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A revised interpretation of the °E — 5T, optical absorption spectrum of Fe* in cubic ZnS is
proposed. It is shown that certain absorption peaks, lacking a counterpart in the luminescence,
cannot be interpreted, as previously done, as two- and three-phonon sidebands of the zero-
phonon transitions, and also cannot be attributed to crystal-field electronic transitions or to
simple unshifted one-phonon sidebands. A Jahn-Teller coupling within the 5T2 level, weaker
than the spin-orbit coupling, is shown to be capable not only of partially quenching the 5T2 spin-
orbit splitting but also of shifting the associated one-phonon levels in the manner required to
account for the observed spectra. Such a dynamic Jahn-Teller effect, involving simultaneous
coupling to a low-frequency mode (~100 cm"!) and a higher-frequency mode (~ 300 ecm™?), is
proposed to account for the data for Fe® in ZnS in terms of coupling to the TA and TO and/or
LO phonons of the ZnS lattice. This interpretation of the phonon coupling is shown to be con-
sistent with a moment analysis of the broadening of the optical absorption and luminescence
spectra using the methods of Henry, Schnatterly, and Slichter. The relation of this model to
similar features in the spectrum of Fe?* in CdTe, MgAl,O4, ZnSe, ZnTe, CdS, GaP, and GaAs
is discussed. It is also shown that this model provides insights into the relationship between
lattice phonons and the localized modes that dominate the Jahn-Teller coupling in strongly
coupled systems, and that it shows why the cluster model for the Jahn-Teller ion and its near-

est neighbors often works well for such systems.

I. INTRODUCTION

The optical absorption spectrum in the near in-
frared of the Fe?" ion in cubic ZnS, CdTe, and
MgAl,O, has been studied by Slack, Ham, and
Chrenko (SHC).! It was found that the structure in
these spectra, which correspond to the SE~57,
transition, was not in agreement with the predic-
tions of simple crystal-field (or ligand-field) theory
for Fe?" in a tetrahedral site. The dynamic Jahn-
Teller effect was shown to offer a possible explana-
tion for these discrepancies, and for ZnS: Fe?* a
phenomenological model involving strong Jahn-
Teller coupling in the °T, state was proposed which
fit quantitatively the observed zero-phonon struc-

ture at the low-energy edge of the low-temperature
absorption spectrum. According to this interpreta-
tion, the absorption peaks at higher energy arose
from phonon-assisted transitions in which the emis-
sion of one, two, or three phonons of the ZnS lattice
accompanied the electronic transition. Subsequent-
ly, however, Slack and O’Meara? observed the cor-
responding 57, ~°E luminescence at liquid-helium
temperature and found that the only vibronic side-
bands accompanying the zero-phonon emission lines
were those corresponding to the emission of one
phonon. Since the absence of two- and three-phonon
sidebands in the luminescence spectrum is inconsis-
tent with the presence of strong peaks of this type

in absorption, the previously proposed interpretation
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of the absorption spectrum clearly requires revi-
sion. It is the purpose of this paper to reexamine
the interpretation of these spectra in the light of re-
cent advances®~® in understanding the role of the
Jahn-Teller effect in modifying optical spectra.

One is tempted, of course, to try to interpret the
absorption and luminescence spectra in terms of the
electronic transitions expected in the crystal-field
model for ZnS: Fe?*, while attributing the additional
peaks to simple unshifted one-phonon sidebands®
of these transitions. This approach fails because
certain phonons would then appear to be involved in
the absorption spectrum which produce no corre-
sponding phonon sideband in the luminescence. On
the other hand, the Jahn-Teller interaction is capa-
ble not only of changing the spin-orbit splitting of
a degenerate electronic state,® but also of splitting
and shifting the associated higher vibronic levels,10-14
In our revised interpretation we attribute a number
of the peaks in the absorption spectrum to the ef-
fect of the Jahn-Teller coupling in displacing and
mixing the vibronic states arising from the 57,
spin-orbit states through coupling with the ZnS lat-
tice phonons. The resulting level shifts are found
to be quite large, although the Jahn-Teller coupling
cannot be as strong as supposed by the previous
model of SHC! for ZnS: Fe® and, in particular, is
evidently weaker than the spin-orbit interaction.

