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Jahn-Teller effect in the emission and absorption spectra of ZnS: G and ZnSe:Cr?*
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The Jahn-Teller effect is invoked to explain the fine structiselated zero-phonon lingsbserved in both
the infrared emission and absorption spectra of substitutiofali@purities in ZnSe and ZnS. The grou?‘lﬂ2
term of CP* is split by crystal field into aST2 ground multiplet and an excitetE 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 botle and 7, phonons. The Lanczos-recursion procedure with a proper choice of the
initial state is used to calculate the vibronic functions and energies. It is founck thrides 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, whilenodes 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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l. INTRODUCTION heavy doped samples. Thus both ZnS*Cand ZnSe:Cr*
The infrared properties of chromium impurities in ZnS &€ diluted ferromagnetic semiconductors with potential use

and ZnSeas well as other compounsave been known for @S spintronic devices. _
three decades since the pioneering work by thnahl The article is OrgamZEd as it follows. In the next section,
followed by experimental works of similar resolution and general crystal-field theory is presented combined with the
theoretical work based on such d&tdThe importance of Presentation of experimental spectra showing the need for
the Jahn-TellefJT) effect in the specific heat and magnetic extra interactions to explain the doublet of bands in both
properties of these systems was recognized and some paddsorption and emission spectra for both systems. In Sec. Il
sible coupling mechanisms and competing distortions havéhe JT coupling is introduced, results are obtained and a gen-
been subsequently postulatehlore recently, higher resolu- €ral analysis is done as to single out the most relevant modes
tion luminescence spectra and well-resolved absorption exesponsible for the coupling in each system. Then, energy
periments added information to the infrared properties ofévels and wave functions are evaluated leading to transition
Cr?* in these compounds, thus motivating the calculations idines and relative intensities that agree well with both absorp-
the present pap&ri! In the experimental work a Jahn-Teller tion and emission spectra in both systems. Finally, in Sec. IV
energy E;r=370 cmi® was ventured for the case of ZnSe some concluding remarks are formulated.
based on general arguments indicating the presence of a
moderate or strong JT coupling. However, up t0 NOW NO |, cRySTAL FIELD AND REVIEW OF EXPERIMENTS
precise analysis is known accounting for both energies and
relative line strengths for the zero-phonon doublet appearing ZnS is found mostly as a cubic crystal with the zinc-
both in the emission and absorption spectra of Zn&"@&nd  blende structure, which is the usual crystal phase for ZnSe
ZnSe:Cf*. This is precisely the main aim of the presentalso. Cr appears as a substitutional impurity at the cation site,
paper, where we will use well-established techniques to calsurrounded by four anion$® or S¢ in tetrahedral coordina-
culate energy levels and wave functions for both systemdion. We assume here a non-distorted surrounding as a start-
The explanation of the spectra will allow us to obtain moreing point, which means the presence of point-grayt the
precise values for the coupling constants. This will be com<Cr site. This impurity presents itself as a doubly ionized
pared to values of the parameters for the similar idh$e)  atom, CF*, after closing all bonds. Using the free-ion model,
in the same compounds thus pointing out to a more generdhe ground configuration i8D according to Hund’s rules.
analysis. Additionally, we will bear in mind the behavior of Crystalline field further splits this configuration as well as
the same substitutional ion in GaAShaving the same crys- excited multiplets causing small admixtures among the oth-
talline structure, for a general comparison. erwise pure atomic levels. As a result of this process’he
Interest in this subject has been revitalized since the variterm splits into a ground multiplet of symmetily, and an
ety of magnetic properties shown by these systems in thexcited multipletE, with degeneracies 15 and 10, respec-
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15 4971 cm?. 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

The argument given above in the sense that each band of
the doublet is composed of several lines is also supported by
the explanation givéd to the absorption spectrum of
GaAs:CF*. 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. AJT
effect is now introduced to explain the spectra in both
ZnS:CF* and ZnSe:Cr.
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In general terms the total Hamiltonian of this system can

FIG. 1. Emitted lines as predicted by couplingeonodes only. be written in the form:

