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p-d exchange interaction for 3 transition-metal impurities in 11-VI semiconductors
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We have investigated the exchange interaction between the localizdectrons of 8 transition-metal
impurities and the delocalized host band electrons in II-VI semiconductors based on the configuration-
interaction scheme. The exchange conshatin the Kondo-type effective Hamiltonian is evaluated from Ti
to Ni. For Mn, Fe, and CoNg is negative(antiferromagneti and is in good agreement with experimental
values. The exchange coupling of the Ti impurity is predicted to be podifreomagnetit due to Hund’s
coupling. For V, Cr, and Ni, in which orbital degrees of freedom is important, the sigf3odlepends on the

Jahn-Teller distortion.S0163-18207)09135-7

I. INTRODUCTION

In this paper, we present an expression g8 in the

configuration-interaction scheme and evalubtg for the
In diluted magnetic semiconductors, interaction betweenransition-metal impurities from Ti to Ni using the Anderson
the localizedd electrons of magnetic impurities and the de-impurity model, in which the intra-atomic exchange interac-
localized host band electrons causes interesting magnetic afién is included. We employ the electronic-structure param-
optical properties. In particular, the strong magneto-opticakters of the Anderson impurity model obtained by a
effect in 1I-VI semiconductors with substitutional d3  configuration-interaction analysis af-d optical-absorption

transition-metal impuritieS has attracted much interest, angpectra, photoemission spectra, and donor-acceptor ioniza-
has been extensively studiédn I1-VI semiconductors, the  tion energies.

conduction band is mainly formed by tleorbitals of the
cation, and the valence band by theorbitals of the anion.
The exchange interaction between thelectrons in the con-
duction band and thd electrons of the transition-metal im-
purities is derived from the direct exchange. On the other
hand, the exchange interaction betweenghedectrons in the
valence band and the electrons is mainly determined by
p-d hybridization’~® When the magnetic moments of the
transition-metal impurities are aligned in a strong magnetic
field, the valence and conduction bands are split through the
exchange interaction. The band splitting has been observed
in free-exciton spectroscopy. The exchange constghbe-
tween the 8 electrons and the Bloch electrons at the host
valence-band maximum has been obtained experimeritally.
A Kondo-type effective Hamiltonian with p-d exchange
interaction can be derived from the Anderson impurity
Hamiltonian by means of the Schrieffer-Wolf trans-
formation? Therefore, it is possible to estimate the exchange
constants once the electronic-structure parameters in the
Anderson impurity model are determined. The exchange
constants for the II-VI diluted magnetic semiconductors with
Mn, Fe, and Co impurities, in which the orbital degree of
freedom is not important, have been evaluated along this line
and are in good agreement with the experimental re&dfts.
Bhattacharje®investigated the exchange constants for vari-
ous 3 transition-metal impurities in 1l-VI semiconductors
by using the Schrieffer-Wolf transformation and considering
the orbital degrees of freedom. However, in this model,

IIl. MODEL AND METHOD

The Anderson impurity Hamiltonian is given by

H:Hp+Hd+de, (1)
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intra-atomic exchange interaction or Hund’s coupling, whichEquation(2) represents the Hamiltonian for the aniprelec-
would play an important role in some transition-metal ions,trons of the host semiconductor, whekelabels the wave
is not included. Recently, ferromagnefied exchange inter- vector in the first Brillouin zone. Equatiof8) describes the
action was observed in Cr-based II-VI diluted semi-Hamiltonian for the 8 electrons of the transition-metal im-
conductors, indicating the importance of the intra-atomic purity, in whicho andm are indices for the spin and orbital,

exchange interaction.
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respectively, and the intra-atomiad3d Coulomb interac-
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tion is expressed by Kanamori parametersi’, j, andj’.®  are antiparallel to that of the transition-metal impurity can be
We have to assume relationship§=u—2j andj’'=j in  transferred into the unoccupieg orbitals. Configurations
order to retain the rotational invariance in real space of thehus allowed are shown in Fig.(d. As a result, thep-d
Coulomb term. The hybridization between thd 8rbitals exchange is antiferromagnetic. The exchange constight
and the host band states is expressed by @y. The for the M?", F€", and C3" impurities is given b§®
multiplet-averaged charge-transfer energy is defined by

