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The Hamiltonian matrices for 3d3 ions in a cubic crystal field are introduced, based on a molecular
orbital model, including the electronic Coulomb and tetrahedral crystal-field interactions and the
spin-orbit coupling. The optical absorption spectra of V2+ ions in ZnSe are studied. Moreover, the
various additional levels found close to 5680 cm−1 are considered. These levels are assumed to
result from the dynamic Jahn-Teller splitting within the excitation levels 2T2 and 2T1 in ZnSe:V2+.
The good agreement between the present results and the experimental observations indicates that the
contribution of the covalence reduction factors NE and NT2 and of the Racah parameter A to the optical
absorption spectra of V2+ ions in ZnSe is important. However, most of the previous theoretical studies
of these spectra in ZnSe:V2+ have neglected the Racah parameter A, based on the classical crystal-
field model. A significant charge-transfer effect found in recent works is confirmed in ZnSe:V2+.
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1. Introduction

Semimagnetic semiconductors (SMSCs) or diluted
magnetic semiconductors (DMSCs) are II-V, II-VI,
III-V and IV-VI compounds, where some nonmagnetic
cations are substituted by magnetic ions of transition
metals or rare-earth metals [1 – 3]. These systems ex-
hibit interesting magnetic and magneto-optical proper-
ties due to the exchange interaction between the mag-
netic ions (d-d exchange) as well as between the mag-
netic ions and the bound electrons (s, p-d exchange)
(see, e. g., [4 – 12]). The optical and magnetic proper-
ties of V2+ ions in the II-VI semiconductor ZnSe have
been extensively studied in the past few decades (see,
e. g., [13 – 20]). Because of the interesting infrared lu-
minescence due to the internal transition within V2+,
attention has recently been payed to the important
infrared window material ZnSe:V2+ [21, 22]. How-
ever, most of the theoretical studies on SMSCs were
based on a simple crystal-field (CF) model. The CF
model [23, 24] deals with the central transition-metal
or rare-earth-metal ions as a quantum system with the
corresponding wave function ϕd (d the outmost elec-
trons of the ion), and treats the ligands as classical ones
which provide only an electrostatic potential field V for
the central metal ion. This means that the electrons of

0932–0784 / 08 / 1200–0830 $ 06.00 c© 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com

the ligands are not allowed to overlap and mix with the
electrons of the central metal ion. ZnSe has the zinc-
blende structure [25, 26], the local symmetry is tetra-
hedral (Td). The Hamiltonian of a V2+ ion in ZnSe is
taken as [23, 24]

H = He + HCF + HSO, (1)

where He = H(A,B,C) and HSO = H(ζd) are the elec-
tronic Coulomb interaction and the spin-orbit (SO)
coupling of central metal ions, respectively, A, B, and
C are the Racah parameters, ζd is the SO parameter.
HCF = V = H(Dq) is the CF potential caused by the
ligands, Dq the cubic CF parameter. Note that for V2+

(3d3) ions the same values of the Racah parameters 3A
appear in all diagonal matrices of the Hamiltonian (1).
Therefore they are ignored in the calculation.

The simple CF model has difficulties to explain the
absorption spectra of the V2+ ions in ZnSe. The sim-
plest calculation of these spectra of ZnSe:V2+ is based
on the ionic crystal approximation, in which the Racah
parameters are B = B0 = 766 cm−1 and C = C0 =
2855 cm−1 [23] for the V2+ ion, and the measured
10Dq = 5000 cm−1 [13, 15] for ZnSe:V2+ is adopted.
The subscript 0 corresponds to the free-ion system,
similarly hereafter. The calculated results are listed in
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Table 1. Comparison between the calculated and the experimental absorption spectra in ZnSe:V2+ (in cm−1).

