substitutional sites in
the semiconductor lattice are mediated by charge carri-
ers (holes), resulting in a close interplay of magnetism
and electrical transport. The nature of the Mn-hole
interaction has been the subject of numerous theoret-
ical and experimental investigations.1–9 The magnetic
anisotropy of these materials is of considerable theoretical
interest and potential practical importance.10–12 For the
(Ga,Mn)As system, mean-field calculations based on the
k ·p band structure method have proved especially fruit-
ful, allowing quantitative modelling of magnetic, mag-
netotransport and optical properties with minimal free
parameters.13,14

X ray magnetic circular dichroism (XMCD) is the dif-
ference in the x ray absorption (XA) cross-section of op-
posite circular polarization with respect to the magneti-
zation direction in the material. This technique offers a
number of advantages for the experimental determination
of the electronic structure of magnetic compounds: (i)
it is element-selective and sensitive to the low magnetic
dopant concentrations (1-6%) typically incorporated in a
diluted magnetic semiconductor; (ii) it combines chemi-
cal and magnetic information, and can distinguish com-
ponents with differing magnetic behaviors (e.g., ferro-
magnetic and paramagnetic components); (iii) key pa-
rameters including the orbital and spin magnetic mo-
ments per atom can be quantitatively obtained by apply-
ing the sum rules;15–17 and it can determine the magnetic
anisotropy of the elemental constituents.18 Studies of fer-
romagnetic semiconductors have led to the observation
of new effects in polarized x ray absorption, including

a crystallographic dependence of x ray magnetic linear
dichroism,19 valence band orbital moments,20, the sep-
aration of components with cubic and uniaxial symme-
try in XMCD,21,22 and Fe induced proximity polarization
persisting even above room temperature.23,24

We have previously measured Mn L2,3 XA and XMCD
spectra from (Ga,Mn)As21,22,24,25 on beamline 4.0.2 of
the Advanced Light Source (ALS) at Berkeley, US, beam-
line ID08 of the European Synchrotron Radiation Facility
(ESRF) at Grenoble, France, and beamline I06 of the Di-
amond Light Source, UK. Figure 1 shows typical XA and
XMCD spectra obtained from a (Ga,Mn)As thin film.
The main spectral features in the XMCD spectrum are
well reproduced by an atomic multiplet calculation (red
curve), describing the transition Mn 3d5 → 2p53d6 in a
tetrahedral crystal field of 10Dq = −0.5 eV. The spec-
trum is split into two edges, L3 around 640 eV and L2

near 650 eV, due to the large 2p spin-orbit interaction.26

In the XMCD spectrum a pre-edge feature has been
identified near the L3 edge with different character-
istics from the main features in the spectrum (see
inset Fig. 1).21 A similar prepeak behavior in the
XMCD is observed for a number of Mn-containing
ferromagnetic semiconductors, including (Ga,Mn)As,21

(Al,Ga,Mn)As,22 and (Ga,Mn)P27. However, this pre-
peak is not reproduced by the atomic multiplet calcula-
tion (c.f., inset of Fig. 1), indicating that it does not be-
long to the Mn d5 multiplet structure. The most remark-
able experimental findings for the L3 prepeak XMCD are
the following:21,22

(i) The prepeak XMCD exhibits a strain-dependent
uniaxial angular dependence, with largest intensity when
the magnetization is perpendicular-to-plane for tensile
strain, and in-plane for compressive strain. In contrast,
the main XMCD spectral features show cubic symmetry.

(ii) The prepeak XMCD is positive while the main Mn
L3 XMCD peak is negative, suggesting that the prepeak
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FIG. 1: (Color online) Experimental Mn L2,3 XA (upper,
black curve) and XMCD (middle, black curve) of a typical
(Ga,Mn)As thin film, together with the calculated XMCD
multiplet structure for Mn d5 in tetrahedral crystal field sym-
metry (lower, red curve). The latter spectrum is offset for
clarity. The inset compares the expanded pre-edge XMCD
of the experimental (black curve) and calculated (red curve)
spectra. Note that the prepeak in the experimental spectrum
at 639.3 eV is not present in the calculated XMCD multiplet
structure.

originates from states with opposite polarization to the
Mn 3d local moment.