The present model is quite similar to one used
by Ham, Schwarz, and O’Brien’ to treat the effect
of the Jahn-Teller coupling in reducing the spin-
orbit splitting of the °T, ground state of MgO : Fe?*,
In both models, the Jahn-Teller coupling is taken
to be weaker than the spin-orbit interaction, and the
displacement of the levels that results from the
coupling is obtained by second-order perturbation
theory. For MgO: Fe®, however, the interest was
in the effects of the coupling on the lowest electron-
ic spin-orbit levels of the °T, state (the I'; level
with J'=1 and the Ty and T, levels with J' = 2; see
Sec. II), and the coupling was taken to be with
phonons (or a band of phonons) with frequencies in
the range 300-400 cm™! (where “frequencies” here
are expressed in wave-number units), substantially
larger than the ~200-cm-! spin-orbit separation of
the J'=1 and 2 levels expected from crystal-field
theory. In the present work we are interested par-
ticularly not only in the I'; ground state, but also in
the higher I'; vibronic levels which account for the
sidebands in the optical spectrum at liquid-helium
temperature and which originate in states corre-
sponding to one excited vibrational quantum. More-
over, in the ZnS lattice we have several distinct
groups of phonons in the range 70-350 cm™! corre-
sponding to critical points in the lattice frequency
spectrum (see Sec. III), the separate contributions
of which we wish to distinguish. We shall be par-
ticularly concerned with the effect of the Jahn-Teller
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coupling on the vibronic states associated with a
phonon of frequency smaller than the spin-orbit
splitting of the J' =1 and 2 levels, and with the in-
teraction between excited states associated with
different phonons. Neither of these effects was con-
sidered in the earlier work.”

The present work provides some new perspectives
into the role of dynamic Jahn-Teller effects in mod-
ifying the optical spectra of impurity ions in crys-
tals, while providing a detailed treatment of a mic-
roscopic model for these effects in one such sys-
tem. In addition, our consideration of simultane-
ous Jahn-Teller coupling with several different pho-
nons provides some useful insights into the as yet
largely unresolved question of the relationship be-
tween lattice phonons and localized modes associ-
ated with a strongly coupled Jahn-Teller ion.

Our primary concern in this paper will be with
the case of Fe?* in cubic ZnS. We will show, how-
ever, that similar conclusions account at least
qualitatively for corresponding features in the ab-
sorption spectrum of Fe?* in!!®* CdTe and' MgAl,0,
and in a number of other II-VI and INI-V compound
semiconductors.!®!?

II. STATIC CRYSTAL-FIELD THEORY

The ground state of Fe?* (34%) at a substitutional
Zn site in cubic ZnS (tetrahedral site symmetry)
is the orbital doublet °E, while the triplet °T, is
higher by the cubicfield energy A (equal to 10| Dql),
determined by SHC! to be 3400 cm"!. The spin-
orbit splitting of these states!® as given by crystal-
field theory for a static lattice is shown in Fig. 1.

The separation of the five *E spin-orbit levels
(Fig. 1) is uniform, to the accuracy of a second-
order perturbation treatment of the spin-orbit cou-
pling between 5E and °T,, and it is given by

K=6[(2%/8)+p], 1)

where X is the effective spin-orbit coupling param-
eter! and p the coefficient in the effective spin-spin
interaction'® within the states derived from the °D
term of the free Fe?* ion. Because of covalency
and other effects of the crystal environment, these
parameters may depart from their free-ion values
g and pg given by Ag= - 104. 2 cm™! and py=+1.04
cm™! and obtained from a least-squares fit to the
spectroscopic data.?® The separation K for
ZnS: Fe?* has been determined experimentally from
far-infrared measurements?®! and magnetic suscep-
tibility studies® to be K=(+15.0+0.1)cm™,

Within the 57T, state the combined effect of the
spin-orbit and spin-spin interactions may be repre-
sented! (to second order in A/A) by

HgoCT5) = (£ §)+ n(£- 82

+n(L,25,2+ £,25,2 + £,%5,%) , (2)
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FIG. 1. Energy levels of Fe?* (3d°) as predicted by
crystal-field theory for tetrahedral coordination (point
symmetry 75), drawn under the assumption 7<0. Arrows
indicate the two optical transitions from lowest level
(T'y) of °E and the four transitions from lowest (I's) level
of 37, which areelectric-dipole allowed. Also shown are
relative oscillator strengths predicted for individual
transitions in absorption and luminescence spectra at
temperatures so low that only lowest spin-orbit level of
initial state is populated. [After SHC (Ref. 1), Fig. 10
and Table X. ]

where £=(£,, £,, £,) (x, y, z denote the cubic
axes) is a vector operator defined! with respect to
the T, orbital triplet states to simulate an effective
orbital angular momentum with £=1. The crystal-
field values for the parameters ¢, K, and n are

t==-21+20%/a)-%p,
p=+202%/a)-3p, (3)
=-68(\%/A)+6p .