Experiment Calculations
[15] T This work SO α β γ γ ′

4T1 0
( 0,77

306,465

)
0 0 0 0

2E 1941 (2192) 3027
3360 4T2 3661

(3791,3809
3930,3963

)
4271 4023 3358 3293

5685 2T2 5713
(5843

6011

)
8886 5739 4532 6107

6305 2T1 6031
(6251

6334

)
9271 8623 7239 6215

8225 2T2 7778
(7932

7939

)
12668 9298 7617 6505

8405 4A2 7901 (8137) 12738 9548 7723 8027
8765 4T1 8799

(8894,9027
9119,9135

)
15032 10225 9759 8136

8905 2T2 9190
(10052

10058

)
15900 11687 9948 8654

2A1 9811 (10130) 16338 12746 10364 9570
2T1 11153

(11269
11462

)
18295 13938 11605 10077

12650 2E 12058 (12269) 18891 14477 12143 10802
13160 2T2 13178

(13395
13456

)
20274 15552 13030 12018

13850 2T1 13748
(13852

14128

)
22301 17027 14448 12512

14470 2E 14810 (15102) 22729 17603 14954 12831
2T2 15285

(15381
15629

)
22782 18460 15198 14960

2A2 17250 (17501) 29841 20419 18411 16038
2T1 17615

(17798
18036

)
30684 21786 19427 16065

2E 25388 (25509) 31220 21883 19593 23448
2T2 25540

(25826
25998

)
46407 32575 28768 23676
46420 33180 28934

α) B = 766 cm−1, C = 2855 cm−1, and Dq = 500 cm−1; β ) B = 452 cm−1, C = 2305 cm−1, and Dq = 460 cm−1; γ) B0 = 766 cm−1, C0 =
2855 cm−1, and Dq0 = 500 cm−1, N = 0.881; γ ′) B0 = 766 cm−1, C0 = 2855 cm−1, and Dq0 = 500 cm−1, N = 0.834; T) A = 11873 cm−1,
B = 766 cm−1, C = 2855 cm−1, and Dq = 500 cm−1, NE = 0.815, NT2 = 0.855 (ζd = 167 and ζp = 1659 cm−1).

set α of Table 1. Obviously the calculated energy lev-
els are much larger than the observed ones. It shows
clearly that the ionic crystal approximation is not suit-
able for the covalent crystals, especially for semicon-
ductors. An earlier simple approximation method was
trying to fit the experiments by artificially reducing
the parameters B, C, and Dq. For example, one took
B = kB0 (k <) and C = k′C0 (k′ < 1) (see, e. g., [27 –
30]) or B = kB0 (k < 1) and C = k′B (k′ � 1) (see,
e. g., [13 – 15, 31]). When the reduced values [15] of
B = 452 cm−1, C = 2305 cm−1, and Dq = 460 cm−1

for V2+:ZnSe are used, the corresponding calculated
values, especially for the second and third excitation
levels, indicate remarkable differences with the mea-
sured data. The calculated results are shown in set β
of Table 1. In the late 1980s, a parametrized covalent
approximation was proposed [32] as

B = N4B0, C = N4C0, Dq = N2Dq0, (2)

where N < 1 is the so-called covalence reduction fac-
tor. This model reduces the approximation procedure
from adjusting three parameters, B, C, and Dq, to only

one covalence reduction factor N. It has been applied
in many covalent materials (see, e. g., [33 – 36]). Tak-
ing B0 = 766 cm−1, C0 = 2855 cm−1 [23], and Dq0 =
500 cm−1 [13, 15], the best fitted values compared with
the observed data are listed in set γ of Table 1, where
N = 0.882 is used. The results are similar to those
shown in set β of Table 1. However, there are still
differences between the calculated and the measured
values.