(iii) The prepeak XMCD shows a dependence on the
conductivity of the film. While the prepeak is observed
for all (Ga,Mn)As samples studied, it is largest for sam-
ples at the insulating side of the metal-insulator transi-
tion.

In this paper we will present a straightforward valence-
state model, which takes into account the strain-,
spin-orbit- and exchange-split hybridized valence states
around the Brillouin zone center, and is able to describe
all observed effects appropriately.

II. THEORETICAL DESCRIPTION

A. Mn 3d state

In soft x ray absorption, the electric-dipole transitions
allow excitations of an electron from a 2p core level
to unoccupied states with s and d character. Since s
states are spherically symmetric, only the d states can

cause an angular dependence of the XMCD. A precisely
half-filled Mn 3d5 state with S = 5

2 is not expected to
show an uniaxial strain-induced splitting due to the ab-
sence of an orbital moment and hence lacks the possi-
bility to couple to the lattice. The presence of 3d spin-
orbit and crystal-field interaction mixes in states with
non-zero orbital moment, however for Mn this only re-
sults in a very small orbital to spin magnetic moment
ratio morb/mspin = 1.2 × 10−4, as calculated in inter-
mediate coupling using Cowan’s code.28 On the other
hand, application of the sum rules15–17 to the experi-
mental XMCD spectra of (Ga,Mn)As gives a non-zero
orbital magnetic moment which is parallel to the spin
moment, with morb/mspin = 0.03 ± 0.005.21,25,29 This
indicates that Mn is not in a pure high-spin 3d5 config-
uration, but has a d count that is slightly higher than
five (∼5.1-5.3) due to hybridization with neighboring As
atoms.12,21,25,29–31

In the tetrahedral symmetry, the Mn e and t2 orbitals
are separated in energy by the tetrahedral crystal-field
interaction of 10Dq ≈ −0.5 eV, where the e state has
the lowest energy. The t2 states hybridize with the As
s, p orbitals and can also mix with the Mn 4p, while
the e orbitals are essentially non-bonding. Strain lowers
the cubic symmetry, splitting the d(xy) orbitals from the
d(xz, yz) orbitals in the t2 state. However, the strain
induced splitting in itself can not give rise to the dis-
tinct uniaxial anisotropy of the prepeak if it belongs
to the multiplet structure, where all peaks are calcu-
lated in same point-group symmetry.26 In the Mn L3

XMCD observed for (Ga,Mn)As different features with
cubic and uniaxial symmetry can be clearly distinguished
by a different angular dependence of the XMCD signal
(see App. A).21 These different features must therefore
correspond to Mn 3d states with fundamentally different
characters.

B. p-d hybridization

In zincblende semiconductors, the top of the valence
band is mainly composed of cation 4p orbitals. Direct
exchange between the holes near the top of the band
and the localized Mn d electrons is weak, which allows
p-d hybridization to dominate, resulting in an antiferro-
magnetic coupling.12 Support for the antiferromagnetic
alignment of the As 4p spin with respect to the Mn 3d is
obtained from the As K edge XMCD, which has opposite
sign to the Mn L2,3 XMCD. Using the sum rule analysis,
Freeman et al.

20 found an orbital moment of −1.3×10−3

µB per As atom for GaAs(001) doped with 8% Mn. Due
to the strong spin-orbit interaction, the spin and orbital
moment s of the As 4p state are parallel.

