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The ground state of the lattice-neutral charge state of vanadium in tetrahedrally coordi-
nated II —VI materials is a 4T, term and is hence subject to a Jahn-Teller (JT) effect. In
this paper photo-luminescence and EPR investigations on V2+ (3d3) in ZnS, ZnSe, ZnTe,
and CdTe are combined with Tanabe-Sugano calculations including JT interaction. For
ZnS the no-phonon structure is explained by a tunnelling splitting.

1. Introduction

Applications of the photorefractive effect in the infrared region, where fibre
optics communication is operated, are based on II—VI semiconducting
materials. For the photorefractive behaviour of these materials, V-related
defects play an outstanding role among the transition metals. This fact has
renewed the interest in information on the nature of V centres. Transition
metal ions commonly substitute for cations, thus implying the general pos-
sibility of amphoteric changes between their charge states. Starting from the
lattice-neutral state (2+), donor-type (2+/3 + ) as well as acceptor-type (2+1
+ ) conversions are conceivable. For a long time, the knowledge about the
lattice-neutral V2+ (3d3) charge state was by no means comprehensive.
Only in the last years the verification of the presence of V2+ by lumi-
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Table 1. The interatomic distances in Á: d,
—

the sum of ionic radii, dc
—

the sum of
covalent radii, d^,

—

the bondlength calculated from bond energy.

ZnS ZnSe ZnTe CdTe

d„p 2.341 2.455 2.642 2.805
a\ 0.74+1.84 = 2.58 0.74+1.91=2.65 0.74+2.11=2.85 0.97+2.11=3.08
dc 1.25+1.02 = 2.27 1.25+1.16 = 2.41 1.25+1.36 = 2.61 1.48+1.36 = 2.84
¿«V^-anion2-) 0.88+1.84 = 2.79 0.88+1.91=2.79 0.88+2.11=2.99 0.88+2.11=2.99
í4(V°-anion") 1.22+1.02 = 2.24 1.22+1.16 = 2.38 1.22+1.36 = 2.58 1.22+1.36 = 2.58
dUV-anion) 2.36 2.48 2.75 2.75

nescence and electron paramagnetic resonance (EPR) studies has been suc-

cessful in ZnS, ZnSe, CdTe, and ZnTe [1—8]. In this communication, fine-
structure peculiarities in the emission spectra will be discussed in the light
of the observed different JT coupling mechanisms as analysed by EPR. The
derived level schemes of the ground-state splitting will be presented and
combined with more fundamental Tanabe-Sugano calculations.

2. V2+-anion bondlength
The V2+ ion enters a II—VI lattice substitutionally on a cation lattice site.
The II—VI compounds have various interatomic distances dexp as listed in
row 2 of Table 1. It will be interesting to find out how the substitutional V
atom matches the interatomic distance of the host crystal. To this end, we
first consider how accurately the interatomic distance can be represented as

a sum of the corresponding radii in an undisturbed crystal. In row 3 the
distance d, is shown as a sum of the ionic radii which represent the effective
size of a charged atom in an ionic compound. The first item in this sum is
the cation radius in the charge state 2+, while the second is the anion radius
(charge state —2). It is seen that d¡ exceeds dCKp by up to 10%. In row 4 the
results of the opposite approximation are presented. The distance dc is now

taken as the sum of the covalent radii which represent the effective size of
an atom in a covalent bond. In this case the distance dc is smaller than ti„p
(except for CdTe) and matches dcxp with an accuracy of 3%.

