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The main purpose of this article is to report the result of calculations for the low-lying energy
states of Fe?* in CdTe. The analysis is extended to the fairly standard case of Fe2* in ZnS as a
verification of the method and to allow a more direct interpretation of the results. Special atten-
tion is paid to the relative energy of the levels, wave functions, and oscillator strengths for the
far-infrared transitions. In doing so the crystalline field, spin-orbit interaction, spin-spin interac-
tion, and Jahn-Teller effect are considered by means of perturbation theory and diagonalization
of part of the Hamiltonian matrix. The results are found to be in satisfactory agreement with
the available experimental information of optical absorption in the infrared and far-infrared
spectrum. A comparison is also made with two previous different assignments for the optical
transitions; our results are consistent with the earliest of these proposals. Effective values for
crystal-field, spin-orbit, and Jahn-Teller parameters are calculated. The final eigenfunctions are

tabulated.

I. INTRODUCTION

CdTe and ZnS crystallize in the fairly well-known
zinc-blende structure. The atomic energy multiplets
are then split by the crystalline field (CF) leading to
new multiplets which can be furthter split by addi-
tional internal interactions such as spin-orbit (SO)
and spin-spin interactions. In this way we would ex-
pect that the only difference between the spectrum of
CdTe:Fe?* as compared to the one of ZnS:Fe?* would
be due to the slightly different strength of the crystal
fields. Moreover this difference would affect the
splittings due to the internal interactions of the Fe?*
ion only as a second-order effect. Therefore one
would expect that each line in the absorption spec-
trum of ZnS:Fe?* would have its counterpart in the
spectrum of CdTe:Fe?* and vice versa, allowing for
differences in the wavelengths of the absorbed radia-
tion. In Fig. 1 we show schematically the splittings
mentioned above showing the expected transitions
due to both electric dipole and magnetic dipole ab-
sorptions at very low temperatures.

However, the experimental results to be discussed
below show that the infrared lines of Fe?* in CdTe
are weaker than the corresponding lines for the same
ion in ZnS. It is also found that the far-infrared ab-
sorption spectrum of CdTe:Fe?* is more complicated
than the one for ZnS:Fe?*, showing more absorption
lines than those that can be expected from crystal-
field theory. The explanation for this different
behavior is to be found in the Jahn-Teller (JT) ef-
fect.! The larger masses of both Cd and Te atoms as
compared with Zn and S, respectively, make possible
that vibrational energies of the most abundant pho-
nons are comparable to the energy differences
between the electronic multiplets of Fe?* in CdTe. In
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this way the vibronic energy levels are almost degen-
erate in the adiabatic approximation, and even a weak
JT coupling could be important for interpreting the
spectrum. The lattice dynamics of both ZnS and
CdTe have been studied by means of neutron scatter-
ing?? and the results indeed show a larger number of
lower-frequency modes for CdTe than for ZnS. It is
one of the purposes of the present work to under-
stand the differences in the optical properties of these
two cases.

We summarize now the main experimental results
that are relevant to the formulation of the model to
be developed later.

a. ZnS:Fe’*. The infrared absorption spectrum
was determined by Slack, Ham, and Chrenko
(SHC).* In this work the energy separation 10 |Dg |
between the 3T, and 3E multiplets was reported to be
about 3400 cm™! and a first interpretation of the in-
frared spectrum was given. This spectrum was later
reinterpreted by Ham and Slack® (HS) by taking into
account the Jahn-Teller effect for the T, states that
quenches the spin-orbit interaction. The most impor-
tant transitions that are found at low temperatures
are listed in Table I. The far-infrared spectrum has
been determined by Slack, Roberts, and Ham®
(SRH); the main absorption lines are presented in
Table II. In addition this spectrum has also been stud-
ied in the presence of strong magnetic fields, allow-
ing for a clear interpretation of the lines7 in agree-
ment with SRH. Also the lowest-energy interval
between levels 1 and 2 of Fig. 1 show the expected
Schottky anomaly in the heat capacity corresponding
to a gap of about 15 cm™'.2

b. CdTe:Fe’*. The infrared absorption spectrum
gives a value of approximately 2480 cm™! for the
crystal-field-splitting parameter 10|Dg|.* A second
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FIG. 1. Schematic of the energy-level splitting of the
atomic ground multiplet D of Fe?* due to crystal-field and
spin-orbit interaction. The resulting levels are labeled with
the notation corresponding to the irreducible representations
of the group 7d. A sequential ordering with increasing ener-
gy is also given. The discontinuous and continuous arrows
correspond to allowed magnetic dipole and electric dipole
transitions, respectively.

determination of the spectrum followed by a critical
review of the assignment of the lines was done by
Slack, Roberts, and Vallin (SRV).? The most impor-
tant absorption lines that are found at low tempera-
tures are presented in Table I. The far-infrared spec-
trum was also determined by SRV’ using magnetic
fields to allow for a clearer identification of some of
the transitions. The most important absorptions that
are found in the far-infrared spectrum are listed in
Table II.

Different calculations have been able to explain
most of the experimental results summarized above.
Thus, the close spacing of the energy levels coming
from the °T, multiplet (see Fig. 1 and Table I) has
been explained as due to dynamical JT effects for the
case of ZnS:Fe?*.5 It is expected that such an effect
would be more pronounced in the case of CdTe:Fe?*
due to the fact that the TA branch of the phonon
dispersion curve for CdTe® has lower frequencies
than the corresponding one for ZnS.2 In this way
more vibronic states can mix weakening the absorp-
tion rates as it is found experimentally (see Table I).
We do not attempt here to calculate the JT effect for
the 3T, states because of the too many assumptions
about the modes, frequencies, and coupling parame-
ters that would have to be made. Instead we recog-
nize that such a JT effect would act as to quench the
orbital operators for the electronic configuration of
the impurity. We adopt then the approach of using
adjustable parameters for the crystal-field and spin-
orbit interaction. Thus we take the JT effect for the
3T, states into account indirectly and in a
phenomenological context.

