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The electron paramagnetic resonance (EPR) parameters g and the hyperfine structure constants A
of Co?t in ZnX (X = S, Se, Te) and CdTe are studied, using the perturbation formulas of the EPR
parameters for a 3d’ ion in tetrahedra based on two mechanism models. In these formulas, both the
contributions from the conventional crystal-field (CF) mechanism and those from the charge-transfer
(CT) mechanism are taken into account. According to the investigations, the sign of the g-shift Aget
from the CT mechanism is the same as Agcr from the CF mechanism, whereas the contributions to
the A value from the CF and CT mechanisms have opposite signs. Particularly, the contributions to
the EPR parameters from the CT mechanism increase rapidly with increase of the spin-orbit coupling
coefficient of the ligand and the covalency effect of the systems, i.e. $2~ < Se?~ < Te?".
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1. Introduction

The 11-VI semiconductors ZnX (X = S, Se, Te) and
CdTe have attracted attention due to their magneto-
optical, electronic, optical and laser properties as pure
and transition-metal (TM) doped materials [1-6].
Usually, the TM impurity ions play an important role
in the above properties. For example, optical and
electron paramagnetic resonance (EPR) investigations
have been carried out on these systems doped with
Co?* (3d") [7,8]. The EPR g factors and the hyper-
fine structure constants of the cubic Co%* centers have
also been measured [8].

In theoretical investigations on the g factors, the
two-spin-orbit (S. O.)-coupling coefficient model of
the g factor for a 3d” ion in tetrahedra may be adopted,
because (i) the S. O. coupling coefficients of the lig-
ands (particularly, Se?~ and Te?~) are much larger
than that of the central ion, and (ii) the covalency of
these systems is significant, and so the contributions
of p orbitals of the ligands should be taken into ac-
count [9, 10]. In the studies of d-d transitions of these
systems, due to the different modifications of the e
and t, orbitals (characterized by the factors N; and

Ne) and the contributions of the Racah parameter A
(characterized by the effective cubic field parameter
Aeff) [11-13], the “Ni, Ne and Aes” scheme can be
applied.

In the above two-S. O.-coupling-coefficient model,
however, only the crystal-field (CF) mechanism related
to the anti-bonding orbitals is included. In fact, another
mechanism, i.e. the charge-transfer (CT) mechanism,
related to the bonding (and non-bonding) orbitals, can
also influence the EPR parameters of the ground state,
as mentioned in [14, 15]. Most importantly, since the
energies of the CT bands lower with increasing cova-
lence and hence with increasing atomic number of the
ligand ion in the same group of the periodic table [16],
the contributions of the CT mechanism to the EPR pa-
rameters should be considered, especially for 3d" ions
in strong covalence crystals (e.g., 11-VI semiconduc-
tors). In this paper, the complete perturbation formulas
of the EPR parameters, based on the two mechanism
model are established, where both the CF and CT con-
tributions are taken into account. Based on this model,
the g factors and the hyperfine structure constants for
Co?* ions in ZnX (X = S, Se, Te) and CdTe are inves-
tigated.
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2. Calculations

For 3d" ions in cubic tetrahedral clusters, the pertur-
bation Hamiltonian containing the CF and CT mecha-
nisms may be expressed as

H' = Hp + HE5 + HEE + HEF + HET
CT , CT @
+HZe +Het
where Hp, Hso, Hze and Hys are, respectively, the off-
diagonal terms of the electrostatic Coulombic interac-
tion, the S. O. coupling, the Zeeman term and the hy-
perfine interactions. The superscripts CF and CT de-
note the related terms in the CF and CT mechanisms,
with the corresponding S. O. coupling coefficients {cr,
$ér and Cet, iy, the orbital reduction factors Ker, kg
and ke, k-7 and the dipole hyperfine structure param-
eters P, PC/ZF and Pcr, PC/ZT'

Considering the contributions of the CT bands to
the EPR parameters, one can write the many- elec-
tron wave-functions of the CT configurations in terms
of seven-electron wave-functions out of t3, t3 and
e", where the superscripts a, b and n denote the
anti-bonding orbitals (corresponding to the CF mech-
anism), bonding orbitals (corresponding to the CT
mechanism) and non-bonding orbitals, respectively.
So, the ground state *A, can be written as

3
[*Az5a0) = [676 e e & LT

EFE ¢

In the above square bracket, the letters on the left col-

umn are " and tj orbitals and those on the right col-

umn are tkz’ orbitals. Since only one excited configura-

tion (e"*(t3)*(t3)® (or #TY) has non-zero S. O. coupling

interaction with the ground *A, state, the {-component

of the 4T} state with Ms = 3/2 can be given as

*T¢) =

{[670 e e & N {TIETE T (Y] ®)
+[670 eTe ETETNTCTIETE T LT}/ V2,
According to the LCAO-MO (molecular orbital)

model, the one-electron basic functions for the tetra-
hedral 3d" clusters may be expressed as

v =N (|d) + Aglot) + Azl ),
Ve = Ng(Ide) + v/3Az| ).