Similar results are given in rows 5 and 6, supposing the V atom replaces
the cation of the host crystal. Again the sum of the covalent radii matches
dcxp better and it is seen that in all cases a breathing mode distortion around
the defect should be expected. Finally, in the last row we give the bond-
length calculated from the bond energies. The latter were computed using
the corresponding expression given by Harrison [9]. In this bond energy
calculation we used the following one-electron atomic energies for the V
atom: e4j = —6.3 eV and e4p = —3.3 eV. The latter value follows from a

very rough interpolation, in which the additional condition was used that

306



Behaviour of the V~+ Ground State in Tetrahedrally Coordinated II —V] Semiconductors 33

űíca, should match approximately dexp for ZnS. Then for the other crystals
dcal fits dexp fairly well. From this consideration follows that there is no
dramatic symmetric or asymmetric distortion around the V atom when it
enters a cation lattice site substitutionally. Consequently, one should not
expect a large static low-symmetry crystal field around the V atom.

3. Jahn-Teller coupling
If a transition metal defect has an orbital degeneracy in the ground state,
the system is unstable towards asymmetric displacements of the neighbour-
ing atoms. For a defect with a T, electronic ground state in a crystal field
of tetrahedral symmetry, like the V2+ ion, the possible asymmetric distor-
tions can have t2 (trigonal), e (tetragonal) or (t2 + e) orthorhombic symmetry.
Estimations of the JT coupling constants based on a point charge model
show that the trigonal distortion is dominating. For V2+ in ZnS this evalu-
ation has been confirmed by EPR [5]. These distortions and their effects on
the electronic states can be represented as

V = VD (QnE„ + QzEe) + W (ß   + Q„T„ + Q¿T¿) (1)
where VD and VT are the coupling coefficients for the tetragonal and trigonal
distortions, respectively. Q(h Qc, etc. are the normal coordinates and E„,
  ,   etc. are electronic operators in the given electronic state [10]. The
atoms in a crystal vibrate thermally around this equilibrium position. The
amplitude of this harmonic vibration is approximately 2% of the equilibrium
interatomic distance. If under an asymmetric distortion the ligand is dis-
placed from the lattice site by a value smaller than the amplitude of the
harmonic vibration, the Jahn-Teller coupling is weak. In this situation the
four geometrically equivalent positions of the trigonal distortion interact
strongly. As a result of this interaction, the fourfold geometrical degeneracy
is reduced into a vibronic triplet and a singlet. The ground state is the
vibronic triplet while the vibronic singlet lies higher. The energy difference
between this singlet and the lower vibronic triplet is the tunnelling splitting
energy [11, 12]. In case of a very strong asymmetrical distortion of ligands
(as compared with the amplitude of the harmonic vibrations), the four geo-
metrical positions of a trigonal distortion can be considered as nearly nonin-
teracting. This is the example of a strong Jahn-Teller coupling with acciden-
tal fourfold degeneracy. It is not possible to estimate the coupling constant
Vrin (1) reliably by theoretical methods. Presumably, in II—VI compounds
a coupling of intermediate strength takes place. Therefore we shall try to
extract as much information as possible from the experimental spectra using
the known theoretical framework.

Before determining the peculiarities of the JT interaction, we should
find parameters which describe the crystal-field levels. To this end we cal-
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Fig. 1. Tanabe-Sugano fit for the V2+ (3d1) ion in ZnSe. The solid arrows on the right
denote those experimental data used in the fit while dashed arrows indicate additional
experimental data.

culated the Tanabe-Sugano matrices and some of the term energies were
fitted to the known experimental transitions. In our calculations, the Tanabe-
Sugano matrices included the tetrahedral crystal-field splitting parameter
Dq, the parameter a of the Trees correction [13] and the Racah parameters
 and C. The value of a was adopted from the terms of the free V2+ ion. It
turned out that this parameter improves the free-ion energies essentially and
is therefore sustained in the description of the crystal levels which arise
from the free-ion terms. Moreover, in the calculation of the crystal levels
we keep the ratio C/B the same as for the free ion. Hence, our Tanabe-
Sugano matrices contain only two adjustable parameters: Dq and B. Fig. 1
shows the Tanabe-Sugano diagram for V2+ in ZnSe. The solid arrows on
the right in Fig. 1 denote those experimental data used in the fit while dash-
ed arrows indicate additional experimental data.