2. Theoretical Model

Recent theoretical studies based on a molecular or-
bital (MO) model revealed the importance of ligand
contribution to the optical and magnetic properties of
Fe2+ [37 – 40] and Cr2+ [41 – 44] ions in II-VI semi-
conductors. The orbitals of the MO model are lin-
ear combinations of the d orbitals of V2+ and the
outermost s and p orbitals of Se in ZnSe as given
by [39, 42, 45 – 47]

ψi = NE

(
ϕdi −

√
3λpπ χpπ i

)
,
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ψ j = NT2(ϕd j −λsχs j −λpπ χpπ j −λpσ χpσ j) (3)

with the normalization constants

NE = (1 + 3λ 2
pπ −2λpπ Spπ )−1/2,

NT2 = (1 + λ 2
s + λ 2

pπ + λ 2
pσ −2λsSs

−2λpπ Spπ −2λpσ Spσ )−1/2,

(4)

where i and j stand for the cubic field representa-
tion [23, 24] E(θ ,ε) and T2(ξ ,η ,ζ ), respectively. The
wave functions ϕdi and ϕd j represent the d orbitals of
the central transition-metal ion (V2+), whereas χpπ i,
χs j, χpπ j and χpσ j [45, 48, 49] are the appropriate
symmetry-adopted combinations of the outermost s,
pπ , and pσ orbitals of the ligands (Se). λs, λpπ , and
λpσ are the admixture coefficients, and Ss, Spπ , and Spσ
are the two-center overlap integrals between the central
ion and the ligands defined as

Ss = 〈ϕdξ |χsξ 〉, Spπ = 〈ϕdξ |χpπ ξ 〉,
Spσ = 〈ϕdξ |χpσ ξ 〉.

(5)

Equations (3) – (5) clearly explain the characteristics
of the MO model. Compared with those in the CF
model [23, 24], the ligands in the MO model are not
treated as classical system anymore, and their orbitals
are mixed and overlapping with the central metal ion
orbitals.

The normalization constants NE and NT2 in (3)
and (4) are just the covalence reduction factors. For the
difference of NE and NT2 , the Hamiltonian matrices of
He and HCF in (1) are as follows:

4A2[t3] : 3A1 −15B1−12Dq1; (6a)

4T2[t2(3T1)e] : A1 −5B1 + 2A3
−10B3 −8Dq1 + 6Dq2; (6b)

2A1[t2(1E)e] : A1 + B1 + 2C1 + 2A3 −12B3
+C3 −8Dq1 + 6Dq2; (6c)

2A2[t2(1E)e] : A1 + B1 + 2C1 + 2A3 + 8B3
+C3 −8Dq1 + 6Dq2; (6d)

4T1[t2(3T2)e] : 4T11 −6B4
4T1[te2(3A2)] : 4T12,

(6e)

with

4T11 = A1 −5B1 + 2A3 + 2B3 −8Dq1 + 6Dq2,
4T12 = A2 −8B2 + 2A3 −4B3 −4Dq1 + 12Dq2;

(6e’)

2E[t3] : 2E1 −6
√

2B4 −3
√

2B4 0
2E[t2(1A1)e] : 2E2 10B3

√
3(2B3 +C3)

2E[t2(1E)e] : 2E3 2
√

3B3

2E[e3] : 2E4, (6f)

with

2E1 = 3A1 −6B1 + 3C1 −12Dq1,
2E2 = A1 + 10B1 + 5C1 + 2A3 −2B3

+C3 −8Dq1 + 6Dq2,
2E3 = A1 + B1 + 2C1 + 2A3 −2B3

+C3 −8Dq1 + 6Dq2,
2E4 = 3A2 −8B2 + 4C2 + 18Dq2;

(6f’)

2T1[t3] : 2T11 3B4 −3B4 0 −2
√

3B3

2T1[t2(3T1)e] : 2T12 −3B3 3B4 −3
√

3B4
2T1[t2(1T2)e] : 2T13 −3B4

√
3B4

2T1[te2(1A2)] : 2T14 −2
√

3B3

2T1[te2(1E)] : 2T15, (6g)

with

2T11 = 3A1 −6B1 + 3C1 −12Dq1,
2T12 = A1 −5B1 + 2A3 + 5B3 + 3C3

−8Dq1 + 6Dq2,
2T13 = A1 + B1 + 2C1 + 2A3−7B3 +C3

−8Dq1 + 6Dq2,
2T14 = A2 −8B2 + 2A3 + 2B3 + 3C3

−4Dq1 + 12Dq2,
2T15 = A2 + 2C2 + 2A3 −2B3 +C3

−4Dq1 + 12Dq2;