Figure 2 shows the schematics of a one-electron picture
for a Mn d5 band with hole. The Mn d states are split
by the strong exchange interaction and the tetrahedral
crystal-field interaction. The filled spin-down Mn d states
are deep in the valence band and the empty spin-up d
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FIG. 2: (Color online) One-electron cartoon: The Mn d states
are split by exchange interaction (∼3 eV) and tetrahedral
crystal-field interaction (∼0.5 eV) and consequently the Mn
acceptor level |p↓↑〉 at the Fermi level, EF , is split due to the
p-d hybridization. The unoccupied states φA

↓ and φB

↑ corre-
spond to mixed states with predominantly p↓ and d↑ charac-
ter, respectively. Not shown in the picture is the splitting of
the p level by the spin-orbit interaction and strain anisotropy.

states are above the Fermi level, EF , and high in the
conduction band. Hybridization (level repulsion between
states of the same spin) between the p and d states pushes
up the energy of the spin-down valence p state relative
to the energy of spin-up valence p states. Direct crystal-
field interaction on the p level is weak, but due to the
directional bonding the interaction of the p state with
the d(t2) state is stronger than with the d(e) state. The
p-d hybridization splits the Mn acceptor level |p↓↑〉 at EF

into spin up and down states.
The unoccupied valence states, as shown in Fig. 2, are

φA
↓ and φB

↑ . They are a mixture of delocalized As p states
and the more localized Mn d states,

|φA
↓ 〉 = cd↓|d↓〉 + Cp↓|p↓〉, (1a)

|φB
↑ 〉 = Cd↑|d↑〉 + cp↑|p↑〉, (1b)

where Cn and cn indicate the wave function coefficients
that have a large and small modulus square, respectively,
i.e.,

|Cp↓|2 ≫ |cd↓|2, (2a)

|Cd↑|2 ≫ |cp↑|2, (2b)

which give the corresponding probability densities. Thus
φA
↓ and φB

↑ and have mainly p and d character, respec-
tively.

The Mn L2,3 absorption is due to transitions from the
2p core state to unoccupied d states but not to As p
states, because the radial overlap of the latter with the
Mn 2p is too small. In a one-electron model, the XA in-
tensity of the φA

↓ and φB
↑ states is proportional to |cd↓|2

and |Cd↑|2, respectively. Hence, the XA cross-section for
the φA

↓ state is much smaller than for the φB
↑ state. Fur-

thermore, φA
↓ is the lowest unoccupied state, which in

a one-electron model for the XA spectrum produces the
peak with the lowest photon energy. This indicates—
together with other arguments that follow below—that
the prepeak feature and the main structure in the XMCD
spectrum correspond to φA

↓ and φB
↑ , respectively.

The state φB
↑ has a large probability |Cd↑|2 [Eq. (1b)],

which means that it is mainly localized on the Mn atom,
where it is split into e and t2 states by the local crystal-
field interaction. In a many-electron model, Coulomb
interactions give a further splitting of the d levels. The
localized character requires the use of atomic multiplet
theory,26,32 and as shown in Fig. 1 the calculated XMCD
spectrum gives good agreement with the experiment.
The main structure will not be further discussed here,
as it has already been presented earlier.21,25

The state φA
↓ has a small coefficient |cd↓|2 [Eq. (1a)],

which means that the probability density on the Mn atom
is small and therefore this state must be more delocalized.
Hence, the symmetry of the |φ↓〉 state is hardly affected
by the local crystal-field interaction and more influenced
by the uniaxial anisotropy of the strain, as is discussed
in Sec. II C.

Because the Coulomb interaction for the delocalized
valence state is weak—or absent as in the one-electron
model—the result is a single feature at the L3 and L2

edges, separated by the 2p spin-orbit splitting. In the
isotropic XA spectrum the small prepeak is dwarfed
by the intense main multiplet structure, but in the
L3 XMCD a prepeak at low photon energy can be
unambiguously identified due to its different angular
dependence.21,22

Further support for a hybridized valence state near
EF as given by Eq. (1a) comes from the dependence of
the prepeak height on the free-carrier density. It was
shown that the prepeak height decreases monotonically
with increasing free hole density, obtained from Hall ef-
fect measurements.21 The dependence of the XMCD sig-
nal on the conductivity properties is a clear indication
that the prepeak involves states lying in the vicinity of
EF . With decreasing free hole density, the conductivity
moves towards the insulator side of the metal-insulator
transition, and the holes become localized around their
parent Mn ions, resulting in an increase in the probabil-
ity |cd↓|2 at the cost of |Cp↓|2, so that the L3 prepeak
XMCD signal will increase.