Half-widths for the Lorentzian line shapes are 17¢énfor lines H=Hg+ Hgo+ Hest H_ + He . (1)
around 5218 cit (with large component of zero-phonon vibronic
levels and 2 cm?® for the other lines with large components of where the sun+Hg,+Hgsrepresents the electronic Hamil-
one-phonon lines. This spectrum reproduces well the energy postonian including crystalline field, followed by the spin-orbit
tions but not the intensitie@ompare to Fig. 1 of Ref.)9 interaction AS-L, and spin-spin interaction pf(L-S)?
+1/2(L-S)] whose explicit form can be obtained with stan-

tively. Spin-orbit and spin-spin interactions further split andgard methodsH, is the vibrational Hamiltonian associated
rearrange these levels producing irregular “ladders” of enyith the lattice, which is taken here in the harmonic approxi-
ergy levels. This is a well-known energy level diagram andmation. H,, is the electron-lattice interaction, namely, this
can be viewed in the literatuf(see Fig. 1 in this referenge  term represents the vibronic or JT coupling including elec-
Then electric-dipole transitions can lead to emissions or abgronic coordinates as well as vibrational normal modes. In
sorptions among levels of these two multiplets. the following H, andH., should be considered multiplied

Neither absorption or emission spectra measured in Zn§y the unity operator in the spin space.
or ZnSe match this simple description. Let us review next the Crystal field parameter iDq| is taken as to yield the
main characteristics of the two specfeanission and absorp- threshold line in each cas€5218 cm! for zZnS and
tion) for each of the system@nS:CF* and ZnSe:Ct). 4971 cm* for ZnSe. Atomic parameters for chromium are

In ZnS:CF* the near infrared emission spectitm pre-  taken directly from the literatuté® as previously reported.
sents a clear threshold line at 5218 ¢mthen a stronger Namely A=57 cni! and p=0.39 cmi®. Small deviations
zero-phonon line at 5212 cth followed by some weak from these values have been used too but this is not the main
structures before the emission curve raises continuously dygsye here.
to phonon-assisted transitio® the range that goes from  The most important phonons in terms of the coupling are
5160 to 5190 cm' zero-phonon lines due to off-cubic sites those that produce displacements of the surrounding ions to-
are present but they are not covered in the present analysigyard the central Cr impurity breaking the local symmetry.
On the other hand, the near infrared absorption spectrunfhjs allows us to use the cluster approximatfomhere only
presents a strong line at 5218 Tnfollowed by a weaker  the four anions sitting at the vertices of a regular tetrahedron
band at 5212 cfit and some very weak structure at lower are considered. We neglect, as usual, the total symmetric
energy. Three features are of importance for the presenfode (breathing modg then there are five nontrivial pos-
work: @ The correspondence between emission and absorgiple coupling modes: the two normal modes behaving as
tion spectra is total with respect to the central energy of theyasis functions for the representation of th&, point group
bands; b the energy difference between the center of thesgng the three normal modes transforming as basis functions
two bands is 6 cmt; c) the width of both lines is for the r, irreducible representation. Let us designategpy
4 t05 Cm_l, much |al‘ger than SpeCtl’al resolution which is Je ®c and Oy qy, U, @, the normal modes coordinates and
an indication of a composed band. frequency ofe and 7, respectively. Using usual second

In the case of ZnSe: €f the near infrared luminescence quantized notation we can write for the ground multiplet:
spectrum®! exhibits also a main doublet, with the threshold

line at 4971 cm, followed by a stronger line at 4964 ¢t H .= fioJaja,+ala + 1), (2

The weaker structure6f any) are overlapped by phonon

assisted transitions that begin right on the low-energy end of He, =fw (aiax + a;ay +ala,+ g) (3)
T2 T )

