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Depression of vibronic levels and transition from the dynamic to static Jahn-Teller effect in the
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A complete comparison between experimental absorption due to the *4,(F)—*T(F) transition of substitutional
Co?* in ZnSe and theoretical predictions based on the Jahn-Teller model is presented. An exact numerical
solution of the full Hamiltonian, in which spin-orbit interaction and Jahn-Teller coupling are included, is in
very good agreement with the energy position and intensities of the observed absorption lines. It is shown that
the predominant Jahn-Teller coupling is with the low-frequency mode of hw = 72 cm~' of E symmetry, which -
originates from the peak of the density of states of the transverse-acoustic phonons of ZnSe. The frequency of
this Jahn-Teller active mode coupled to the lowest electronic level of the *T,(F) term is drastically reduced by
the second-order Jahn-Teller interaction within the *T|(F) term. The analytic expressions and numerical
calculations for the depression of vibronic levels in the case of E- and T,-mode coupling are presented and
discussed. It is shown that for the *“T'(F) state. the depression of vibronic levels is almost the same in the case
of E-mode and T,-mode coupling. -Finally, it is shown that the ‘T|(F) state of Co’* in ZnSe is suffering the

Jahn-Teller effect in the region of transition between the dynamic and static effect.

I. INTRODUCTION

It has be\en known for some time that fine struc-
tures of crystal-field spectra of ions in solids are
not explained by static crystal-field theory. The
dynamic Jahn-Teller (JT) effect offered the possi-
bility of explaining often very complicated experi-
mental data. It is known that electron-phonon in-
teraction can strongly influence the fine-structure
splittings of crystal-field spectra.

It was Shown by Ham! that strong JT coupling
may in certain circumstances drastically reduce
the spin-orbit splittings expected for crystal-field
theory. Good examples of such reduction were ob-
served in the *T, term of V** and Co®** in KMgF,
by Sturge®® and recently in *T, terms of Mn** in
ZnS, ZnSe, and CdS by Koidl.*

However, Ham’s theory is based on the condition
that the JT interaction is large compared to the
spin-orbit splitting which is not likely to be met in
I1- VI compound semiconductors doped with im-
purities of relatively large spin-orbit interaction.
The opposite case of weak coupling is more prob-
able, when the JT energy is smaller or comparable
to the spin-orbit splitting. The weak JT coupling
has been found to prevail in the °T, term of Fe?®*
in MgO,® ZnS,° and CdIn,S,,” and in the 2T, term of
Cu®* in ZnS, CdS, and Zn0O.® Later, it was shown
that the *T, and *T,(F) terms®° of Co®* and the
3T,(P) term! of Ni** in ZnS fall in this category.
The important feature of weak JT coupling, which
was noticed by Ham ef al.,> ¢ Koidl ef al. >*
Ryskin et al.,'° Maier, and Sauer ef al. >3 is
that it may produce a drastic. depression of the
lowest vibronic levels.

The optical absorption spectra of substitutional
Co?* in II-VI and III-V compounds have been stud-
ied by several authors.®!%1425 The optical ab-
sorption of Co®* in ZnSe has been also studied
previously.'® The interpretation of the ZnSe:Co
spectrum has been done up to now only in the
frame of static crystal-field theory.!®

In this work we present detailed absorption data
concerning the fine structure of the *T,(F) term in
ZnSe:Co with full interpretation of all details. Our
interpretation follows the way described by Ham
et al.>*® and recently developed by Koidl et al.®

However, our calculations go beyond a mere fit
to the observed spectrum of Co®* in ZnSe. Al-
though the numerical calculations presented in
this work were done for values of spin-orbit pa-
rameter, crystal-field parameters, and the ener-
gy of JT active mode most suitable for ZnSe:Co,
it is possible to extend them and to obtain some
general conclusions.

This was possible to do owing to the improve-
ment of our program which permits inclusion of
a large number of phonon-coupled states up to
N=20-for the E mode as compared to Koidl’s®
N=4. Such a large number of phonon-coupled
states allowed us to improve significantly the ac-
curacy of our calculations. The effect of depres-
sion of vibronic levels could be calculated exactly
for the F mode in a wide range of JT energy. It
was possible to show that the mechanism of de-
pression of vibronic levels leads finally to static
distortion. Thus, an approach to the static JT
effect in the weak- coupling scheme was now possi-
ble for the first time.

The analytical expressions for depression of
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vibronic levels in the case of £ mode and T, mode,
as well, are derived. It is also shown that in the
T, (F) state suffering JT distortion due to coupling
to the T, mode, the vibronic energy levels and in-
tensities of optical transitions to them are remark-
ably similar to the case of coupling to the £ mode.

II. EXPERIMENTAL

The spectra were observed from cubic ZnSe
with Co impurities introduced to the melt. The
spectra were measured on a Cary 17 spectrophoto-
meter. The sample was immersed in liquid heli-
um which was pumped to 1.5 K. (

The absorption band due to *A,(F)-*T,(F) transi-
tion within the 3d” shell of the Co®* impurity being
substitutional on zinc site is shown in Fig. 1. The
energies of the strongest lines relative to the
zero-phonon line are given on the drawing.

III. STATIC CRYSTAL-FIELD THEORY

The energy-level scheme of Co(d”) in a cubic
environment, resulting from the *F and *P atomic
states is well known. The ground state of Co(d")
being on substitutional cation site is *4,(F). The
spin-allowed optical transitions from the “A,(F)
state to the ‘T,(F), *T,(F), and *T,(P) excited
quartets are responsible for the characteristic
absorption spectrum of Co(d").

In this work we are mainly concerned with de-
tails of the “AVZ(F)-“TI(F) absorption band. How-
ever, the full interpretation of this spectrum re-
quires knowledge of crystal-field parameter A,
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Racah parameters B and C, and spin-orbit param-

eter . The A and B parameters can be deter-
mined from the baricenters of absorption to the
‘T,(F), *T,(F), and “T,(P) states. The absorption
due to *A,(F)-*T,(P) transition measured by us was
the same as published by Wray and Allen.'® The
weak absorption due to *A,(F)-*T,(F) transition
which was not seen previously was found to be at
about 3500 cm™. In the Wray and Allen spectrum
of ZnSe:Co, a line at 14290 cm™ is seen which can
be interpreted as being due to spin-forbidden
transition to the T, state arising from the 2H
state. From this absorption the Racah parameter
C can be determined. The C parameter is not very
important in our consideration because the inves-
tigated crystal-field structure of the *T',(F) term
is insensitive to the value of this parameter. The
spin-orbit parameter ¢ on the *T,(F) state could
be determined from an analysis of the structure

of the absorption band connected with the transi-
tion to this state, as described in Sec. VB.