Here the superscript X (= a or b) denotes the antibond-
ing or bonding orbitals. |d¢) and |d;) are the d orbitals

@

(4)

of the 3d" ion, and |7t), |m) and |ot) are the p orbitals
of the ligands. N and N& are the normalization coef-
ficients, and As and A, are the orbital mixing coeffi-
cients. From (4) we have the normalization relations

(NOZ[L4 (AX)% + (A2 + 2458 +2A%S;] =1,

(NF)?[143(25)% +6A3Se] = 1, (5)
and the orthogonality relationships
Ab_ 14312,
TS ©
b LA (AR ADIS: —ASSs
o 324+ o) '

Here S; and S; are the group overlap integrals.

From Macfarlane’s perturbation-loop method [17],
by applying the perturbation Hamiltonian in (1) to the
wave-function of the ground state “A,, the complete
perturbation formulas of the g-shift and the hyper-
fine structure constant, including both the CF and CT
mechanisms for a 3d” ion in tetrahedra, can be derived,
i.e.

Ag=9—0s = Agcr +AdcT,

Agcr = 8kerGer/(3E1)
— 2Lp(2Kepber — kerhr + 20586k ) / (9ED)
+ 4L (ker —29s) /(9E3)
- ZCéF(kCF + gs)/(3E§)

+ 4kerCerer
-[1/(9E1Es) —1/(3E1E2) +1/(3E2E3)],
Agcr = 8kerer/ (3En),
A= Ack +Acr,
Acr = —Per [8KerCer/3E1 + 28cr (2Ker Cor
— ker(Cr +20s6er) /9B
— 48 (ker — 205)/9E3
+ 288 (ker +95) /3E3
— 4keperler
(1/9E1E5 — 1/3E4E2 + 1/3E5E3)]
— kPcr,
Act = 8Pcrkerler/(3En) + (k/2)Per, (@)
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where gs &~ 2.0023 is the spin-only value. Eq, E», E3
and Ep are, respectively, the energy differences be-
tween the CF excited states 4T,(t3e®), 2Toa (t3e*) and
2T,y (t3€3), the CT excited state T} and the ground
state 4A2(t e*). B4 = (N3)® N2 By (where By and Cy
are the Racah parameters of the free 3d” ion). The cor-
responding parameters in the CF mechanism are

Cer = (NDH{Ed + [V2AZA5 — (A2)? /2145 },
Chr = NENZ{ G0 + [AZAS /V2+ (A2)?/2145),
ker = (N&)?{1— (A3)%/2+ V22202
kor = NENS{1+ (A2)%/2+ A2A% /2
+427Sr + 265}
Per = (NP,
Per = NENER,
and those in the CT mechanism are
b S s0 L [MABHARAE AZAR
CCT—NtNt{CdJF[ 7 ]Cp}
/l;/lb Aa/lb
Ger = NNt[Cd"’( \/§ )Cp]
b [ AR WEM}MS
kCT - N’[ Nt {_ 2 + \/E
+ (A + A+ (A2 + A0S,
NN A2Ap  ARAg
e =NINE [ (Z57 + =22 )
+3A3S, + APS, + )L};Sg] ,
et = NENER,
Per = NENOR. ©)

Here ¢ and {7 are the S. O. coupling coefficients of
the 3d” ion and the ligand in free states, respectively.
P is the dipolar hyperfine structure parameter of the
free 3d” ion.

Now these formulas are utilized in studies of the
EPR parameters for cubic Co?* centers in ZnX and
CdTe. When a Co?* ion enters the lattice of the 1l-
VI crystals, it will replace the host divalent cations
and conserve the cubic symmetry, because no charge
compensation is needed. Usually, the impurity-ligand

distance R may differ from the host cation-anion dis-
tance Ry due to the difference in the ionic radii of
the impurity and host ions. However, the distance R
can be estimated from the empirical formula R~ Ry +
(ri—rn)/2 [18,19]. Here, the radius of the impurity is

ri(Co**) ~0.72 A [20], the radii of the haost ions are
rh(2n2+) ~0.74 A and ry(Cd?*) ~ 0.97 A [20], and
the distances Ry are 2.342, 2.454, 2.637 and 2.806 A
for ZnS, ZnSe, Zn Te and CdTe, respectively [21]. The
distances R for these systems are shown in Table 1.
Thus, the group overlap integrals S; and S, are calcu-
lated from the R values and the Slater-type SCF wave-
functions [22, 23].

By fitting the optical spectra of the studied sys-
tems [7], the parameters Ny, Ne and Ags are determined
and collected in Table 1. Utilizing (7) and (8), as well
as the free-ion values Cg (~ 533 cm~! [24]) and Py
(~ 254-10* cm~! [25]) of Co?", and ) (~ 365,
1596 and 3384 cm~* for S?~, Se?~ and Te?~, respec-
tively [26]) of the ligands, the S.O. coupling coeffi-
cients, the orbital reduction factors and the dipole hy-
perfine structure parameters related to the CF and CT
mechanisms are calculated and shown in Table 1.