A=E(d"*1L)—E(d"), whereL denotes a hole in the host 16 1 1\/1 23 2
valence band an@&(d"L™) is the center of gravity of the NA=— g — ettt Uef-f+ et 3(Pdo)= —g=(pdm) | -
d"L™ multiplet. The multiplet-averaged Coulomb interaction (5)

is defined byU=E(d" %) +E(d""1)—2E(d"), which is . . . . _
given byu—20/9. These two parameters have a relationshipYUeir IS U+ 4], u-t 3], and3u+21, and the magnitude of the
A=e4— €,+nU, wheree, is the center of the host valence local spinS is 3, 2, and3 for the Mr?*, F&’, and C3*
band. The charge-transfer and Coulomb interaction energynpurities, respectively. Thal3 values for Cd_,Mn,Y (Y
defined with respect to the lowest term of each multiplet are=S, Se, and Teevaluated using the above parameters are
denoted as\ ¢ andU ., respectively. —1.3,—1.1, and—0.9°, in good agreement with the experi-
Because of th@-d hybridization term, a hole created at mental results-1.8, —1.11, and—0.88 for Y=S, Se, and
the valence-band maximum can hybridize witt 8rbitals.  Te, respectively. The N values for the MA", F&*, and
In the configuration-interaction picture, the lowe&t, con- ~ Co** impurities in ZnSe are calculated to bel.1, —1.3,
figuration, whereL, denotes the hole at the valence-bandand —2.3 eV, respectively, using the parameters listed in
maximum, hybridizes with the"~* and dn+l|=g configura- Table I. These values are also in agreement with the experi-
tions. The energy difference between the lowest terms offental values-1.31,~1.74, and—2.2 for Mr?*, F&*, and
d"L, and d"*1L2 is given by S, which is defined by CO impurities in ZnSe€.
Ae—WA/2. HereW,, is the width of the host valence band Reciar)tly, it was reported that the exchange coznmt
contributing to the hybridization term, and is fixed at 2 eV. for Cr*in ZnSe is positive, that is, the spin of the“Crion
This is because a tight-binding model calculation has showgnd that of the ‘hole in the host valence band couple
that the upper 2 eV of the valence band contributes mainly téeromagnetically. In the CF* impurity, a ligand hole
the hybridization term, although the total widths of the va-Whose spin is parallel as well as antiparallel can be trans-
lence bands of ZnS and ZnSe are 4—5%¥he lowest term  ferred to the unoccupiet}, orbitals. As a result, ferromag-
of d"~ 1 is larger byU 44— S than that ofd"L,. The Bloch netic anq antife_rromagngtic terms cogxist in t_ped ex-
state at the valence-band maximum located atTtheoint change interaction. Conf_lgurat_lons which co_ntrlb_ute to the
hybridizes only with @ orbitals with t, symmetry. The P-d exc+h§1nge in the ¢t impurity are shown in Fig. (b).
transfer integravg‘fz is given by2(pdo) — 23 (pda). Using T.he CFP* impurity, where thet, orbltals are partlally occu-
the electronic-structure parametérsU, (pdo), and (dmw) pled, ;Jrllldergoeslg Jaf:jn-_'lr'ﬁller dlﬁtortlon, maklng-the evaill.ua-
obtained from the configuration-interaction calculation for?:?hg po'gu(l:gtrig?llscﬁﬁhé un%fé(gp;;g?;ogiin; (l)s;bsi,:aarlnssmve
the d-d optical-absorption and photoemission spectra, W& thet, subshell. Here we assumed’ tha't the populations of
can calculateN B’s for the 3d transition-metal impurities in 2 y

! -~ . the CIY, tetrahedra compressed along they, andz direc-
the §§§°”d order of perturbation on the hybrIdIZat'ontions are equal, that is, the populations of the Cr sites with

term: unoccupiedky, yz, andzx orbitals, respectively, arg.0?
It has also been assumed that the magnitude of the Jahn-
Ill. RESULT AND DISCUSSION Teller splitting is negligibly small compared with.; to
evaluate the exchange constawg’s for the C* impurities
ci}n ZnS and ZnSe thus calculated ared.5 and +0.8 eV,
i . ; ) - espectively, as shown in Table I. Here it should be noted
Np's are listed in Table | for the various transition-metal that the difference between the two hosts is derived from the

: e + 4 g "
Impurities. In Mrf - Fe&", and C8 Impurities, where the, . _difference indg and not from that in the Jahn-Teller distor-
orbitals are half-filled, only those ligand holes whose SPINSion. The positiveN 3 value for the C¥ impurity in ZnSe is

The configurations which contribute to tiped exchange
interaction are summarized in Fig. 1, and the calculate

TABLE I. Exchange constarii8 for 3d transition-metal impurities in ZnS and Zn$e eV). The values ofi and ¢ have been taken
from Ref. 5. The Kanamori parametgiis fixed to the values of free ions.

nS ZnSe
u j Oeff NS expt. Seft NS expt.