The calculation of energy levels of the 3d” con-
figuration has been done in a weak crystal-field
scheme using SLJM ; basis states.?®?” In the
SLJM , basis states, matrix elements of spin-orbit
interaction®® and crystal-field potential?>’ can be
expressed in terms of reduced matrix elements of
unit tensor operators V%) and U® given in Niel-
son and Koster tables®® and 3-j and 6-j symbols
tabulated by Rotenberg e? al.?° The well-known
energies of electrostatic interaction®® between
electrons of the 347 shell for SL states are given
by Racah parameters*®3! B and C. The complete
Hamiltonian, including crystal field, electrostatic,
and spin-orbit interaction was built up with ap-

FIG. 1. ‘A,-'T,(F) ab-
sorption of Co% in ZnSe at
1.5 K. Wave-number differ-
ences to the zero-phonon
line (ZPL) above main lines
are given.
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propriate matrix elements® and then diagonalized
to obtain the energy levels of the 3d” shell. To
test results for a weak-field scheme, a compari-
son between them and the results for a strong .
crystal-field coupling scheme was done. The en-
ergy levels for the 3d” configuration have been in-
dependently obtained from diagonalization of the
Hamiltonian built up with Runciman and Schroeder®
and Tanabe and Sugano® matrices calculated in a
strong-field scheme. The calculated energy levels
in both schemes were éxactly identical.

Next, the relative intensities of electric dipole
transitions from the ground state to all excited
states of the 3d” configuration have been calcu-
lated. The calculation of the relative intensities
has been done in “closure approximation’?™ 3435
using weak-field formulas for transition-moment
matrix elements®”% and wave functions of 3d’
states derived from calculation of energy levels.
The advantage of intensity calculations in the weak-
field scheme is that transition-moment matrix ele-
ments are expressed in 3-j and 6-j and U® terms,
similarly as in the case of energy-levels calcula-
tion.

The calculated energy levels of the 3d” configura-
tion were afterwards fitted to the centroids of the
observed absorption bands. The best fit was ob-
tained for A=3500 ecm™, B=590 cm™, C=1970
em™, and £=385 cm™. For these crystal-field
parameters, of which spin-orbit parameter ¢ is
the most important, the structure of the *T,(F)
term was obtained, as shown in Fig. 4(a). The
energy separation of T'y, T',, and I'j components
from the lowest T'; one are 321 cm™, 730 cm™,
and 803 cm™, respectively. Thé calculated rela-
tive intensities of optical transitions to all spin-
orbit components of the *T'(F) term are also shown
in Fig. 4(a). It is seen that a crystal-field theory
for rigid lattice is not able to explain the complex
absorption spectrum.

Next we shall consider the influence of Jahn-
Teller coupling of d electrons with the lattice
phonons. '

IV. SYMMETRIES AND FREQUENCIES OF JAHN-TELLER
ACTIVE MODES

In considering the vibronic sidebands one has
to know the frequencies and symmetries of JT active
modes. Relying on the facts that cobalt substitutes
for zinc atoms in ZnSe and that atomic masses
of cobalt and zinc are similar, it seems justified
to choose the frequencies of JT active modes
coincident to frequencies of phonons of the host
lattice.

It seems the most likely that JT active modes
will correspond to those phonons which originate

from the strongest peaks of phonon density of
states of the crystal. Data on the phonon density
of states of ZnSe can be obtained from various -
optical studies®®37 and from neutron scattering
experiments.3®

The lowest-frequency peak of phonon density
of states connected with transverse-acoustic pho-
nons®%38 is at 70-75 cm™ . This peak of phonon
density of states corresponds to the TA(X) phonon.
The recent optical studies®** and Raman scatter-
ing data®®**® give a value of TA(X) phonon fre-
quency close to 72 cm™. The group-theoretical
selection rules predict that the TA(X) phonon
can create a vibrational mode of T, symmetry at
the impurity site only.*® However, the width of
the peak of density of states of TA phonons indi-
cates that not only phonons from X point contribute
to it, but from the whole neighborhood of this
point. The symmetry selection rule, valid only at
the exact X point, can be broken in this case, and
the vibrational mode of T, as well as E symmetry
may originate from this peak of phonon density of
states. Therefore, the calculation of vibronic'
levels due to JT coupling with low-frequency mode
of 7w ="T2 cm™ has been done for the case of E.
mode and T, mode, as well.

The next peak of phonon density of states comes
from LA branches at the energy of about 160 cm™
- 170 cm™. However, this peak is very close to '
the much stronger peak of density of states of
optical phonons, and was neglected in our consid-
erations. .

The strongest phonon density-of-states peak
reported by Irvin ef al. *® Kunc et al.,*” and Hen-
nion ef al.®® is at the frequencies 205-220 cm™.
From the above papers it is known that the TO
branch, flat throughout the whole Brillouin zone,
contributes mostly to this density-of-states peak.
Therefore, the high-frequency JT active modes
can be of E as well as T, symmetry. For the
calculation of vibronic levels due to JT coupling
to high-frequency mode, the value of Zw=210
cm™ was used.

V. JAHN-TELLER COUPLING IN T, (F) TERM
A. Method

The JT-effect calculations were performed in
the weak- coupling scheme first described by Ham
et al.>% and employed by Koidl et al.° and Ryskin
et al.'*° in the case of ZnS:Co. This scheme is
based on the assumption that the JT effect is acting
on the spin-orbit levels of the *T,(F) term. The
zero-order effective Hamiltonian of the T (F)
term is

3o =3Cs0+3C 1att. - (1)
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The 3C, is effective spin-orbit Hamiltonian for the
4T, (F) term®°:

Ho=EL S+ u(L-8)°+p(L2S2+ £2S52+ £252),
@)

where £, u, and p are parameters determined
from the fit to the calculated spin-orbit splitting
of the *T,(F) term. The ¥, is a kinetic and an
elastic energy of E- and/or T,-mode harmonic
oscillator® 5!