Now we proceed towards the determination of the JT energy for a trig-
onal distortion in the 4T,(F) ground level. To this end we shall only use the

308



Behaviour of the V2+ Ground State in Tetrahedrally Coordinated II —VI Semiconductors 35

information available on the splitting of the 4T,(P) term, known from the
excitation spectra. This splitting is equal to 3 E,T(4P) and takes place for
some unknown distortion coordinate Q. This distortion is caused by the
interaction Hamiltonian (1). We calculated Eq. (1) by an expansion of the
crystal field into series for the trigonal and tetragonal distortions. Only the
second-order harmonics in the crystal potential were taken into account.
The energy matrices including the trigonal distortions for the T, and T2
levels of the V2+ ion have the following form:

T1;(4P) Tlv(JP) TU(4P) T,,(4F) T,,.(JF) T,:(4F)

T,,(4P) -8 04-12 0+ V,Q:/2  , ß/2 -6S + 4a -V, Q; -V, Q„
10a

T,,.(4P) V, QJ2 SDq-\2B + VTQ¡n -V, Q; -6S + 4a ~V, Q,
10 «

T,.(4P) VTQ,ft VTQJ2 -»Dq-12B+ -V,Q„ ~VTQf -6B + 4«
10 a

T,,(4F) -6B + 4a -VTQ, -V,Q,, -&Dq-2B + VrQ; V,Q„
10 a

T,,.(4F) -V,Q; -6B+4a ~VTQ% V,Q; -&Dq-\2B + V,Q,
10 a

TI;(4F) -V,Q„ -VrQ. -6fl + 4a VrQ„ VTQi -&Dq-\2B +

10«

T24(4F) T2„(4F) T2C(4F)
T2t(4F) 2Dq-í5B+\2a V, Qfl VT Q,/2
T2„(4F) V7 2f/2 2ű<?-/JŐ+12« VT QJ2
T2C(4F) V,QJ2 V,QJ2 2Dq-\5B+\2a

Now, if we take a particular value of the unknown distortion coordinate
(e.g. Q = 1), we obtain the dependence of the spin-quartet terms on VT. First,
we realize that the trigonal splitting is nearly comparable for the levels
4T2(F) and 4T,(F). This indicates that the no-phonon lines (NPL) of the
transition between these levels correspond approximately to the energy of
the cubic-field splitting parameter, because the trigonal configuration mini-
ma for the 4T2(F) term lie at only slightly smaller coordinates than for the
4T,(F) term. This observation is supported by the strength of the NPL for
V2+ in ZnS (Fig. 2a) which is large enough to imply a small Huang-Rhys
factor (note that it also depends on the frequency of the coupling mode). In
the case of ZnSe (Fig. 2b) there are three NPL because the whole emission
spectrum is a superposition of at least three shifted spectra (see discussion
below). Their individual height is smaller than in ZnS but they are still
pronounced. The emission spectrum also contains a transition to a doublet
which is by an energy 3 E„ higher than the ground singlet (broad band, left
of the NPL). A second observation is that the splitting of the 4T,(P) term

309



36 S. W. Biernacki, J. Kreissl and H.-J. Schulz

WQvelength  Inm] —-

1990 1980 1970

5030 5040 5050 5060 5070 5080
-— wavenumber vlcm'1)

wavelength Xtnm] —-

2120 2110 2100

(b)

H h ZnSe : V2+
# 5021, 300ppm

<,T2(F)-'tT,(F)

4700 4720 4740 4760

wavenumber  [cm'1]

Fig. 2. NPL's of the V2+ ion in (a) ZnS [1] and (b) ZnSe [2].

