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p-d exchange interaction for 3d transition-metal impurities in II-VI semiconductors

T. Mizokawa and A. Fujimori
Department of Physics, University of Tokyo, Bunkyo-ku, Hongo 7-3-1, 113 Japan

~Received 24 March 1997!

We have investigated the exchange interaction between the localizedd electrons of 3d transition-metal
impurities and the delocalized host band electrons in II-VI semiconductors based on the configuration-
interaction scheme. The exchange constantNb in the Kondo-type effective Hamiltonian is evaluated from Ti
to Ni. For Mn, Fe, and Co,Nb is negative~antiferromagnetic!, and is in good agreement with experimental
values. The exchange coupling of the Ti impurity is predicted to be positive~ferromagnetic! due to Hund’s
coupling. For V, Cr, and Ni, in which orbital degrees of freedom is important, the sign ofNb depends on the
Jahn-Teller distortion.@S0163-1829~97!09135-2#
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I. INTRODUCTION

In diluted magnetic semiconductors, interaction betwe
the localizedd electrons of magnetic impurities and the d
localized host band electrons causes interesting magnetic
optical properties. In particular, the strong magneto-opt
effect in II-VI semiconductors with substitutional 3d
transition-metal impurities has attracted much interest,
has been extensively studied.1 In II-VI semiconductors, the
conduction band is mainly formed by thes orbitals of the
cation, and the valence band by thep orbitals of the anion.
The exchange interaction between thes electrons in the con-
duction band and thed electrons of the transition-metal im
purities is derived from the direct exchange. On the ot
hand, the exchange interaction between thep electrons in the
valence band and thed electrons is mainly determined b
p-d hybridization.1–3 When the magnetic moments of th
transition-metal impurities are aligned in a strong magne
field, the valence and conduction bands are split through
exchange interaction. The band splitting has been obse
in free-exciton spectroscopy. The exchange constantNb be-
tween the 3d electrons and the Bloch electrons at the h
valence-band maximum has been obtained experimenta1

A Kondo-type effective Hamiltonian with ap-d exchange
interaction can be derived from the Anderson impur
Hamiltonian by means of the Schrieffer-Wolf tran
formation.4 Therefore, it is possible to estimate the exchan
constants once the electronic-structure parameters in
Anderson impurity model are determined. The exchan
constants for the II-VI diluted magnetic semiconductors w
Mn, Fe, and Co impurities, in which the orbital degree
freedom is not important, have been evaluated along this
and are in good agreement with the experimental results2,3,5

Bhattacharjee6 investigated the exchange constants for va
ous 3d transition-metal impurities in II-VI semiconductor
by using the Schrieffer-Wolf transformation and consider
the orbital degrees of freedom. However, in this mod
intra-atomic exchange interaction or Hund’s coupling, wh
would play an important role in some transition-metal ion
is not included. Recently, ferromagneticp-d exchange inter-
action was observed in Cr-based II-VI diluted sem
conductors,7 indicating the importance of the intra-atom
exchange interaction.
560163-1829/97/56~11!/6669~4!/$10.00
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In this paper, we present an expression forNb in the
configuration-interaction scheme and evaluateNb for the
transition-metal impurities from Ti to Ni using the Anderso
impurity model, in which the intra-atomic exchange intera
tion is included. We employ the electronic-structure para
eters of the Anderson impurity model obtained by
configuration-interaction analysis ofd-d optical-absorption
spectra, photoemission spectra, and donor-acceptor ion
tion energies.5

II. MODEL AND METHOD

The Anderson impurity Hamiltonian is given by

H5Hp1Hd1Hpd , ~1!

Hp5(
k,s

ek
ppk,s

1 pk,s , ~2!

Hd5ed(
m,s

dm,s
1 dm,s1u(

m
dm,↑

1 dm,↑dm,↓
1 dm,↓

1u8 (
mÞm8
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1 dm8,↓

1~u82 j 8! (
m.m8,s

dm,s
1 dm,sdm8,s

1 dm8,s

1 j 8 (
mÞm8

dm,↑
1 dm8,↑dm,↓

1 dm8,↓

1 j (
mÞm8

dm,↑
1 dm8,↑dm8,↓

1 dm,↓ , ~3!

Hpd5 (
k,m,s

Vk,m
pd dm,s

1 pk,s1H.c. ~4!