The far-infrared spectrum of ZnS:Fe?* can be in-
terpreted in a straightforward way following SRH
(Ref. 6) in what we will call "interpretation 4" from
now on. The low-temperature absorption lines en-
countered in the experiments are attributed to mag-
netic and dipole transitions in the way shown by Fig.
2(a). It seems the case that the JT effect for the E
levels of Fe?* in ZnS is not significant enough to be

TABLE I. Low-temperature absorptions in the infrared spectra of ZnS:Fe?* and CdTe:Fe?*
showing the energy E of the transitions (SHC, Ref. 4), the measured oscillator strengths (SHC,
Ref. 4), and the assignments for the initial and final levels involved in the transition (HS, Ref. 5).

' CdTe:Fe?t

ZnS:Fe?*

E (cm™) £ (10%) Assignment? E (cm™) [ (10%) Assignment?
2947 50 (1-6) 2282 6 (1-6)
2966 2 (1-7) 2294 7 (1-7)
2986 0.5 (1-8) 2309 8 (1-8)

aAccording to Fig. 1 of this work.
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TABLE II. Most important absorptions in the far-infrared spectra of ZnS:Fe?* and CdTe:Fe?* showing the energy £ of the
transitions, the measured oscillator strengths f, and the assignment for the different transitions. (For simplicity we do not re-
port here the experimental error which can be found in the original articles.)

ZnS CdTe
E (cm™) Jo0d) Assignment? E (cm™") /(108) Assignment?
14.6° 0.7° (1-2)" 18.6¢ 1.5¢ (1=2)¢d
43.0° e Local® 36.0¢ ce TA(L)ed
48.0¢ ce TA(X)¢
, . (1—4)d
45.1b 4.0b (1—4)® 66.7¢ 3.0¢ (1-4)¢
S 1.5 (1-2)¢
73.2¢ 3.0¢ (1—4)cd
1.54
31.10f 0.3% (2—-4)® 54.8%f 1.54 (2—4)cd
3According to Fig. 1 of this work. dvallin, Ref. 10.
bSRH, Ref. 6 (sample R 118). ¢VSB, Ref. 7.

‘SRV, Ref. 9.

noticed in the absorption spectrum. On the other
hand the necessity of considering the JT effect for
the SE states of Fe?* in CdTe was recognized in SRV,
although no calculations along this line were report-
ed. In Fig. 2(b) we represent the assignment pro-
posed by SRV based on qualitative bases to explain
the low-temperature absorption lines; this will be re-
ferred to as "interpretation B" from now on. The JT
effect was considered for the °E states of Fe?* in
CdTe by Vallin'® without taking into account the JT
effect for the *T, multiplet and diagonalizing the JT
Hamiltonian with respect to a group of vibronic func-
tions formed in the adiabatic limit. The low-
temperature lines predicted by Vallin are shown in
Fig. 2(c) in what we shall call "interpretation C." It is
interesting to notice that in this interpretation it is
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FIG. 2. Interpretations of the spectrum of Fe2* in ZnS
and CdTe at low temperatures. M and E are magnetic di-
pole and electric dipole transitions. (a) Reference 6, (b)
Ref. 9, and (c) Ref. 10.

MTransitions present at temperatures much larger than 4 K.

proposed that the already weak (1—2) magnetic di-
pole transtition would give rise to two magnetic di-
pole transitions at very different energies once the JT
effect is considered. It is the main purpose of the
present work to examine the case of Fe?* in CdTe
more carefully than done so far taking into account
the JT effect for the 7T, multiplet in the way
described above and to calculate the JT effect for the
SE multiplet considering all the vibronic functions
that are relevant in the calculation of the oscillator
strengths. We perform the diagonalization of the
crystal-field and spin-orbit interaction in the way
presented in SRV, except that the parameters
describing the interaction are now allowed to be
quenched to explain a satisfactory adjustment of the
infrared absorption spectra. We then include the JT
effect in the way Vallin introduced it but the elec-
tronic functions are now different from those report-
ed by SRV which were used as the starting point in
the previous approach. We then calculate the oscilla-
tor strengths without neglecting a priori the contribu-
tion of some vibronic states as was apparently done
before.!® Our results for CdTe:Fe?* are consistent
with interpretation B which was proposed as a natural
extension of interpretation 4 but there was no model
calculation to support this proposal. As a conse-
quence of these results the intriguing second absorp-
tion line: associated with magnetic dipole transitions
proposed in interpretation C is not possible at all.
The eigenfunctions corresponding to the low-
energy states of the two systems are listed to allow
for applications of the present results to other prob-
lems. It would be of particular interest, for instance,
to attempt a calculation of the thermal conductivity
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of CdTe:Fe?* due to resonant scattering of phonons
by the electronic structure of the impurity.'! 12

Although the results of our calculations do not
modify the present understanding of the absorption
spectra of ZnS:Fe?* we maintain this case in parallel
to the one of CdTe:Fe?*. The simplicity of the far-
infrared spectrum of the former will allow us to
check the general method and to draw the final con-
clusions. However, the emphasis of the presentation
is on CdTe:Fe?*.