the second peak. The corresponding absorption spectrum
replicates a pair of lines at the same energies, but the line at Ho=H +H @)
4964 cm? is much weaker than the threshold absorption at L™ e " Tl
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The components of the coupling term can be written as that used in the coupling for the lower multiplet, that is
R athw'=ho,, and the JT energ§); is varied in a broad
He = VAo EYY (@) +a,)D,, (50 range. Here and in the rest of the paper primes are used for
a parameters referring to the coupling to the uppenultiplet.
It turns out that the actual spectrum is little sensitive to the
Ho, = Vhw,EQ> (af +a)D;, (6) Vvalue of Ey for the upper multiplet, then there is a
i wide range of possible values for this parameter yielding all
upper levels within 3 cmt as desired. In summary, for any
H. =H.. +H @) coupling model in°T multiplet we have tak_en fixec_;l_the
eL™ete” Helry crystal-field parameter to produce the main transition at
with a=0,e andi=x,y,z. HereE\{ andE\? are the JT en- 5218 cm’, thenEly is taken in such a way to produce the
ergies for modeg and r,, respectively. Electronic operators SPréad of 3 ciit in the upper multiplet; the JT energy in the
D, andD; have the forn# Ir?w\gg(ra multiplet is varied freely for each possible coupling
\E In a first attempt we consider the JT coupling to fffe
o 0 O multiplet as due toe modes only. It was possible to find a
parameter zone where the energy of the vibronic levels gave
Dy= 1 , D.= V3 , a good explanation of observed lines for ZnS*Tboth in
2 2 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
0 0 O 0 0 -1 would be when only coupling t& modes is considered.
D,={0 0 -1|, bD,=| 0 0 O |, Since the representation technique used in this figure is
0 -1 0 10 0 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
0 -10 scale given in the abscissa. The relative intensity of that tran-
D,=|-1 0 0. sition is given by the height of the line. The curve over the
0O 0 O lines corresponds to a superposition of intensities using
Lorentzian line shapes with arbitrary but reasonable half-
The Huang-Rhys factorS is generally defined asS  widths as indicated in the corresponding figure caption. In
=Eyr/fiw. In the present problem it is possible to deffie  general, width was linearly increased for lines involving
andS; according to each coupling. higher levels as they progressively involve components with
In the upper multiplet a similar coupling can be intro- more phonon overtones thus widening the vibronic level. If
duced, but only withe distortions, as it is well knowf and  the emission spectrum predicted by Fig. 1 is compared to the

_1 0 0
2

the appropriate coupling matrices are: corresponding one in the experimental pabét,it is ob-
1 0 01 served that positions of the energy lines agree with experi-
D0:<O 1), E:(1 O)’ ment but relative intensities are in great disagreement.

Actually, the experiment gives the opposite, namely, the peak

Once the coupling modes are decided, calculation of endt 5212_1crﬁ1 much higher and wider than the peak at
ergy levels and wave functions can be done by means of the218 cm™.

Lanczos-recursion methd@2° with a proper number of Figure 1 was obtained after usirig.=100 cm* for rea-
over-recursions. We refer the reader to the literature for deSOnS t0 become clear below. However, there is no noticeable

tails of the application of this method and calculationiMProvement in the intensity of the lines as compared to
proceduregl22 experiments upon varying the valuefab, around 100 cri.

Results and their analysis will be done separately for eaciN€Nn7. modes are recovered and treated as the only respon-
compound beginning with ZnS, where there is well-resolvediPlé modes, just as we did with tkemodes.

experimental informatich'* and phonon assisted transitions . 11€N We now go back to the original Hamiltonian switch-
are far from the main doublet. ing off e modes while switching om, 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
First, the JT coupling for the upp@E multiplet is con-  (using the same technique as presented in Fidotlthree
sidered withe phonons as required by symmetry. The factvalues offw,, namely 90, 100, and 120 ¢ from bottom
that only two broad bands are seen in emission is an indicae top. It follows that it is only for the second of these curves
tion that all low-energy vibronic levels of the upper multiplet that the main features of the experiments are well repre-
are compressed in a range of no more than 3'cin away  sented. As it can be seen a first band at 5218 pro-
similar to what was found for the similar ion?¥in these  duced, followed by a higher and wider band centered at 5212
same systems.Coupling phonon is taken at energy equal toas shown by the experiments. Some extra activity is noticed

A. Results and discussion for ZnS: C#*
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FIG. 4. Absorption spectrum for ZnS:€rdirectly calculated
using the same wave functions used to calculate emission spectrum
in the central part of Fig. 2.

FIG. 2. Emitted lines predicted by coupling ’[ﬁ“é2 multiplet to
7, modes only. Half-widths are 1 cthfor lines around 5218 ci,
2 cni't for lines around 5212 cit and 3 cm?* for the other lines.
Energy of the coupling mode is 90 cfnat the bottom, 100 ci at

to appropriate relative intensity of the lines. Eventually, ap-
the center and 120 crhat the top. bprop y y, ap

proximate explanation of the spectra can also be possible at
. . . . .

toward lower energies as also shown by the experimenta'ﬂm.re.asIng values CEJT’_bUt this WOUId.a|59 mean increasing

spectra activity around 5200 cit, where nothing is observed in the

issi 11 i i-
The way curves in Fig. 2and others in this papeare emission spectr&!! The broad structure seen in the lumi

constructed is the same as indicated before at the beginnir{;qerzﬁe?cibggﬁlcégugr t?]fe zgsse%; zaésgvﬁ/grreiﬂﬁrgf‘eﬂg i
of this subsection. It has been chodaw =% . and a proper gy

