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Electronic structure of the oxide-diluted magnetic semiconductor Zp_,Mn,O
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We have studied the electronic structure of; ZfMn,O using photoemission spectroscopy measurements
and configuration-interactiofCl) calculations on a Mn@Qcluster model. It is shown that the CI calculation can
give a consistent description of the photoemission@uadoptical absorption spectra of Zn,Mn,O as well as
those of other 1I-VI- and IlI-V-based diluted magnetic semiconductors such as Md, Te and Ga_,Mn,As.

The ClI approach predicts that the magnitude offbe exchange constant in Zn,Mn,O is much larger than
that in Ga_,Mn,As.
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I. INTRODUCTION Il. EXPERIMENT

. _ _ Zn;_4Mn,O thin films (x=0.07 andx=0.13) with Al

In 11-VI- and IlI-V-based diluted magnetic semiconduc- dopaétxwexre plrep;red (be pulsed-l)f';lser d)ep\:\(l)lsition on
tors (DMS) such as Cd Mn,Te and Ga ,Mn,As, 3d  gscAIMgO, (001) substrates as reported in the literatfire.
transition-metal ions are substituted for the cations of thex-ray-diffraction measurements confirm that the thin films
host semiconductors? The electronic structure of the sub- have the wurtzite structure without impurity phase. An elec-

stituted 3 transition-metal impurities in semiconductors is tron probe microanalysis shows that Mn ions are homoge-
influenced by two competing factors: strond-Bost hybrid-  neously distributed in the films. The Mn content is estimated
ization and strong 8-3d Coulomb interactions. The strong by inductively coupled plasma atomic emission spectros-
Coulomb interaction between thel 2lectrons is responsible COPY- By using Hall effect ngeasygement, the carrier density
for the multiplet structures observed ihd optical absorp- IS €stimated to be 12410°°cm™® for x=0.13 and 2.9

9 -3 _
tion spectra. On the other hand, the hybridization betweer® 10" cm? for x=0.07.
the transition-metal @ and the host valence band gives Photoemission measurement was performed at BL-18A of

rise to the magnetic interaction between the localized 3 Phqton Factory, High Energy Accelerator_Research Organi-
spins and the carriers in the host valence Handl. zation. All the data were taken in an ultrahigh vacuum below

configuration-interactiofiCl) approach using a cluster model 10 *? Torr at room temperature. The valence-band spectra
is a powerful tool to describe such systems in which the'@ve b_een tz;ken using synchrotron radiation. The total reso-
Coulomb interaction term and the hybridization term arelution including the monochromator and the electron ana-
competing. The electronic-structure parameters in the clustdyzer was es.t|m.ated to be _about 200 meV from the Fermi
model can be estimated by analyzing core-level and valenc&d9€ Of Ta wire in contact with the samples. We chose the Zn
band photoemission spectra of DMS. By using the obtainedd P€ak as a reference for the binding energy) align-

parameters as input, it is possible to estimate the magnitud@ent[the Zn 3 peak in ZnO being '%’C""ted &z =8.8 eV
of the magnetic interaction between the localizeti spins ~ T0M valence-band maximunivBM)].* Core-level photo-

and the carriers. emission spectra were taken using the Mg source bv
Zn,_,Mn,O is a new class of DMS based on ZAGince = 1253.6 eV). The resolution was0.8 eV estimated from

ZnO is transparent for visible light, a transparent magnet caff’® Au 4 core-level spectrum. Photoelectrons were col-

be realized if Zp_,Mn,O exhibits ferromagnetism like I1Il- €ctéd using a VG CLAM hemispherical analyzer in the

V-based DMS such as GaMn,As and In_,MnAsS In angle-integrated mode. In order to keep the sample surfaces
the IlI-V-based DMS, the Mn doping provides both the car-clean, we repeated Ar-ion sputterifiykV) and annealing at
riers and the localized spins. On the other hand ir?20 °C. The annealing had to be done at that low temperature
Zn,_,Mn,O, the Mn doping gives only the localized spins to prevent A}Os segregation. We could not observe low-
and that the carrier concentration can be controlled indeper£N€ray electron-diffraction patterns ok1 probably because
dently by doping, e.g., Al. Since Zn,Mn,O is expected to of the temperature constraint. However, the valence-band
be one of the key materials for the spin-controlled semiconSPECtrum taken at 45 eV'is very similar to those reported for
ductor engineering, it is very interesting and important tothe clean ZnO surfac®’ indicating that thg surface quality is
investigate the electronic structure of ZgMn, O and to 'easonably good. The Mn content estimated from the Mn
compare it with those of Gd ,Mn, Te and Ga_,Mn,As. In core-level intensity agreed with the bulk values within the
X X X X .
this paper, we have studied the electronic structure of™©f bar of 20%.