We have divided this article in six sections. In Sec.
II we include a very brief presentation of the crystal-
field Hamiltonian. In Sec. III we present the treat-
ment of the spin-orbit interaction. In Sec. IV the JT
effect for the £ multiplet is introduced and the final
wave functions are reported. Section V is devoted to
the calculation of the oscillator strengths for the dif-
ferent transitions. In Sec. VI the results are dis-
cussed and the main conclusions are given.

II. CRYSTAL FIELD

The lowest-energy level of the free ion Fe?* is °D
as can be found by direct application of Hund’s rules.
The Hamiltonian for the CF in cubic symmetry of
tetrahedral coordination'? reduces to the form

V(r,®,¢)=r"(BCY +BiCE+B4CY) | 1)

where r, 8, and ¢ are spherical coordinates that
describe the position of a d electron with respect to
an origin fixed at the center of the iron nucleus. B/"
is a coefficient of the expansion. C,'™ (8, ¢) is a
spherical tensor related to the spherical harmonics.

The 25 electronic states can be labeled by using the
basis functions of the representations of the group
7,. Since S =L =2 in the ion, we can make use of
the reduction of the representation D? of the group
R (3) with respect to the representations of the group
TdZ

D2_’E+T2 .

By means of angular momentum techniques!* we
can calculate the splitting of the free ion’s ground
level due to the crystal field. The results of such a
calculation show that there are two multiplets: the
upper one has orbital symmetry 7, with total degen-
eracy of 15; the lower one has orbital symmetry E
with total degeneracy of 10. This is shown in the
left-hand side of Fig. 1.

The five spin functions can now be labeled as 0, e,
x, y, 2.'% Exactly the same can be done with the five
orbital functions. The 25 electronic functions will be
denoted as |ij ) where both i and j run independently
over 6, €, x, y, and z. We follow the convention that
the first symbol in the ket denotes spin symmetry
while the second one denotes orbital symmetry.

With this notation the 15 states of the upper mul-

tiplet can be written as |ix), i), and |iz), while the
10 states of the lower multiplet can be written as |i9)
and |ie), where i/ runs over the five independent spin
functions.

III. SPIN-ORBIT INTERACTION

The Hamiltonian of the SO interaction has the
form

HSQ=K§'TJ y (2)

where A depends on the properties of the radial wave
functions of the atomic multiplet of Fe2*. For the
free ion'® [\| =100 + 10 cm™!. S and L represent the
total spin and angular orbital momentum, respectively.

The electronic functions can be symmetrized so
that the new set transforms as basis functions for the
irreducible representations of 7,. The 10 functions
of the lower multiplet are given in Table 1II while the
15 functions of the upper multiplet are given in Table
Iv.

The matrix elements of the total Hamiltonian (CF
plus SO) are calculated by means of representation of
the S and L operators'” with respect to the spin and
orbital functions, respectively. The results agree very
well with SRV.? The only difference is that our func-
tions are defined in terms of the basis functions of
the group 7, instead of using angular momentum
functions as in the previous work. Since our final
calculation includes JT effects it is advantageous to
formulate the problem in terms of the point sym-
metry at the crystal site.

Let us summarize here the main general results.

(a) It is found that diagonalization of the matrix
should be used to obtain more exact values.’

(b) The ground multiplet splits into five levels: Yis
¥4 Y3, s, and vy, (the listing is given in terms of in-
creasing energy). The upper multiplet splits into six
levels which can be ordered in the following way in
terms of increasing energy: I's, Ty, '3, ['s, T}, and
I'.."> These eleven levels will be identified by the
numbers 1,2, ..., 11 in order of increasing energy
whenever we refer to them (see Fig. 1.).

(c) Absorptions from the two lowest levels to the
upper ones are possible according to Table V.

The results for each compound will now be dis-
cussed bearing in mind the three interpretations
shown in Fig. 2.

a. ZnS. When the values A=—100 and Dg
=—340 are used in the diagonalization process the
energies of the eleven levels are the following: 0.0,
14.7, 29.5, 47.3, 65.5; 3177, 3382, 3401, 3672, 3700,
and 3731. The energies can be varied by letting A
take different values. In this way the absorption at
14.6 and 45.1 cm™! can be explained. However,
there is no way to explain the line at 2947 cm™! and
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TABLE IIl. Eigenfunctions of the 10 states belonging to the lower electronic multiplet. N denotes the normalization factor
(g=3). '
Irr. rep.  Function N2 |66) |ed) |x0) [ve) |z0) |6€) le€) |xe€) |ve) |z€)
v2 }b) 2 —1 1
|x) 4 -1 g
s I») 4 -1 -2
|2) 1 1
16) 2 -1 1
73 [€) 2 1 1
|u) 4 -8 -1
Ya [v) 4 g -1
{w) 1 1
Y1 la) 2 1 1

others very close to this one unless |Dg | and |y| are
reduced.

b. CdTe. For A=—100 and Dg =— 248 we find,
after diagonalizing the Hamiltonian, the following en-
ergies: 0.0, 18.6, 37.3, 61.5, 86.7; 2281.8, 2487.9,
2516.2, 2775.9, 2813.7, and 2853.5. Again the ener-
gies of levels 2 and 4 can be adjusted to get partial
agreement with the experiment by means of either
interpretation B or C. However, we still find that the
levels originating from the upper multiplet are too
spread out to be consistent with the interpretation of
the infrared spectrum.* '

The experimental evidence shows that the levels
that originate from the upper multiplet are much less
spread out than predicted by the calculations de-
scribed above. On the other hand the "center of

gravity" of the upper multiplet seems to be decreased
in energy. At least two causes can be proposed to ex-
plain these deviations from simple crystal-field calcu-
lations: (1) The mixing of the lowest atomic multip-
let with some of the nearest excited atomic multip-
lets. However one can expect that such corrections
would contribute a few cm™! at the most. (2) The ul-
timate reason seems to be in the dynamical JT effect
that will act on the states of the upper multiplet.

