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Electronic structure of the oxide-diluted magnetic semiconductor Zn1ÀxMn xO

T. Mizokawa,1 T. Nambu,2 A. Fujimori,1,2 T. Fukumura,3 and M. Kawasaki3
1Department of Complexity Science and Engineering, University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113-0033, Japa

2Department of Physics, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan
3Institute for Materials Research, Tohoku University, Katahira 2-1-1, Aoba-ku, Sendai 980-8577, Japan
~Received 26 February 2001; revised manuscript received 6 August 2001; published 8 February 2002!

We have studied the electronic structure of Zn12xMnxO using photoemission spectroscopy measurements
and configuration-interaction~CI! calculations on a MnO4 cluster model. It is shown that the CI calculation can
give a consistent description of the photoemission andd-d optical absorption spectra of Zn12xMnxO as well as
those of other II-VI- and III-V-based diluted magnetic semiconductors such as Cd12xMnxTe and Ga12xMnxAs.
The CI approach predicts that the magnitude of thep-d exchange constant in Zn12xMnxO is much larger than
that in Ga12xMnxAs.

DOI: 10.1103/PhysRevB.65.085209 PACS number~s!: 75.50.Pp, 79.60.2i, 71.70.Gm
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I. INTRODUCTION

In II-VI- and III-V-based diluted magnetic semicondu
tors ~DMS! such as Cd12xMnxTe and Ga12xMnxAs, 3d
transition-metal ions are substituted for the cations of
host semiconductors.1–3 The electronic structure of the sub
stituted 3d transition-metal impurities in semiconductors
influenced by two competing factors: strong 3d-host hybrid-
ization and strong 3d-3d Coulomb interactions. The stron
Coulomb interaction between the 3d electrons is responsibl
for the multiplet structures observed ind-d optical absorp-
tion spectra. On the other hand, the hybridization betw
the transition-metal 3d and the host valence band give
rise to the magnetic interaction between the localizedd
spins and the carriers in the host valence band.2 A
configuration-interaction~CI! approach using a cluster mod
is a powerful tool to describe such systems in which
Coulomb interaction term and the hybridization term a
competing. The electronic-structure parameters in the clu
model can be estimated by analyzing core-level and vale
band photoemission spectra of DMS. By using the obtai
parameters as input, it is possible to estimate the magni
of the magnetic interaction between the localized 3d spins
and the carriers.

Zn12xMnxO is a new class of DMS based on ZnO.4 Since
ZnO is transparent for visible light, a transparent magnet
be realized if Zn12xMnxO exhibits ferromagnetism like III-
V-based DMS such as Ga12xMnxAs and In12xMnxAs.5 In
the III-V-based DMS, the Mn doping provides both the c
riers and the localized spins. On the other hand,
Zn12xMnxO, the Mn doping gives only the localized spin
and that the carrier concentration can be controlled indep
dently by doping, e.g., Al. Since Zn12xMnxO is expected to
be one of the key materials for the spin-controlled semic
ductor engineering, it is very interesting and important
investigate the electronic structure of Zn12xMnxO and to
compare it with those of Cd12xMnxTe and Ga12xMnxAs. In
this paper, we have studied the electronic structure
Zn12xMnxO using photoemission spectroscopy and
cluster-model analysis. We compare Zn12xMnxO with the
other DMS and give a CI description of the Mn impurities
ZnO, ZnS, ZnSe, ZnTe, and GaAs.
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II. EXPERIMENT

Zn12xMnxO thin films (x50.07 andx50.13) with Al
dopant were prepared by pulsed-laser deposition
ScAlMgO4 ~001! substrates as reported in the literatur4

X-ray-diffraction measurements confirm that the thin film
have the wurtzite structure without impurity phase. An ele
tron probe microanalysis shows that Mn ions are homo
neously distributed in the films. The Mn content is estima
by inductively coupled plasma atomic emission spectr
copy. By using Hall effect measurement, the carrier den
is estimated to be 1.431020 cm23 for x50.13 and 2.9
31019 cm23 for x50.07.

