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Samples of crystalline CdTe doped with two different concentrations of iron were prepared by the
vertical high-pressure Bridgman method. Absorption and emission spectra were recorded at liquid-
helium temperature in the region of the 3T,(D)="E(D) infrared transitions of substitutional Fe?*(d°®)
ions. Espécially in the range between 2200 and 2300 cm ™', a rich structure is resolved comprising more
lines than predicted from plain crystal-field theory. The explanation of all the important lines is found
after introducing a vibronic Jahn-Teller term to the Hamiltonian. A linear coupling between the
double-degenerate vibrational mode € (or y3) to the electronic orbitals of the atomic multiplet of symme-
try °D leads to the diagonalization of the total Hamiltonian in a set of vibronic functions. Just one free
parameter is used in the adjustment: the so-called Jahn-Teller energy representing the strength of the
coupling. The corresponding value that we report here is 3 cm~!. The energies thus found are in good
agreement with the positions of the observed lines in the spectra. With the final wave functions we can
calculate the relative intensities of the most important transitions and approximate theoretical line
shape. This is also in good agreement with the experiment. Using these same energies and wave func-
tions a calculation was performed to explain data existing in the literature about far-infrared absorption
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for the system CdTe:Fe?*. Again, good agreement between experiment and theory is found.

I. INTRODUCTION

The usual ionization state of substitutional Fe in zinc-
blende compounds is Fe’* which corresponds to a 3D
atomic multiplet. The tetrahedral crystalline field on a
cation site splits these 25 states into an excited T, level
and the ground level >E. We use the notation corre-
sponding to the irreducible representations of point
group T, to label the states and wave functions. (The
equivalent greek-letter notation will be preferred for vib-
ronic states.) Spin-orbit interaction further splits these
levels, producing a scheme such as the one presented on
the left-hand side of Fig. 1. Both crystal-field and
spin-orbit interactions cause admixture with other excit-
ed atomic multiplets; this influence is not explicitly
shown in the energy-level diagram.

We discuss below the low-temperature luminescent
transitions originating from the T, level, the lowest one
in the excited multiplet. The electric-dipole operator
transforms as the irreducible representation T, (or T
from now on) of T;. Then, the allowed transitions should
lead to levels in the low multiplet with symmetries con-
tained in the reduction of the following Kronecker prod-
uct:
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T2®F5—>A1+E+T1+T2 . (1)

Plain crystal-field theory predicts that the ground mul-
tiplet splits into five equally spaced levels of symmetries
A,, Ay, E, T, and T,, which allow luminescent transi-
tions to the four of them explicitly shown in Eq. (1), fol-
lowing selection rules for electric-dipole transitions
(EDT’s). For reasons to be discussed below magnetic-
dipole transitions (MDT’s) are weaker than EDT’s but
still of interest here and will be considered in our calcula-
tions. The prediction of this introductory model is a
luminescent spectrum formed by four equally spaced
lines.? They are shown as downward arrows on the left-
hand side of Fig. 1, where the transitions are labeled as
L1, L2, L3, and L4 in order of decreasing energies. The
predicted intensities are such that L1, L3, and L4 are ap-
proximately of the same intensity while L2 should be
markedly stronger (EDT only)."?

The experimental information available for Fe?' in
III-V compounds of zinc-blende structure shows general
but not total agreement with this scheme. This is the
case for GaP:Fe?* 5 GaAs:Fe?t %7 InP:Fe?t 571
and InAs:Fe’*.® Generally speaking the main charac-
teristics of these spectra are the following: (a) The num-
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ber of important lines is four; (b) their relative intensities
are such that L2 is much stronger than any of the other
three lines that present similar intensities; (c) the lines are
not equally spaced (L2 and L3 are closer than the oth-
ers); (d) in some experiments an additional broad struc-
ture is found for energies less than the one corresponding
to L4.

