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The Jahn-Teller effect is invoked to explain the fine structure(isolated zero-phonon lines) observed in both
the infrared emission and absorption spectra of substitutional Cr2+ impurities in ZnSe and ZnS. The ground5D2
term of Cr2+ is split by crystal field into a5T2 ground multiplet and an excited5E multiplet. We look at
transitions among levels belonging to these two multiplets, which happen to be in the near infrared region.
Spin-orbit and spin-spin interactions are taken into account. The Jahn-Teller coupling is introduced as a linear
coupling considering bothe and t2 phonons. The Lanczos-recursion procedure with a proper choice of the
initial state is used to calculate the vibronic functions and energies. It is found thate modes only lead to
intensities that do not agree well with those of the zero-phonon doublet observed both in emission and
absorption in the cases of ZnS and ZnSe, whilet2 modes give a good explanation of transition energies and
transitions strengths in the same cases. A discussion of the relatively high strength of the vibronic coupling for
Cr in comparison with other impurities in the same compounds is also included.
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I. INTRODUCTION

The infrared properties of chromium impurities in ZnS
and ZnSe(as well as other compounds) have been known for
three decades since the pioneering work by Vallinet al.,1

followed by experimental works of similar resolution and
theoretical work based on such data.2–7 The importance of
the Jahn-Teller(JT) effect in the specific heat and magnetic
properties of these systems was recognized and some pos-
sible coupling mechanisms and competing distortions have
been subsequently postulated.8 More recently, higher resolu-
tion luminescence spectra and well-resolved absorption ex-
periments added information to the infrared properties of
Cr2+ in these compounds, thus motivating the calculations in
the present paper.9–11 In the experimental work a Jahn-Teller
energy EJT=370 cm−1 was ventured for the case of ZnSe
based on general arguments indicating the presence of a
moderate or strong JT coupling. However, up to now no
precise analysis is known accounting for both energies and
relative line strengths for the zero-phonon doublet appearing
both in the emission and absorption spectra of ZnS:Cr2+ and
ZnSe:Cr2+. This is precisely the main aim of the present
paper, where we will use well-established techniques to cal-
culate energy levels and wave functions for both systems.
The explanation of the spectra will allow us to obtain more
precise values for the coupling constants. This will be com-
pared to values of the parameters for the similar ions(V, Fe)
in the same compounds thus pointing out to a more general
analysis. Additionally, we will bear in mind the behavior of
the same substitutional ion in GaAs,12 having the same crys-
talline structure, for a general comparison.

Interest in this subject has been revitalized since the vari-
ety of magnetic properties shown by these systems in the

heavy doped samples. Thus both ZnS:Cr2+ and ZnSe:Cr2+

are diluted ferromagnetic semiconductors with potential use
as spintronic devices.13

The article is organized as it follows. In the next section,
general crystal-field theory is presented combined with the
presentation of experimental spectra showing the need for
extra interactions to explain the doublet of bands in both
absorption and emission spectra for both systems. In Sec. III,
the JT coupling is introduced, results are obtained and a gen-
eral analysis is done as to single out the most relevant modes
responsible for the coupling in each system. Then, energy
levels and wave functions are evaluated leading to transition
lines and relative intensities that agree well with both absorp-
tion and emission spectra in both systems. Finally, in Sec. IV
some concluding remarks are formulated.

II. CRYSTAL FIELD AND REVIEW OF EXPERIMENTS

ZnS is found mostly as a cubic crystal with the zinc-
blende structure, which is the usual crystal phase for ZnSe
also. Cr appears as a substitutional impurity at the cation site,
surrounded by four anions(S or Se) in tetrahedral coordina-
tion. We assume here a non-distorted surrounding as a start-
ing point, which means the presence of point-groupTd at the
Cr site. This impurity presents itself as a doubly ionized
atom, Cr2+, after closing all bonds. Using the free-ion model,
the ground configuration is5D according to Hund’s rules.
Crystalline field further splits this configuration as well as
excited multiplets causing small admixtures among the oth-
erwise pure atomic levels. As a result of this process the5D
term splits into a ground multiplet of symmetryT2 and an
excited multipletE, with degeneracies 15 and 10, respec-
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tively. Spin-orbit and spin-spin interactions further split and
rearrange these levels producing irregular “ladders” of en-
ergy levels. This is a well-known energy level diagram and
can be viewed in the literature14 (see Fig. 1 in this reference).
Then electric-dipole transitions can lead to emissions or ab-
sorptions among levels of these two multiplets.