Gclattz Z(E}’Z P%‘y"'% mw%‘ %‘7> ’ (3)
r,r

where Pr., is the yth component of the momentum
conjugate to the normal coordinate @, , and m and
wp are effective mass and frequency of the I'th
normal mode (I'=T, or Ty for E or T, mode, re-

_ spectively).

The energy levels due to the 3¢, Hamiltonian, be-

cause of the noninteracting 3C,, and 3C,,;, parts,
are given as follows:

E‘.NENT-—— Ei+NEhwE+NTth3 (4)

where E; are energies of the I'y, I'y, T';, and T}
spin-orbit levels of the *T (F) term; Ny and N,
denote principal quantum numbers of the excited
E and T, mode oscillator levels, respectively.
These energy levels are shown in Fig. 2 for the
E and T, mode separately.

‘The JT Hamiltonian, linear in normal coordina-
tes, is introduced as perturbation to H,,> 5

.ZCJT = VE(é‘Q QG + é,e Qe) + VT(TE Qz + T, Q,, + Te Q{) ,
(5)

where V and V. denote JT coupling parameters
for the £ and T, mode, respectively. These pa-
rameters are related to the appropriate JT en-
ergies

lg ———2 |[+lg | fg+l+dy
Tg l5+Ts
7 I

fo+ 7+ 2fg| 2Mg+ 2l + 4l
G+l+lg | fo+fy +2g

fg Te
[ Gele 2
Is 7 +Tg
Ts fs
Vel N Wvibr VY vibr

E-mode  T:mode
FIG. 2. Schematic drawing of the vibronic energy
levels arising from coupling the N=0, 1, and 2 states
of an E- or Ty-mode phonon to the spin-orbit levels of
the T(F) term. The symmetry of vibronic states is
shown.
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EZ =V%/2mw? and El.=2V%/3mw3. (6)

The &§; and 7; in Eq. (5) are electronic operators
corresponding to the *T, state. They have been
obtained from spin-orbit functions of the *T,
multiplet 3*5% and from the operators defined by
Moffit and Thorson®" for orbital triplet 7,. The
&, operators are given in Appendix B.

The symmetry-adapted vibronic zero-order wave
functions were constructed as linear combinations
_of electronic functions of spin-orbit levels of the
T, term and the symmetrized vibrational func-
tions of the E- or T,-mode oscillator. The E mode
functions, in contrast to the method of Koidl et al.®
and Maier et al. ' were obtained from the solutions
of the two-dimensional oscillator in the polar co-
ordinates: @,=pcos¢ and @ =psing. These func-
tions in 7', symmetry are simple products of an-
gular and radial®®®* parts: '

Xr', N,m(pa (p) = Zpl‘,m((P)F‘N, m(p) ’ (7)

where T' denotes irreducible representation 4,
A,, or E; N is the principal quantum number of
the two-dimensional oscillator; and m is the angu-
lar quantum number fulfilling the condition

m=N, N-2,...,1, or 0.

In T, symmetry the angular wave functions are
as follows. For m=0

\

¢A1,0( 90) = (2”)-1/2 . (8a)

For m>0 and forj=0, T'=A,, orj=1, T=E,, or
j=2, T =E,, where m=j(mod 3),

Ur, (@) =712 cOs MY . (8b)
Interchange of A, with A, and E, with E, gives
Ir, m(®) = (1) 72 sinmg . (8c)

This choice of vibrational wave functions extremely
simplifies the E-mode calculation. The T',-mode
oscillator functions were taken as products of ra-
dial three-dimensional oscillator functions®® and
angular parts listed in tables by Altmann and
Cracknell.®® .

Matrix elements of the full vibronic Hamiltonian
3€=3C,+3C;r between vibronic wave functions were
first factorized on electronic, vibrational, and
recoupling matrix elements using group-theoret-
ical formulas whose derivation is outside the
scope of this paper.” Next, the relatively small
matrices of these factors were coded in our pro-
gram, and the full vibronic matrix Hamiltonian
was built up automatically with these matrices on
the basis of a set of vibronic quantum numbers
taken as input data. The whole matrix factorized
into blocks belonging to T, I';, and I'; represen-
tations.
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Vibronic energy levels in the JT effect were ob-
tained by numerical diagonalization of the matrix
Hamiltonian. The relative intensities of optical
transitions to vibronic levels were calculated by
multiplying vibronic state zero-phonon admixture
by the intensity of the corresponding zero-phonon
transition for zero coupling.

The probability of error has been considerably
reduced in our calculation by comparison of the
results (for a small number of phonon-coupled
states) with those obtained from simple unsym-
metrized-wave-functions calculations.

The method adopted here for matrix diagonaliza-
tion is based on the fact that all matrices in the JT
effect, linear in normal coordinates, are narrow-
band matrices.>® This allowed us to apply special
subroutines “bandrd” and “imtql2” described by
Wilkinson and Reinsch®® for diagonalization of the
matrices which give considerable saving in time
and memory space. The largest dimension of the
T’y matrix used in our computation for the E mode
for N =20 of phonon-coupled states was 462 X 462,
All computations were performed on the CDC
CYBER 72 computer system in the FORTRAN ex-
tended language.

B. E-mode coupling

The calculations of vibronic energy levels of
the *T,(F) term coupled to the E-mode phonon have
been done along the lines indicated in Sec. V A.

The lowest-vibronic-levels diagram for low-
frequency mode of Zw="72 cm™ is plotted in Fig.
3. The diagram has been calculated for number
N =15 phonon-coupled states, which is sufficient
to get reliable results for all presented levels.

The vibronic energy levels for E;. =0 are spaced
identically to the levels of the two-dimensional
harmonic oscillator. As JT energy increases, the
depression of energy of vibronic levels is ob-
served. The vibronic levels for weak JT coupling
are still equally spaced but with reduced frequency
of the oscillator. The analytic expressions for the
reduction of oscillator frequencies are given in
Appendix A. The equation (A11) states that the
decrease of the frequency of oscillator is linear
with JT energy and depends on the initial spin-
orbit splitting of the *7, term. The mechanism
which leads to the depression of vibronic levels
is explained in Appendix B. For higher JT en-
ergies, the linear depression of vibronic levels
breaks down due to interaction between states of
the same symmetry, and degeneracies of upper
vibronie levels are removed.