All of the above characteristics have been recently ex-
plained in terms of a dynamic Jahn-Teller JT) coupling
of two-dimensional vibrational modes y; (or €) to the
electronic multiplet SE.>!> Moreover, it is predicted that
the low-energy structure is due to several weak lines that
become more important as the coupling frequency de-
creases. From this point of view, InSb would be ideal to
test this prediction. However, the low-energy gap of this
semiconductor makes the experimental observation near-
ly impossible.> This is one of the reasons to turn our at-
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FIG. 1. Schematic of the splitting due to the crystalline field
and second-order spin-orbit interaction for a d® system such as
Fe?*. Symbols for the irreducible representations of the point
group T, are used to label the electronic levels. Capital greek
letters are used for the levels originating from the upper multi-
plet while lower-case ones are used for the lower multiplet. The
arrows represent the only possible electric-dipole-luminescent
transitions. When more than one transition ending in a level of
the same symmetry is possible we distinguish them by means of
primes, double primes, and so on, in order of decreasing ener-
gies. This is the case of the lines L2, L2, L2", and L2"’, shown
as downward arrows in order of decreasing energy without la-
beling. This scheme is not to scale and represents a particular
way to classify the 25 electronic functions.
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tention in the present paper to a II-VI semiconductor like
CdTe with a wider energy gap, but still presenting a lat-
tice dynamics with abundance of low-frequency
modes. !>

A review of the literature, looking for luminescence ex-
periments for Fe?" in II-VI materials, shows that there is
less information available than for the same ion in III-V
compounds. This is a second reason to carry out experi-
mental and theoretical work on CdTe. Nevertheless, we
can mention that the spectra of ZnS:Fe’* (Ref. 15) and
ZnSe:Fe’* (Refs. 16 and 17) show all four of the charac-
teristics mentioned above. All of this points toward
CdTe as the best candidate to show additional lines in the
luminescence spectra of Fe?" in II-VI compounds.

There is even a third reason for picking CdTe:Fe?* for
the present work. Far-infrared absorption measurements
for this system done long ago showed more lines than ex-
pected.'®!® Several efforts were made to explain such a
rare spectrum.'®2%2! However, the fact that all previous
experimental methods failed to locate levels of symmetry
E (or y,) rendered the theoretical interpretation uncer-
tain. As already pointed out, the luminescent transitions
will locate such levels, making it possible to explain the
old absorption data along with the spectra to be reported
below.

In the following section we present the main aspects of
the sample preparation, equipment, and measuring tech-
niques. Section III contains a summary of the theoretical
framework that will be used here. The theoretical results
are presented in Sec. IV, comparing them with the exper-
iments and discussing the manifestation of the JT cou-
pling in these systems. In Sec. V we revisit the data on
far-infrared absorption spectra involving the same energy
levels already characterized. Without any further adjust-
ment the old data are finally explained in a satisfactory
way, giving a complete and consistent picture for the
low-energy-level states of CdTe:Fe?*. General and par-
ticular conclusions are given in the last section.

II. EXPERIMENT AND MEASUREMENTS

A. Experimental techniques

CdTe crystals were prepared by the vertical high-
pressure Bridgman method from a stoichiometric melt.
Fe doping of nominal 100 and 1000 ppm was performed
during growth, using elemental iron.

Luminescence and transmission spectra are recorded in
a setup assembled around an evacuable Jarrell-Ash grat-
ing spectrometer. Repetitive scans are rendered possible
through a stepper drive and lock-in signal processing and
averaging. The samples are cooled by liquid helium in an
immersion cryostat equipped with CaF, windows. For
more details of the measurement particulars, see the cap-
tions of Figs. 2 and 3.

B. Experimental results

The emission spectrum for the less-doped sample (Fig.
2) in the range of the °T,(°D)—°E(°D) transitions
displays four distinct lines at 2283, 2264, 2237, and 2209
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cm~!. They are superimposed to a broad band suggest-

ing a stronger phonon coupling than that known from
II-VI compounds with a larger band gap, e.g., ZnS.?2 Al-
though the general feature of nearly equal spacing is
roughly retained, the general pattern looks quite different
from, for example, the simpler spectra of Fe?* in III-V
compounds.>!? Particularly the dominance of the second
line L2, also familiar from the spectra of the same ion in
ZnS and III-V semiconductors, is lost here.