ZM _,Mn,O " using - photoemission spectroscopy and Cl " -\ F|GURATION-INTERACTION APPROACH
cluster-model analysis. We compare ;ZpMn,O with the

other DMS and give a Cl description of the Mn impurities in ~ The Mn impurities substituted for the cations in the 1I-VI
ZnO, ZnS, ZnSe, ZnTe, and GaAs. and 1ll-V semiconductors are tetrahedrally coordinated by
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the anions and can be described by theMiluster model " ZnggMng O Mn2p 5
(Y is an anion. In the cluster models, thed33d Coulomb o e Par
interaction and the @anion hybridization are taken into ac- hv = 12,53'6 eV K
count and their strengths are treated as adjustable parameters. . i:ﬁ'::;’: 2Py
In the CI framework, the wave functions of the ground state ;
and charge-conserving excited states, which we call
N-electron states, are given by linear combinations ofithe
d"*iL, ... ,d¥L9"" configurations. Herd, denotes a hole
in an anionp orbital. The anion-to-8 charge-transfer energy
is defined by A=E(d"*!L)—E(d") and the &-3d
Coulomb interaction energy by=E(d" )+ E(d"*?)
—2E(d"), whereE(d"'L™) is the center of gravity of the
dn'L™ multiplet. These definitions make clear the chemical
trends of the parametefsit is also possible to define the
charge-transfer energy.¢ and the Coulomb interaction en-
ergy U with respect to the lowest term of each multiplet.
The multiplet splitting is expressed using Racah parameters
B and C, which were fixed at the free ion values of 670 660 650 640
Mn?T(B=0.119 eV andC=0.412 eV). For MA", A Binding Energy (eV)
;iﬁ;(j% 35C)/+7C and  Uer=U+(148-7C)/9 FIG. 1. Mn 2p core-level photoemission spectrum of
In the tetrahedral cluster model, one-electron transfef 0eMNosO (dots and its Cl cluster-model analysisolid

. Is b heBorbital d th . bital curve. In the bottom panels, the calculated spectrum is decom-
Integrals between thed3orbitals and the aniop orbitals posed into the2pd® and 2pdL components of the final-state

are given by pdo) and (dw): To=(ty|H|Ly) configurations. —
= J4/3(pdo)?+8/9(pdm)? and T=(e|H|L)
=2./6/3(pdm), whereL,, and L, are ligand orbitals with
T, and E symmetry of theT, point group, respectiveR). 5 101 5 . .
Here, the ratio pdo)/(pd=) is fixed to —2.16° In order 2_pd Lo ,2_pd L configurations, wheré_p represents a
to reproduce the photoemission, inverse photoemission, aridn 2p core hole. In the bottom panels of Fig. 1, the calcu-
d-d optical absorption spectra of 1I-VI DMS such as lated spectrum is decomposed into tApd® and 2pd°L
Cd, _,Mn,Te, the transfer integrals should be renormalizedcomponents of the final-state configurations. The relative in-
depending on the number ofi%lectrons’ For example, the  tensity and energy of the satellite to the main peak are
transfer integrals betweedf " andd"L are smaller by 20% mainly determined byA —Q and (pdo). Here,Q is the av-