Equation~2! represents the Hamiltonian for the anionp elec-
trons of the host semiconductor, wherek labels the wave
vector in the first Brillouin zone. Equation~3! describes the
Hamiltonian for the 3d electrons of the transition-metal im
purity, in whichs andm are indices for the spin and orbita
respectively, and the intra-atomic 3d-3d Coulomb interac-
6669 © 1997 The American Physical Society
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tion is expressed by Kanamori parametersu, u8, j , and j 8.8

We have to assume relationshipsu85u22 j and j 85 j in
order to retain the rotational invariance in real space of
Coulomb term. The hybridization between the 3d orbitals
and the host band states is expressed by Eq.~4!. The
multiplet-averaged charge-transfer energy is defined
D[E(dn11LI )2E(dn), whereLI denotes a hole in the hos
valence band andE(dnLI m) is the center of gravity of the
dnLI m multiplet. The multiplet-averaged Coulomb interactio
is defined byU[E(dn21)1E(dn11)22E(dn), which is
given byu220/9j . These two parameters have a relations
D5ed2ep1nU, whereep is the center of the host valenc
band. The charge-transfer and Coulomb interaction ene
defined with respect to the lowest term of each multiplet
denoted asDeff andUeff , respectively.

Because of thep-d hybridization term, a hole created a
the valence-band maximum can hybridize with 3d orbitals.
In the configuration-interaction picture, the lowestdnLI 0 con-
figuration, whereLI 0 denotes the hole at the valence-ba
maximum, hybridizes with thedn21 anddn11LI 0

2 configura-
tions. The energy difference between the lowest terms
dnLI 0 and dn11LI 0

2 is given by deff , which is defined by
Deff2WV/2. HereWV is the width of the host valence ban
contributing to the hybridization term, and is fixed at 2 e
This is because a tight-binding model calculation has sho
that the upper 2 eV of the valence band contributes mainl
the hybridization term, although the total widths of the v
lence bands of ZnS and ZnSe are 4–5 eV.5 The lowest term
of dn21 is larger byUeff2deff than that ofdnLI 0 . The Bloch
state at the valence-band maximum located at theG point
hybridizes only with 3d orbitals with t2 symmetry. The

transfer integralV0,t2
pd is given by1

3 (pds)2 2)
9 (pdp). Using

the electronic-structure parametersD, U, (pds), and (pdp)
obtained from the configuration-interaction calculation
the d-d optical-absorption and photoemission spectra,
can calculateNb ’s for the 3d transition-metal impurities in
the second order of perturbation on the hybridizat
term.2,3,5

III. RESULT AND DISCUSSION

The configurations which contribute to thep-d exchange
interaction are summarized in Fig. 1, and the calcula
Nb ’s are listed in Table I for the various transition-met
impurities. In Mn21, Fe21, and Co21 impurities, where thet2
orbitals are half-filled, only those ligand holes whose sp
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are antiparallel to that of the transition-metal impurity can
transferred into the unoccupiedt2 orbitals. Configurations
thus allowed are shown in Fig. 1~a!. As a result, thep-d
exchange is antiferromagnetic. The exchange constantNb
for the Mn21, Fe21, and Co21 impurities is given by2,3

Nb52
16

S S 1

2deff1Ueff
1

1

deff
D S 1

3
~pds!2

2A3

9
~pdp! D 2

.

~5!

Ueff is u14 j , u13 j , andu12 j , and the magnitude of the
local spinS is 5

2 , 2, and 3
2 for the Mn21, Fe21, and Co21

impurities, respectively. TheNb values for Cd12xMnxY ~Y
5S, Se, and Te! evaluated using the above parameters
21.3,21.1, and20.9 5, in good agreement with the exper
mental results21.8, 21.11, and20.88 for Y5S, Se, and
Te, respectively.1 The Nb values for the Mn21, Fe21, and
Co21 impurities in ZnSe are calculated to be21.1, 21.3,
and 22.3 eV, respectively, using the parameters listed
Table I. These values are also in agreement with the exp
mental values21.31,21.74, and22.2 for Mn21, Fe21, and
Co21 impurities in ZnSe.9

Recently, it was reported that the exchange constantNb
for Cr21 in ZnSe is positive, that is, the spin of the Cr21 ion
and that of the hole in the host valence band cou
ferromagnetically.7 In the Cr21 impurity, a ligand hole
whose spin is parallel as well as antiparallel can be tra
ferred to the unoccupiedt2 orbitals. As a result, ferromag
netic and antiferromagnetic terms coexist in thep-d ex-
change interaction. Configurations which contribute to
p-d exchange in the Cr21 impurity are shown in Fig. 1~b!.
The Cr21 impurity, where thet2 orbitals are partially occu-
pied, undergoes a Jahn-Teller distortion, making the eva
tion of Nb complicated. The exchange constant is sensit
to the populations of the unoccupiedxy, yz, andzx orbitals
in the t2 subshell. Here we assumed that the populations
the CrY4 tetrahedra compressed along thex, y, andz direc-
tions are equal, that is, the populations of the Cr sites w
unoccupiedxy, yz, andzx orbitals, respectively, are13 .10,11