under a trigonal distortion is nearly 1.5 times larger than the splitting of
4T,(F). This effect arises from coupling between these terms, i.e. from off-
diagonal terms containing VT. Consequently, the configuration minima for
the upper term are at a higher Q than those for the ground state. If we
denote by a the trigonal splitting of the 4T,(F) term (for arbitrary Vr) and
by b the similar splitting for the term 4T,(P), we have the relation E,T(4F) =

aEjT(4P)/b. We found the ratio a/b == 2/3, independent of the particular
values of Q and V, or the elastic energy. The elastic energy enters the
diagonal elements of the interaction matrices, and it is the same for all
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terms. £^ (4 ) is equal to 1/3 of the splitting of the 4T,(P) term and can be
read directly from the excitation spectra. However, from the excitation spec-
tra for V2+ only the JT splitting of T,(4P) at the trigonal distortion minimum
for the ground state can be determined (assuming that the transition obeys
the Franck-Condon principle). For example, in ZnS EJT(4P) = 825/3 cm-1,
therefore £JT(4F) « 180 cm'. In ZnSe £JT(4P) = 420/3 cm'1, so that £JT(4F)
« 95 cm"1.

Now, the question arises how strong is the electron-lattice coupling.
Usually, the strength of the coupling is expressed in terms of the ratio  =

EJT(4F)/ñco, where  marks an average frequency of the ligand vibrations.
Sometimes,  is taken to be the transversal acoustic frequency of the crystal
at the points X and L, i.e. 90 to 70 cm"' for ZnS and 70 to 60 cm"1 for
ZnSe. In this case, the coupling for the V2+ ion in ZnS should be considered
as nearly strong, and as intermediate for ZnSe. This estimation is considered
as extreme since these transversal frequencies correspond to a bending of
the TM-ligand bond. In reality, the trigonal distortion includes extension
and contraction of the bond as well, i.e. stretching frequencies. Hence, for
an assessment of the coupling it is preferable to derive some average fre-
quency from the complete phonon spectrum, which can be taken approxi-
mately as 2/3 of the optical frequency at the  point. For ZnS this gives
rise to an average of  « 200-220 enr', while for ZnSe  ~ 150—
170 cm1. Under these assumptions, the coupling is rather intermediate in
both cases (much closer to the limit of the weak regime than to the strong
coupling domain).

4. Fine structure in EPR and emission spectra
The EPR of the V2+ ion in ZnS [5] reveals a trigonal symmetry of the
ground state. The zero-field splitting, estimated to about 4 cm-1, was attri-
buted to spin-orbit interaction. We check the validity of this finding by
calculating the spin-orbit splitting of the 4T,(F) level for various values
of the trigonal distortion, assuming a spin-orbit constant zl = 30cm '. The
reduction compared with the free-ion value 59 cm 1 is caused by the JT
orbital reduction factor [10] and the covalency effect. The lowest level
corresponds to a  8 representation and is split into two sublevéis separated
by ~4 cm"'. In the emission,  8 is seen as one slightly boradened line. On
the other hand, the NPL of the ZnS:V2+ emission exhibit a —28 cm"1
splitting which cannot be attributed to this spin-orbit interaction. We assign
this finding to the tunnelling splitting ETV between the four equivalent mini-
ma related to the trigonal distortion [11, 12]. In fact, such a splitting takes
place for the whole range of JT coupling (with the only exception of a very
strong JT interaction). The effect is caused by an overlap of the oscillator
potential wells located at the particular minima. The derived energy scheme
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Fig. 3. Schematic splitting of the JT,(F) ground state of the V'+ impurity ion in ZnS. In
brackets the geometrical degeneracy is denoted.

for the lowest levels of the V2+ ion in ZnS is depicted in Fig. 3. The emis-
sion NPL correspond to transitions from the 4T2(F) crystal-field level to the
lowest rs levels. The broad emission band originates from the transition
from 4T2(F) to the lowest 4E level (which can be also broadened, owing to

tunnelling splitting and a possible additional tetragonal distortion).
It is known that infrared vibrational spectra exhibit a fine structure as a