Neither absorption or emission spectra measured in ZnS
or ZnSe match this simple description. Let us review next the
main characteristics of the two spectra(emission and absorp-
tion) for each of the systems(ZnS:Cr2+ and ZnSe:Cr2+).

In ZnS:Cr2+ the near infrared emission spectrum9–11 pre-
sents a clear threshold line at 5218 cm−1, then a stronger
zero-phonon line at 5212 cm−1, followed by some weak
structures before the emission curve raises continuously due
to phonon-assisted transitions(in the range that goes from
5160 to 5190 cm−1 zero-phonon lines due to off-cubic sites
are present but they are not covered in the present analysis).
On the other hand, the near infrared absorption spectrum
presents a strong line at 5218 cm−1, followed by a weaker
band at 5212 cm−1 and some very weak structure at lower
energy. Three features are of importance for the present
work: a) The correspondence between emission and absorp-
tion spectra is total with respect to the central energy of the
bands; b) the energy difference between the center of these
two bands is 6 cm−1; c) the width of both lines is
4 to 5 cm−1, much larger than spectral resolution which is
an indication of a composed band.

In the case of ZnSe:Cr2+ the near infrared luminescence
spectrum10,11exhibits also a main doublet, with the threshold
line at 4971 cm−1, followed by a stronger line at 4964 cm−1.
The weaker structures(if any) are overlapped by phonon
assisted transitions that begin right on the low-energy end of
the second peak. The corresponding absorption spectrum
replicates a pair of lines at the same energies, but the line at
4964 cm−1 is much weaker than the threshold absorption at

4971 cm−1. Similar to the previous case, these two transi-
tions look wider than experimental resolution; the separation
between the centers of these two bands is 7 cm−1.

The argument given above in the sense that each band of
the doublet is composed of several lines is also supported by
the explanation given12 to the absorption spectrum of
GaAs:Cr2+. Due to the general structural and electronic simi-
larities between that system and ours the general aspect of
the spectra cannot be entirely different.

The close doublet of lines, both in emission and absorp-
tion, cannot be explained by simple crystal field theory. A JT
effect is now introduced to explain the spectra in both
ZnS:Cr2+ and ZnSe:Cr2+.

III. MODEL HAMILTONIAN, RESULTS AND ANALYSIS

In general terms the total Hamiltonian of this system can
be written in the form:

H = He + Hso+ Hss+ HL + He−L. s1d

where the sumHe+Hso+Hss represents the electronic Hamil-
tonian including crystalline field, followed by the spin-orbit
interaction lS·L, and spin-spin interaction −rfsL·Sd2

+1/2sL·Sdg whose explicit form can be obtained with stan-
dard methods.HL is the vibrational Hamiltonian associated
with the lattice, which is taken here in the harmonic approxi-
mation. He-L is the electron-lattice interaction, namely, this
term represents the vibronic or JT coupling including elec-
tronic coordinates as well as vibrational normal modes. In
the following HL and He-L should be considered multiplied
by the unity operator in the spin space.

Crystal field parameter 10uDqu is taken as to yield the
threshold line in each case(5218 cm−1 for ZnS and
4971 cm−1 for ZnSe). Atomic parameters for chromium are
taken directly from the literature1,15 as previously reported.
Namely l=57 cm−1 and r=0.39 cm−1. Small deviations
from these values have been used too but this is not the main
issue here.