+1 +2 ) ’
and those betweed" +e}nd d""°L larger by 20% than eraged Coulomb interaction between the Mheectron and
those betweer" and d"*"L. The present calculation fol- < \n 2p core hole and th&)/Q ratio is fixed at 0.8. The
lows this prescription to renormalize the transfer integrals. I, e structure for Mn A, is wel reproduce.d.with
this paper, values for thd"-d"*1L transfer integrals are A=65+15 eV, A—Q=0 0+3625 eV, and pdo)=—1.6

presented. +0.1 eV. The obtainet! andQ values are 5.21.0 eV and
6.5+1.5 eV, respectively.
IV. RESULTS AND DISCUSSION In order to demonstrate the chemical trend in the
A. Mn 2p core-level photoemission chalcogenide-based and oxide-based DMS, the [drc@e-
level spectrum of Zp ,Mn,O is compared with those of

shown in Fig. 1. The broad peak at667 eV is due to Mn an*XMnX_S and MnO(Ref. 10 in Fig. 2. The intensity of
L, M, aM, 5 Auger emission. The Mn 2, main peak has the satellite structure is enhanced in;ZpMn,S compared

the satellite structure on the higher binding-energy side sepd? those in Za_,Mn,O and MnO. We have analyzed the Mn
rated by ~6 eV. The Mn 2 core-level spectrum fox 2p spectra using the octahedral Mg cluster model for
=0.07 (not shown is nearly identical to that fox=0.13. MnO and the tetrahedral Mfy cluster model for
The presence of the satellite structure allows us to analyz8Mm-xMnO and Zn_,Mn,S. The calculated results are
the spectrum using the My cluster model and to extract the shown by the solid curves in Fig. 2. The satellite structure for
electronic-structure parameteks U, and (pdo). The calcu- Mn 2pg, is well reproduced withA=6.0+1.5 eV for MnO
lated result forA=6.5 eV is shown by the solid curve in Fig. and withA=2.5+1.0 eV for Zn _,Mn,S. A of Zn; _,Mn,O

1. In order to reproduce the photoemission spectra, the lins similar to that of MnO and is much larger than that of
spectra have been broadened by a Gauds&mmesenting the Zn;_,Mn,S, indicating thatA is mainly determined by the
instrumental broadening and finite bandwidth effeeisd a  electronegativity of the anions. Thé value for MnO is 6.0
Lorentzian(lifetime broadening that increases with binding =1.0 eV and that for Zn_,Mn,S is 4.4-1.0 eV, which may
energies The final states of the Mn 2 core-level photo- be attributed to the higher polarizability of the S ions than
emission are given by the linear combinations of 2ped®, that of the O ion.

Intensity

The Mn 2p core-level spectrum for the=0.13 sample is
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FIG. 2. Mn 2p core-level photoemission spectrum of FIG. 4. Mn 3d-derived photoemission spectra of ZgaVing o0
Zn, _,Mn,O is compared with those of Zn,Mn,S and MnO(Ref. (50.5 eV-49 eV difference spectrum, open cirtlesmpared with
10) (open circles The calculated results are shown by the solid those of Zg gMng 1S, Zn giMNg 165€, Znp edMng 3oTe, (Ref. 15,
curves. and GgqMngoAs (Ref. 12. Binding energies are referenced to
VBM of the host semiconductors. The calculated results are shown

B. Valence-band photoemission by the solid curves.

Figure 3 shows valence-band photoemission spectra of ) . .
Zn,  Mn,O with x=0.07 taken at various photon energies powerful technique to extract the Mrd3derived photoemis-

in the Mn 3p—3d core-excitation region. The binding ener- SIon Spectrum. The Mn [$—3d resonant photoemission
gies are referenced to VBM. In Fig. 3, structuee®, andc measuremenltzhas been p‘i‘;“g{med for other DMS such as
are located at-2.5 eV, 6 eV, and 9 eV and mainly have Ca&-xMMAS,™ Cdp_,Mn,Y, ™ and Zn_ Mn,Y (Y=S,

15
character of nonbonding Op2 O 2p hybridized with zn 4, ¢ and Te _ .
and Zn 31, respectively® Resonant photoemissithis a The Mn 3d-derived spectrum of ZgydMing O is com-

B1|r(1)ding Energy relgtive to VBM (e\8

pared with those of other II-VI-basttand Ill-V-based?
DMS in Fig. 4. The Mn &-derived spectrum of