result of isotopie effects. For instance, the local-mode line of SiAs in GaAs
was resolved into a doublet [14] with a separation of 1.15 cm"'. This split-
ting was attributed to the occurrence of the two nuclides 69Ga and 7lGa as
nearest neighbours of SiA_. Although the effect is small (~1 cm"1), it indi-
cates that small asymmetrical distortions caused by a random distribution
of various isotopes take place. However, if the electronic state is JT active,
the isotope distribution around a defect can initialize certain types of ad-
ditional, e.g. tetragonal distortions. Under these conditions an electronic
distortion energy can be remarkably larger (because it depends on the par-
ticular JT coupling coefficient) and the occurrence of the distortion is pro-
portional to the number of configurations of the type from which it arises.
As seen from Table 2, isotopie distribution effects should be absent for V2+
in ZnS because there is practically only one sulfur isotope, which has an
abundance of 95.0%. From the point of view of isotopie abundance such an
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Table 2. Stable isotopes of V and its nearest neighbours
-

S, Se and Te.

Isotope Weight Abund., % Isotope Weight Abund.

*>V 49.9472 0.25 ,2S 31.9721 95.0
5,V 50.9440 99.77 "S 32.9715 0.76

l2"Te 119.9040 0.089 ,JS 33.9679 4.22
,22Te 121.9031 2.46 36S 35.9671 0.02
,23Te 122.9043 0.87 7JSe 73.9225 0.9
,24Te 123.9028 4.61 76Se 75.9192 9.0
,25Te 124.9044 6.99 77Se 76.9199 7.6
,2"Te 125.9033 18.71 ™Se 77.9173 23.5
,28Te 127.9045 31.79 80Se 79.9165 49.8
,30Te 129.9063 34.48 82Se 81.9167 9.2

effect might be expectable also in ZnTe and CdTe (see Table 2). The local-
mode splitting should be smaller for the Te than for Se isotopes because of
the smaller deviation of the mass. If the main trigonal distortion is weaker,
the additional distortion initialized by the isotope substitution can become
stronger. Further possible implications of the isotopie distribution effect will
be discussed in the next section.

5. Discussion
The various interactions between the V impurity and its nearest neighbours
manifest themselves in different experiments. For example, the excitation
spectra indicate the amplitude of the main JT distortion (in our case the
splitting of the 4T,(P) level), the emission spectra provide the energy of the
lowest transition between the crystal-field components and, in addition,
signs of a fine structure due to spin-orbit as well as JT couplings. EPR
results reveal the local symmetry around a defect as well as the spectro-
scopic splitting factors. Using the described theoretical model we shall pre-
sent a picture which arises from these various sources of information. EPR
spectra are conveniently described using a spin Hamiltonian. The spectro-
scopic factor is determined from analysis of the observed resonance spectra.
On the other hand, it is expressed in terms of the matrix elements of the
orbital momentum between electronic states and in terms of energy dis-
tances between these states. These matrix elements are reduced owing to an
admixture of ligand wave functions to those of the defect (covalency) as
well as owing to a replacement of the electronic wave function by vibronic
functions (electron-lattice coupling). It is very difficult to account quantita-
tively for both effects, and this implies that information of the energy differ-
ences (for example, the JT energy) extracted from the knowledge of the g
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factor is not accurate enough. Therefore, the optical spectra were used here
to obtain information on the energy distances. We shall now discuss details
of the spectra for particular crystals.

V2+ in ZnS

EPR measurements suggest a trigonal distortion. Some information on the
energy of this distortion can be obtained from the excitation band 4T,(F) —>

4T,(P) which is split (note that the configuration minima in the initial and
final states are at different coordinates Q). We estimate the energy £JT(4F)
of the trigonal distortion in the 4T,(F) level as 180 cnr '. The isotopie effect
is absent, as there is only one S nuclide (12S) with dominating abundance.
The NPL in the 4T2(F) 4T,(F) emission shows a 28 cnr1 tunnelling split-
ting £TIJ (Fig. 2a). The NPL has a first replica shifted towards lower energy
by 125 cm ' and, perhaps a second satellite in a distance of 280 cm"1.
These energies are assigned to local modes of V2+. Two local modes arise
when the host-crystal cation is lighter than the anion. Then a replacement
of the cation produces local modes, one near or above the optical and an-

other one near or above the acoustical phonons. A similar effect was ob-
served for Co2+ in CdSe [15] where the corresponding local modes were

measured as 138.5 and 226.4 cm"1.