It is interesting that for E;; near 445 cm™ there
is “crossing” of the two lowest interacting T,
levels. The T of vibronic origin for N=2 goes

below the T’y of electronic origin. That means that
the electronic state coupled to N=2 phonons, which
represents the distorted state, becomes more en-
ergetically favored than the undistorted electronic
state. Therefore, the crossing of the two lowest
T'; levels represents transition from the dynamic
to static JT effect. The cross sections through
adiabatic potential energy surfaces of the *T,(F)
state for different E;; are discussed in Appendix
B. There it is shown that indeed for E;; >440 cm™
the lowest state is distorted into three directions
of configuration coordinates space. It is also seen
in Fig. 3 that in the region of E;; above 450 cm™
the T’y level rapidly merges to the lowest T'; level,
and the lowest state for E;; >500 cm™ becomes
orbitally triply degenerate. This is what one can
expect for the static JT effect due to E mode.

The characteristic feature of JT effect is also
a transfer of intensities of optical transition from
electronic components of the *T,(F) term to vi-
bronic sidebands. The calculated energies and
intensities for all vibronic states of the *T (F)
term for three JT energies are shown in Fig. 4.
Some general conclusions can be drawn from these
results:

(i) The intensity to the T'y spin-orbit component is
transferred to upper states of I'y symmetty of
vibronic origin for E,; > 0. The transfer of intensity
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FIG. 3. Lowest vibronic levels of the ‘T, term for
E mode of 7iw="72 cm™! as a function of JT energy (Eyp),
calculated for N =15 of phonon-coupled states. The en-
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lowest Ty electronic state. The numbers on the right-
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spin-orbit components of the T (F) term, calculated
from rigid-lattice crystal-field theory. (b)—(d) The ef-
fect of E-mode coupling of acoustical phonon (fw="72
cm™), calculated for N=15 of phonon-coupled states for
() Eyp=150 cm™!, (¢) Egp=300 cm™, (d) Eyp=450 cm™.

from I’y zero-phonon line (ZPL) to the I'g of vibron-
ic origin for N=2 as a function of E;; is shown in
Fig. 5. The inversion of intensities between the
two T, takes place in the region of E;; where these
levels cross.

(ii) The T'; and T} spin-orbit components at 730
and 803 cm™ are not essentially affected by the
presence of JT coupling. They are not depressed
relative to ZPL, and are even slightly shifted
to higher energies. This fact is also discussed in
Appendix B. The transfer of intensities from
electronic I', and I'; components takes place only
to upper-lying vibronic sidebands. Optical transi-
tions to the electronic I'; and I'} states play the
role of zero-phonon lines of the other part of the
absorption band. The energy position of these lines
is mainly determined by the value of spin-orbit

Ty, Ty, and T vibronic states of the *T; term as a func-
tion of JT energy for coupling to low-frequency E mode
(=172 cm™).

parameter ¢. On the basis of the above conclusion,
the value of the spin-orbit parameter has been
obtained. :

(iii) The spin-orbit Ty state at 321 cm™ is depressed
with increase of E;;. The Ty electronic state in-
teracts strongly and loses its intensity to several
upper and lower I’y states of vibronic origins. As

" a result the broadband centered at 320 cm™ is

created. .

The diagram of lowest vibronic levels for JT
coupling with optical mode of 7w =210 cm™ is
shown in Fig. 6. "As in the case of low-frequency
mode, the lowest vibronic states are depressed.
The spin-orbit component T’y is also depressed, .
reminiscent of the situation described by the Ham
effect.

C. Comparison with experiment

In Sec. V B we discussed the main mechanisms
of creation of vibronic sidebands. It was shown
that the effect of depression of vibronic levels is
responsible for the structures nearest to ZPL.

Therefore, one of the main tests of the com-
parison of calculated lines with the experimental
spectrum is the energy position and intensities of
the lines nearest to ZPL. The other such test is
the overall shape of the whole calculated absorption
band which in the experiment consists of two parts.

The ZPL and its sidebands centered at energies
10.5, 35, and 53 cm™ are shown in Fig. 7. The
best fit of calculated positions and intensities of
these lines for E mode of Zw="72 cm™ and E
=425 cm™ is shown also in Fig. 7. The positions of
the calculated 'y, Ty, and I'; lines agree with ex-
perimental ones with an accuracy of 2 cm™. The
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shoulder at 53 cm™ is also explained as being due
to the presence of the I'y state. The intensity of the
line 10 cm™ is predicted to be much weaker than
the intensity of ZPL and 35 cm™ line. The cal-
culation also predicts almost equal intensity of the
35 cm™ line and ZPL, which reasonably agrees
with experiment, although the integrated absorp-
tions indicate that the 35 cm™ line is more intense.
‘"It is worth mentioning that efforts to get similar
fit for E mode of 7w =50 cm™, which corresponds
to the energy of the TA(L) phonon, were not suc-
cessful. The fit obtained in this case was much
worse than the one for Zw="72 cm™.

In the case of coupling to E-mode optical phonon
of 7w=210 cm™ the calculated positions of the
first lines agree reasonably with experimental
ones for E;» =750 cm™. But in this case the se-
quence of the lowest states is 'y, I'y, and I,
with intensity of T’y always strongest, which is in
disagreement with experiment. Also, the cal- )
culated positions and intensities of all other lines
are in disagreement with the experimental spec-
trum as can be seen in Fig. 8. The coupling to -
E-mode optical phonon alone as being predomin-
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FIG. 7. Comparison of the lowest-energy experiment-
al lines of the 4T, (F) absorption band with theoretical
predictions. (a) Optical density at 1.5 K vs wave-num-
ber differences to the ZPL. (b) Positions and intensities
of the lines calculated for E mode of 7w =72 cm™! and for
Ejp=425 cm™,

ant was rejected also, on the basis of moment
analysis appearing in Sec. VL

The calculated positions and intensities of all
vibronic levels for 7zw="72 cm™ and E;; =425 cm™
are compared with the experimental spectrum in
Fig. 9. The calculation has been made for num-
ber N =20 of phonon-coupled states, and, within