Also the Mn K edge XMCD shows at low doping a
sharp pre-edge due to unoccupied Mn p and d hybridized
density of states, and a smaller peak at ∼1.4 eV higher
energy.9,20,33 The Mn K pre-edge XMCD strongly in-
creases with lower doping across the metal-insulator tran-
sition due to the increase in local d density of states.33

Simultaneously, the As K edge XMCD decreases.
It is perhaps useful to emphasize the difference between

element-specific XMCD and macroscopic magnetic mea-
surements. The anisotropy of the XMCD prepeak is de-
termined by the p-d hybridized valence band states at the
zone center, because of the localized character of the core
excitation. This is distinct from the strain-dependent
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magnetocrystalline anisotropy, which is caused by the
anisotropy of the unoccupied valence band states over
the whole of the Brillouin zone. The magnetocrystalline
anisotropy may be treated by k · p theory,13,34 allow-
ing to calculate perturbatively the band structure in the
neighborhood of the zone center, using the energy eigen-
values and basic symmetries of the zone center states.
For all but the lowest hole densities, the holes will reside
in more than one of the hybridized valence sub-bands,
and in states away from k = 0. The easy axis of mag-
netization is thus determined both by the strain and the
hole density (i.e., band filling).13,35 Thus because of the
localized character of the 2p core excitation, XMCD is a
‘local probe’ which samples only states with wave vectors
near k = 0. In certain cases this can lead to large dif-
ferences between x-ray spectroscopical and macroscopic
magneto-optical measurements.36

In order to elucidate the XMCD prepeak anisotropy
we have to include also the other interactions acting on
the p state, in particular the spin-orbit interaction and
strain anisotropy, which will be the subject of Sec. II C.

C. Valence state model

We will use here the following approach. First, the
sublevel energies of the pure As 4p valence state are cal-
culated in the presence of strain and p-d exchange interac-
tion. Due to the large spin-orbit interaction of the As 4p,
the j = 3

2 level can be considered in a four-band model.
Calculations for different magnetization directions give a
reversal of the exchange split energy levels between com-
pressive and tensile strain. The XMCD probes the un-
occupied states, so that only levels above EF have to be
taken into account. The magnetic moment dependence
of the unoccupied levels is obtained by taking the deriva-
tive of the energy with respect to the magnetization. The
large difference between in-plane and perpendicular mag-
netization evidences a strong magnetic anisotropy. By
comparing the combined influence of strain anisotropy
and exchange interaction on the As p and Mn d va-
lence states, we demonstrate that the strain reverses the
anisotropy of the prepeak XMCD.

1. As 4p state energies

The magnetic anisotropy of the valence As 4p states is
calculated using a model Hamiltonian,

H = Hs-o + Hexch + Hstrain + Hhybr, (3)

which contains the spin-orbit interaction, exchange in-
teraction, strain anisotropy, and p-d hybridization. The
first term in H represents the spin-orbit interaction,

Hs-o = ζL · S = 1
2
ζ(J2 − L2 − S2), (4)

where ζ is the radial spin-orbit parameter and L and S

are the orbital and spin angular momentum operators,

respectively. For the pure j = 3
2 and j = 1

2 levels of the

p state the spin-orbit interaction gives energies of 1
2ζ and

−ζ, respectively. The large spin-orbit energy splitting,
∆ = − 3

2ζ = 0.34 eV in GaAs, allows us to consider the
two j levels independently. In the following we will add
a constant offset so that the energies of the pure j = 3

2

and j = 1
2 states are equal to 0 and ∆, respectively.