Photoemission measurement was performed at BL-18A
Photon Factory, High Energy Accelerator Research Orga
zation. All the data were taken in an ultrahigh vacuum bel
10210 Torr at room temperature. The valence-band spe
have been taken using synchrotron radiation. The total re
lution including the monochromator and the electron a
lyzer was estimated to be about 200 meV from the Fe
edge of Ta wire in contact with the samples. We chose the
3d peak as a reference for the binding energy (EB) align-
ment @the Zn 3d peak in ZnO being located atEB58.8 eV
from valence-band maximum~VBM !#.6 Core-level photo-
emission spectra were taken using the MgKa source (hn
51253.6 eV). The resolution was;0.8 eV estimated from
the Au 4f core-level spectrum. Photoelectrons were c
lected using a VG CLAM hemispherical analyzer in th
angle-integrated mode. In order to keep the sample surfa
clean, we repeated Ar-ion sputtering~1 kV! and annealing at
250 °C. The annealing had to be done at that low tempera
to prevent Al2O3 segregation. We could not observe low
energy electron-diffraction patterns of 131 probably because
of the temperature constraint. However, the valence-b
spectrum taken at 45 eV is very similar to those reported
the clean ZnO surface,6,7 indicating that the surface quality i
reasonably good. The Mn content estimated from the
core-level intensity agreed with the bulk values within t
error bar of 20%.

III. CONFIGURATION-INTERACTION APPROACH

The Mn impurities substituted for the cations in the II-V
and III-V semiconductors are tetrahedrally coordinated
©2002 The American Physical Society09-1
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the anions and can be described by the MnY4 cluster model
(Y is an anion!. In the cluster models, the 3d-3d Coulomb
interaction and the 3d-anion hybridization are taken into ac
count and their strengths are treated as adjustable param
In the CI framework, the wave functions of the ground st
and charge-conserving excited states, which we
N-electron states, are given by linear combinations of thedn,
dn11LI , . . . ,d10LI 102n configurations. Here,LI denotes a hole
in an anionp orbital. The anion-to-3d charge-transfer energ
is defined by D[E(dn11LI )2E(dn) and the 3d-3d
Coulomb interaction energy byU[E(dn21)1E(dn11)
22E(dn), whereE(dn8LI m8) is the center of gravity of the
dn8LI m8 multiplet. These definitions make clear the chemi
trends of the parameters.8 It is also possible to define th
charge-transfer energyDeff and the Coulomb interaction en
ergy Ueff with respect to the lowest term of each multiple
The multiplet splitting is expressed using Racah parame
B and C, which were fixed at the free ion values o
Mn21(B50.119 eV andC50.412 eV). For Mn21, Deff
5D1(70B235C)/917C and Ueff5U1(14B27C)/9
114B17C.

In the tetrahedral cluster model, one-electron trans
integrals between the 3d orbitals and the anionp orbitals
are given by (pds) and (pdp): Tt2[^t2uHuLt2&
5A4/3(pds)218/9(pdp)2 and Te[^euHuLe&
52A6/3(pdp), whereLt2 and Le are ligand orbitals with
T2 and E symmetry of theTd point group, respectively.8

Here, the ratio (pds)/(pdp) is fixed to 22.16.9 In order
to reproduce the photoemission, inverse photoemission,
d-d optical absorption spectra of II-VI DMS such a
Cd12xMnxTe, the transfer integrals should be renormaliz
depending on the number of 3d electrons.8 For example, the
transfer integrals betweendn21 anddnLI are smaller by 20%
and those betweendn11 and dn12LI larger by 20% than
those betweendn and dn11LI . The present calculation fol
lows this prescription to renormalize the transfer integrals
this paper, values for thedn-dn11LI transfer integrals are
presented.