It is almost impossible at the moment to perform
ab initio calculations of the actual quenching factors
for the states of the upper multiplet. There are two
vibrational modes £ and six vibrational modes T, for
the tetrahedron. This means that three vibrational
frequencies are unknown. The linear coupling con-
stants between the electronic system and each of the

TABLE IV. Eigenfunctions of the 15 states belonging to the upper electronic multiplet. N denotes the normalization factor

(g=\/§),
Irr. rep. Function N2 [6x) lex) Ixx) Dx) lzx) lov) ley) lxp)  Dby) lzv) 162) lez) Ixz) lyz) lzz)
r, [4) 3 1 1 1
18] 12 g -1 -2 2
r; V') 12 2 - 1 =2
|w") 3 -1 ] -1
X" 20 g -3 2 2
T [Y") 20 2 g -3 2
1z") 5 1 1 —g
®) 6 -1 -1 2
|E) 2 1 -1
|U) 6 -~z -1 —1 1
r, V) 6 1 g -1 -1
| W) 6 -1 1 2
1X) 10 -1 g g g
I [Y) 10 g -1 - g
- 12) 10 g g 2




4516

TABLE V. Allowed absorptions originating from the two
lowest levels after spin-orbit interactions. £: electric dipole
transition; M: magnetic dipole transition; 0: no dipole tran-
sition. This table is applicable to Fe2* in both CdTe and
ZnS.

Level Irr. rep. Type of absorptions
initial level: 7y, Ya
11 r, 0 M
10 1WA M E+M
9 I E E+M
8 Iy 0 M
7 Iy M E+M
6 Iy E E+M
S Y2 0 E
4 vs E E+M
3 Y3 0 E+M
2 Y4 M e
1 Y1 RN

three vibrational energies are also unknown. Al-
though several assumptions can be made in order to
get an understanding of the JT effect in the upper
multiplet, such an approach is not within the scope of
the present article. We simply assume that the
Jahn-Teller effect will act strongly on levels Iy, I's,
I's, and I';5 because there are many vibronic levels
with symmetries I'y and I's so the mixing of the
zero-quantum states with one-quantum states will be
pronounced. As a matter of fact, one has to form

10 x 10 matrices to study the linear JT coupling that
affects the zero-quantum states I'y or I's (considering
only one phonon). As a result of this analysis one
should get large reductions of the spin-orbit correc-
tions for states of I'y or I's symmetry. The quenching
factors are not so pronounced for the state I'; as in

EUGENIO E. VOGEL AND JUAN RIVERA-IRATCHET
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the case of I'y and I's states. A 4 X 4 matrix will be
enough to include all those one-quantum vibronic
levels that couple directly to the zero-quantum state.
Now we make two assumptions in order to get
some understanding of the splitting of the lower mul-
tiplet. In the first place, we assume that the separa-
tion A between the two multiplets is less than
10|Dg |; this is due to the JT effect. We define an
"effective |Dg |" (denoted by D) which can be adjust-
ed so as to give the absorption connecting the levels
viand T's (1 and 6). In the second place, we assume
that the quenching of the SO interaction is total for
states of symmetry I'y or I's in the upper multiplet.
The quenching of the spin-orbit interaction for the
state I'; is taken as partial. Its value can be obtained
by adjustment of the calculations for the y; to y,
transition (1 to 2). The quenching of the SO interac-
tion for the states of I'3—although it should be inter-
mediate between the two previous cases (the mixing
is now described by a 6 X 6 matrix) —will be taken as
total since there is not experimental information to
clearly identify the location of the y; and I'; levels.
With the assumptions described above we can re-
formulate the diagonalization of the SO matrices due
to the SO interaction. It is also possible to incor-
porate the weak spin-spin interaction that is also
present. Such a Hamiltonian within an atomic mul-
tiplet!® of common spin and orbital angular momenta
can be written as

H55=“‘p[(§‘t)2+%(§'r)] ’ (3)
where S and T play the role of dimensionless opera-
tors isomorphic to spin and orbital angular momen-
tum operators, respectively. The factor p gives the
magnitude of the interaction; its theoretical value'® is
0.18 cm™.

We give now one typical matrix for each irreducible
representation of the group 7,:

a A
A, a|—6D —24p f(2x =3p) ,
Alf(2x=3p) 4D +2xR, —27p
9 e
E, 0|-6D—12p  g(2x +3p) ,
®lg(2x +3p) 4D —xR,—13.5p
w w w’
_ w|-6D—18p  —f(x+15p) g(2x —3p)
Ty wil-fr(x+1.5p) 4D —xR,~1.5p 0 e
W' g(2x —3p) 0 4D +2xR{ —15p
z zZ zZ'
_z| —6D—6p —p(6x +21p) —g(2x —3p)
T3 zl-p(6x +21p) 4D —3xR,—14.1p 0 :

Z'|—q(2x-3p) 0

4D +2xR; —5.4p
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where f =6, g =3, p =0.1, ¢ =0.6, x = ||,
and D represents the absolute value of the effective
Dgq.