The resulting separations of the spin-orbit levels
of "’Tz are given in Fig. 1, where the levels are
labeled by the eigenvalue J' =1, 2, 3 of the effective
total angular momentum operator?!

F=%+8 (4)

to which each group of levels belongs. This char-
acterization is accurate so long as we have |¢{|
> |nl.

Electric-dipole transitions®® from the I', ground-
state singlet level of 5E are allowed in perfect tetra-
hedral symmetry only to levels belonging to T'.

INFRARED ABSORPTION AND LUMINESCENCE SPECTRA... M9

The static crystal-field model predicts two such
transitions to the levels of 7T, ; these are indicated
in Fig. 1. The relative oscillator strengths for
these transitions, also given in Fig. 1 as the frac-
tion of the oscillator strength of the full °E~°T,
absorption band associated with each transition,
were calculated by SHC! for the static crystal-field
model. Only these two transitions are expected for
the crystal-field model at the lowest temperatures,
at which only the T, level of ’E is significantly pop-
ulated. Selection rules and oscillator strengths for
transitions originating in the higher levels of ’E
and appearing at higher temperature were also ob-
tained by SHC (see Tables IX and X of Ref. 1).

The luminescence spectrum originating in the
lowest spin-orbit level of 57,, the I';(J'=1) level,
should comprise four lines corresponding to elec-
tric-dipole-allowed transitions to the four lower.
levels (I, T, Iy, Ts)of °E. The relative inten-
sities of these lines, as predicted by the crystal-
field model and obtained from Table X of SHC,! are
given in Fig. 1 (with no account taken of possible
reabsorption).

III. PHONON SPECTRUM OF CUBIC ZnS

In considering the vibronic sidebands to be ex-
pected in the optical spectra when we augment the
static crystal-field model by including the electron-
phonon interaction, we must know the frequencies
and symmetries of the lattice phonons at the vari-
ous critical points in the phonon density of states.
We shall be particularly interested in those critical
points which occur at the symmetry points T', X,
and L in the Brillouin zone, where the symmetry
(Table I) imposes strong selection rules on the in-
volvement of each phonon in the optical transitions.
Although peaks in the density of states of the effec-
tive phonons do not need to correspond to these
symmetry points, these selection rules are useful
in indicating if lattice phonons from the neighboring
region of the zone are likely to contribute to a given
type of coupling.

Data on the phonon spectrum of cubic ZnS have
been obtained from various optical studies,?42¢
from calculations of the dispersion curves,2"=* and
very recently from neutron-inelastic-scattering ex-
periments.¥ 3! The assignment of the phonon fre-
quencies at the principal symmetry points on the
basis of the most recent data is given in Table I.
The critical point of lowest frequency in the trans-
verse acoustic (TA) branch occurs at L, with a
value ~70 cm!, The value for TA(X) is slightly
higher, ~90 cm™. The neutron-inelastic-scatter-
ing data3® 3! show that a maximum in the TA branch
occurs near the point K at about 125 cm™! and that
the lower mode of the (split) TA branch is relatively
flat in the region of the zone surface between X
and K. The longitudinal acoustic (LA) branch is
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TABLE I. Phonon frequencies and symmetries? for cubic ZnS.
Point Group® Rep. © of G (k) Rep. © of gg(l;) Rep. ® of 7 Frequency

Phonon® G, (&) (Zn site)d (S site)? (Zn site) (cm™) Ref.
TO(T) T, f f 276 g
LO() T, £ £ 351 g
TA(X) Dy, T T, I,+Ts 90 h
LA(X) Dyy T, T, T 205 h
TO(X) Dy T T, T,+T; 305 h
LO(X) Dyy Ty T, I +T, 325 h
TA(L) Csy T, T, T,+I,+T 70 h
LA®L) Csp T, T, T+T; 185 h
TO(L) Csy T, T, T3+T,+T; 295 h
LO(L) Csy T, T, I +T 335 h
TA; (K) Cs T, T, [+T3+2T,+ T 90 h
TAy(K) Cs T, T, Iy +T4+T,+2T; 125 h
LA(K) Cs T, T, Iy+Ty+T,+2T; 200 h