, _ K sions involving higher-order phonon vibronic levels or pho-
\{alue f.orEJT. results to .b(? 370 cm. WhenEgT).(Iower mul- . non assisted t?angitions. Ourpmodel, although limited asppho-
tiplet) is varied freely it is found that energies of vibronic non occupation number increases, predicts many medium to
Igvels correspondingz )to th.e lower m!JItip.Iet are quite sensi]oW intensity lines for energies Iéss than 5100 &ninot
tive to the v?llue ofEyr as illustrated in Fig. 3 for the case oy We do not attempt an adjustment here, not only due
hw,=100 cm™. It is here that a zone is found where the y; tha |imitations of the method, but also because the shape
energy difference between lower vibronic levels and uppept these proad bands is very sensitive to the amount of dop-
vibronic+leve|s yields approximately 6 c¢ifor the case of ing (see Fig. 3 of Ref. Pand excitation source in the experi-
Zns:CF". _ _ , ments(see Fig. 6.12 of Ref. 11
TAS can b_el seen from Fig. 3, such Ylalue_ls approximately  \ith the main vibronic levels reached in this way and
Ejr=260 cm* for the caseiw,=100 cm*, which also leads \\ithout any further adjustment, the fine structure of the ab-
N R R I sorption spectrum is now directly calculated, introducing the
L ] appropriate Boltzmann population factors corresponding to
liquid helium temperature. The calculated spectrum corre-
sponding to ZnS:Cf is presented in Fig. 4, resembling
] quite well the measured spectrdnt!
N ' --.T ] The reason to uskw.=100 cm* 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
oS | the peaks for the luminescence spectrum is better described
by means of coupling te, modes. These arguments do not
LTS 1 rule out a weak coupling to modes which give good ex-
TN —— 1 planation of the energy difference as already stated above.

R o P

~le- Ty However, the relative line intensity suggests that the domi-
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~STie nant coupling is tor, modes, which is assumed here as the
0 . . . : ek only coupling mode frorr_1 now on. . _ .
030 100 150 200 30 300 In summary, for plausible phonon energies vibronic levels
Jahn-Teller energy (cm’) are found varyingE(JTT). For the particular value at which the
appropriate energy difference is found, oscillator strengths
FIG. 3. Energy of vibronic levels as functions Eﬁ? for a  involving vibronic levels are calculated. Fine structures of

coupling phonon of energfwr=100 cm™., emission and absorption spectra are then drawn and com-
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FIG. 6. Emission spectrum for ZnSe X predicted by coupling
FIG. 5. Scheme of vibronic levels for ZnS @leading to emis-  °T, multiplets to 7, modes;wr=70 cnT?, E7=180 cni’, and
sions(downward arrowsand absorptiongupward arrows Clearly — E};=270 cml.
observed transitions are depicted by thick arrows, while thin arrows
show the possible origin for some weak zero-phonon emission ””eﬁiven in Fig. 5, after appropriate adjustments in the actual
observed for the case of ZnS, but not to be observed for ZnSe dU@nergy of the levels.
to background noise.

. . . . . C. General comments for both ZnS:CP* and ZnSe: Cr?*
pared with experiment. This procedure is continued up to a

point where energies and relative intensities of the lines re- Perhaps the most striking feature of this analysis is that by

semble the experimental spectra as done above. trying to explain the optical spectra in either case, we found
In Fig. 5 we present a diagram for the vibronic levels of once again the same or very close coupling acoustic frequen-

both multiplets involved in the main transitions producing cies as previously reported for otheét magnetic impurities

the observed emissio(downward arrowg and absorption in the same compounds.