Nevertheless, this transition (L2 at 2264 cm™!) is
clearly discernible in the respective transmission spec-
trum (Fig. 2), which also exhibits the inverse of the first
no-phonon line (L1 at 2283 cm™!) known from lumines-
cence. In addition, there are absorptive structures at
higher energies, especially a sharp line at 2293 cm ™! fol-
lowed by a broader structure near 2309 cm .

A specimen doped by a higher amount of iron features
all the mentioned structures with the addition of supple-

wavelength A[nm]

mentary information in both emission and absorption
(Fig. 3). The luminescence reveals additional peaks or
shoulders at 2257, 2233, and 2217 cm™! and even some
weaker signals at 2294 and 2274 cm ™. In the transmis-
sion data minima at 2274, 2256, and 2232 are discernible.
For wave numbers %> 2310 cm ™! this sample is opaque.

When the temperature is lowered to approximately 2 K
(from the 4 K in the reported spectra), the absorptions
near 2274 and 2264 cm ! are clearly diminished, proving
their origin at a level above the ground state of the Fe?"
center. The same reaction is expected for the 2256- and
2232-cm ™! absorptions but is less clearly pronounced in
these instances.

Under the conditions of above-gap excitation of the
front surface, the strength of L1 and L2 varies with the
location of the illuminated spot on the crystal. The effect
is most pronounced for L1, which can be increased by a
factor of up to 2.5 as compared to L3.
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III. THEORY

The vibronic coupling described here is basically the
same as the one used to explain the luminescent spectra
of Fe?’* in III-V compounds.? In the present paper we
will summarize its most important aspects. The main
special feature, which is the lattice dynamics of the host
crystal, will be introduced after the general presentation.

Our main hypothesis is that phonons of symmetry € (or
v3) couple to the electronics levels. We are mainly in-
terested in the coupling to those states that are final
states for luminescent transitions. This means that we
want to study the coupling to the five electronic com-
ponents of the lower multiplet, namely, e® 4,, e® T,
e®FE, e®T,, and €® 4,. From the resulting couplings we
look for those states that have a significant component of
zero-phonon states of symmetries 4, T, E, and T, in
accordance with the selection rules for EDT’s found in
Eq. (1). Similarly, we also look for zero-phonon states of
symmetries 4,, T, E, and T,, which have the right sym-
metry properties for MDT’s. Our starting point is the set
of atomic levels, which we assume to be known. The
crystalline field (10|Dg|) and spin-orbit interactions
(AS-L) are then added as components of the total Hamil-
tonian. The vibrational Hamiltonian for the two cou-
pling modes 6 and € of energy #iw is given by

H,=#olalay+ala,+1), )

where the usual annihilation and creation operators a,
and aj, are used (a=0,¢€).
The coupling Hamiltonian can now be written as

an\/ﬁa)EJT[(aTo+ae)De+(aI+ae)De] ’ 3)

where Ej; is the so-called Jahn-Teller energy, the only
adjustable parameter in the present approach.

Crystalline parameter 10| Dgq]| is calculated by consider-
ing the first line L1 and remains fixed at the value 2478
cm ™!, The spin-orbit parameter A is introduced with its
free-ion value, —100 cm~!. The coupling phonon must
have a local component of symmetry € at the impurity
site. There are three points of the Brillouin zone that
fulfill this condition. This was discussed fully for the case
of InP:Fe?™, where the conclusion was that the TA(L)
modes are the most important ones for the coupling in
zinc-blende compounds.2 Then, the value of #w is direct-
ly read from the lattice-dynamics literature, namely, 30
cm L.131* We are left with Ej; as the only free parame-
ter, which is now varied to obtain the best adjustment to
the experimental spectra given in Figs. 2 and 3.

The vibronic wave functions will be defined in the
Born-Oppenheimer limit, i.e., the weak-coupling limit
(E;r—0) in the usual way.?® In brief, a basis increasing
to N vibrational quanta is multiplied by the electronic
functions of the different levels in the ground multiplet.
The larger N is, the larger the Hamiltonian matrix is, and
the better the precision reached. All of this algebra is
done by means of group theory. This tool helps to break
the total Hamiltonian matrix into submatrices of different
symmetries.