After R. Loudon, Proc. Phys. Soc. (London) 84, 379
(1964).

hSymmetry points in the Brillouin zone, as given by
the following representative k vectors, are labeled using
the notation of BSW [L. P. Bouckaert, R. Smoluchowski,
and E. Wigner, Phys. Rev. 50, 58 (1936)] as in the
Brillouin zone of the fec lattice: I'(k= 0) X [k-= (27/a)
1,0,0)); Llk=(2/2)(1/2,1/2,1/2)]; KIk= (21/a)(3/4, 3/4,
0)); Wlk= (27/a)(1,1/2,0)]. Note that each point K is fully
equivalent to two of the points labeled U lk= (27/a) (- 1/4,
-1/4, £1)] by BSW.

¢ The notation for the point group G (k) associated with
the group of the K vector and for the irreducible repre-
sentations of these point groups is that of the tables of
Koster, Dimmock, Wheeler, and Statz (Ref. 33).

9The elements of § 00?) may be taken to be rotations
(proper and improper) with respect to either a Zn site
or a S site as origin. A function belonging to a given
irreducible representation of the group of the k vector
(a space group) may then at certain points in k space be-
long to different irreducible representations of G (&),
depending on which type of site is chosen as origin for the

much higher than the TA branch throughout most
of the zone, and it too is relatively flat in the re-
gion between X, K, and L. These features lead us
to expect two peaks in the phonon density of states
from the acoustic branch, one with a broad maxi-
mum in the energy range of the two TA modes at
K, the other a narrower peak near the maximum in
the LA branch. The optical branches are separated
from the LA branch by a gap. The most recent
neutron data® show that both the TO and LO branches
are fairly narrow and that they are separated by a
small gap. The TO branch has its minimum at 276

! at I' and its maximum at ~ 305 cm™ at X, and
it should thus contribute a strong peak to the density
of states within this range. The LO branch con-
versely has its minimum at ~ 325 em™! at X and its
maximum at 351 em! at ', and thus contributes a
smaller peak in this range.

In addition to the frequencies, Table I also shows
the symmetry classification of the phonons in terms
of the irreducible representation of the point group

rotations. The corresponding assignments for the differ-
ent choice of origin are listed in separate columns of the
table.

¢ This column lists the irreducible representations of point
group Ty which are spanned by functions belonging to the
given representation of go(k) atthe several nonequivalent
points in kspace belonging to star of k. Znsiteischosenas
the origin for rotations in point group 7.

TTO and LO branches would be degenerate at T’ (K=0),
and the corresponding three modes of vibration would be-
long as partners to irreducible representation I'; of point
group G, (k=0)=T; (using either Zn or S site as origin),
were it not for long-range nature of the Coulomb force
produced by electric polarization induced by these vibra-
tions in ionic lattice.

€Data from first-order Raman effect.
S. 8. Mitra, Phys. Rev. 171, 931 (1968);
Nilsen, ibid. 182, 838 (1969)

"Data from neutron inelastic scattering. J. Bergsma,
Phys. Letters 32A, 324 (1970); see also L. A. Feld-
kamp, G. Venkataraman, and J. S. King, Solid State Com-
mun. 7, 1571 (1969).

O. Brafman and
see, also, W. G.

associated with the group of the k vector to which
the phonon belongs.*? It must be noted that in the
zinc-blende structure the operations comprising
these point groups may be defined with respect to
either the Zn site or S site as origin, and that at
the point X the representation of the point group to
which a given phonon belongs is different depending
on which choice is made. Associated with this sym-
metry difference, it may be shown that a LA or LO
mode at X involves either motion of the Zn ions o
that of the S ions. Since the Zn mass is larger than
the S mass, while the force constants involved in
each mode should be similar, we assume that the
LA(X) mode involves the motion of the Zn and the
LO(X) mode the S. The phonon symmetries® are
then determined as given in Table I.