The quenching of the SO interaction within the
upper multiplet is taken into account by means of the
reduction factors R,, R,, R, R{, R,, and R,. These
reduction factors are defined as the ratio of the effec-
tive spin-orbit coupling constant with respect to the
free ion coupling constant. The matrices above are
very general. In particular, if we make D = |D,,|,

=100, p=0, and Rﬂ=Re=R[=R|I = R2=Rzl
=1, we obtain the numerical results that were dis-
cussed above.

The contribution of the spin-spin interaction to the
splitting of the levels of the lower multiplet is hard to
separate from the splitting caused by the spin-orbit
interaction. We found that it is possible to adjust the
energies of the lower levels using continuous values
of x and p. Since the theoretical value of p is so
small, we just neglect the spin-spin interaction in the
face of CF and/or SO coupling constants. The effect
of this is that the value of x that fits the energies of
the lower multiplet will be somewhat larger than the
true spin-orbit coupling parameter.

The quenching of the orbital operators for states of
the upper multiplet is considered next. According to

the way that was described above this can be done by

simply making R,=R ;=R =R,=R; =0.0 while
R, is taken as an adjustable parameter.

Now we are ready to diagonalize the matrices with
three parameters to be varied: D, x, and R,. Itis
found that D is fixed by adjusting the absorption line
between levels 1 and 6. The value of x is determined
fundamentally by adjusting the hot line between lev-
els 2 and 4. The value of R, affects the energy of
the ground state so it can be obtained by adjusting
the absorptions between levels 1 and 2. In this way

this is not a random adjustment of energy levels with
three parameters but rather a directed adjustment by
taking into account the relative importance of each
parameter. An iterative procedure is necessary in any
case. '

We now give the results of the adjustment for each
compound.

a. ZnS. It was found that the best set of parame-
ters that gives good results is: D =289 cm™!, x =87
cm™!', and R, =0.15. Then the energies of the levels
1 through 11 are the following: 0.0, 14.5, 29.9, 45.3,
60.9; 2951, 2951, 2982, 2967, 2997, and 3042 cm™'.
The agreement with the experimentally observed ab-
sorptions* ¢ at low temperatures is very good. The al-
lowed transitions identified by the experiments are
14.6, 45.1, 2947, 2966, and 2986 cm™' (the experi-
mental error is omitted). The hot line experimentally
determined at 31.1 cm™! is also consistent with a
transition between levels 2 and 4 at 30.8 cm™'. The
theoretical hot line between levels 2 and S at 46.4
cm~! would be masked by the strong cold line at 45.3
cm~! and by the presence of the local mode at 43
cm™".7 The rest of the possible transitions between
levels of the lower multiplet are either small or for-
bidden by selection rules. These points will be made
more clear when discussing the oscillator strengths
for the transitions, in Sec. V.

It is interesting to form the ratios between the ac-
tual parameters used in the adjustment and those
determined when the quenching factors do not play
an important role (|Dg| =340 cm™" and |A]| =100
cm™).

D/|Dq|=0.85; x/I\|=0.87; R,=0.15 . (4)

b. CdTe. In this case the best set of parameters

that give good results are D =219 cm™!, x =99, and
R, =0.75. The energies of levels 1 through 11 come

TABLE VI. General expression for typical eigenfunctions after spin-orbit interaction for the
lower multiplet of Fe?* in both CdTe and ZnS. The energies of the levels are also given for the

best values found in the adjustment.

Energies (cm™!)

Irr. rep. Symbol General expression CdTe ZnS
) |6) c,lb) 96.5 60.9
s [z) cslz) +8512) +8512") 70.0 45.3
3 l9) c310) +8;10) 44.1 29.9
Ya lw) calw) +8,| W) +84| W) 18.8 14.5
Y1 la) crla)+8,14) 0.0 0.0
Effective |Dg| (cm™") 219 289
Spin-orbit parameter (cm™!) 99 87
Reduction factor for state I' 0.75 0.15
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TABLE VII. Coefficients for the eigenfunctions belonging to the lower multiplet of Fe?* in both
CdTe and ZnS. The evaluation was performed with the parameters that give the best adjustment

of the energy levels.

CdTe ZnS
Irr. rep i ¢ 3; ¢ 3; 5/
¥, 2 +1.0000 +1.0000
Vs 5 +0.9941 +0.0842 +0.00688 +0.9973 +0.0567 +0.00463
V3 3 +0.9885 —0.1512 +0.0047 —0.1026
V4 4 +0.9833 +0.1051 —0.1487 +0.9922 +0.0720 —0.1018
Y1 1 +0.9808 -0.1952 +0.9899 —0.1415

out to be: 0.0, 18.8, 44.1, 70.0, 96.5; 2286, 2286,
2339, 2313, 2364, and 2533 cm™!. The agreement
with the experimental results*® is satisfactory within
the framework of interpretation B. The allowed tran-
sitions would then be 18.6, 67.6, 73.2, 2282, 2294,
and 2309 cm™'. According to interpretation B the
theoretical line at 70 cm™! splits into two lines of
comparable intensities. Then the lines at 66.7 and
73.2 cm™! can be explained by the presence of a weak
Jahn-Teller coupling that would remove a degeneracy
of vibronic states. The hot line at 54.8 cm™! would
correspond to a transition from the level with energy
18.8 cm™! to the level at about 73.2 cm™'. The high-
temperature transition between the levels at 18.8
cm™! and 67.6 cm™! would be masked by the absorp-
tion lines of the local modes. (This would contribute
to the structure of the high-temperature spectrum
from 40 to 50 cm™'.) The ratios between the
quenched and unquenched parameters are now the
following (|Dg| =248 cm™' and |\| =100 cm™):

D/|Dq|=0.88; x/IA[=0.99; R,=0.75 . (5)

The results for ZnS show that no further interactions
need to be included to explain the spectrum of Fe?*.
However, in the case of Fe** in CdTe there is evi-
dence of the existence of in-band resonant modes
with energies comparable to the energies of the elec-
tronic state. Then, some of the vibronic states can
be degenerate and even a small JT coupling can shift

the zero-phonon states appreciably. The eigenfunc-
tions and energies of the different states of the lower
multiplet are given in Table VI for both Fe?*:CdTe
and Fe?*:ZnS. The parameters that give the best
adjustment of the energy levels are then used to
evaluate the coefficients in the eigenfunctions. These
coefficients are tabulated in Table VII.