The diagonalization of the Hamiltonian will render the
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energies E,,, E,, E|, etc., where p is the index reflecting
the symmetry properties of the vibronic function. They
can be expressed as a linear combination of basis func-
tions built in the Born-Oppenheimer limit originating
from electronic functions of symmetry e (e =1,2,3,4,5),
combined with n vibrational quanta of the chosen modes.
The primes are just a practical way to label these different
functions of similar symmetry.

As a way to illustrate the formation of a particular sub-
matrix, let us consider a basis of vibronic functions of
symmetry y,;. The first trivial element of this set of func-
tions is of electronic symmetry ¢, (e =1) with zero pho-
non (n=0). Such a function is denoted |y,(y,0)a ). We
then notice that the vibronic functions, resulting from the
product of a y, electronic function times one-phonon vi-
brational states, lead to vibronic functions of symmetry
v5 namely, |y3(y,1)a) (with a=6,€). The second ele-
ment of the set.of y, functions is to be given by
lv,(¥3a) (e=3,n=1). Then for two-vibrational quan-
ta we have |y ,(¥,2)a) (e=1, n =2) and so on. This is il-
lustrated on the right-hand side of Fig. 1.

The general notation for the basis of vibronic functions
is h/#(en )f ), where we refer to the fth vibronic wave
function of the Yu multiplet (1=1,2,3,4,5). Such a state
is reached by taking the product of a y, electronic level
(e=1,2,3,4,5) times the vibrational level corresponding
to n vibrational quanta, namely, y3(€").

The final vibronic functions after the diagonalization
will be linear combinations of these basis functions. We
simply refer to them as y, v,, v, and so on, in order of
increasing energy for a given symmetry u.

We report the theoretical energies in a relative way
with respect to L1. Namely, we introduce the energy
differences

A,=E,—E,, )

which is what will be used in the subsequent analysis. It
follows that A;=0 and will coincide with the axis of
abscissas in some figures below.

With the vibronic wave functions it is possible to calcu-
late the oscillator strengths for the luminescent transi-
tions. A calculation for the absolute oscillator strengths
for both EDT and MDT is beyond the scope of this pa-
per. It would require mixing with excited atomic levels
due to the crystalline-field and spin-orbit corrections, fol-
lowed by the appropriate vibronic treatment. On the oth-
er hand, MDT requires the knowledge of the electrical
permittivity at the precise site of the magnetic impurity.
This is not known, since the values usually reported for
this parameter reflect an average value throughout the
crystal.”!

Since both the °T, and the °E multiplets originate from
the same atomic level they have essentially the same or-
bital parity; it follows that EDT’s are forbidden if the ad-
mixture between atomic levels would be totally neglected.
When such an admixture is considered, some small con-
tributions with different parities will appear in the wave
functions, leading to weak EDT’s. This allows one to
consider MDT’s as competing or at least contributing
slightly to the total intensity of the lines. The importance
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of MDT’s in this type of transition has already been in-
troduced and studied.?%?

We can partially avoid the difficulties involved in the
oscillator-strength calculations using relative oscillator
strengths (ROS’s) as defined in other similar calcula-
tions.?* This will be handled in a separate way for EDT’s
and MDT’s. Anyhow, we should point out that the
analysis based on the intensity of the lines is less precise
than the one based on the energy differences of the ob-
served lines. On top of the theoretical difficulties dealing
with the admixture of excited atomic orbitals, there are
also experimental difficulties. We have already pointed
out that the relative intensities vary with the point of the
sample actually exposed to the exciting radiation. We
will not pursue this aspect of the problem now.

So we attempt just a general discussion concerning the
intensity of the lines, seeking just to complement and il-
lustrate the precise analysis based on the position of the
lines. What we do is to calculate the angular integrals of
the oscillator strengths for all possible transitions, assum-
ing that the orbital admixture is common for all the sym-
metries. Of course this is a crude approximation but it is
a working assumption. Still those transitions that are for-
bidden from the angular part will remain so. EDT’s and
MDT’s are plotted in independent arbitrary units, so rel-
ative intensities apply separately for each set of transi-
tions. Actually we will never mix EDT’s and MDT’s for
actual numerical comparison.