The most important phonons in terms of the coupling are
those that produce displacements of the surrounding ions to-
ward the central Cr impurity breaking the local symmetry.
This allows us to use the cluster approximation18 where only
the four anions sitting at the vertices of a regular tetrahedron
are considered. We neglect, as usual, the total symmetric
mode (breathing mode), then there are five nontrivial pos-
sible coupling modes: the two normal modes behaving as
basis functions for thee representation of theTd point group
and the three normal modes transforming as basis functions
for the t2 irreducible representation. Let us designate byqu,
qe, ve and qx, qy, qz, vt the normal modes coordinates and
frequency of e and t2, respectively. Using usual second
quantized notation we can write for the ground multiplet:

HLe = "vesau
†au + ae

†ae + 1d, s2d

HLt2
= "vtsax

†ax + ay
†ay + az

†az + 3
2d , s3d

HL = HLe + HLt2
. s4d

FIG. 1. Emitted lines as predicted by coupling toe modes only.
Half-widths for the Lorentzian line shapes are 1 cm−1 for lines
around 5218 cm−1 (with large component of zero-phonon vibronic
levels) and 2 cm−1 for the other lines with large components of
one-phonon lines. This spectrum reproduces well the energy posi-
tions but not the intensities(compare to Fig. 1 of Ref. 9).
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The components of the coupling term can be written as

He−Le = Î"veEJT
sedo

a

saa
† + aadDa, s5d

He−Lt = Î"vtEJT
stdo

i

sai
† + aidDi , s6d

He−L = He−Le + He−Lt2
, s7d

with a=u ,e and i =x,y,z. HereEJT
sed andEJT

std are the JT en-
ergies for modese andt2, respectively. Electronic operators
Da andDi have the form:16

Du =1−
1

2
0 0

0 −
1

2
0

0 0 1
2, De =1

Î3

2
0 0

0 −
Î3

2
0

0 0 0
2 ,

Dx = 10 0 0

0 0 − 1

0 − 1 0
2, Dy = 1 0 0 − 1

0 0 0

− 1 0 0
2 ,

Dz = 1 0 − 1 0

− 1 0 0

0 0 0
2 .

The Huang-Rhys factorS is generally defined asS
=EJT/"v. In the present problem it is possible to defineSe

andSt according to each coupling.
In the upper multiplet a similar coupling can be intro-

duced, but only withe distortions, as it is well known,16 and
the appropriate coupling matrices are:

Du = S1 0

0 − 1
D, De = S0 1

1 0
D ,

Once the coupling modes are decided, calculation of en-
ergy levels and wave functions can be done by means of the
Lanczos-recursion method,19,20 with a proper number of
over-recursions. We refer the reader to the literature for de-
tails of the application of this method and calculation
procedures.21,22

Results and their analysis will be done separately for each
compound beginning with ZnS, where there is well-resolved
experimental information9–11 and phonon assisted transitions
are far from the main doublet.

A. Results and discussion for ZnS:Cr2+

First, the JT coupling for the upper5E multiplet is con-
sidered withe phonons as required by symmetry. The fact
that only two broad bands are seen in emission is an indica-
tion that all low-energy vibronic levels of the upper multiplet
are compressed in a range of no more than 3 cm−1, in a way
similar to what was found for the similar ion V2+ in these
same systems.17 Coupling phonon is taken at energy equal to

that used in the coupling for the lower multiplet, that is
at "v8="ve,t, and the JT energyEJT8 is varied in a broad
range. Here and in the rest of the paper primes are used for
parameters referring to the coupling to the upperE multiplet.
It turns out that the actual spectrum is little sensitive to the
value of EJT8 for the upper multiplet, then there is a
wide range of possible values for this parameter yielding all
upper levels within 3 cm−1 as desired. In summary, for any
coupling model in5T multiplet we have taken fixed the
crystal-field parameter to produce the main transition at
5218 cm−1, thenEJT8 is taken in such a way to produce the
spread of 3 cm−1 in the upper multiplet; the JT energy in the
lower multiplet is varied freely for each possible coupling
mode.