A Zn..Mn O Zng 9Mngy O has been obtained by subtracting the off-
0.8370.07 resonance spectrunh¢=49 eV) from the on-resonance one
/ (hv=50.5 eV) that are normalized to the intensity of the Zn
hv = 55 gV 3d peak. The Mn 8-derived spectra of the chalcogenide-
/\ based 1I-VI DMS commonly have the three characteristic
/ 53 eV features: the shoulder atl eV, the main peak at3.5 eV,
and the high binding-energy satellite at7 eV. The CI
S1eV cluster-model calculations for 1I-VI- and lll-V-based DMS
\ 50.5 eV can explain the shoulder, the main peak and the satellite
> \ 506V structure as shown by the solid curves in Fig. 4. The shoulder
J A\ and the main peak mainly consist@fL final states and the
£ / \ 49.5 eV satellite is derived from the unscreenetli final states. The
/A‘ 49 eV Mn 3d-derived spectrum for Zn,Mn,O looks different
! ‘; from the chalcogenide-based DMS. However, one can still
i 48ev recognize the chemical trend in the whole series of materials.
T a In going from ZnTe to ZnO, the intensity of the structure at
HE ~1 eV increases compared to the structure~at eV. In
J 1\/\ particular, these changes are drastic between ZnS and ZnO
7034 02 because of the large electronegativity jump between S and O.
, L , —| 45eV The Mn 3d-derived spectrum of Zn ,Mn,O can be ex-

plained by the CI cluster-model calculation wit=6.5+1.0
eV, U=5.2+1.0 eV, and pdo)=—1.6=0.2 eV. In prin-

FIG. 3. A series of valence-band photoemission spectra ofiple, A andU values for the valence-band spectrum would

Zny gMng O using photon energies in the Mrp3ore-excitation

region.

be different from those for the Mn® core-level spectrum
because the number dfand core electrons is different in the
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TABLE I. Parameters used to calculate the valence-band photoZnSe, the calculated values agree with the experimental re-
emission spectra and estimatgdd exchange constarlB for  sults reasonably wefllt is known that the intensity of T, is

Mn®* impurities in ZnO, ZnS, ZnSe, ZnTe, and Gafs eV). very weak compared to those 6T,, “E, and *A; in the
tetrahedral coordination geometry. Therefore, it is reasonable

A U (pdo) NS to assign the broad absorption band around 3 eV observed in

zn, ,Mn,0 6.5 5.2 16 —27 t4he Zr},anx(z thin film* to thed-d transitions from®A; to

Zn, Mn,S 3.0 4.0 ~13 ~13 T2, "E, and"A,.

Zn;_,Mn,Se 2.0 4.0 -1.1 —-1.0

Zn,_,Mn,Te 15 4.0 -1.0 -0.9 D. p-d exchange constant

Ga,_,Mn,As 1.5 35 -1.0 -0.9

The exchange interaction between théoles in the va-
lence band and thd electrons is mainly derived from the

. . -d hybridization?8 Especially at thd" point, the top of the
final srt]:tAes o:;tSe tvlvo spectra. ngeveg in the prﬁsentlanal valence band is constructed purely from the arposrbitals
Ees,dt dan va uesl arelcon5|stent : ﬁ.tweﬁn the vabence;[hat can only hybridize with thd orbitals oft, symmetry. In

and and Mn b core-level spectra within the error bars. the CI picture, the lowesd"L, configuration, wheré., de-

Probably, the difference due to the final-state effect is smallerrw,[es a hole at VBM hvbridizes with tra"~ 1 and d"* 112
than the error bar of the fitting procedure. Although the y =0

agreement between theory and experiment is not perfect aﬁ:d)nflguratlons. The energy d|fference between the lowest
: - G i : terms of d"L, and d"*1L2 is given by Sur=A er— Wy/2

is semiquantitative, it is sufficient to extract chemical trends - =0 =0 159 Y Oceff=Reft— Wyie.
in the electronic-structure parameters of 11-VI- and I11-V- Here, W, is the width of the host valence band contributing

based DMS. The obtained parameter sets for Mn impuritiel® the hybridization term and is fixed at 2 eV because the
in the various 1I-VI- and 11V semiconductors are summa- UPPer 2 eV of the valence band mainly contributes to the
rized in Table 17 The parameters for ZnO and ZnS are con-hybridization term although the total width of the valence