The total Hamiltonian is now exactly diagonalized in
the set of vibronic wave functions defined with up to N
phonons. This process is performed for given values of
E;r, which are varied within a broad interval (roughly,
0=<E;r <#w in the first approach). Eventually a value of
Ey; is found that yields energies that agree with the ob-
served lines. Our proposal for the right value of the free
parameter (E;;=3 cm™!) is shown by a vertical line in
Fig. 4. The horizontal short bold lines in this figure indi-
cate the vibronic levels leading to the most important cal-
culated emissions. The corresponding symmetries of
these particular energy levels are explicitly shown in Fig.
4.

The next step is to make sure that our Hamiltonian
matrix is large enough to give precise and stable results
that will not vary noticeably as we go to the matrix with
N +1 phonons. Our criterion of stability is that the pre-
dicted energy difference between L1 and L2 does not
vary in more than 1% as we go to the next matrix.?*
Such an analysis was indeed performed for all of the most
relevant low-energy levels for E;p=3 cm~!. It was
found that for N =3 we find stability for all levels. We
shall use N =6 for even better precision.

After the energies are adjusted we are left with a set of
final vibronic wave functions that can be used to calculate
ROS’s for EDT’s and MDT’s. We want to stress that
such calculations do not imply any further variation of
parameters or adjustment.

It is found that several transitions, allowed from the
group-theoretical point of view, are too weak to be no-
ticed in the experiment. That is the case of the level ori-
ginated from y,(y,,2) in the weak-coupling limit, which
would have an intensity for EDT’s of about 0.02 with
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FIG. 4. Schematic of the low-energy levels as a function of
Ejr, truncated at 100 cm~'. When E; takes the value 3.0 cm ™!
(marked as a vertical line) the positions of several vibronic levels
show good correspondence with observed lines. Moreover, with
the corresponding wave functions the intensities of the lines can
be calculated. Short and bold horizontal lines mark the most
important lines as expected from the theoretical calculations in
the text. The symmetry of these eight relevant lines is also
presented. Clearly correspondence to experiment is possible
and unique.

respect to that of L 1, so this level is not marked as an ac-
cessible energy level in Fig. 4. We include in our analysis
all intensities for EDT’s of at least one-tenth that for L1.

IV. DISCUSSION

The crystals grown as discussed above present a well-
defined although complex spectrum as presented in Figs.
2 and 3. The more important lines are now compared
with the calculated transitions.

The first aspect to compare is the number of observed
lines with respect to the number of predicted lines. Then
it follows the actual energies of the energy levels and its
comparison with the observed lines. At last we can per-
form a qualitative comparison dealing with the intensities
of the lines.

From Fig. 2 we learn that the most important transi-
tions lead to energy differences of 0, 19, 46, and 74 cm ™.
They correspond quite well to the lines at O, 18, 45, and
76 cm ™!, which can be read from Fig. 4. When impurity
concentration is increased new emissions are seen at ener-
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gy differences of 26, 50, and 66 cm ™!, as shown in Fig. 3.
They correspond to the theoretical lines at 24, 48, and 64
cm ™! reported in Fig. 4.

In the second spectrum, there are two very weak lines
that are not accounted for in our theoretical model; they
correspond to energy differences of —11 and 9 cm ™!, re-
spectively. The second one might well be at least partial-
ly an overlap of the two leading lines due to the heavier
doping. The extremely weak line at 2294 cm ™! has no
clear explanation. A possible hypothesis is impurity-
impurity interaction, which would be supported by the
absence of this line in the more dilute sample. If this is
so, then the line at 2274 cm ™! could also originate from
this mechanism combined with the already mentioned
overlap.