In a first attempt we consider the JT coupling to the5T
multiplet as due toe modes only. It was possible to find a
parameter zone where the energy of the vibronic levels gave
a good explanation of observed lines for ZnS:Cr2+, both in
emission and absorption. However, it was never possible to
reach an agreement in the intensities of the lines even after a
thorough variation of parameters.

Figure 1 gives an idea of what the main emission lines
would be when only coupling toe modes is considered.
Since the representation technique used in this figure is
later used in some other figures below, let us explain its
meaning. The energy of the spectral absorption or emission
is represented by a line at the energy according to the
scale given in the abscissa. The relative intensity of that tran-
sition is given by the height of the line. The curve over the
lines corresponds to a superposition of intensities using
Lorentzian line shapes with arbitrary but reasonable half-
widths as indicated in the corresponding figure caption. In
general, width was linearly increased for lines involving
higher levels as they progressively involve components with
more phonon overtones thus widening the vibronic level. If
the emission spectrum predicted by Fig. 1 is compared to the
corresponding one in the experimental paper,9–11 it is ob-
served that positions of the energy lines agree with experi-
ment but relative intensities are in great disagreement.
Actually, the experiment gives the opposite, namely, the peak
at 5212 cm−1 much higher and wider than the peak at
5218 cm−1.

Figure 1 was obtained after using"ve=100 cm−1 for rea-
sons to become clear below. However, there is no noticeable
improvement in the intensity of the lines as compared to
experiments upon varying the value of"ve around 100 cm−1.
Thent2 modes are recovered and treated as the only respon-
sible modes, just as we did with thee modes.

Then we now go back to the original Hamiltonian switch-
ing off e modes while switching ont2 modes. We will do a
complete exercise to show that the energy of the coupling
mode comes out readily from the parameter variation. In Fig.
2 we present a composition of calculated emission curves
(using the same technique as presented in Fig. 1) for three
values of"vt, namely 90, 100, and 120 cm−1, from bottom
to top. It follows that it is only for the second of these curves
that the main features of the experiments are well repre-
sented. As it can be seen a first band at 5218 cm−1 is pro-
duced, followed by a higher and wider band centered at 5212
as shown by the experiments. Some extra activity is noticed
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toward lower energies as also shown by the experimental
spectra.

The way curves in Fig. 2(and others in this paper) are
constructed is the same as indicated before at the beginning
of this subsection. It has been chosen"v8="vt and a proper
value forEJT8 results to be 370 cm−1. WhenEJT

std (lower mul-
tiplet) is varied freely it is found that energies of vibronic
levels corresponding to the lower multiplet are quite sensi-
tive to the value ofEJT

std as illustrated in Fig. 3 for the case
"vt=100 cm−1. It is here that a zone is found where the
energy difference between lower vibronic levels and upper
vibronic levels yields approximately 6 cm−1 for the case of
ZnS:Cr2+.

As can be seen from Fig. 3, such value is approximately
EJT

t =260 cm−1 for the case"vt=100 cm−1, which also leads

to appropriate relative intensity of the lines. Eventually, ap-
proximate explanation of the spectra can also be possible at
increasing values ofEJT

t , but this would also mean increasing
activity around 5200 cm−1, where nothing is observed in the
emission spectra.9–11 The broad structure seen in the lumi-
nescence spectrum of ZnS:Cr at lower energies(more
strongly observed for the case of ZnSe) is the result of emis-
sions involving higher-order phonon vibronic levels or pho-
non assisted transitions. Our model, although limited as pho-
non occupation number increases, predicts many medium to
low intensity lines for energies less than 5100 cm−1 (not
shown). We do not attempt an adjustment here, not only due
to the limitations of the method, but also because the shape
of these broad bands is very sensitive to the amount of dop-
ing (see Fig. 3 of Ref. 9) and excitation source in the experi-
ments(see Fig. 6.12 of Ref. 11).