IV. JAHN-TELLER EFFECT

The local modes corresponding to the vibrations of
the tetrahedron can be classified according to the ir-
reducible representations of the group 7,. The fol-
lowing normal modes are readily found!®: 4., E, T},
and 27,. The only modes that would couple to the £
orbital electronic states of the lower multiplet are 4,
and E. The so-called breathing mode does not modi-
fy the spectrum. The two modes corresponding to
the E representation will be designated by ® and e.

The vibrational Hamiltonian has the form

H,=fw(agag+alac+1) , (6)

where #w is the vibrational energy for modes £. The
creation (a') and annihilation (a) operators satisfy
the usual commutation relations.?’ The normalized
eigenfunctions of H, will be denoted by |nm ), where
n is the ® quantum number while m is the € quan-
tum number. The following properties are often
used in the calculations

aglnm)y = +D"2n+1m), allnm)=(m +1)"V2nm +1) ,

aglnm)=n"ln —1m), adnm)=m"?lnm —1) .

The zero-order vibronic functions in the limit of
weak JT effect can be formed by combinations of
products of vibrational and electronic functions. In
doing so we follow closely the work by Vallin.!®
The product wave functions will be denoted as
le,nn ), where e represents the electronic function

)]

while nm represents the vibrational function. The ac-
tual vibronic functions (with specific symmetry prop-
erties) will be denoted as |(#N)s), where r represents
the original electronic representation, N represents
the total quantum vibrational number (N =n +m),
and s is one of the symbols that corresponds to a
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basis function of the irreducible representations of
the group 7,. In defining the vibronic functions we
neglect the mixing with the upper multiplet due to
SO interaction. The most important zero-order vi-
bronic functions are listed in Table VIII.

The Hamiltonian for the JT effect can be written in
the form?!

HJT=K[(a;+a9)D9+(a:+a,)D,] ) (8)

where Dg and D, are dimensionless operators that
act on the orbital coordinates of the electron. K plays
the role of a coupling constant for the JT effect in
such a way that the JT energy is given by

E;T_=K2/h'w .

_The matrix representation of the operators Dg and
D, on a base formed by orbital ® and e functions
are the following!”:

-1 0 0 1
Dg= 0 +1 P<=lt o 9)
By using Egs. (6)—(9) we can calculate the matrix
element of the Hamiltonian
HI=HV+HJT (10)

with respect to the zero-order vibronic functions
given in Table VIIL.

The spectrum of Fe?* in ZnS is well explained by
the spin-orbit interaction. We make the assumption

TABLE VIII. Zero-order vibronic eigenfunctions. The
product of the electronic and vibrational functions is denot-
ed by |e,nm ). The zero-order vibronic eigenfunction is
denoted by |(rN)s) identifying the irreducible representa-
tion of the electronic part r, the total number of vibrational
quanta N, and the isomorphic basis function of the group
T, (a=1/v2.)

Zero-order vibronic Expression
1(20)b) |6, 00)
1(31)6) al6,01) —ale, 10)
[(51)z) |z, 10)
[(50)z) |, 00)
[(42)z) [w, 11)
|(41)z) |w, 01)
[(51)w) |z,01)

[ (42) wb) alw,20) +alw, 02)
| (42)wa) —al|w,20) +alw, 02)
[(41)w) [w, 10)

| (40)w) |w, 00)
1(30)6) |9, 00)
[(11)8) la, 10)
|(31)a) ale, 10) +ale, 01)
[(10)a) - |a, 00)

that there is no Jahn-Teller effect that will show up
in the far-infrared spectrum of Fe?* in ZnS. This can
be due to two main reasons. One is that the JT cou-
pling with E orbital states is rather weak for Fe?* in
ZnS, CdTe, and other compounds of the same crystal
structure. The other reason is that in-band resonant
modes of Fe?* in ZnS have higher frequencies than
those of Fe?* in CdTe so the degeneracy that is
present in the latter (see below) is not present in the
former.

In the case of Fe?* in CdTe the spectrum is not
completely explained by the SO interaction. The JT
effect can be incorporated by means of either in-
terpretation B or interpretation C shown in Fig. 2.
Since the former was already discussed in the previ-
ous section we begin the discussion with the latter.
According to this interpretation!® the line at 66.7
cm~! would be due to an absorption from the ground
state to the second excited states that transform ac-
cording to the irreducible representation y,. We have
not found a consistent way of making such an assign-
ment. After the JT effect has been considered in
first approximation, the ground state is a mixture of
states |(10)a ) and |(31)a) with a larger coefficient
for the former one. In the same approximation the
excited states under consideration would be mixture
of states |(41)w), [(40)w), [(42)wa), |(42)w?),
and |(51)w) and similar ones for states v and v. In
both states the admixtures are of the same order of
magnitude. This makes it difficult to understand why
one can neglect the admixtures of states a while this
is partially maintained for states w. When nothing is
neglected the oscillator strength for such a transition
comes out much weaker than the value reported by
Vallin.'® On the other hand, in order to make the as-
signment of interpretation C the energy of the first
excited state w should decrease while the energy of
the second excited state w should increase [see Fig.
1(c) of the Vallin article'!]. This would occur if (and
only if) the contributions from the states |(42)w?)
and |(42)w?) are neglected. When nothing is
neglected, the energy of the second excited state of
symmetry w is also decreased.