On the other hand, the theoretical results of Fig. 4 pre-
dict a line for A;~43 cm ™! with a rather weak ROS (0.10
for EDT only). Such a line will be practically swept un-
der the line Aj=~45, which has a larger ROS (0.76 for
EDT only). With the same train of thought, the theoreti-
cal line for A;~48 with a ROS of 0.19 (EDT only) and a
slightly wider separation could show as a shoulder to the
low-energy region of the spectrum. This can be readily
seen in the experimental results presented in Fig. 3.
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FIG. 5. Calculated line shapes of the luminescent spectrum
considering electric-dipole transitions (lower part) and
magnetic-dipole transitions (upper part). There is no implica-
tion of the relative importance of one component with respect
to the other one. However, in the text it is shown that electric-
dipole transitions remain as the dominant mechanism. No pho-
nonic background is considered.
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A more general picture of the theoretical results is ob-
tained when ROS’s are fed into a Gaussian line-shape
analysis. The result of this treatment is presented in Fig.
5, where arbitrary linewidths have been introduced to
resemble the luminescent experimental spectrum. The
lower part of this curve corresponds to EDT while the
upper part of the curve corresponds to MDT, as dis-
cussed above.

The general agreement between experiment and theory
(EDT) is quite clear. The importance of MDT’s could be
seen from the fact that they contribute very little to L2,
while there is an important contribution to the lower-
energy emissions. This can explain the appearance of the
spectrum where L2 is not strongly dominant as in other
cases.” Nevertheless, the main characteristics of the
emission spectra can be accounted for by EDT only,
which means that MDT is noticed only in the regions of
the spectrum where EDT is absent or very weak.

V. APPLICATIONS TO FAR-INFRARED
ABSORPTION

With the same energies and wave functions calculated
above we can attempt to explain the existing data on far-
infrared absorption spectra for CdTe:Fe?*.!820.21 At this
point there is no variation of any parameter since the lev-
els are precisely the same as those involved in the
luminescent spectrum. The absorptions originate from
the true ground state ¥, as shown on the left-hand side of
Fig. 6 (which has been taken from Fig. 4 at E;;=3
cm ™).

CdTe:Fe?*
% ; 76
75 64
Sog— s
s s —
Y5 I 43
|
|
|
” L2
V4 I t 18 —_— —
|
(.
ol
M __A__WL;;J_ 0
Ejr =3 cm™! LUMINESCENCE ABSORPTION

FIG. 6. On the left-hand side we present a schematic of the
eight levels showing an important zero-phonon component as
already stressed in Fig. 4. Then, in the central part we draw the
positions of the main luminescent lines in our experiment as
taken from Fig. 3. Finally, we reproduce the positions of the
main absorption lines for CdTe:Fe?* as taken from Ref. 19; ob-
lique lines represent a region of absorption where it is difficult
to single out any individual line.
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By similar arguments as those already discussed above,
EDT would lead to absorptions ending on a vibronic
function of symmetry ¥ s only (continuous arrows in Fig.
6). By the same token, MDT’s lead to absorptions in-
volving vibronic functions of symmetry 7, only (discon-
tinuous arrows in Fig. 6). In the far-infrared region of
the spectrum, it is enough to consider vibronic levels
originating from the lower multiplet °E.

The left-hand side of Fig. 6 reproduces to scale the en-
ergy levels as already found in Sec. IV, indicating symme-
try and the actual values of energy in units of cm~'. We
use primes, double primes, etc., to distinguish vibronic
functions of the same symmetry in order of increasing en-
ergy. In the central part of this figure we present the
main energy of those levels reported by our luminescent
spectra as discussed above, using the same energy scale.
On the right-hand side of this same figure we present the
energies of the low-temperature far-infrared absorptions
(LTFIA’s) as taken from the literature.'

The first reported LTFIA, at about 18.6 cm” !, is in
good correspondence with the line at 19 cm ™! experimen-
tally reported and at 18 cm ™! theoretically calculated
above. This is clear manifestation of a MDT in these sys-
tems. It is then necessary to consider them either as an
isolated line (as in this case) or as additional contributions
to existent lines due to EDT.

The second energy level was observed at 26 cm ™! and
calculated at 24 cm~!. However, LTFIA would not
show this level due to selection rules that inhibit both
EDT and MDT to vibronic levels of total symmetry ¥ ;.