V2+ in ZnSe

In this case the excitation spectra are similar to ZnS, however, the trigonal
distortion of the 4T,(P) level is smaller. We estimate EJT(4F) as 95 cm1.
The NPL shows 4 to 5 cm"1 spin-orbit splitting and has two replicas, shifted
by 12 and 32 cnr1 towards smaller energies (Fig. 2b) [2]. Furthermore, this
complicated structure has weaker replicas which involve low-energy shifts
corresponding to the lattice phonons TA(X) = 70, LA(L) ~ 160, and   ( )
~ 255 cm"1. The spin-orbit splitting ~4 to 5 cm"1 is comparable with that
in ZnS. The twofold shift of the phonon doublet by 12 and 32 cm 1 is
attributed to a distribution of Se isotopes. We remind that the differences in
the isotope masses do not cause such a large energy shift. They only ini-
tialize a possible additional distortion. An inspection of Table 2 indicates
that out of the four neighbours of V2+ two will be most likely 80Se. Then
two other sites can be occupied either by 78Se and 8()Se or by two 78Se
anions (resulting in a trigonal or orthorhombic distortion) or by 78Se and
one of the nuclei 76Se, 77Se, 82Se (triclinic distortion). Therefore, the main
trigonal distortion (e.g. bond stretching) can contain an admixture with an-

other trigonal distortion (e.g. bond bending) oriented in a different direction,
or an admixture of a tetragonal distortion. In such a case the adiabatic sur-
face of the main trigonal distortion does not possess axial symmetry and
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<no> <in> <       > <m> <ioo>

J-1_ _ _U_ _ _i_
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0 15 30 45 60 75 90 0 15 30 45 60 75 90
Rotation angle (degrees)

Fig. 4. Experimental (left) and calculated (right) angular dependencies of the triclinic
V2+ EPR spectra for (a) ZnTe [6] and (b) CdTe [8].
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various geometrical combinations of this surface lead to different energy
states (here shifted by 12 and 32 cm"1). It might be that the occurrence of
this family of V2+ centres prevents an EPR detection.

V2+ in ZnTe and CdTe

In these host materials the excitation spectra show only a broadening (no
clearly resolved splitting). EPR measurements clearly indicate a low-sym-
metry behaviour. In Fig. 4 the angular dependences and their theoretical
description are shown (more details are given in Refs. [6, 7 and 8]). The
origin of this distortion should be a JT effect involving both t2 and e vibran-
te modes. Furthermore, an inspection of Table 2 shows that the sites nearest
to V can be occupied by ,28Te, l3'Te and I26Te with varying distributions.
Therefore, in this case some structure is expected in the NPL as well. How-
ever, in comparison to ZnSe the relative changes of the mass are nearly
twice smaller and, most important, the JT coupling is weaker. From exci-
tation spectra we read 3 Ejt(4P) = 300 cm" ' and this implies £jT(4F) ==

65 cm"1. As a result, the NPL cannot be resolved and should be fairly
broad.

6. Summary
Estimations of JT coupling constants suggest a dominating trigonal distor-
tion that is indeed verified for the V2+ in ZnS by EPR. The NPL structure
is explained by a tunnelling splitting. For ZnSe, replicas of the NPL have
been assigned to isotopie shifts due to various Se nuclides. It is argued
that this isotope effect, producing a number of different centres concerning
symmetry and coupling strength, is the reason for the absence of an EPR
spectrum in ZnSe. The lower symmetry found at V2+ in ZnTe and CdTe is
originating from JT coupling involving both t2 and e vibronic modes. In this
case the possible isotope effect may lead to the weak-structured emission
spectrum.
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