(6g’)

2T2[t3] : 2T21 −3
√

3B4 −5
√

3B4 4B3 + 2C3 −2B3

2T2[t2(3T1)e] : 2T22 3B3 −3
√

3B4 3
√

3B4

2T2[t2(1T2)e] : 2T23 −√
3B4

√
3B4

2T2[te2(1A1)] : 2T24 −10B3

2T2[te2(1E)] : 2T25,

(6h)
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with

2T21 = 3A1 + 5C1 −12Dq1,

2T22 = A1 −5B1 + 2A3−B3

+ 3C3 −8Dq1 + 6Dq2,

2T23 = A1 + B1 + 2C1 + 2A3 + 3B3

+C3 −8Dq1 + 6Dq2,

2T24 = A2 + 8B2 + 4C2 + 2A3−2B3

+C−4Dq1 + 12Dq2,

2T25 = A2 + 2C2 + 2A3 −2B3 +C3

−4Dq1 + 12Dq2.

(6h’)

The matrix is real and symmetric, and only the blocks
on and above the diagonal are shown in (6e), (6f), (6g),
and (6h). The 10 Racah and 2 cubic CF parameters pre-
sented are [39, 42]

(A1,B1,C1) = N4
T2

(A,B,C),

(A2,B2,C2) = N4
E(A,B,C),

(A3,B3,C3) = N2
T2

N2
E(A,B,C),

B4 = N3
T2

NEB;

(7)

Dq1 = N2
T2

Dq, Dq2 = N2
EDq. (8)

Please note that the Racah parameters Ai (i = 1 – 3) in
the diagonal matrices are not identical. Therefore, they
cannot be neglected in this model.

For the difference of NE and NT2 , the complex ma-
trices of HSO in (1) are also obtained. There are two SO
parameters [39, 42],

ζ1 = N2
T2

[
ζd +

(√
2λpσ λpπ −λ 2

pπ /2

−
√

2λsλpπ Ssp

)
ζp

]
,

ζ2 = NENT2

[
ζd +

(
λpσ λpπ /

√
2+ λ 2

pπ /2

−λsλpπ Ssp/
√

2
)

ζp

]
,

(9)

with the overlap integral

Ssp = R〈χpy |∂/∂y|χs〉, (10)

where R is the distance between the central ion and the
ligands, ζd and ζp are the SO coupling constants as-
sociated with the d electrons of the central metal ion
(V2+) and p electrons of the ligands (Se), respectively.

The details of the derivation of the SO coupling matri-
ces can be found in [50, 51]. From (9), one may notice
that the SO coupling not only within the V2+ ions but
also within the ligands Se is considered in this model.

It should be pointed out that the present model may
be reduced to the parametrized covalent approxima-
tion [32] by taking λs = λpπ = λpσ = Ss = Spπ =
Spσ = 0 and NT2 = NE < 1, and to the CF approxima-
tion [23, 24] by taking λs = λpπ = λpσ = Ss = Spπ =
Spσ = 0 and NT2 = NE = 1 (i. e., there are no admix-
tures and overlaps between the central ion and the lig-
ands, and the d orbitals ϕd of the central metal ion are
the only wave functions considered).