The CT energy level E, for the ligand to metal
charge transfer (LMCT) can be obtained from the ap-
proximate relationship [16]

En ~ 30000[x (L) — x(M)] cm~2, (10)
where y(L) and y (M) are, respectively, the optical
electronegativities of the ligand and metal ions. For
the (CoS4)8~ cluster, ¥(Co%") ~ 1.9 and ¥(S?7) ~
2.5 [16], Thus we have E, ~ 18000 cm~1. The val-
ues of x(Se®~) and y(Te?~) were not reported. Con-
sidering that x(L) in the same group of periodic ta-
ble decreases with increasing atomic number of the
ligand [e.g., x(L) in VI group [16] is in the order
0%27(3.2) > S?7(2.5)], one can approximately esti-
mate y (Se?~) ~ 2.3and y (Te?) ~ 2.1. Thus, we have
En ~ 12000 and 6000 cm ! for ZnSe:Co?* and ZnTe
(or CdTe):Co?*.

The core polarization constant in the formula of the
A factor can be expressed as x ~ —2& /(3(r =3)), where
& is characteristic of the density of unpaired spins at
the nucleus of the central metal ion, and (r ~3) the ex-
pectation value of the inverse cube of the radial wave-
function of the 3d orbital [27] according to the values
of (r—3) (= 6.035[27]) for Co?* and & for Co>* doped
in ZnX and CdTe (note: the y for ZnSe:Co?™ is taken
as the average of those for ZnS:Co?* and Zn Te:Co%™).
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Table 1. The effective cubic field parameter As (in cm—1), the normalization coefficients N& and N, the impurity-ligand
distance R (in A), the group overlap integrals, and the S. O. coupling coefficients (in cm~1), the orbital reduction factors and
the dipole hyperfine structure parameters (in 10~4 cm~1) in the CF and CT mechanisms, as well as the core polarization

constant ik for Co?* in ZnX (X = S, Se, Te) and CdTe.

Hosts  Agtf NE NE R Sr Ss Cer C(/:F

Gr ke kg ket ket Per P Por Py K

ZnS 4680 0.904 0.933 2.332 0.0098 0.0291 389 432
ZnSe 4420 0.897 0.927 2.444 0.0092 0.0287 234 368
ZnTe 4280 0.878 0.867 2.627 0.0084 0.0262 195 308
CdTe 4190 0.879 0.886 2.681 0.0074 0.0240 157 316

435 406
686 507
967 583
929 556

0.652 0.772 0.855 0.783 230 214 173 178 0.238
0.653 0.765 0.841 0.762 228 211 168 174 0.230
0.650 0.711 0.788 0.680 223 193 157 155 0.221
0.674 0.737 0.750 0.653 223 198 148 150 0.215

Table 2. The g-shifts and hyperfine structure constants A (in 104 cm~1) for Co?tin ZnX (X = S, Se, Te) and CdTe.

Hosts Agcr Agct AgcT/Adce AGtot AGexpt [8] Acr AcT Act/Ack Aot Aexpt [8]
ZnSs 0.1983 0.0472 0.24 0.2454 0.2457 -10.9 15.4 —-141 45 1.8
ZnSe 0.1813 0.0858 0.47 0.2671 0.2677 —-14.1 22.7 —1.61 8.6

ZnTe 0.1290 0.1663 1.29 0.2953 0.2949 —26.3 44.8 —-1.70 18.5 175
CdTe 0.1465 0.1614 1.10 0.3079 0.3070 —22.2 43.3 —-1.95 21.1 24.3

This way the values of x for various systems are ob-
tained as shown in Table 1. Substituting the above val-
ues into (7), the EPR parameters for these Co?* cen-
ters are obtained and given in Table 2. The results (i. e.
Agcr and Acg) on neglecting the contributions from
CT mechanism are also collected in Table 2.

3. Discussion

Table 2 shows that by considering both the CF and
CT mechanisms the theoretical EPR parameters agree
better with the observed values than those including
only the conventional CF mechanism. This reveals that
for systems with strong covalency and a large S.O.
coupling coefficient of the ligands the two mechanism
model containing both the CF and CT contributions
should be adopted.

Based on these studies, the contributions Agct
from the CT mechanism have the same sign as Agcr
from the CF mechanism. Moreover, the importance
of the CT mechanism (which can be characterized
by Agct/Agcr) increases rapidly with the increase of
the covalency (or decease of the denominator E,) and
the magnitude of (2, i.e. S~ < Se*” < Te?~. For

Co?* in ZnTe or CdTe, the magnitude of Agcr even
exceeds that of Agcr. So, for the ligands Se?~ and
Te?~ the contributions to Ag due to the CT mechanism
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