With the main vibronic levels reached in this way and
without any further adjustment, the fine structure of the ab-
sorption spectrum is now directly calculated, introducing the
appropriate Boltzmann population factors corresponding to
liquid helium temperature. The calculated spectrum corre-
sponding to ZnS:Cr2+ is presented in Fig. 4, resembling
quite well the measured spectrum.9–11

The reason to use"ve=100 cm−1 in Fig. 1 is precisely to
allow a comparison between that figure and the central curve
in Fig. 2. As can be seen, the predicted relative intensities of
the peaks for the luminescence spectrum is better described
by means of coupling tot2 modes. These arguments do not
rule out a weak coupling to modese, which give good ex-
planation of the energy difference as already stated above.
However, the relative line intensity suggests that the domi-
nant coupling is tot2 modes, which is assumed here as the
only coupling mode from now on.

In summary, for plausible phonon energies vibronic levels
are found varyingEJT

std. For the particular value at which the
appropriate energy difference is found, oscillator strengths
involving vibronic levels are calculated. Fine structures of
emission and absorption spectra are then drawn and com-

FIG. 2. Emitted lines predicted by coupling the5T2 multiplet to
t2 modes only. Half-widths are 1 cm−1 for lines around 5218 cm−1,
2 cm−1 for lines around 5212 cm−1 and 3 cm−1 for the other lines.
Energy of the coupling mode is 90 cm−1 at the bottom, 100 cm−1 at
the center and 120 cm−1 at the top.

FIG. 3. Energy of vibronic levels as functions ofEJT
std for a

coupling phonon of energy"vT=100 cm−1.

FIG. 4. Absorption spectrum for ZnS:Cr2+ directly calculated
using the same wave functions used to calculate emission spectrum
in the central part of Fig. 2.
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pared with experiment. This procedure is continued up to a
point where energies and relative intensities of the lines re-
semble the experimental spectra as done above.

In Fig. 5 we present a diagram for the vibronic levels of
both multiplets involved in the main transitions producing
the observed emission(downward arrows) and absorption
(upward arrows) spectra of ZnS:Cr2+.

B. Results and discussion for ZnSe:Cr2+

Similar to what was done for ZnS, an adjustment using
t2 modes was also done for ZnSe, fixing the values of
the parameters to obtain the desired separation of 7 cm−1 in
this case; they are"vt=70 cm−1 and EJT

std=180 cm−1 and
EJT8 =270 cm−1. The calculated spectrum is shown in Fig. 6,
presenting a threshold peak at 4971 cm−1, then a higher and
wider band centered at 4964 cm−1, as measured in the
experiment.10,11 The lower and wider band expected around
4940 cm−1 cannot be compared to the experiment in this
case because of the presence of huge background noise due
to phonon assisted transitions immediately under 4960 cm−1.
For the values of the parameters already obtained from
fitting the luminescence spectrum the absorption spectra
is now evaluated directly at liquid helium temperature giving
the spectrum presented in Fig. 7, which is in excellent
agreement with the experimental curve. The very weak
band before the main line(here at 4971 cm−1) is due to
transitions starting from excited vibronic levels and the
quenching produced by the Boltzmann population factor re-
sults here is more effective than in ZnS:Cr2+, where the
energy splitting among excited and ground levels is smaller.
It is also possible to draw an energy level diagram to illus-
trate absorptions and emissions. However, we omit it here
since such diagram is similar to the one valid for ZnS:Cr2+

given in Fig. 5, after appropriate adjustments in the actual
energy of the levels.

C. General comments for both ZnS:Cr2+ and ZnSe:Cr2+

Perhaps the most striking feature of this analysis is that by
trying to explain the optical spectra in either case, we found
once again the same or very close coupling acoustic frequen-
cies as previously reported for otherdn magnetic impurities
in the same compounds.