: wie A
sistent with those obtained from the Mip Zore-level spec- Pand is 4-5 eV. Tr:]e lowest term @f" ™" is by Ueq— e

tra. In going from ZnO to GaAs, the charge-transfer energyigher than that ofi"Lo. Using the electronic-structure pa-
A decreases as the electronegativity of the ligand decreasd@metersA,U,(pdo) obtained from the CI calculation for

The transfer integral{do) also decreases as the distancel® Photoemission spectra, we can calculdfe for the 3d

between the transition-metal cation and the ligand anion§@nsition-metal impurities in the second order of perturba-
increases. The drastic change bfbetween zZnS and zno ton with respect to the hybridization term.

. i - .
can be attributed to the electronegativity jump between S 1Ne t; orbitals are half filled in MA”. When a hole is
and O. located at VBM with spin parallel to the Mn spinamely, an

electron is located at VBM with spin antiparallel to the Mn

N spin), thet, electron can be transferred into the unoccupied
C. d-d transition valence-band state with parallel spin and the valence-band

The d-d transition of the MA* impurity in wide-gap €lectron with antiparallel spin can be transferred into the un-
semiconductors is of particular importance in the light ofocCupiedt, states. The intermediate states thus produced
technological applications. The ground state of the2Mn contribute to the kinetic exchange interaction between the
impurity is °A,. Thed-d transition energy fronfPA; to the ~ carrier and Mn spins. On the other hand, when a hole is

lowest excited termé€T,, “T,, *E, and %A, are calculated located at VBM with spin antiparallel to the Mn spin, there is

using the cluster model and are listed in Table Il for znO,"O intermediate state available. Therefore, phé exchange

ZnS. ZnSe. ZnTe. and GaAs hosts. These excited terms Origlinteraction between the hole carriers and the Mn spins is
nate from theG term of the freed® ion. For Mré* in ZnO, antiferromagnetic. The exchange constidit is given by

the d-d transitions from the®A; ground state td'T;, *T,,

4E, and *A, excited states are calculated to be 2.55, 2.85, 16 1 1 2.3 2
2.97, and 2.99 eV, respectively. In going from ZnO to GaAs, NB=~ | —5—_+ 5—> 3(pdo)— ——(pdm)
the p-d hybridization increases and, consequently, these ex- eff * el Teff &

citation energies become smaller. For ¥nin ZnS and

TABLE II. Calculated energy levels ofT,, *T,, “E, and “A for the.Mr?Jr impurity.”*** Here, Ugg=u+4j, u=A+4B.
for Mn?* imburities in ZnO Z?l)é ZnSe Zé+e ;I”ld Gaﬂls e\/)1 *+3C, j=5B/2+C, andA=U +(14B—7C)/9. The magni-
' ' ' ' " tude of the local spiiBis 5/2. The estimateN 3 for Mn?" in
Zn0, ZnS, ZnSe, ZnTe, and GaAs are listed in Table I. In-

T, T, ‘E A, . : : :
terestingly, the magnitude &3 of Zn, _,Mn,O is predicted
Zn, _,Mn,O 2.55 2.85 2.97 2.99 to be much larger than that of GaMn,As although thep-d
Zn, _,Mn,S 2.31 2.57 2.70 2.76 hybridization in the ground state is much weaker in
Zn,_,Mn,Se 2.27 2.48 2.59 2.67 Zn;_,Mn,O than in Ga_,Mn,As. The origin of the large
Zn,_,Mn,Te 2.22 241 251 2.61 INB| in Zn,_,Mn,O is the strongp-d hybridization in the
Ga,_,Mn,As 219 2.39 2.49 259 ionization states. Sinc& is as large afl o in Zn, _,Mn, O,

the contribution of the first term in Eq1l) becomes substan-
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tial and gives the largeNg|. The present result is consistent more realistic model to a wider range of diluted magnetic
with the theoretical study by Die#t al., which predicts that semiconductors remains to be made in future.

the Curie temperature of Zn,Mn,O reaches 300 K while

that of Ga_,Mn,As is about 100 K! ACKNOWLEDGMENTS
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