IV. RESULTS AND DISCUSSION

A. Mn 2 p core-level photoemission

The Mn 2p core-level spectrum for thex50.13 sample is
shown in Fig. 1. The broad peak at;667 eV is due to Mn
L2,3M2,3M4,5 Auger emission. The Mn 2p3/2 main peak has
the satellite structure on the higher binding-energy side se
rated by ;6 eV. The Mn 2p core-level spectrum forx
50.07 ~not shown! is nearly identical to that forx50.13.
The presence of the satellite structure allows us to ana
the spectrum using the MnY4 cluster model and to extract th
electronic-structure parametersD, U, and (pds). The calcu-
lated result forD56.5 eV is shown by the solid curve in Fig
1. In order to reproduce the photoemission spectra, the
spectra have been broadened by a Gaussian~representing the
instrumental broadening and finite bandwidth effects! and a
Lorentzian~lifetime broadening that increases with bindin
energies!. The final states of the Mn 2p core-level photo-
emission are given by the linear combinations of the2pd5,
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2pd6LI , . . . , 2pd10LI 5 configurations, where2p represents a

Mn 2p core hole. In the bottom panels of Fig. 1, the calc
lated spectrum is decomposed into the2pd5 and 2pd6LI

components of the final-state configurations. The relative
tensity and energy of the satellite to the main peak
mainly determined byD2Q and (pds). Here,Q is the av-
eraged Coulomb interaction between the Mn 3d electron and
the Mn 2p core hole and theU/Q ratio is fixed at 0.8. The
satellite structure for Mn 2p3/2 is well reproduced with
D56.561.5 eV, D2Q50.060.5 eV, and (pds)521.6
60.1 eV. The obtainedU andQ values are 5.261.0 eV and
6.561.5 eV, respectively.

In order to demonstrate the chemical trend in t
chalcogenide-based and oxide-based DMS, the Mn 2p core-
level spectrum of Zn12xMnxO is compared with those o
Zn12xMnxS and MnO~Ref. 10! in Fig. 2. The intensity of
the satellite structure is enhanced in Zn12xMnxS compared
to those in Zn12xMnxO and MnO. We have analyzed the M
2p spectra using the octahedral MnY6 cluster model for
MnO and the tetrahedral MnY4 cluster model for
Zn12xMnxO and Zn12xMnxS. The calculated results ar
shown by the solid curves in Fig. 2. The satellite structure
Mn 2p3/2 is well reproduced withD56.061.5 eV for MnO
and withD52.561.0 eV for Zn12xMnxS. D of Zn12xMnxO
is similar to that of MnO and is much larger than that
Zn12xMnxS, indicating thatD is mainly determined by the
electronegativity of the anions. TheU value for MnO is 6.0
61.0 eV and that for Zn12xMnxS is 4.461.0 eV, which may
be attributed to the higher polarizability of the S ions th
that of the O ion.

FIG. 1. Mn 2p core-level photoemission spectrum o
Zn0.87Mn0.13O ~dots! and its CI cluster-model analysis~solid
curve!. In the bottom panels, the calculated spectrum is deco
posed into the2pd5 and 2pd6LI components of the final-stat
configurations.
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B. Valence-band photoemission

Figure 3 shows valence-band photoemission spectra
Zn12xMnxO with x50.07 taken at various photon energi
in the Mn 3p→3d core-excitation region. The binding ene
gies are referenced to VBM. In Fig. 3, structuresa,b, andc
are located at;2.5 eV, 6 eV, and 9 eV and mainly hav
character of nonbonding O 2p, O 2p hybridized with Zn 4s,
and Zn 3d, respectively.16 Resonant photoemission11 is a

FIG. 2. Mn 2p core-level photoemission spectrum
Zn12xMnxO is compared with those of Zn12xMnxS and MnO~Ref.
10! ~open circles!. The calculated results are shown by the so
curves.

FIG. 3. A series of valence-band photoemission spectra
Zn0.93Mn0.07O using photon energies in the Mn 3p core-excitation
region.
08520
of
powerful technique to extract the Mn 3d-derived photoemis-
sion spectrum. The Mn 3p→3d resonant photoemissio
measurement has been performed for other DMS such
Ga12xMnxAs,12 Cd12xMnxY,13,14 and Zn12xMnxY (Y5S,
Se, and Te!.15

The Mn 3d-derived spectrum of Zn0.93Mn0.07O is com-
pared with those of other II-VI-based15 and III-V-based12