From the lattice phonons of a given type corre-
sponding to the several inequivalent k vectors in the
star of k, it is possible to form linear combinations
belonging to the various irreducible representations
of the point group of any site in the crystal. The
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representations of the point group T, of a Zn site
(which are different at X from those appropriate

to a S site), to which the possible combinations of
each type of phonon belong, are also listed in Table
I. These results determine the selection rules for
the participation of the lattice phonons in the vari-
ous types of electron-phonon interaction with an
impurity ion on a Zn site to be discussed in Sec. IV.

IV. JAHN-TELLER EFFECTS

The interaction between the lattice vibrations of
the crystal and the electrons of an Fe® ion at a
substitutional Zn site may be expressed in the form

se—§ Vv, 2 B0)Q) (5)

to first order in the distortion modes @2(;). Here
the @2(i) are taken to be independent real linear com-
binations of the ion displacements chosen to trans-
form by the gth row of the irreducible representa-
tion T, of the point group T, of the Fe?* site. The
U%(7) are real Hermitian electronic operators having
the same transformation behavior as the (i), and
the V,(i) are real coefficients. 3, as given by

Eq. (5) is then invariant under 7,. We assume that
in the harmonic approximation to the lattice vibra-
tions of the crystal containing the Fe?* the @4(d)
would represent normal modes of vibration if the
electron-phonon interaction with the Fe?* as given
by Eq. (5) were ignored. The terms in the Hamil-
tonian representing the elastic and kinetic energies
of the lattice vibrations are thus given by

3Crat =’E‘ %[“ﬁ(i)]-lz {[PL @R + [k @), )R [Q5GET
' (6)

where P%(i) is the momentum conjugate to Q2(i) and
1, (i) and w,(7) are, respectively, the effective mass
and angular frequency of the ithmode belongingto T,
(which thus has a degeneracy given by the dimen-
sion of I,). Some of these modes may be localized
modes associated with the Fe?* impurity, whereas
others represent modes within the phonon bands of
the host crystal, as perturbed by the impurity’s
presence.

Many of the terms in Eq. (5) provide coupling
between different electronic levels of the Fe?*,
only terms®* that contribute to the Jahn-Teller
coupling of an orbital triplet T,(I';) state, that is,
to a direct splitting of the triplet linear in @, are
the distortion modes® belonging to I'; and I's. We
may rewrite these terms in Eq. (5) which express
the Jahn-Teller coupling of the 5T2 state of the Fe?*
ion to a doubly degenerate mode Q,, @, belonging
to I's and a triply degenerate mode @,, Q,, Q. be-
longing to T’ in the following standard form”:

3K (st) = VE(Qogo +Q8,)

The.
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+Vp(QuTy+ QuTy+ QeTy) - (7)

The electronic operators are defined in terms of
£, £,, and £, as follows™:

8,=82-3(82+85)=382 -9,

8.=3V3(82- 87,

T, =(L,L,+£,8,), @)
To= (£,8,+£,8,),

Te=(L£,8,+8,8,),

and 9 denotes the unit matrix.

One frequently assumes in treating a Jahn-Teller
problem that it suffices to assume coupling with a
single normal mode of each allowed symmetry
type, as in Eq. (7), either because these modes are
true local modes which dominate the electron-pho-
non coupling with the defect, or because one approx-
imates the effect of coupling to many lattice modes
by a single effective mode of some average frequen-
cy. A justification for this latter approximation in
treating the effect of Jahn-Teller coupling to many
lattice modes on the spin-orbit splitting and other
properties of the lowest electronic levels of the
5T, state of the Fe® ion in MgO has been given by
Ham, Schwarz, and O’Brien.” In the present case,
however, we are interested in considering all of
the vibronic sidebands of the °E - 5T, optical transi-
tion, and the data'? indicate that more than one
mode of each type may be important. We want to
try to relate such modes to the modes of the ZnS
lattice considered in Sec. III, in particular to those
critical points in the phonon spectrum which con-
tain modes of symmetry I'y or I'; with respect to
the Zn site, as indicated in the fifth column of
Table I. In general, then, we may expect the Jahn-
Teller coupling for the °T, state of the Fe?* to be
given by several different terms of each type in
Eq. (7), representing lattice modes of different
frequency of each of the two symmetry types.