Ti%t 3.72 0.55 2.4 +0.8 1.9 +1.0
V2t 4.32 0.59 2.1 -3.1 1.6 -0.8
cr?t 5.02 0.68 0.9 -0.5 +0.6 (Ref. 12 0.4 +0.8 +0.85(Ref. 7)
Mn?* 5.58 0.71 4.2 -13 3.7 -1.1 —1.31(Ref. 9
Fet 6.30 0.81 2.9 -15 2.4 -13 —1.74(Ref. 9
Cot 6.97 0.89 1.9 -22 14 -23 —-2.2(Ref. 9

Ni2* 7.58 0.94 0.7 -6.0 0.2 —20.0
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FIG. 1. Configurations which contribute to thed exchange interaction in the second order of the hybridization teritafamn, ,Cqo,S,
Zn, _,FeS, and Zp_,Mn,S, (b) Zn,_,Cr,S, (c) Zn; _,\Ni,S, (d) Zn, _,V,S, and(e) Zn,_,Ti,S. The configurations for the ground state
(d"), affinity states @"*1), and ionization statesd{~!) are shown on the left, middle, and right, respectively, below which the energy
difference between the ground state and each affinity or ionization state is shown.
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in good agreement with the experimental valu8.85/ N3  spin direction. As shown in Fig.(&), the configuration ob-
for the CF* impurity in ZnS, however, becomes negative tained by the transfer of the ligand hole whose spin is paral-
becauses.; of Cr’™ in ZnS is large compared with that of lel to the TF* spin is stabilized by the intra-atomic exchange
Cr’" in ZnSe, which disagrees with the experimentalinteractionj. Therefore thep-d exchange constant for i
result’? Since the exchange constant is given by the differbecomes positive, as listed in Table I. It is very interesting to
ence between the ferromagnetic and antiferromagnetic corcheck the prediction for th@-d exchange constant, espe-
tributions, and the ferromagnetic term is proportional tocially for the positive value of Fi'.
1/8.4, the sign ofN is sensitive taS.¢. NS of Cr* in ZnS
becomes positive if we redueks by 0.3 eV. The sign of the
exchange constant is also sensitive to the populations of the
Xy, yz, andzx orbitals. If all the C¥, tetrahedra are com- In conclusion, we have evaluated thed exchange con-
pressed along the direction, that is, if thexy orbital is  stantNg in the II-VI diluted magnetic semiconductors with
unoccupied at all the Cr site®8 of Cr?" in ZnS is esti- the various 8 transition-metal impurities ranging from i
mated to bet+ 2.46 eV. to Ni*. For Mr?*, Fé', and C3", NB’s are negative and
V2" and N#' impurities, where the, orbitals are par- are in good agreement with the experimental values. The
tially filled, should also be accompanied by the Jahn-Telleexchange constant for Zn,Cr,Se is calculated to be posi-
distortion. Under the same assumption that the populationtive reproducing the experimental result. Fo?Ti Hund’s
of the tetrahedra elongated along they, andz directions  coupling plays an important role, and the exchange constant
are equal, thep-d exchange constants are expressed ass also predicted to be positive.
shown in Figs. (c) and 4d). The V?* impurity is expected
to show the same behavior as thé Cimpurity because the
t, subshell is less than half filled. Howevég for V2* thus
calculated is negative, as listed in Table I. This is because The authors would like to thank Dr. K. Ando for useful
St Of V2 is much larger than that of €F in ZnSe. discussion. The present work was supported by a Grant-in-
For Ti#", where thet, orbitals are empty, ligand holes Aid for Scientific Research from the Ministry of Education,
can be transferred into thi orbitals irrespective of their Science and Culture, Japan.

IV. CONCLUSION
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