DMS in Fig. 4. The Mn 3d-derived spectrum of
Zn0.93Mn0.07O has been obtained by subtracting the o
resonance spectrum (hn549 eV) from the on-resonance on
(hn550.5 eV) that are normalized to the intensity of the Z
3d peak. The Mn 3d-derived spectra of the chalcogenid
based II-VI DMS commonly have the three characteris
features: the shoulder at;1 eV, the main peak at;3.5 eV,
and the high binding-energy satellite at;7 eV. The CI
cluster-model calculations for II-VI- and III-V-based DM
can explain the shoulder, the main peak and the sate
structure as shown by the solid curves in Fig. 4. The shou
and the main peak mainly consist ofd5LI final states and the
satellite is derived from the unscreenedd4 final states. The
Mn 3d-derived spectrum for Zn12xMnxO looks different
from the chalcogenide-based DMS. However, one can
recognize the chemical trend in the whole series of materi
In going from ZnTe to ZnO, the intensity of the structure
;1 eV increases compared to the structure at;7 eV. In
particular, these changes are drastic between ZnS and
because of the large electronegativity jump between S an

The Mn 3d-derived spectrum of Zn12xMnxO can be ex-
plained by the CI cluster-model calculation withD56.561.0
eV, U55.261.0 eV, and (pds)521.660.2 eV. In prin-
ciple, D andU values for the valence-band spectrum wou
be different from those for the Mn 2p core-level spectrum
because the number ofd and core electrons is different in th

f

FIG. 4. Mn 3d-derived photoemission spectra of Zn0.93Mn0.07O
~50.5 eV–49 eV difference spectrum, open circles! compared with
those of Zn0.81Mn0.19S, Zn0.81Mn0.19Se, Zn0.68Mn0.32Te, ~Ref. 15!,
and Ga0.93Mn0.07As ~Ref. 12!. Binding energies are referenced
VBM of the host semiconductors. The calculated results are sh
by the solid curves.
9-3
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final states of the two spectra. However, in the present an
ses, theD andU values are consistent between the valen
band and Mn 2p core-level spectra within the error bar
Probably, the difference due to the final-state effect is sma
than the error bar of the fitting procedure. Although t
agreement between theory and experiment is not perfect
is semiquantitative, it is sufficient to extract chemical tren
in the electronic-structure parameters of II-VI- and III-V
based DMS. The obtained parameter sets for Mn impuri
in the various II-VI- and III-V semiconductors are summ
rized in Table I.17 The parameters for ZnO and ZnS are co
sistent with those obtained from the Mn 2p core-level spec-
tra. In going from ZnO to GaAs, the charge-transfer ene
D decreases as the electronegativity of the ligand decrea
The transfer integral (pds) also decreases as the distan
between the transition-metal cation and the ligand ani
increases. The drastic change ofD between ZnS and ZnO
can be attributed to the electronegativity jump between
and O.

C. d-d transition

The d-d transition of the Mn21 impurity in wide-gap
semiconductors is of particular importance in the light
technological applications. The ground state of the Mn21

impurity is 6A1. The d-d transition energy from6A1 to the
lowest excited terms4T1 , 4T2 , 4E, and 4A1 are calculated
using the cluster model and are listed in Table II for Zn
ZnS, ZnSe, ZnTe, and GaAs hosts. These excited terms o
nate from the4G term of the freed5 ion. For Mn21 in ZnO,
the d-d transitions from the6A1 ground state to4T1 , 4T2 ,
4E, and 4A1 excited states are calculated to be 2.55, 2.
2.97, and 2.99 eV, respectively. In going from ZnO to GaA
the p-d hybridization increases and, consequently, these
citation energies become smaller. For Mn21 in ZnS and

TABLE I. Parameters used to calculate the valence-band ph
emission spectra and estimatedp-d exchange constantNb for
Mn21 impurities in ZnO, ZnS, ZnSe, ZnTe, and GaAs~in eV!.

D U (pds) Nb

Zn12xMnxO 6.5 5.2 21.6 22.7
Zn12xMnxS 3.0 4.0 21.3 21.3
Zn12xMnxSe 2.0 4.0 21.1 21.0
Zn12xMnxTe 1.5 4.0 21.0 20.9
Ga12xMnxAs 1.5 3.5 21.0 20.9

TABLE II. Calculated energy levels of4T1 , 4T2 , 4E, and 4A1

for Mn21 impurities in ZnO, ZnS, ZnSe, ZnTe, and GaAs~in eV!.