In spite of these difficulties we performed complete
first-order diagonalizations according to interpretation
C. (We considered 5 X 5 matrices for states w, 4 X 4
matrices for states z, and 2 X 2 matrices for states a.)
The SO parameter |A| was allowed to vary in the
range from 85 to 100 cm~!. The vibrational quantum
fiw that would cause the JT coupling was allowed to
take values between 25 and 50 cm™!. In each case
the Jahn-Teller coupling constant K was varied seek-
ing a good adjustment of the energy levels according
to interpretation C. However, it was impossible to
explain the low-temperature line at 66.7 cm™' as well
as the hot lines (interpretation B). The same pro-
cedure of diagonalization described above was used
here. It was found that modes with vibrational ener-
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TABLE IX. Functions and energies of the states of Fe2* in CdTe after the Jahn-Teller effect has been considered. A final
state is designated by a symbol according to the irreducible representation under which it transforms.

Irr. rep. State Final function in terms of zero-order vibronic eigenfunctions Energy (cm™!)
vy 18" 0.7643|(20)b) —0.6449|(31)5 ) 100.3
v |6) 0.6447/(20)b) +0.7644((31)b) 91.7
s |z") 0.6905/(41)z) +0.7203(50)z ) —0.0459](42)z) +0.0476](51)z) 72.9
Va4 [w"y 0.0569/(40)w) +0.9945[(41)w) —0.0303|(51)w) —0.0601|(42) w?) —0.0565](42) wb) 69.8
¥s |z} —0.7192](41)z) +0.6885](50)z) +0.0379|(42)z) +0.0359|(51)z) 66.9
¥4 16"y 0.9368/(30)6) +0.3498|(11)6) 523
3 1)  —0.3499|(30)8) +0.9368](11)0) 43.2
Y4 |w) 0.9978((40)w) —0.0587[(41)w) —0.0293|(51)w) 18.7
y1 la) 0.9990[(10)a ) —0.0446](31)a ) 0.0

gy kw of about 49 cm™! should be chosen as responsi-
ble for the Jahn-Teller coupling. For the values of
the crystal-field and spin-orbit parameters given in
Table VI we found that fw =51 and E;+=0.17 (both
in cm™!) give good agreement with the experiment.
The results of this analysis are summarized in Table
IX. If the absorptions at 36 and 49 cm™! are due to
local modes of the system as suggested in SRV, the
low-temperature spectrum of Fe?* in CdTe is now
simple to explain as will be done in the next section.

V. OSCILLATOR STRENGTHS

We will not develop here any theoretical aspect of
oscillator strengths of transitions. This can be found
in quantum-mechanics texts or in the already cited
literature.*%?

For an electric dipole transition the oscillator
strength between levels / and F can be expressed in
the form

2mEH

L(LF) =
feL R =20

SUIRIFFYI? an
if

while the oscillator strength for a magnetic dipole
transition can be arranged in the form

Eg(n E/Eefr)2

S (LF) =
" 2ﬁ'2m(‘2d/

S il IE 12 . (12)
if

In this equation m represents the mass of the elec-
tron; Er = Er — E, is the energy difference between
the levels involved; d; represents the degeneracy of
the level occupied just before the transition occurs;
the sum over / involves all the d, states that are de-
generate in level /, while the sum over f runs over
all the states that are degenerate in level F. The
speed of light is represented by the usual symbol c; »
represents the refraction index of the substance, and
€/ e is the ratio of the average electric field in the

crystal to the effective electric field at the location of
the Fe?* ion. .

For simplicity we have chosen electromagnetic radi-
ation propagating in the direction of the positive x
axis and polarized in the direction of the z axis. Elec-
tric dipole matrix elements involve R, = Eﬁ‘,é,
where T; is the position vector of the ith electron and
Z is a unit vector in the direction of the z axis. The
matrix element (/i |R,|Ff) vanishes when the mix-
ing due to SO interaction is neglected. When this
mixing is considered, matrix elements between orbi-
tal states have been guessed* to be about 0.1 A un-
less they vanish.

In the matrix element (/i|J,|Ff), the angular
momentum operator can be taken as the spin opera-
tor since the orbital angular momentum contribution
to the magnetic moment can be neglected. Matrix
elements between spin states have a value 2%, unless
they vanish.

For cubic crystals the ratio €/e. is given in a rough
approximation?? by the Lorentz local-field. ratio,
namely,

ei/e=+(n+2) , (13)

where # is the far-infrared refraction index of the
substance. The experimental values for n2 in CdTe
(Refs. 23 and 24) and ZnS (Ref. 25) are 9.7 and 8.3,
respectively.

For ZnS:Fe?* the electric and magnetic dipole
transitions are illustrated in Figs. 3(a) and 3(b),
respectively. The experimental line at 14.6 cm™! cor-
responds to a 1—2 magnetic dipole transition )
(y1—7y4). The intense line at 45.1 cm™! corresponds
to a 1—4-(y, —vys) electric-dipole transition. As for
the hot lines, we see that the line 2—3 (3—4 and 4—5
also) is masked by the 1—2 transition. Something
similar happens with the 2—5 line which is masked by
the 1—4 transition. This is a consequence of the ap-
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FIG. 3. Oscillator strengths in units of 1078 for absorp-
tions of electromagnetic radiations within states of the lower
electronic multiplet of Fe?* in ZnS (|(/i|R,|Ff)|=0.1 A;
neq/€=9.9).

proximate equal spacing between successive levels.
So we are left with the 2—4 transition as the only ad-
ditional one to be observed at high temperatures; this
is the hot line at 45.3 cm™!.