Thus, for instance, for the case of Fe2+, which is a 5D
system too, coupling frequencies were found to be 90 cm−1

for ZnS and 70 cm−1 for ZnSe.23 For the case of V2+, another
d system, coupling acoustic frequencies were once again
100 cm−1 for ZnS and 70 cm−1 for ZnSe.17 It seems then
that the d electronic cloud around the impurity is most
sensitive to particular phonons of these frequencies in

FIG. 5. Scheme of vibronic levels for ZnS:Cr2+ leading to emis-
sions(downward arrows) and absorptions(upward arrows). Clearly
observed transitions are depicted by thick arrows, while thin arrows
show the possible origin for some weak zero-phonon emission lines
observed for the case of ZnS, but not to be observed for ZnSe due
to background noise.

FIG. 6. Emission spectrum for ZnSe:Cr2+ predicted by coupling
5T2 multiplets to t2 modes; "vT=70 cm−1, EJT

std=180 cm−1, and
EJT8 =270 cm−1.

FIG. 7. Absortion spectrum for ZnSe:Cr2+ directly calculated
using the same wave functions used to calculate emission spectrum.
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these compounds. By looking at the lattice dynamics of
ZnS and ZnSe24–26 it is found that such phonons are
abundant and correspond to pointsTA1sKd in the lattice dy-
namics of both compounds. Moreover, these points in the
Brillouin zone have local componentse and t2 precisely as
required.27

It is now also understood why it is not possible to get a
clear spectra for the cases ZnTe:Cr2+ and CdTe:Cr2+. Lat-
tice dynamics in these compounds24,28 present very low
acoustical frequencies producing a large mixing of many
zero-phonon lines with phonon-assisted lines making it im-
possible to recognize individual lines. The result is the pro-
duction of a broad band with a structure depending on the
impurity concentration, and spectrometer resolution. Theo-
retically, it is possible to obtain appropriate shapes varying a
large number of linewidths. However, this is not the ap-
proach followed in the present paper where we have concen-
trated on the clear zero-phonon lines present in ZnS:Cr2+

and ZnSe:Cr2+, close to the broad band. Unfortunately, for
ZnTe:Cr2+ and CdTe:Cr2+ such lines are absorbed within
the broad band and the analysis performed here is not pos-
sible.

IV. CONCLUDING REMARKS

The main features associated to zero phonon lines in the
absorption and emission spectra of Cr2+ in both ZnS and
ZnSe can be explained by introducing a vibronic coupling to
the Hamiltonian. However,e modes do not account for in-
tensities of the observed lines. Then,t2 modes were intro-
duced giving a very good description of energy levels and
intensities of the associated electric-dipole transitions in both
compounds.

In the case of ZnS the coupling mode has energy
100 cm−1, which is very close to the coupling phonon energy
of other similar ions in this same compound. The upper
multiplet is compressed to a multiplet with a spread of
about 3 cm−1 by means of a JT energy of over 300 cm−1.
The coupling to the lower multiplet gives good results for
a JT energy of about 260 cm−1. This Huang-Rhys factor
in this case isSt=2.6, which corresponds to an intermediate
JT coupling.

Similarly, for ZnSe the coupling mode has an energy cor-
responding to the same point of the Brillouin zone as the
previous onesTA1sKdd, namely, 70 cm−1 in this case. The
upper multiplet is again concentrated in a few cm−1. The
coupling to the lower multiplet is of similar strength as in
previous case. Namely, the best adjustment is reached for a
JT energy close to 180 cm−1, leading toSt<2.6.

The rather high values of Huang-Rhys factors, particu-
larly on the upper multiplet, as commented in previous para-
graphs, are in good correspondence with previous estimates
proposing even a possible static JT case for these
systems.8–10 Independent of the words used to describe the
coupling, the effect is certainly to mix largely the pure elec-
tronic levels producing two bands of transitions in both ab-
sorption and emission instead of many zero-phonon lines
observed for weaker coupling.
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