The following candidates for LTFIA are ¥ (EDT) and
ys (MDT). It turns out that the wave function corre-
sponding to y s presents a tremendous admixture, lower-
ing the possible intensities of transitions to it (as already
noticed when we tried to explain the luminescent data).
On the other hand, v, is also a mixed state, which leads
to a weak MDT. This is one reason the experiment is not
very conclusive in this portion of the spectrum. Another
element to be considered is the presence of several high-
temperature absorptions in the same range of energies.
Even at low temperatures they cannot be completely
suppressed, thus masking the precise position of energy
level ;. We represent this inaccuracy by means of a set
of oblique bars on the right-hand side of Fig. 6.

The last two LTFIA’s at 66 and 74 cm ™! coincide pre-
cisely with our experiment above and are in reasonable
agreement with our calculated y5 and y5 at 64 and 76
cm ™!, respectively.

The best way to report the calculated absorptions is by
means of a Gaussian line-shape analysis as we did for
luminescence. In Fig. 7 we present our calculated spec-
trum (without the phononic background). The lower part
of this figure corresponds to EDT, while the upper part
of it corresponds to MDT. We must say that EDT’s and
MDT’s are plotted in independent arbitrary units, so rel-
ative intensities apply separately for each set of transi-
tions. Actually we will never mix EDT’s and MDT’s for
actual numerical comparison. Arbitrary linewidths have
been introduced, to resemble the experimental spectrum.

The general agreement of both sources of experimental
data with our theoretical model developed above is quite
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FIG. 7. Calculated line shapes of the far-infrared absorption
spectrum considering electric-dipole transitions (lower part) and
magnetic-dipole transitions (upper part). There is no implica-
tion of the relative importance of one component with respect
to the other one. Clearly, magnetic-dipole transitions are play-
ing a small but significant role. Otherwise the absorption at 19
cm ™! would not be observable.

remarkable indeed. Moreover, our luminescent experi-
ment reported above yields information about the levels
of symmetry ¥ not realized so far.

Most of the analysis above has been concerned with the
emission spectrum in order to compare it with the predic-
tions of the theoretical model presented above. Now, we
briefly turn our attention to the transmission spectrum
presented by the weaker line in Fig. 2. The main charac-
teristics of it are the three absorption lines around 2300
cm~!. Our measurements show close resemblance to a
rather recent experiment for the same kind of system.?
In the explanation of this result the authors claim a C;},
distortion on top of the ideal T, crystal-field symmetry.
However, an interpretation also can be reached by assum-
ing a Jahn-Teller coupling to the electronic levels of the
upper multiplet.??

VI. CONCLUSIONS

The experiments reveal numerous discernible transi-
tions indicative of vibronic coupling in the fine structure
of levels originating from the >D multiplet corresponding
to a Fe?*(d) configuration. They are better understood
when grouped around a coinciding leading zero-phonon
transition (L 1) that plays the role of an energy reference.
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While the general features in the spectra are well
developed for crystals doped with 100 ppm, some of the
structural details are much clearly pronounced for the
higher doping level employed, i.e., 1000 ppm.

The theoretical model presented above, along with the
computational algorithms that follow it, allow a good
description of the vibronic coupling near a magnetic im-
purity, like the system under consideration.

The energy levels that follow from the interpretation of
the luminescent spectrum fit well with the existing data
on far-infrared low-temperature absorption. The theoret-
ical model provides a good background for the quantita-
tive interpretation of both spectra. Namely, we propose
that a Jahn-Teller coupling of phonons of E symmetry,
with a vibrational quantum #» =30 cm ! [corresponding
to the TA(L) modes of the lattice dynamics] is responsi-
ble for this effect. The vibronic coupling can be charac-
terized by means of the so-called Jahn-Teller energy,
which in our case is given by E;r =3.0 cm™ .

Some minor differences between theory and experi-
ments in the position of a few levels (less than 2 cm ™!, in
any case) are of no importance. Let us consider that with
a linear JT Hamiltonian, with only one kind of coupling
mode and varying just one parameter (E;r), we could
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predict the number of observed lines, their energies, and
approximate intensities for two different experiments.

The system CdTe:Fe’™ shows a behavior that is
different from the same ion in ZnS, ZnSe,*~1722 and the
whole family of ITI-V compounds.? It is not known what
kind of behavior the intermediate system ZnTe:Fe?" will
show. We are planning to perform the luminescent ex-
periment followed by the same theoretical treatment in
the future.
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