3. Optical Absorption Spectra

In this work, the values of A = A0 =
11873 cm−1 [52], B = B0 = 766 cm−1, and
C = C0 = 2855 cm−1 [23, 52] for the V2+ ion,
and Dq = 500 cm−1 [14, 15] for V2+:ZnSe are
adopted. Using (7) and (8), the absorption spectra can
be calculated by adjusting the covalence reduction
factors NE and NT2 . From the definition of NE and NT2
by (4), the values of the admixture coefficients λs,
λpπ , and λpσ and the overlap integrals Ss, Spπ ,
and Spσ should be given first. When the value [25] of
R(Zn-Se) = 0.245 nm in ZnSe is used for V-substituted
ZnSe, the values of the overlap integrals Ss = 0.03959,
Spπ = 0.02305, Spσ = 0.07754, and Ssp = 1.93963
can be obtained from a Slater-type orbital [53, 54].
The values of the admixture coefficients λs, λpπ and
λpσ remain unknown, and the present work adopts
the procedure [40, 42, 55] of fitting the experimental
optical spectra using λs, λpπ and λpσ . The set of
admixture coefficients that explains the experimental
data best is λs = 0.115, λpπ = 0.418, and λpσ = 0.429.
Above values of Si and λi yield the covalence re-
duction factors NE = 0.815 and NT2 = 0.855. The
corresponding calculated results of the optical spectra
as shown in set T of Table 1 are in good agreement
with the experimental ones. It should be pointed out
that, when compared with the sets α , β , and γ , the
set T seems to move downwards, as a whole. Also a
near-infrared level, 1941 cm−1, is calculated, which
has not been reported in the previous experimental
results. Further theoretical and experimental check of
this level is necessary.

Following the present procedure, the set γ (obtained
from the parameterized covalent approximation [32])
may also be moved by adjusting N. The correspond-
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Fig. 1. The variation of the energy levels with the covalence
parameter ε = 1−NE (NT2 = 1). (a) A = 11873, B = 766,
C = 2855, and Dq = 500 (all in cm−1). (b) A = 0, B = 766,
C = 2855, and Dq = 500 (all in cm−1).

ing calculated data with N = 0.834 are shown in the
set γ ′ of Table 1. The values in set γ ′ are moved down-

wards as compared with those in set γ . However, there
remains a considerable difference between the calcu-
lated numbers in set γ ′ and the experiments. It seems
likely that the difference between the present model
and the parameterized covalent approximation is just
a matter of how many factors to adjust, i. e., two co-
valence reduction factors NE and NT2 or one factor N.
However, the true, essential distinction lies in the MO
and CF model, as mentioned above. Particularly, the
MO model considers the contribution of the Racah pa-
rameter A whose size is much larger than those of B
and C.

To show the contribution of the Racah parameter A
at different angle, the variations of the first 10 en-
ergy levels via the covalence parameters ε = 1−NE
and ε = 1−NT2 are plotted in Figs. 1 and 2, respec-
tively, where subfigures (a) and (b) correspond to A =
11873 cm−1 and A = 0, respectively. Obviously, the
larger the size of ε , the smaller is the value of the co-
valence reduction factors NE or NT2 , i. e., the stronger
is the covalence. In both Figures, together with some
small changes of ε there is a significant change of the
energy levels. This phenomenon indicates the impor-
tant contribution of the covalence reduction factors NE
and NT2 to the optical spectra of V2+ ions in ZnSe. One
can see a large difference between Fig. 1a and 1b. For
example, (i) on increasing ε = 1−NE some excited lev-
els increase while other levels decrease within A 	= 0,
however for A = 0, all excited levels have the same pat-
tern, first a decrease and then an increase; (ii) there is
a change from the ground state 4T1 to 2E for A 	= 0,
however, the change of the ground state is from 4T1
to 4A2 for A = 0. Similarly, the same large differ-
ence between Figs. 2a and 2b exists, i. e. the ground
state changes from 4T1 to 4T2, then to 4A2, and finally
to 4T2 for A 	= 0; however, such change does not ex-
ist for A = 0. The difference between Figs. 1a and 1b
as well as between Figs. 2a and 2b clearly shows the
important contribution of the Racah parameter A to the
energy levels.