The second term in H represents the p-d exchange in-
teraction,

Hexch = βM · (L + 2S) = βgjM · J, (5)

where M is the mean-field magnetization of the localized
Mn 3d spins, β is the p-d exchange constant, and

gj = 1 +
j(j + 1) + s(s + 1) − ℓ(ℓ + 1)

2j(j + 1)
(6)

is the Landé g factor. Defining

b ≡ βgjM, (7)

Eq. (5) can be written as

Hexch = b · J = bzJz +
1

2
(b−J+ + b+J−). (8)

The vector b is a parameter for exchange interaction with

magnitude b and direction b̂ = b/b and has components
bz and b± = bx ± iby. The Landé g factor makes b
dependent on j, but it is constant within each j man-
ifold. The total angular momentum operator J acts on
the magnetic sublevels |mj〉 as Jz|mj〉 = mj |mj〉 and

J±|mj〉 =
√

(J ∓ mj)(J ± mj + 1)|mj ± 1〉.
The third term in H accounts for the strain anisotropy,

Hstrain = c(L2
z − 1

3
L2) = c(J2

z − 1
3
J2) = c[m2

j −
1

3
j(j +1)],

(9)
which contains the charge quadrupole operator multi-
plied by a scalar parameter c for the magnitude of the
strain. Finally, the last term in H, for the p-d hybridiza-
tion, will be considered in Sec. II C 3.

Due to the large spin-orbit interaction, the Hamilto-
nian H for the j = 3

2 level can be blocked out in 4×4
matrix form (four-band model) with basis states |mj〉 =
| 32 〉, | 12 〉, |− 1

2 〉, and |− 3
2 〉,

H3/2 =











3
2bz+c

√
3

2 b− 0 0√
3

2 b+

1
2bz−c b− 0

0 b+ − 1
2bz−c

√
3

2 b−

0 0
√

3
2 b+ − 3

2bz+c











, (10)

with the angular dependence contained in the b compo-
nents.

For magnetization along the surface normal (bz=b,
bx=0) the Hamiltonian is diagonal with energies Ez

n of
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the eigenstates |mj〉 as

Ez
1 =

3

2
b + c, (11a)

Ez
2 =

1

2
b − c, (11b)

Ez
3 = −1

2
b − c, (11c)

Ez
4 = −3

2
b + c. (11d)

For in-plane magnetization (bx=b, bz=0) the energies are

Ex
1 =

1

2
b +

√

b2 − bc + c2, (12a)

Ex
2 = −1

2
b +

√

b2 + bc + c2, (12b)

Ex
3 =

1

2
b −

√

b2 − bc + c2, (12c)

Ex
4 = −1

2
b −

√

b2 + bc + c2. (12d)

In order to compare the different states in both directions
we first consider the situation that the strain is small
compared to the magnetization, in which case we can
make a series expansion of the energies Ex

n in Eq. (12) in
powers of c,

Ex
1 =

3

2
b − 1

2
c +

3

8

c2

b
+ O[c]3, (13a)

Ex
2 =

1

2
b +

1

2
c +

3

8

c2

b
+ O[c]3, (13b)

Ex
3 = −1

2
b +

1

2
c − 3

8

c2

b
+ O[c]3, (13c)

Ex
4 = −3

2
b − 1

2
c − 3

8

c2

b
+ O[c]3. (13d)

Thus under zero strain (c → 0), where due to the absence
of anisotropy the splitting is the same in every direction
of b, the states labeled with indices 1, 2, 3, and 4 have
eigenvalues equal to 3

2b, 1
2b, − 1

2b, and − 3
2b, respectively,

which is the same in Eqs. (11) and (13). Therefore, these
indices uniquely determine the eigenvalues in all direc-
tions, and they will be consistently used throughout the
paper. Furthermore, Eq. (13) shows that the first-order
energy term changes from ±c in the z-direction to ∓ 1

2c
in the x, y directions, as expected from the zero trace of
the quadrupole moment. For thin-film samples the ac-
tual strain will be relatively large and the general case is
discussed next.

