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We have investigated the electronic structure of Zn12xM xO (M : 3d transition metal! by x-ray

absorption spectroscopy. Using configuration–interaction cluster-model analyses, electronic

structure parameters have been deduced and their chemical trend is discussed. Results show that the

p – d exchange constant Nb is negative and large in cases of Mn, Fe, and Co, which is consistent

with the enhancement of magnetic circular dichroism. © 2004 American Institute of Physics.

@DOI: 10.1063/1.1652248#

I. INTRODUCTION

Control of both spins and charges of doped carriers has

attracted much interest in diluted magnetic semiconductors

~DMSs! because the combination of the two degrees of free-

dom is expected to open up new functionalities in optoelec-

tronic and magnetoelectric devices. Especially, ZnO-based

DMSs have high potential for functionalities utilizing the

wide band gap ~3.4 eV! and the large exciton binding energy

~60 meV!.1 If Zn12xM xO, where M is a 3d transition metal

~TM! atom, exhibits ferromagnetism like III–V-based DMSs

such as Ga12xMnxAs and In12xMnxAs, a transparent magnet

can be realized. In fact, a Curie temperature (TC) higher than

room temperature was predicted in the case of TM doping in

ZnO by a recent theoretical study.2 While doped Mn into

GaAs provides both carriers and local spins at the same

time,3 in the case of Zn12xM xO, it is in principle possible to

control the spin and the carrier concentrations independently

by co-doping, e.g., Al. In the case of Co doping into ZnO

there have been several experiments that suggest a strong

p – d exchange interaction4,5 and ferromagnetic behavior.6–8

However, the origin of the ferromagnetism has not been

clarified at this moment.

The electronic structure of Mn-doped II–VI based DMS

has been extensively studied by photoemission

spectroscopy.9,10 Utilizing the Mn 3p to 3d resonance pho-

toemission process, the Mn 3d partial density of states

~DOS! has been obtained and analyzed using configuration–

interaction ~CI! cluster-model calculations. In the case of

Zn12xMnxO, the Mn 3d spectral line shape was found to be

different from that of Zn12xMnxY (Y5S, Se, and Te!, which

reflects the differences in the electronegativity of the host

anions and in the Mn-anion distance.11 X-ray absorption

spectroscopy ~XAS! is another powerful technique to inves-

tigate the electronic structure of TM compounds using the

local process of 2p to 3d absorption. One of the advantages

of TM 2p XAS is that the CI analysis of the multiplet struc-

tures can give local electronic structure parameters, such as

the multiplet and crystal field strengths, more accurately. In

this paper, we report on the XAS spectra of Zn12xM xO and

the analysis using the CI cluster-model calculation.

II. EXPERIMENT

Single-crystal thin films were grown on sapphire ~0001!
substrates at 600 °C under the pressure of 131029 Torr by

pulsed-laser deposition using KrF excimer laser pulses ~248

nm, 5 Hz, 20 ns!. A sample library containing several

Zn12xM xO thin films with different doping concentrations

was fabricated. Details of the sample growth were reported

in Ref. 12. X-ray diffraction measurements confirmed the

c-axis-oriented growth of the wurtzite structure free from a

second phase. The concentration of TM was determined by

electron probe microanalysis ~EPMA!.
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X-ray absorption spectra at the TM L2,3 edge were mea-

sured at beamline 11 of Synchrotron Radiation Research

Center ~SRRC!, Hsinchu, Taiwan. The beamline covers the

photon energy range from 400 to 1200 eV. The spectra were

measured using the fluorescence mode at room temperature.

While the efficiency of fluorescence is low compared with

the Auger process after the excitation of the TM 2p electron

and the relative intensities of L2 and L3 edges may not be

reliable due to the self-absorption effect, the fluorescence

mode has the advantage that the probing depth is as large as

10–100 nm and is therefore bulk sensitive.