It should be noted that the large values of the admix-
ture coefficients λi in ZnSe:V2+ indicate that the con-
tribution of the outermost s, pσ , and pπ orbitals of the
ligands Se to the molecular orbitals (3) is important.
Such large values of λi have also been obtained in pre-
vious studies on Fe2+ [37 – 40] and Cr2+ [41 – 44] ions
in the II-VI semiconductors ZnS, ZnSe, CdTe, etc. The
introduction of the ligand orbitals causes the difference
between the Racah parameters Ai, Bi, Ci and A, B, C
and furthermore the important contribution of A. These
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Fig. 2. The variation of the energy levels with the covalence
parameter ε = 1−NT2 (NE = 1). (a) A = 11873, B = 766,
C = 2855, and Dq = 500 (all in cm−1). (b) A = 0, B = 766,
C = 2855, and Dq = 500 (all in cm−1).

values of λi can be used in first-order approximation to
reduce the charge-transfer covalences by means of the

Table 2. Comparison between the observed and the calcu-
lated Jahn-Teller energies associated with the multiplets 2T2
and 2T1 in ZnSe:V2+ (in cm−1).

Experiments [13, 15] Calculation (l +m+n = 10)
5675 Γ4 5673
5685 Γ4 5685

Γ5 5693
5705 Γ4 5706
5715 Γ4 5717
5724 Γ3 5727

Γ5 5744
5765 Γ4 5760

Γ4 5779
5790 Γ5 5794

Γ3 5819
5840 Γ5 5844
5862 Γ4 5859

Γ5 5891
5915 Γ4 5910

expressions [41, 45]

λi = Si + κi (i = s,pσ , and pπ), (11)

where Ss, Spσ , and Spπ have been defined by (5), and
κi are the corresponding charge-transfer covalence pa-
rameters. The bonding orbitals can be modelled by
combining the central ion d orbitals with the ligand
orbitals by means of the charge-transfer covalence
parameters κi. The calculated values of the charge-
transfer covalences come out to be κs = 0.075, κpπ =
0.395, and κpσ = 0.351. This clearly shows the signif-
icance of the charge-transfer effect in ZnSe:V2+.

4. Dynamic Jahn-Teller Effect Splittings

Wray and Allen [13] and Hoang and Bara-
nowski [15] found some additional spectra structures
(about 10 energy levels) from 5675 cm−1 to 5915 cm−1

as shown in Table 2. Wray and Allen assigned these
levels as splitting of the 4A2 state, while Hoang and
Baranowski assumed that they are due to the split-
ting of the 2E state. However, according to the present
work, these levels should be the splitting of 2T2 as well
as the nearby 2T1 (see Table 1).

It is well known that the HSO coupling in (1)
might be able to move, but not to split the 4A2
and 2E states. If taking the SO coupling parameters
ζd = 167 cm−1 [23, 56] for the V2+ ion and ζp =
1659 cm−1 [56] for the ligands (Se) and then follow-
ing the present calculation method, the fine splitting
caused by the HSO coupling is listed in the bracket of
Table 1. One can see from Table 1 that the HSO cou-
pling moves the levels 1941 cm−1 (2E) and 7901 cm −1



836 Y.-Y. Zhou · V2+ Ions in ZnSe

(4A2) to 2192 cm−1 and 8137 cm−1, respectively, and
splits the values of 5713 cm−1 (2T2) and 6031 cm−1

(2T1) into 5843 cm−1 and 6011 cm−1, and 6251 cm −1

and 6334 cm−1, respectively. Obviously, these changes
caused by the SO coupling cannot explain the addi-
tional optical levels listed in Table 2. It means that to
explain these levels, one has to consider another mech-
anism.