‘a few cm™, it is an exact solution for all vibronic

levels. The agreement with the experimental
spectrum is quite good. The characteristic double-
band absorption is reflected in the calculation. In
addition almost all absorption lines are repro-
duced in the calculation with good accuracy. The
calculation predicts a decrease of the energy of the
lowest T'; ZPL of 66 cm™. This value is consider-
ably smaller than E; =425 cm™, showing the
stabilizing influence of spin-orbit coupling against
JT distortion. ‘

D. Number of phonon-coupled states

The results of calculations presented in the pre-
vious sections are very sensitive to the number of
phonon-coupled states included in the calculations.
The convergence of the calculations in general
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levels is shown in Fig. 10. The results for N=15
are the same as for greater N and therefore this

~ pumber of phonon- coupled states produce an ex-
act solution for the lowest levels up to E;; =600
em™. It is seen that it is possible to get such an
exact solution for E;; < 200 cm™ for even N=4.
But this refers only to the lowest levels. The con-
vergence for higher vibronic levels is even slower
than those presented in Fig. 10.

It seems that Koidl et al.’s’ estimation that num-

ber N =4 of phonon- coupled states is sufficient

[em™
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FIG. 10. Positions of the lowest vibronic levels of the
7, term due to E mode of Zw="72 cm™! as a function of
JT emergy, calculated for different numbers of phonon-
coupled states (these numbers are given above the lines).
The energies of the levels are given with respect to the
T, electronic state.



to get reliable results is over optimistic. The
Koidl et al.’s calculations for the ‘T (F) term in
ZnS:Co have been done for E;r=350 cm™, where
for the lowest states one can get for N=4 reliable
results which correspond to the results for N

=, but for smaller JT energies. But the results
for upper vibronic states cannot be accurate. Also
their calculations for two E phonons can be, at
most, qualitative. '

To get reliable results for E;q =425 cm™ for all
vibronic levels it is necessary to carry out cal-
culations up to N =20 of phonon-coupled states.
The most sensitive levels for number of phonons
are between 150 and 500 cm™, which originates
from the I'y electronic state. On the other hand,
the levels above 800 cm™ do not depend so strongly
on the number of phonon-coupled states. The
positions and intensities of vibronic levels at about
800-1000 cm™ were quite well established for
N=15. This can be understood on the basis of
cross sections through the adiabatic potential en-
ergy surfaces discussed in Appendix B. The en-
ergy surfaces connected with I', and T’} states at
730 and 803 cm™ are not essentially affected by
JT coupling, in contrast to the surfaces connected
with the Ty state at 321 em™. '

E. T, mode coupling

As was shown in Sec. V C, the observed spec-
trum can be very well explained by predominant
JT coupling to the low-frequency E mode. But that
does not exclude the possibility of obtaining equally
good fit for coupling to the T, mode, as well.

The vibronic energy diagram of the *T,(F) term .
coupled to the T, mode is shown in Fig. 11. The
diagram has been done for Zw="7T2 cm™ and for
the same value of spin-orbit parameter ¢ as in
the case of the E mode. Due to the extreme com-
plexity of T, mode, the numerical calculation has
been carried out to N=5 phonon-coupled states
only. In spite of the relatively small number of
phonon-coupled states included in T,-mode calcu-
lation, the diagrams for the 7, mode and E mode
shown in Figs. 11 and 3, respectively, are similar
in some respects. .

For small E;., the depression of vibronic levels
is the same for both modes. This can be under-
stood on the basis of the expression for the de-
pression of the energy of vibronic states given in
Appendix A. The expressions for reduction of E-
mode and T,-mode frequency, obtained from Eq.
(Al11) and Table I, are as follows:

1 E 9 E ’
! = ~ EE [___ 8 v 8’
CE= s [1 E”<1o 2 (aw)? T 10 Eg,—(hw)2>:"

9)
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_ T TA : 90 T
w'T—“’T[l“E” (10 EI- () * 10 EZL - (o)’

AL ﬂ (10)
10 EZ- (7w)* /|’
where E,, E,, and E,, are energies of 'y, T',, and
T’} electronic states relative to the I'; state of the
4T, (F) term. : :
Taking the values of E;, E,, and E;, as given in
Sec. III, and Zw="72 cm™, one obtains '

wh=w,(1-1.458 X 1073E%,) (11)
wh=w(1-1.522%x10°EL), (12)

where E;; is in cm™.

The reductions of F-mode and T,-mode fre-
quencies are almost the same because for the
T (F) term E, =E, (in the first order of pertur-
bation calculation in crystal-field theory E,, =E,).

The depression of vibronic levels leads finally
to the “crossing” of the two lowest T’ levels which
takes place at almost the same E;; for both the £
and T, modes. But the energy distance between
two interacting Ty levels for the 7, mode is such
that it is impossible to get reasonable fit to ex-
perimental lines. It is clear, however, that N=5
phonon-coupled states are not enough to get reli-
able results for the lowest vibronic levels (Sec.
VD). The comparison between Figs. 10 and 11 in-

ENERGY [cm™")

E;r lem™

FIG. 11. Lowest vibronic levels of the ‘T term for
coupling to T'y-mode of 7w =72 cm™! as a function of JT
energy, calculated for N =5 of phonon-coupled states.
The energies of vibronic levels are given with respect
to the Iy electronic state. The numbers on the right-
hand side are abbreviations for I'y, T';, and T
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dicates that the results for 7, mode for N=5 cor-
respond to the ones for E mode for N=4. It seems
that convergence for the 7, mode is even slower
than for the £ mode. Therefore, the calculated
positions of the I'y, T',, and T’y states shown in

Fig. 11 will be in reality pushed down to lower
energies. The decrease of I'y can be quite strong
similar to the one shown in Fig. 10. Similarly, as
in the case of the £ mode, the strong transfer of
intensity from ZPL I'y to the vibronic T’y state takes
place for E;; close to the “crossing” of these two
levels. The intensity of the lowest I'y and T', levels
is weak and, because they lie very close together,
it is possible that they were not resolved in the ex-
périment. Therefore, it is possible that equally
good fit as was obtained for the £ mode can be also
obtained for the 7, mode, as far as the lowest
levels are concerned.