The energies of the valence states for M‖z and M‖x,
given in Eqs. (11) and (12), respectively, are plotted as
a function of the magnetization for compressive strain
(c > 0) in Fig. 3(a) and 3(c) and for tensile strain (c < 0)
in Fig. 3(b) and 3(d). In order to reduce the energy de-
pendence to a single parameter, we plot E/c as a function
of b/c, where b is taken positive. In the four-band model
the levels are reversed in energy between compressive

(c > 0) and tensile strain (c < 0), with E1(−c) = −E4(c)
and E2(−c) = −E3(c), as can be verified from Eqs. (11)
and (12).

While in Fig. 3(a) and 3(b), Ez
n/c changes linearly with

b/c, as given by Eq. (11), the b/c dependence of Ex
n/c in

Fig. 3(c) and 3(d) is best understood by making a series
expansion of Eq. (12) in b,

Ex
1 = c +

3

8

b2

c
+

3

16

b3

c2
+ O[b]4, (14a)

Ex
2 = c +

3

8

b2

c
− 3

16

b3

c2
+ O[b]4, (14b)

Ex
3 = −c + b − 3

8

b2

c
− 3

16

b3

c2
+ O[b]4, (14c)

Ex
4 = −c − b − 3

8

b2

c
+

3

16

b3

c2
+ O[b]4. (14d)

This shows for instance that for b ≪ c the two levels at
Ex = c are degenerate while the two levels at Ex = −c
split up with a separation 2b.

The separation between the state at the valence band
maximum and the next state in energy is largest with
M‖z for compressive strain (c > 0, where the highest
energy is Ez

1 ), and with M‖x for tensile strain (c < 0,
where the highest energy is Ex

4 ). It is evident that strain
causes a pronounced anisotropy of the exchange splitting.

In order to check to correctness of assuming a four-
band model, we show in Fig. 3 (dashed lines) also the
energies obtained within a six-band model at k = 0, us-
ing Eqs. (A7)-(A19) of Ref. 13, which takes into account
the spin-orbit splitting for GaAs. The 6×6 matrix of the
Hamiltonian, used to obtain these energy curves, can be
found in Eq. (B1) of App. B. This confirms that, due
to the large spin-orbit interaction, there is no significant
change in the energies of the four j = 3

2 levels. The en-
ergy reversal of the levels between compressive and ten-
sile strain that occurs in the four-band model is no longer
exact in the six-band model. In the latter model the en-
ergy values are slightly increased by the interaction with
the j = 1

2 levels.

2. As 4p state magnetic moments

We now proceed to calculate the magnetic moment µ of
each state. The XMCD signal is related to the magnetic
moment of the unoccupied states.17,37 The magnetic mo-
ment of the As 4p state along a given direction can be
obtained from the derivative of the energy with respect
to the exchange interaction, i.e., µ = ∂E(b)/∂b. For the
states at the valence-band maximum the derived mag-
netic moments are shown in Fig. 3(e) for compressive
strain (c > 0) and in Fig. 3(f) tensile strain (c < 0). For
small b this corresponds to the level with E1 for compres-
sive strain and E4 for tensile strain. For b/c < −2 (tensile
strain) Ez

3 becomes the highest energy [c.f., Fig. 3(b)].
The moment values for µz

1, µz
2, µz

3, and µz
4 are 3

2 , 1
2 ,

− 1
2 , and − 3

2 , respectively, as expected from the mj val-
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FIG. 3: (Color online) (a-d) Calculated energies of the j = 3

2
valence state p level as a function of the parameter b/c, for

(a) compressive strain, magnetization along z (i.e., perpendicular to the plane); (b) tensile strain, magnetization along z; (c)
compressive strain, magnetization along x (i.e., in-plane); (d) tensile strain, magnetization along x. Full lines are obtained
using the four-band model with the Hamiltonian in Eq. (10), dashed lines with the six-band model in Eq. (B1). The parameters
b and c are the coefficients of the exchange interaction and the strain, respectively. The strain is along the z axis in each case.
(e-f) Magnetic moment µ = ∂E(b)/∂b of the uppermost valence subband for the two different magnetization directions, for
(e) compressive strain and (f) tensile strain.