III. CONFIGURATION-INTERACTION APPROACH

For the analysis of XAS spectra, CI calculations for Mn

in ZnO and Co in ZnO were carried out in a MO4 (M

5Mn and Co! cluster, that is modelled as a fragment of the

wurzite ZnO structure, with Zn replaced by the TM. The

Hamiltonian included the full on-site TM 3d – 3d ~valence–

valence! and 2p – 3d ~core–valence! Coulomb multiplet in-

teractions, spin–orbit interaction on the TM 2p and 3d

manifolds, a tetrahedral (Td) crystal field on the TM, and the

hybridization between the TM 3d and O 2p levels. The

charge transfer energy is defined by D5E(dn11LI )

2E(dn), where LI denotes a hole in a ligand p orbital. We

have done an all orbital calculation with the full basis, using

the Lanczos algorithm. The hybridization between the TM

3d and O 2p levels were parametrized in terms of the

Slater–Koster parameters (pds) and (pdp), where the re-

lation (pdp)52(pds)/2 was used. (pps) and (ppp) were

always set to zero. In all cases, a Gaussian broadening of

0.35 eV was used to simulate instrumental broadening. De-

tails of the calculations were reported in Refs. 13 and 14.

IV. RESULTS AND DISCUSSION

Figure 1 shows the Mn 2p XAS spectra for x50.015,

0.030, and 0.042. The main two peaks are due to the Mn

2p3/2 and 2p1/2 spin–orbit components. The difference in the

branching ratio between these spectra comes from the self-

absorption of photons emitted from the samples. The line

shapes are similar to those reported for Zn12xMnxY (Y

5S, Se, and Te!15,16 and clearly show the Mn21 states in the

Td symmetry.17 Spectra calculated using the MO4 cluster

model are shown at the bottom of Fig. 1. The measured XAS

spectra have been reproduced using D56.5, U55.0, and

(pds)521.6 eV obtained by the analysis of the Mn 3d

partial DOS11 with the crystal-field splitting 10Dq of 0.5 eV.

The calculated spectrum for D→` , i.e., in the atomic limit,

is also shown. The differences between the two calculations

are seen in the positions and the relative intensities of the Mn

2p3/2 multiplet peaks. The electronic structure parameters for

Zn12xMnxY (Y5S, Se, and Te! were reported as D53.0,

2.0, and 1.5 eV, and (pds)521.3, 21.1, and 21.0 eV,

respectively, with U54.0 eV.18,19 Because of the higher

electronegativity of oxygen than the chalcogen atoms, D is

found to be larger than those for Zn12xMnxY, following the

expected chemical trend.

Figure 2 shows the XAS spectra of Co-doped ZnO. For

x.0.050, the intensity of the shoulder of the Co 2p3/2 peak

becomes high. Co 2p1/2 also shows a small shoulder struc-

ture on the higher photon energy side. Above the solubility

limit x50.050,12 Co or CoO clusters were found to be

formed in the crystal, consistent with the reported sample

characterization.12 As shown in Fig. 2, the CI cluster-model

calculation reproduced the spectra using the parameters D
55.0, U56.0, (pds)521.6, and 10Dq51.5 eV. By

changing the parameter 10Dq , the line shape drastically

changed,17 and therefore, it was necessary to treat the

crystal-field splitting parameter explicitly. This confirms that

Co atoms are doped into the Zn site and are tetrahedrally

coordinated by ligand oxygen atoms.

Using the above parameters obtained by the cluster-

model analysis of Zn12xMnxO and Zn12xCoxO, we have

estimated parameters for other Zn12xM xO compounds

through interpolation, as shown in Table I, assuming the ex-

pected chemical trend of the parameters. The chemical trend

of the parameters in Zn12xM xS and Zn12xM xSe has been

FIG. 1. Experimental Mn 2p absorption spectra for Zn12xMnxO ~dots!.

Calculated XAS spectra ~line! are also shown for 10Dq50.5 eV.