The question arises if equally good fit can be
obtained for the shape of the whole absorption band
for the T,-mode coupling. The calculated posi-
tions and intensities for all vibronic levels for
7iw="T2 cm™ and E; =400 cm™ are shown in Fig.
12. In spite of the fact that the results are not
accurate due to insufficient number of phonon-
coupled states, they qualitatively reproduce the
double-band shape of the absorption.

Therefore, the possibility that JT coupling with
a low-frequency mode of 7, symmetry is respon-
sible for the observed absorption spectrum cannot
be ruled out. .

The high-frequency optical mode of 7', sym-
metry, similar to the case of £ symmetry, was
not successful in explaining the experimental spec-
trum. It was not possible to get reasonable fit
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FIG. 12. Energy positions and intensities of the cal-
culated lines for coupling of the 4T1(F) term to Ty mode
of Zw="72 cm™! and for E;p=400 cm™, The calculation
has been done for N=5 of phonon-coupled states.
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for the lines nearest to ZPL and to get the charac-
teristic double-band shape of experimental ab-
sorption. The coupling to the T, mode optical pho-
non alone as being predominant was rejected also,
for reasons included in the discussion of moment
analysis below.

VI. DISCUSSION

It was shown in Sec. VE that the symmetry of
the JT active mode cannot be determined from ab-
sorption measurements alone. However, the re-
cent optical experiments done under uniaxial pres-
sure for ZnS:Co indicate that the line next to ZPL
is of I'; symmetry.® That indicates that the low-
frequency JT active mode is of E symmetry.
Therefore, relying on the analogy between spectra
of ZnS:Co and ZnSe:Co, it seems that in our case
the coupling to £ mode is also more likely.

- The presented fit of calculated absorption to

the observed spectrum was done for two adjust-
able parameters E;; and {. The frequency of the
JT active mode was fixed to the frequency of the
peak of density of states of transverse acoustic
phonons. The spin-orbit parameter was adjusted
to the separation of the two parts of the absorption
band. The JT energy was chosen to give appropri-
ate energy positions and intensities of the first
absorption lines. Considering this, the obtained
fit to the experimental spectrum is very good,
indeed.

On the other hand, there are high-energy tails
of the two parts of the absorption spectrum which
are not reflected in the calculations. That implies
that, beside the JT coupling to low-frequency
mode, there is also appreciable coupling to high-
frequency totally symmetric and JT active modes.

The first and second moment® of the absorption
line shape were evaluated in order to estimate the
contribution from the other phonons. The first
moment, which is the energy separation of the
centroid of the absorption band from ZPL, is 800
cm™. The experimentally determined second mo-
ment is equal to 1.81 X 10% cm™. The values of
the first and second moment cannot be explained
by coupling to high-frequency JT active mode
alone. For E-mode coupling of Zw =210 cm™ and
E;p="750 cm™, the calculated first and second mo-
ment yield 783 em™ and 2.53 X 10° cm™, respec-
tively, the latter being about 40% higher than the
experimental one. For the T,-mode coupling of
the same frequency, an even higher value for the
second moment is obtained. This is an additional
argument for ruling out the possibility of predomi-
nant coupling to the high-frequency modes.

The predominant coupling to low-frequency mode
partly expla.us the values of both modes. The



sum of spin-orbit and JT contribution to the first
and second moment for 7w ="72 cm™ and E; = 425
cm™ is 525 cm™ and 1.26 X 10° cm™, respectively.
Therefore, the stabilization energy 275 ecm™ and
value of 0.55 X 10° cm™ of the second moment
should be accounted as being due to all totally
symmetric A, and high-frequency JT active modes.

The unexplained parts of both moments are given
by

B= T Bt 3 Pt Y Es (1)

E%) =" Efphiw ,+ S ERfwp+ Y Efphio .
(14)

The primes in the sums over E modes indicate
that the acoustical phonon 7Zw =72 cm™ has been
removed from the sums. The following formulas
apply for stabilization energies appearing in Eq.
(13).

Eétab=E?T ’ (15)
and, from Appendix A, Eq. (A10) (for small Ey;),

ESian=B"Egy, (16)

EayB'Efy 1
where

BE=ﬁwE[11—0(E8+ﬁwE)'1+1%(}28,+}"ZwE)'1], (18)

BT= 31w f[5(Eq+ 7w )™ + &(E,. + hw )t
+2(E,+ 7w )], (19)

We shall assume that the main contribution to
(E) and (E?) is due to coupling with one high-fre-
quency E (or T,) mode and various totally symme-
tric A, modes. To simplify the problem of coupling
with various totally symmetric modes, it is con-
venient to introduce the average frequency (7w )
of all A, phonons. In this approximation

Z EfTh‘wA=EA(z‘fiwA) s (20)
where
E,= 3 Ed. (1)

It seems reasonable that the average frequency of
all A, phonons should be about 150-170 cm™. Con-
sidering these, Eqgs. (13) and (14) simplify to a
form

(EY=E ,+ B*EE, ' (22)
(E®=E,(iw ) + Efphwy (23)

and for 7w, =210 cm™ one obtains E%; from 78 to
48 cm™ and E, from 257 to 264 cm™, respectively.
For optical T,-mode coupling, there is interchange
of subscript E into T in above equations, and one
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obtains ET; from 87 to 55 cm™ and E, from 244 to
256 cm™, respectively. From the above estima-
tion it is seen that the coupling to totally symme-
tric modes is mainly responsible for the high-en-
ergy tails in the absorption spectrum. The JT
coupling to the high-frequency optical mode is rel-
atively weak.

The interesting problem of the dominant role of
JT effect due to low-frequency acoustical mode
(E¥/hwz=5.9) over high-frequency optical-mode
contribution arises (E%,/w;=0.3, or even less
when there is simultaneous coupling to the E and
T, optical modes). The values of JT coupling co-
efficients for the E modes V, defined in Eq. (6),
answer this question. Taking for mass corre-
sponding to E mode, the mass of the Se atom, and
EE.=425 cm™, and iw="T2 cm™, the value of V,
=0.40 eV/A is obtained. The estimation of EZ; for
high-frequency optical mode gives the value of V
at most from 0.39 to 0.50 eV/A. The coefficient
Vy is roughly the same for JT coupling for low-
frequency as for high-frequency modes. The
smaller E;; connected with the optical mode is a
consequence of the higher frequency of this mode
according to the relation E;~w™. The constancy
of V, for coupling to all phonons implies that JT
energy should be the highest for coupling to low-
frequency phonons.