Bevilacqua, Martinelli, and Vogel [20] proposed a
dynamic Jahn-Teller (JT) effect to interpret the fine
structures of the luminescence spectra of V2+ impuri-
ties in ZnS and ZnSe. In their paper, the JT splitting of
the electron orbital triplets 4T1 and 4T2 coupled with
a τ phonon was considered [20]. In fact, the orbital
trip let JT system T⊗ τ used to be cited in the litera-
ture (see, e. g., [57 – 61]) and the coupling of the orbital
triplets 2T2 and 2T1 with the τ phonon were also men-
tioned [59]. The JT Hamiltonian is taken as [20, 60, 61]

HJT = hω ∑
i
(a+

i ai + 1/2)

+ (hω EJT)1/2 ∑
i
(a+

i + ai)Di,

i = x,y,z ,

(12)

where hω and EJT are the phonon and JT energies, re-
spectively, ai (a+

i ) is the destruction (creation) operator
for a phonon of the τ mode, and Di are the normalized
electronic operators as

Dx =




0 0 0
0 0 1
0 1 0


, Dy =




0 0 1
0 0 0
1 0 0


,

Dz =




0 1 0
1 0 0
0 0 0


.

(13)

The representation of the electron (2T2 : γ5 and
2T1 : γ4)-phonon (τ : γ5

p) coupling is [62]

γ5 ⊗ γ5
p = Γ1 ⊕Γ3 ⊕Γ4 ⊕Γ5,

γ4 ⊗ γ5
p = Γ2 ⊕Γ3 ⊕Γ4 ⊕Γ5.

(14)

The basic functions Γi (i = 1 – 5) in the vibronic
model (14) are the direct product of the eigenfunctions
of the Hamiltonian (1) and the vibrational functions
|mnl〉 [63], where l, m, and n are the occupation num-
bers for the partners of the phonon τ mode. In princi-
ple, the occupation numbers run from zero to infinity.
Using the above values of Racah, CF, and SO parame-
ters, the dynamic JT splitting levels are calculated (see
Table 2) by taking hω = 67 cm−1, EJT = 113 cm−1

for 2T1 and EJT = 223 cm−1 for 2T2, which are near
to the obtained values [20] of 70 cm−1 and 110 cm−1

for 2T1 and 220 cm−1 for 2T2, respectively. The good
agreement between the calculated and the measured
fine levels indicates that the additional optical levels of
the V2+ impurities in ZnSe are due to the JT splitting
in the system. It further proves the validity of the above
values for the Racah, CF, and SO parameters as well as
the admixture coefficients (i. e., the covalence reduc-
tion factors). The good agreement between the calcu-
lated and the measured fine levels shows again that the
present MO model is suitable for the V2+ impurities in
ZnSe.

The present work reveals additional lines at 5693,
5744, 5779, 5819, and 5891 cm−1. These lines were
not reported in the existing experimental data material.
There is a need for further experimental check for these
lines.

5. Conclusion

A Hamiltonian matrix has been constructed for a
3d3 ion by a molecular orbital approach, including the
electronic Coulomb and tetrahedral crystal-field inter-
actions and the spin-orbit coupling. In the matrices
there were 10 Racah, 2 cubic crystal-field, and 2 spin-
orbit parameters. The matrix has been used to study
the optical absorption spectra of V2+ impurities in the
semiconductor ZnSe. The additional fine-structure lev-
els were studied also. In the present calculation, the
values of the Racah, crystal-field, and spin-orbit pa-
rameters were obtained by adjusting the admixture co-
efficients (i. e., the covalence reduction factors) that ex-
plain best the experimental data of the optical spec-
tra and the additional fine levels. The contributions of
the covalence reduction factors NE and NT2 , and of the
Racah parameter A to the excitation levels were con-
sidered for the first time and found to be important
in ZnSe:V2+. It was also the first time that the fine-
structure levels from 5675 cm−1 to 5915 cm−1 were
assumed to be the result of dynamic Jahn-Teller split-
ting within the excitation levels 2T2 and 2T1. A signif-
icant charge-transfer effect was found to be present in
this system. Some theoretical near-infrared levels were
not reported in the existing experimental data. There
is need for further theoretical and experimental stud-
ies. The present model can be easily reduced to the
crystal-field approximation, which is suitable for the
study of transition-metal or rare-earth metal ions in
ionic crystals.
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