4T1
4T2

4E 4A1

Zn12xMnxO 2.55 2.85 2.97 2.99
Zn12xMnxS 2.31 2.57 2.70 2.76
Zn12xMnxSe 2.27 2.48 2.59 2.67
Zn12xMnxTe 2.22 2.41 2.51 2.61
Ga12xMnxAs 2.19 2.39 2.49 2.59
08520
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ZnSe, the calculated values agree with the experimenta
sults reasonably well.8 It is known that the intensity of4T1 is
very weak compared to those of4T2 , 4E, and 4A1 in the
tetrahedral coordination geometry. Therefore, it is reasona
to assign the broad absorption band around 3 eV observe
the Zn12xMnxO thin film4 to thed-d transitions from6A1 to
4T2 , 4E, and 4A1.

D. p-d exchange constant

The exchange interaction between thep holes in the va-
lence band and thed electrons is mainly derived from th
p-d hybridization.2,18 Especially at theG point, the top of the
valence band is constructed purely from the anionp orbitals
that can only hybridize with thed orbitals oft2 symmetry. In
the CI picture, the lowestdnLI 0 configuration, whereLI 0 de-
notes a hole at VBM hybridizes with thedn21 anddn11LI 0

2

configurations. The energy difference between the low
terms of dnLI 0 and dn11LI 0

2 is given by deff[Deff2WV/2.
Here,WV is the width of the host valence band contributin
to the hybridization term and is fixed at 2 eV because
upper 2 eV of the valence band mainly contributes to
hybridization term although the total width of the valen
band is 4–5 eV. The lowest term ofdn21 is by Ueff2deff
higher than that ofdnLI 0. Using the electronic-structure pa
rametersD,U,(pds) obtained from the CI calculation fo
the photoemission spectra, we can calculateNb for the 3d
transition-metal impurities in the second order of perturb
tion with respect to the hybridization term.

The t2 orbitals are half filled in Mn21. When a hole is
located at VBM with spin parallel to the Mn spin~namely, an
electron is located at VBM with spin antiparallel to the M
spin!, the t2 electron can be transferred into the unoccup
valence-band state with parallel spin and the valence-b
electron with antiparallel spin can be transferred into the
occupied t2 states. The intermediate states thus produ
contribute to the kinetic exchange interaction between
carrier and Mn spins. On the other hand, when a hole
located at VBM with spin antiparallel to the Mn spin, there
no intermediate state available. Therefore, thep-d exchange
interaction between the hole carriers and the Mn spins
antiferromagnetic. The exchange constantNb is given by

Nb52
16

S S 1

2deff1Ueff
1

1

deff
D F1

3
~pds!2

2A3

9
~pdp!G2

~1!

for the Mn21 impurity.18–20 Here, Ueff5u14 j , u5A14B
13C, j 55B/21C, andA5U1(14B27C)/9. The magni-
tude of the local spinS is 5/2. The estimatedNb for Mn21 in
ZnO, ZnS, ZnSe, ZnTe, and GaAs are listed in Table I.
terestingly, the magnitude ofNb of Zn12xMnxO is predicted
to be much larger than that of Ga12xMnxAs although thep-d
hybridization in the ground state is much weaker
Zn12xMnxO than in Ga12xMnxAs. The origin of the large
uNbu in Zn12xMnxO is the strongp-d hybridization in the
ionization states. SinceDeff is as large asUeff in Zn12xMnxO,
the contribution of the first term in Eq.~1! becomes substan

o-
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tial and gives the largeuNbu. The present result is consiste
with the theoretical study by Dietlet al., which predicts that
the Curie temperature of Zn12xMnxO reaches 300 K while
that of Ga12xMnxAs is about 100 K.21

V. CONCLUSION

In conclusion, we have investigated the electro
structure of Zn12xMnxO using photoemission spectrosco
and CI cluster-model analysis. The CI calculation us
the MnO4 cluster model can explain the Mn 2p and
valence-band photoemission spectra as well as thed-d
optical absorption spectra. The present CI calculat
predicts that thep-d exchange constantNb in Zn12xMnxO
is 22.7 eV and that its magnitude is much larger th
that in Ga12xMnxAs. Application of the CI method with a
.
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more realistic model to a wider range of diluted magne
semiconductors remains to be made in future.
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