VII. CONCLUSIONS

A complete comparison between experimental
results and the predictions of JT model has been
presented. It is shown that for the ‘T (F) state the
JT coupling is predominantly with a low-frequency
mode originating from the peak of density of
states of transverse-acoustic phonons of ZnSe.
The effect of depression. of this JT active mode
frequency is observed and explained.

- The symmetry of this JT active mode is most
likely of E character. The distinction between E
and T, symmetry of the mode on the basis of ab-
sorption data alone is not simple. This is partly
because the depression of phonon frequency is al-
most the same in the case of E- and T,-mode cou-
pling as analytic expressions derived in this work
and numerical calculations demonstrate.

The numerical calculation also shows how the:
transition from the dynamic to static JT effect oc-
curs as a result of depression of vibronic levels.

The *T, (F) state of Co®** in ZnSe suffers dynamic
JT effect close to the point where transition to
static distortion takes place.
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APPENDIX‘A: JT DEPRESSION OF VIBRONIC LEVELS:
PERTURBATION TREATMENT OF THE *T, (F) STATE
COUPLED TO E AND T, MODE

The weak-coupling scheme of the JT effect al-
lows derivation of analytic expressions for the de-
pression of vibronic levels. This method was ap-
plied for the first time by Ham e al. to the case
of the °T, state®® of Fe(d®) and to the case of s and
p states in F centers.®” We shall adapt a similar
approach to the case of the *T,(F) state.

Let us consider the T’y electronic state of the
T, (F) term, described by ket |T'y) (where y is the
+3 Or =3 component of I';), which interacts with
the group of remaining electronic states ll"’y') of
the same term (where I'” may be I';, Ty, and T’}
and y’ is component of I'V). We shall consider JT
interaction due to E and/or T, mode within the
whole term. Each electronic state |T'y) will be
connected with the ladder of levels of a p-dimen-
sional harmonic oscillator (where p=2 for E mode
and p=3 for T, mode). The vibronic wave func-
tions will be described by kets |I'y) where 7 is a
set of simple quantum numbers n,,...,n, of this
harmonic oscillator. We shall calculate the change
in energy of vibronic states in the first and second
order of perturbation theory. The linear JT Ham-
iltonian due to T mode will be considered as the
perturbation. - It can be rewritten as follows:

3CJTZ VF Z: é’;(f)Q;(f) s (Al)

where T denotes the irreducible representation
of the mode (T=T, for E mode and T =T, for T,
mode) and ¥ is a component of T.

It is well known that the Kramers doublet I'y
does not suffer JT effect in the first order. How-
ever, in the second order, the vibronic levels
|Ty7) (where I'=T,) are influenced by JT inter-
action with I'F'y'h") vibronic levels (where I’
=T,, T for E mode and I'"=T,, T, T} for T, mode).
The change AE in the energy of ll"yﬁ) vibronic
state is then as follows:

(Do |36, | D'y m (Tt |3y | Ty *
E+Nhws— E' — N'hwg ’

(A2)

AE =

Try'as

where E and E’ are energies of electronic states
I'and IV, N=Z)$;lni and N’=Zf=ln§ are principal
quantum numbers of the T'-mode p-dimensional

oscillator, and ws is its frequency.
J
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The matrix element in Eq. (A2) of 3¢;; given in
Eq. (Al) separates on electronic and vibrational
parts L

(O [seye | Ty

= Ve 3 (Ty[85(T)] Ty | Qy(T) 7). (A3)

Y
1t follows from the Wigner- Eckart theorem?3% 52
that

(Ty| 85(T) [Ty
= (D)X SDIT XTy | TFTyy, (A4)

where (T') denotes the dimension of I' representa- .
tion, (T[I&(T)/IT’) is the so-called reduced matrix
element, and (I'y|TyT’y’) are Clebsch-Gordan co-
efficients tabulated for all point groups by Koster
et al.%?

Considering above, one obtains

$™ (Tt | Ty Ty, | Tty
=
= [ Ve[ (T8I 2
X > (m|Qs(T) | ') (7| Q5.(T) [77)
77 :
X ATy |TyTy)(Ty [T Ty) . (A5)
7 '

As an inspection of tables of Clebsch-Gordan co-
efficients shows the following “orthogonality” rela-
tion holds for I"=£‘6, T'=T,, I',, and I appearing
in the product of I' X T':

Re 3™ (Dy| 9Ty ) (Dy | T Ty} = (T)26(7, 7).
7 ’
(AB)

It may be also shown from the orthogonality of
the oscillator wave functions and from the well-
known formula for one-dimensional harmonic os-
cillator ‘

(n|Q|n"= a[nl/zén,,m+ m+1)Y2%5,, .1, (AT
where

a=(/2mwg)/?,
that

[(m|@x(T) |n7) |
L E-E +hws(N-N)

_ 2 N+p N
e <E_E'—ﬁcuf+E—E’+ﬁwf - (A9)

From Eqgs. (A1l)-(A8) one finally obtains the
formula

AE=a?|Vs[? S (@D [(TNEMDMIT)[? [N +5)/(E - E' - Tws) +N/(E —E'+hwg)]. - (A9)
re .
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The change in energy AE does not depend on v, and thus is the same for all component states y of vi-
bronic levels. Therefore, in second order of perturbation theory, highly degene/rated vibronic levels con-~
nected to the I'y electronic state remain unsplit, and are described by the principal oscillator quantum
number N. The absolute value of the energy change of the ground-state oscillator level (N =0), being

stabilization energy, is equal to

Eqap=pa? [ Va2 3 (O (@) (TN S@IT) [*(E - E+ hwp)™. (A10)
r .
The energy of the Nth level relative to the ground level is therefore proportional to N. This enables us to
formulate the theorem that vibronic energy levels connected to electronic state T';, interacting in the
second-order of the perturbation theory with other electronic levels via Jahn-Teller active modes of E or
T, symmetry, are the same as vibrational levels of the harmonic oscillator with reduced frequency wf.
The expression for reduced frequency wg is as follows: '

wE=ws [1+C—
r r r e (E—E’)z— (h—wf)z

where
Cy=EY; for E mode,
Cg=4%EZL, for T, mode.