ues. For µx, the magnetization dependence is most easily
visualized by expansion in powers of b,

µx
1 =

3

4

b

c
+

9

16

b2

c2
+ O[b]3, (15a)

µx
2 =

3

4

b

c
− 9

16

b2

c2
+ O[b]3, (15b)

µx
3 = 1 − 3

4

b

c
− 9

16

b2

c2
+ O[b]3, (15c)

µx
4 = −1 − 3

4

b

c
+

9

16

b2

c2
+ O[b]3. (15d)

Figure 3 shows that the anisotropy µz − µx =
∂E(bz)/∂bz−∂E(bx)/∂bx of the upper level is large when
the exchange splitting is comparable to (b ≈ c) or less
than (b < c) the strain splitting.

3. Hybridization

Experimentally, the prepeak of the Mn L3 XMCD is
largest when the magnetization is perpendicular-to-plane
for tensile strain, and in-plane for compressive strain. Re-
markably, this is opposite to the calculated anisotropy of
µ at the valence state maximum, as shown in Fig. 3(e)
and 3(f). The reason for this is that the XMCD is sen-
sitive to the anisotropy of the p states through the hy-
bridization with the Mn d orbitals.

The Hamiltonian matrix for the p-d hybridization can
be written as

Hhybr =

(

Hp V
V Hd

)

, (16)

where Hp and Hd are the Hamiltonians for the p and d
states and V is the mixing coefficient.

The opposite sign of the anisotropy is because of the
charge quadrupole moment m2

ℓ − 1
3ℓ(ℓ + 1) is reversed in

the Mn t2 states compared to the As p states for the
magnetization along the same direction. This can be
verified by writing down the matrix elements for these
states. The Hamiltonian H = b ·L+ c(L2

z − 1
3
L2) for the

As p state, with basis |mℓ〉 = |1〉, |0〉, and |−1〉, gives

Hp =







bz+c b−√
2

0
b+√

2
−2c b−√

2

0 b+√
2

bz+c






. (17)

On the other hand, the same Hamiltonian for the Mn t2
state, with basis |mℓ〉 = |1〉, 1√

2
[|2〉 − |−2〉], and |−1〉,

gives

Hd(t2) =







bz−c b−√
2

0
b+√

2
2c b−√

2

0 b+√
2

bz−c






. (18)

Comparison of the matrices in Eqs. (17) and (18) shows
that the sign of c is reversed between the As p and Mn t2
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states. The opposite sign of b/c implies a reversal of the
magnetic anisotropy, as can be verified from Figs. 3(e)
and 3(f). This demonstrates that the strain anisotropy
has opposite effect on the magnetic anisotropy between
the As p and Mn t2 valence states, resulting in a reversed
sign of the prepeak XMCD anisotropy.

III. CONCLUSIONS

We have given a theoretical analysis of the origin of
the Mn L3 XMCD prepeak in ferromagnetic semicon-
ductors. While the main spectrum arises from the mul-
tiplet structure of the Mn d5 states, which have a cubic
anisotropy, the hybridization with the host valence states
is revealed by the presence of a distinct prepeak feature
with uniaxial anisotropy and marked dependence on the
hole density. The XMCD of the prepeak has opposite
sign from the main peak since it originates from states
near the Fermi level with opposite polarization to the
Mn local moment. The L3 prepeak may be related to
the ‘impurity band’ features reported in angle-resolved
photoemission3 and the pre-edge peak observed in the
Mn K edge XMCD.33 The observation of the L3 pre-
peak by element-specific XMCD means that the associate
unoccupied state contains Mn 3d character and partici-
pates in the magnetism. Further evidence that the pre-
peak corresponds to transitions to the p-d hybridized hole
state arises from the increasing prepeak intensity with de-
creasing hole density, or increasing hole localization. The
anisotropy in the XMCD prepeak is positive for compres-
sive strain and negative for tensile strain. This is opposite
as for the As p valence state because the hybridized Mn
t2 states have opposite sign of the charge quadrupole mo-
ment, and therefore respond oppositely to strain. These
experimental observations are confirmed by the described
valence-state model, which includes spin-orbit interac-
tion, p-d exchange interaction, strain anisotropy, and p-d
hybridization.