It has also been assumed that the magnitude of the J
Teller splitting is negligibly small compared withdeff to
evaluate the exchange constant.Nb ’s for the Cr21 impurities
in ZnS and ZnSe thus calculated are20.5 and10.8 eV,
respectively, as shown in Table I. Here it should be no
that the difference between the two hosts is derived from
difference indeff and not from that in the Jahn-Teller disto
tion. The positiveNb value for the Cr21 impurity in ZnSe is
TABLE I. Exchange constantNb for 3d transition-metal impurities in ZnS and ZnSe~in eV!. The values ofu anddeff have been taken
from Ref. 5. The Kanamori parameterj is fixed to the values of free ions.

u j deff

ZnS
Nb expt. deff

ZnSe
Nb expt.

Ti21 3.72 0.55 2.4 10.8 1.9 11.0
V21 4.32 0.59 2.1 23.1 1.6 20.8
Cr21 5.02 0.68 0.9 20.5 10.6 ~Ref. 12! 0.4 10.8 10.85 ~Ref. 7!
Mn21 5.58 0.71 4.2 21.3 3.7 21.1 21.31 ~Ref. 9!
Fe21 6.30 0.81 2.9 21.5 2.4 21.3 21.74 ~Ref. 9!
Co21 6.97 0.89 1.9 22.2 1.4 22.3 22.2 ~Ref. 9!
Ni21 7.58 0.94 0.7 26.0 0.2 220.0
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FIG. 1. Configurations which contribute to thep-d exchange interaction in the second order of the hybridization term for~a! Zn12xCoxS,
Zn12xFexS, and Zn12xMnxS, ~b! Zn12xCrxS, ~c! Zn12xNixS, ~d! Zn12xVxS, and~e! Zn12xTixS. The configurations for the ground sta
(dn), affinity states (dn11), and ionization states (dn21) are shown on the left, middle, and right, respectively, below which the en
difference between the ground state and each affinity or ionization state is shown.
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in good agreement with the experimental value10.85.7 Nb
for the Cr21 impurity in ZnS, however, becomes negati
becausedeff of Cr21 in ZnS is large compared with that o
Cr21 in ZnSe, which disagrees with the experimen
result.12 Since the exchange constant is given by the diff
ence between the ferromagnetic and antiferromagnetic
tributions, and the ferromagnetic term is proportional
1/deff , the sign ofNb is sensitive todeff . Nb of Cr21 in ZnS
becomes positive if we reducedeff by 0.3 eV. The sign of the
exchange constant is also sensitive to the populations o
xy, yz, andzx orbitals. If all the CrY4 tetrahedra are com
pressed along thez direction, that is, if thexy orbital is
unoccupied at all the Cr sites,Nb of Cr21 in ZnS is esti-
mated to be12.46 eV.

V21 and Ni21 impurities, where thet2 orbitals are par-
tially filled, should also be accompanied by the Jahn-Te
distortion. Under the same assumption that the populat
of the tetrahedra elongated along thex, y, andz directions
are equal, thep-d exchange constants are expressed
shown in Figs. 1~c! and 1~d!. The V21 impurity is expected
to show the same behavior as the Cr21 impurity because the
t2 subshell is less than half filled. However,Nb for V21 thus
calculated is negative, as listed in Table I. This is beca
deff of V21 is much larger than that of Cr21 in ZnSe.

For Ti21, where thet2 orbitals are empty, ligand hole
can be transferred into thet2 orbitals irrespective of their
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spin direction. As shown in Fig. 1~e!, the configuration ob-
tained by the transfer of the ligand hole whose spin is pa
lel to the Ti21 spin is stabilized by the intra-atomic exchan
interactionj . Therefore thep-d exchange constant for Ti21

becomes positive, as listed in Table I. It is very interesting
check the prediction for thep-d exchange constant, espe
cially for the positive value of Ti21.

IV. CONCLUSION

In conclusion, we have evaluated thep-d exchange con-
stantNb in the II-VI diluted magnetic semiconductors wit
the various 3d transition-metal impurities ranging from Ti21

to Ni21. For Mn21, Fe21, and Co21, Nb ’s are negative and
are in good agreement with the experimental values. T
exchange constant for Zn12xCrxSe is calculated to be pos
tive reproducing the experimental result. For Ti21, Hund’s
coupling plays an important role, and the exchange cons
is also predicted to be positive.
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