The reduced matrix elements appearing above
can be calculated applying the Wigner- Eckart the-
orem, Eq. (A4), to the nonzero matrix elements
of electronic operators 85(T) which are defined in
Sec. VA. The reduced matrix elements are listed
in Table I.

This theorem may be easily extended to the case
of various simultaneously interacting modes be-
cause it appears that the second-order reductions
of frequencies may be treated separately for each
mode.

The above results are valid under the assump-
tion of application of perturbation theory, i.e., as
long as the following conditions are satisfied:

i < |[E-E'| and E; < |E-E|,

-V5 -3V5

0 0 0

| V5 4 -3 0 0
8, Tz —\3\/5-—3 -4 0 0

) 0 0 0 0 3V5 -

| 0 0 0 3/5 -4

Y 0 0 o0 -V5 3

0 0 0 0 -V5 -3V5

| R 0 0 0 -3V5 -4
§,= Tsura 0 0 o0 V5 3

| 0 -3V5 V5 0 0

| R -V5 -4 3 0 0

Tls/s -3V5 3 4 0 0

2(D)(T) [(TIST)IT) (2 - )
5 l |

(A11)

I
as in the case of weak JT effect.

The above results apply to a more general case
of 25*!T, terms (where S=3 or 3 andi=1,2). The
reduced matrix elements (T'{|§(T)||T’) for such
states will be published elsewhere. It should be
noted that, depending on the sign of E -~ E’ in Eq.
(A11), the frequency may be enhanced as well as
reduced. For the considered T’ state, the reduc-
tion frequency takes place because the I'y one is
below the group of remaining interacting states.

APPENDIX B: ADIABATIC POTENTIAL ENERGY
SURFACES OF THE * T, (F) STATE

Electronic operators &, and 8, describing inter-
action of *T, multiplet with E mode are calculated
(as described in Sec. VA) in the base of six spin-
orbit functions of this multiplet. The operators
&, and &, are as follows:

(B1)

(B2)
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FIG. 13. Cross sections along the @ ¢ axis of adiabatic potential energy surfaces of the 4T1(F) term for =385 cm™!
' andZw=72 cm™! and for (a) Eyp =0, () E;r =200 em™!, (c) E;; =450 cm™!. The unit in the abscissa is ¢ /mw)!/2,

In the base of 12 wave functions of ‘7, multiplet,
the &, and &, operators should be matrices of
12 X 12 dimensions. However, because of Kramers
degeneracy, the &§, and &, matrices are the same
in the base of the other six I'g,/,,Ty,/., T4/,
T, 1/2:Tgu3/2, T43/, wave functions of *7, multiplet.
Taking the momenta connected with @4 and @, co-

ordinates equal to zero in the full JT Hamiltonian
§C¥SCSO+3C1att+JCJT, one obtains an equat'ion for
potential energy of the system in the Ty, Ty, TY,
and T, electronic states as a function of normal

" coordinates of the E mode. This equation has been
solved by diagonalization of the 6 X 6 matrix Ham-
iltonian. . The cross sections through adiabatic po-
tential energy surfaces along @, axis (.=0) for
E;p=0, E;z=200 cm™, and E; =450 cm™ are
shown in Fig. 13. Four paraboloids connected
with T'y, Ty, T4, and T', electronic states, centered
at @y=0 and Q.=0, are obtained for E;;=0. It is
seen from Figs. 13(b) and (c) that JT effect takes
place only on T’y states. The JT effect also intro-
duces interaction between I'; and Kramers doublet
T'; states. Therefore, the splitting of ', surface
affects the lowest I'; one. The T’y surface is pushed
apart and down by the I'; one as JT energy is in-
creased. The widening of the I'; paraboloid causes
the depression of vibronic levels; it is a well-
known effect that vibronic levels become more
closely spaced when the paraboloid is widened.

TABLE I. Reduced matrix elements (T[] §(T)|| T’) for
I'=T§ electronic state of the ‘7 multiplet for E and T,
mode.

T \J” Ty Ty Ty
I3(E) 0 —1/V5 —-3/V5
5(Ty) —VZ VZ /N5 —2V2 /5

The effect discussed above leads to local softening
of the crystal around the cobalt impurity in the
“Tl(F) state. Therefore, the effect of depression
of vibronic levels, obtained from complex numeri-
cal calculations, has a very simple explanation.
The upper paraboloids connected with I', and
T'; electronic states are narrowing, but the sepa-
ration of them from the lowest T'; one is not es-
sentially affected by JT interaction. This is be-
cause the energy of the JT active mode 7w is small
compared to the full spin-orbit splitting of the

FIG. 14. Cross sections along the @, axis of adiabat-
ic potential energy surfaces of the lowest Ty electronic
state of the T (F) term for increasing JT energies from
0 to 500 cm™! (¢=385 cm™!, Zw="72 cm™!). The calcu-
lated positions of the lowest vibronic level in the po-
tential minima are indicated. The unit in the abscissa
is (#7/mw)'”2, and in the ordinate cm™.
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The cross sections through the I'y potential en-
ergy surfaces for different E;; are shown in Fig.
14. The positions of the lowest vibronic level, ob-
tained from numerical calculations of the full Ham-
iltonian, are also indicated. The creation of stat-
ic distortion is due to pushing down the I'; sheet
by the I';. The static distortion takes place at
about E;; =440 cm™. The three equivalent valleys
in the @, and @, space are created (the cross sec-
tion through only one of them is shown in Fig. 14).
Therefore, for the static JT effect due to coupling
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to E mode, the lowest vibronic state should be of
threefold orbital degeneracy (or sixfold, when spin
is taken into account). This indeed takes place for
E;;>500 cm™ when the lowest I'y and I’y vibronic
states merge together as is seen in Fig. 3. The
small splitting between I'g and I'y levels, which
still exists for E;; between 440 and about 500 cm™,
is due to tunneling effect. The barrier between
valleys is so small that the system can tunnel
from one valley to another. For sufficiently high
E;;, the system becomes frozen in one of the
minima.
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