These findings provide insight into the interplay of
strain and magnetization in ferromagnetic semiconduc-
tors. They allow an analysis of both valence state and
impurity effects in XMCD. The results clearly demon-
strate that the Mn 3d states play a role in the anisotropy
of the strained ferromagnetic semiconductor.
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Appendix A: Angular dependence of XMCD

The local symmetry determines the angular depen-
dence of the XMCD signal. For brevity, we consider only
the situation where the x ray helicity vector and magne-
tization direction are aligned parallel. In cubic symmetry
the angular dependence of the XMCD is equal to21,22

Icubic
XMCD = Iiso +

[

1

4
(sin4 θ sin2 2φ + sin2 2θ) − 1

5

]

Iani,

(A1)
where θ and φ are the polar and azimuthal angle with re-
spect to the [001] axis. Iiso and Iani are the isotropic and
anisotropic part of the XMCD spectrum, respectively.
This results in different XMCD spectra along the various
crystallographic directions,

I
〈001〉
XMCD = Iiso −

1

5
Iani, (A2a)

I
〈011〉
XMCD = Iiso +

1

20
Iani, (A2b)

I
〈111〉
XMCD = Iiso +

2

15
Iani. (A2c)

In uniaxial symmetry the angular dependence of the
XMCD is equal to17,37,38

Iuniaxial
XMCD = Iiso +

1

2

(

3 cos2 θ − 1
)

Iani

= Iz cos2 θ + Ix sin2 θ, (A3)

where θ is the angle with respect to the uniaxial axis,
and

Iz = Iiso + Iani, (A4a)

Ix = Iiso −
1

2
Iani, (A4b)

give the XMCD signal along the z (uniaxial axis) and x
or y (planar axes) direction, respectively.

The isotropic parts of the cubic and uniaxial XMCD
can not be distinguished from each other in the angular
dependence. The anisotropic part gives an angular varia-
tion of the XMCD that depends on the specific symmetry.

Appendix B: Six-band model

The 6×6 matrix corresponding to the Hamiltonian in
the k · p model for k = 0 with as basis the angular mo-
mentum eigenstates |j = 3

2 , 1
2 ; mj = j, · · · ,−j〉 is given

by
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Hk=0 =





















3
2bz + c i

√
3

2 bx 0 0
√

6
2 bx 0

−i
√

3
2 bx

1
2 bz − c ibx 0 i

√
2bz − i

√
2c −

√
2

2 bx

0 −ibx − 1
2bz − c i

√
3

2 bx

√
2

2 bx −i
√

2bz + i
√

2c

0 0 −i
√

3
2 bx − 3

2bz + c 0 −
√

6
2 bx√

6
2 bx −i

√
2bz + i

√
2c

√
2

2 bx 0 − 1
2 bz + ∆ i

2bx

0 −
√

2
2 bx i

√
2bz − i

√
2c −

√
6

2 bx − i
2bx

1
2bz + ∆





















. (B1)

This gives the eigenenergies shown by the dashed lines
in Fig. 3. The matrix reduces to a 4×4 matrix for j =
3
2 in Eq. (10) [which corresponds to the upper-left block
of the matrix in Eq. (B1)] when the spin-orbit splitting

∆ (= 0.34 eV in GaAs) is much larger than the coeffi-
cients b and c of the exchange interaction and the strain,
respectively. For the four-band model the eigenenergies
are given by the solid lines in Fig. 3.
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