For Fe?* in CdTe the analysis is not obvious. The
electric and magnetic dipole transitions are illustrated
in Figs. 4(a) and 4(b), respectively. (Since the low-
temperature spectrum over 80 cm™! is very compli-
cated we will only study those levels with energy less
than 80 cm™!.) Three low-temperature lines are
clearly predicted. The magnetic dipole transition
v1— v4 explains the experimental absorption at 18.6
cm~!. The splitting of the electric dipole line into a
¥1—7vs and y, — ys transition explains the experi-
mental lines at 66.7 and 73.2 cm™!, respectively. The
high-temperature line at 54.8 cm™! is explained by a
v4— 5 transition. We also obtain a hot line at about
34 ¢cm™! which is shown in the spectrum as a slight
bump in the high-temperature spectrum around 36

ELECTRIC Im. MAGNETIC
80 dipole Rep. dipole B
v
Y.
73 8 ST = ]
o Ys
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> 40 ¥ |
o o
& 3 9 S8 g3 s
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W ol Y. o
o
0 Y.
(a) (bl

FIG. 4. (a),(b) Oscillator strengths in units of 1078 for
absorptions of electromagnetic radiation within states of the
lower electronic multiplet of Fe2* in CdTe. Vibronic func-
tions are used. Oscillator strengths under 10~ are not in-
cluded (| (Li|R,|Ff)|=0.1 &; ne,efe=12.1).

cm™'.? The rest of the allowed transitions are much
weaker and would be difficult to identify in the ex-
perimental results.

VI. CONCLUSIONS

Several conclusions can be drawn from the results
above.

The values of D (effective |Dg|) are smaller than
the experimental values both for CdTe:Fe?* and
ZnS:Fe?*. The experimental values were obtained
in a way that the JT effect can be neglected. Then, it
is reasonable to assume that this effect causes the
quenching of the splitting of the two multiplets.
Average JT energies for the upper multiplet have
been estimated to be 535 cm™! for ZnS and 255 for
CdTe.* This implies a larger quenching for ZnS than
for CdTe. The first of the ratios in Eqs. (4) and (5)-
verifies this property in a qualitative way. Since the
vibrational modes that couple to the electronic states
of the upper multiplet are not known, a quantitative
analysis is not possible at the moment.

The values of x (absolute value of the SO interac-
tion for matrix elements connecting the upper and
the lower multiplets) are smaller than the theoretical
value for both CdTe:Fe?* and ZnS:Fe?*. Such a
value'® corresponds to the free ion, so the JT effect
was not considered. The role of this effect in the
quenching of the SO interaction is clear from the
second of the ratios in Eqgs. (4) and (5). The reduc-
tion of the spin-orbit parameter is more pronounced
for ZnS than for CdTe in accordance with their
respective JT energies. This effect would be even
more pronounced if the spin-spin interaction (which
is not quenched) could be separated out. The reduc-
tion of the SO interaction in the upper multiplet is
large. Again, we lack knowledge of the actual JT
coupling to achieve a quantitative analysis. However,
the phenomenological treatment gives good results.
The reduction is larger for ZnS than for CdTe accord-
ing to the values of .R, in Egs. (4) and (5). This can
also be understood from the point of view of the re-
lative sizes of the atoms. The ionic radius?® of Fe?*
(0.76 A) is very similar to the ionic radius of Zn?*
(0.83 A). This means that the substituted ion is well
trapped among its neighbors and the JT coupling
should be relatively important. The ionic radius of
Cd?* (1.03 A) is larger than the radius of the substi-
tuted ion. The Fe?* ion in CdTe is not well trapped
among the neighbors so the JT coupling is less im-
portant than that in ZnS.

The JT effect for the states of the lower multiplet
is negligible in most cases. The orbital electronic
states belong to the £ representation and the coupling
seems to be rather weak. However, an interesting
phenomenon occurs when the vibrational quantum
corresponding to the Jahn-Teller phonons possess an
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energy very close to the energy difference between
electronic states. In this case vibronic states that
differ in one vibrational quantum are degenerate. In
such cases even a weak JT coupling can cause modifi-
cations to the vibronic spectra. In ZnS the spectrum
shows no evidence of this effect.

The oscillator strengths that were calculated in the
previous section agree well with the experimental
determinations. The agreement is within a factor of
2 or 3 due to the approximations that were intro-
duced. The electric dipole oscillator strengths are un-
certain due to the estimate of the matrix element of
the sort | (i |R,|Ff)|. When values less than 0.1 A
are tried for this integral better adjustment is ob-
tained for the electric oscillator strengths. The mag-
netic oscillator strengths are uncertain by the ratio
€.ii/ €, since Eq. (13) is a very rough approximation.

It would be desirable to determine the spectroscop-
ic properties of several magnetic impurities in all of
the II-VI compounds in order to get a better under-

standing of these effects. Independent experiments
based on neutron scattering would give a definite
proof on the existence of one or two lines due to
magnetic dipole transitions. It would be also desir-
able to know the information that polarized absorp-
tion spectra in the far infrared can provide for Fe* in
ZnS and CdTe. None of the above experiments is
known to the authors.
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