(upward arrows spectra of ZnS: Ct. Thus, for instance, for the case of #ewhich is a°D
system too, coupling frequencies were found to be 90'cm
B. Results and discussion for ZnSe: Gt for ZnS and 70 cm for ZnSe?3 For the case of ¥, another

- . . d system, coupling acoustic frequencies were once again
Similar to what was done for ZnS, an adjustment using; 5g cn7t for ZnS and 70 ot for ZnSel? It seems then

7, modes was also done for ZnSe, fixing the values Ofya¢ the g electronic cloud around the impurity is most
the parameters to obtain the desired separation of 7 8m  gonsitive to particular phonons of these frequencies in
this case; they aréw,=70 cn' and E?=180 cm! and
E};=270 cmi’. The calculated spectrum is shown in Fig. 6,
presenting a threshold peak at 4971 ¢nthen a higher and
wider band centered at 4964 ¢ as measured in the
experiment®! The lower and wider band expected around (g}
4940 cmi! cannot be compared to the experiment in this
case because of the presence of huge background noise di
to phonon assisted transitions immediately under 4960.cm 0.6}
For the values of the parameters already obtained from 5
fitting the luminescence spectrum the absorption spectré”
is now evaluated directly at liquid helium temperature giving 04
the spectrum presented in Fig. 7, which is in excellent
agreement with the experimental curve. The very weak
band before the main linghere at 4971 cit) is due to
transitions starting from excited vibronic levels and the
quenching produced by the Boltzmann population factor re- 0 —
sults here is more effective than in ZnS2?Grwhere the 4960 4965 4970 4975
energy splitting among excited and ground levels is smaller. Energies (cm™)

It is also possible to draw an energy level diagram to illus-

trate absorptions and emissions. However, we omit it here FIG. 7. Absortion spectrum for ZnSe:Erdirectly calculated
since such diagram is similar to the one valid for ZnS*Cr using the same wave functions used to calculate emission spectrum.

1_
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these compounds. By looking at the lattice dynamics of In the case of ZnS the coupling mode has energy
ZnS and ZnS¥-26 it is found that such phonons are 100 cm?, which is very close to the coupling phonon energy
abundant and correspond to poifitd;(K) in the lattice dy- of other similar ions in this same compound. The upper
namics of both compounds. Moreover, these points in thénultiplet is compressed to a multiplet with a spread of
Brillouin zone have local componentsand 7, precisely as ~ about 3 cmi* by means of a JT energy of over 300 ¢m
required?’ The coupling to the lower m_qupIep gives good results for
It is now also understood why it is not possible to get a2 JT energy of about 260 cth This Huang-Rhys factor
clear spectra for the cases ZnTe?Cand CdTe:C¥. Lat- N this case is5,=2.6, which corresponds to an intermediate
tice dynamics in these compouRtiZ® present very low 3T coupling. .
acoustical frequencies producing a large mixing of many Similarly, for ZnSe the coupling mode has an energy cor-

i ) ) o . .. -responding to the same point of the Brillouin zone as the
zero-phonon lines with phonon-assisted lines making it im revious one(TAy(K)), namely, 70 ¢ in this case. The

ossible to recognize individual lines. The result is the pro-” : . . .
P g P pper multiplet is again concentrated in a few émThe

duction of a broad band with a structure depending on thé! . ) . L .
coupling to the lower multiplet is of similar strength as in

impurity concentration, and spectrometer resolution. Theo- revious case. Namely, the best adjustment is reached for a
retically, it is possible to obtain appropriate shapes varyin ) ' )
Y P bprop P ying T energy close to 180 c¢rh leading t0S,~2.6.

large number of linewidths. However, this is not the ap- i .
proach followed in the present paper where we have concen- The rather high values of Huang-Rhys factors, particu-

trated on the clear zero-phonon lines present in Zn&:Cr larly on the Upper multiplet, as commen'ted in previous para-
and ZnSe: C¥, close to the broad band. Unfortunately, for graphs, are in good correspondence with previous estimates

ZnTe:CP* and CdTe:C¥ such lines are absorbed within ProPosing even a possible static JT case for these

-10 i
the broad band and the analysis performed here is not po§y3tem§' Independent Of. the words used to describe the
sible. 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.

The main features associated to zero phonon lines in the
absorption and emission spectra of?Cim both ZnS and
ZnSe can be explained by introducing a vibronic coupling to The following agencies and programs are acknowledged
the Hamiltonian. Howevere modes do not account for in- for partial support: Fondecy(Chile) under Contract No.
tensities of the observed lines. Then, modes were intro- 1020993; International Collaboration CNRaly) and Coni-
duced giving a very good description of energy levels anctyt (Chile); Millennium Nucleus “Condensed Matter Phys-
intensities of the associated electric-dipole transitions in botlics” (Mideplan Chile P02-054-F Direccion de Investigacién
compounds. y Desarrollo Universidad de La Frontera.

IV. CONCLUDING REMARKS
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