FIG. 2. Experimental Co 2p absorption spectra for Zn12xCoxO ~dots!. Cal-

culated XAS spectra ~line! are also shown for 10Dq51.5 eV.
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investigated in the previous studies.19 D decreases from Ti to

Ni due to the difference in the energy position of the TM 3d

orbitals. The value of the on-site Coulomb energy U in-

creases with increasing TM atomic number. The exchange

coupling constant Nb between the TM21 d electrons and the

anion p electrons at the G-point valence-band maximum has

also been estimated from the obtained parameters assuming

that (pds)521.6 eV does not change with TM. In the sec-

ond order of perturbation with respect to the hybridization

term, the Nb is given by

Nb52

16

S
S 1

2deff1Ueff

1

1

deff
D

3S 1

3
~pds !2

2)

9
~pdp ! D

2

~1!

for Mn21, Fe21, and Co21, where deff5Deff2Wp/2. Here,

Deff and Ueff are, respectively, the charge-transfer energy and

the on-site Coulomb energy defined with respect to the low-

est term of each multiplet. Wp is the p-band width. The

intra-atomic 3d – 3d Coulomb interaction is expressed by

Kanamori parameters u , u8, j , and j8 with relationship u8

5u22 j and j85 j .20 U is given by u220/9j . Ueff for

Mn21, Fe21, and Co21 is expressed by u14 j , u13 j , and

u12 j . S is the magnitude of the local spin. The Nb values

thus calculated for several TM21 ions are listed in Table I. In

the case of Zn12xMnxO, the Nb value has been deduced

from the CI cluster-model analysis of the Mn 3d partial den-

sity of states.11 For the Mn21, Fe21, and Co21 impurities,

since Deff is as large as Ueff , the contribution of the 1/

(2deff1Ueff) term becomes substantial and gives the large

Nb . The magnetic circular dichroism ~MCD! studies of

Zn12xMnxO, Zn12xFexO, and Zn12xCoxO have shown that

the MCD signal is negative and strong, which comes from

the large Zeeman effect and the strong p – d hybridization,5

indicating that the p – d exchange constant is large. There-

fore, the TM21 ion is strongly coupled antiferromagnetically

with the hole of the host valence band. There are two reasons

for the large Nb in Zn12xM xO compared with those in

Zn12xM xY (Y5S and Se!. First, the M – O and M – Y dis-

tances are different. The shorter distance in Zn12xM xO leads

to the larger p – d hybridization strength. Second, among the

II–VI host semiconductors ZnO, ZnS, ZnSe, and ZnTe, a

large jump in the electronegativity of anion exists between S

and O.

According to the scenario of carrier-induced ferromag-

netism, the larger the Nb becomes, the higher the TC is

expected to be. Theoretical studies on the TC of DMS have

suggested that Nb scales with the bond length between the

TM and the ligand atoms, and hence with the p – d hybrid-

ization strength.21 In fact, in cases of ZnO and GaN, the p – d

hybridization is enhanced because of the short TM–ligand

bond length. If holes were doped into Zn12xM xO, high-TC

DMS materials would be realized.

V. CONCLUSION

In conclusion, we have studied the electronic structure of

the TM-doped ZnO using XAS and subsequent CI cluster-

model analyses. The XAS spectra have been analyzed using

values for the electronic-structure parameters that are consis-

tent with the analysis of the photoemission spectra. The ex-

change coupling constant Nb is estimated to be large using

the electronic structure parameters obtained from the CI

cluster-model analysis of the XAS spectra. This indicates

that Zn12xM xO has a high potential for high-TC DMS ma-

terials if hole doping becomes possible.
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3 e↑
2t2↑

3 e↓ e↑
2t2↑

3 e↓
2

Mn21 Fe21 Co21

D (deff) 6.5 ~7.7! 5.5 ~7.0! 5.0 ~6.8!

U (u) 5.0 ~6.5! 5.5 ~7.3! 6.0 ~8.0!

Nb 23.0 22.7 23.4
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