It had been shown? prior to the work of SHC! that
the Jahn-Teller coupling may cause a partial
quenching of the spin-orbit interaction. On this
basis, and making the basic assumption that the
Jahn-Teller coupling is strong compared with the
spin-orbit interaction, SHC sought to explain the
zero-phonon structure in the absorption spectrum.
With the Hamiltonian for a dynamic Jahn-Teller
effect in an orbital triplet state given by combining
the appropriate terms of the form of those in Eq.
(7) with the corresponding terms from Eq. (6), one
finds that the lowest vibronic level of this Hamilto-
nian remains triply degenerate. These degenerate
vibronic states are different mixtures of vibrational
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wave functions from different levels of the unper-
turbed harmonic-oscillator Hamiltonian (6), and
matrix elements of the spin-orbit interaction be-
tween these degenerate states are consequently re-
duced from their crystal-field values. A Hamilto-
nian of the form in Eq. (2) may, nevertheless, still
suffice to describe the spin-orbit splitting of this
level, but the coefficients ¢, 1, and 7 may now have
values very different from those given by crystal-
field theory in Eq. (3). A set of values for these
coefficients in a phenomenological Hamiltonian of
this form was obtained by SHC! which fit the ob-
served zero-phonon structure at the low-energy
edge of the absorption spectrum.

A further important consequence of the Jahn-
Teller coupling in the °T, state in producing vibron-
ic states which mix vibrational wave functions from
different levels of the unperturbed lattice oscilla-
tors is that optical transitions from the °E ground
state to excited vibronic levels of T, become al-
lowed. This is one of several ways in which inten-
sity is transferred by the electron-phonon coupling
from the allowed electronic transitions considered
in Sec. II to the vibronic sidebands.® If we assume
(as discussed below) that Jahn-Teller effects in the
SE state may be ignored, then the initial state for
optical transitions at temperatures close to 0 °K
is the Born-Oppenheimer vibronic state in which
the electronic wave function is that of the I'; spin-
orbit level of °E (Fig. 1) and the vibrational state
of the lattice is that in which all of the oscillators
of 3, in Eq. (6) are in their »=0 ground state.

The optical transition probability to one of the vi-
bronic states of °T, is then obtained from the pro-
duct of the appropriate electronic transition prob-
abilities with the fraction of the unperturbed n=0
state of each oscillator which is admixed in the final
state. We may obtain the resulting distribution of
oscillator strength very simply under the assump-
tions appropriate to the model proposed by SHC!

if we further assume that the Jahn-Teller coupling
is with a single I'; mode. The Jahn-Teller coupling
does not mix the electronic states of the orbital
triplet in this case, and the associated vibrational
states are simply those of the simple harmonic
oscillator displaced to one of the three positions in
Qs, Q. space at which the electronic energy (includ-
ing the elastic energy of the statically distorted
lattice) has a minimum. From the overlap inte-
grals® between the states of the displaced oscillator
and the n =0 state of the unperturbed oscillator, one
can show very easily that the relative probability of
an optical transition to the nth vibronic level of

5T, (that is, a transition in which we can say that

n vibrational quanta have been excited) is given by

a Poisson distribution

Pn=nl)(Sg) e E . )
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Here the Huang-Rhys parameter3® S; is given by the
ratio of the Jahn-Teller energy of the °7T, state for
this case

(Eyp)s= Ve /2ugw} (10)
to the phonon energy
SB=(EJT)E/h_wE . (11)

Conversely, Eq. (9) also gives the relative prob-
ability in the same case for the excitation of n vi-
brational quanta in the reverse luminescent transi-
tion from the lowest vibronic level of the Jahn-
Teller distorted °T, state to the undistorted °E state.

We find, therefore, that the presence of side-
bands in the *E~ T, absorption spectrum corre-
sponding to the simultaneous emission of two and
three lattice phonons leads us to expect correspond-
ing two- and three-phonon sidebands of similar rela-
tive intensity in the 57, 5E luminescence spectrum.
Although the simple distribution given by Eq. (9)
will not hold in detail for a case of more compli-
cated Jahn-Teller coupling than with a single Ty
mode, this qualitative conclusion concerning the
reciprocal relationship between the relative inten-
sities of the vibronic sidebands in the absorption
and luminescence spectra will be generally true.%’
In the model proposed by SHC for ZnS: Fe?* many
of the strong peaks in the °E ~ 57T, absorption spec-
trum were identified with phonon-assisted transi-
tions involving the emission of two or three phonons.
The absence of sidebands involving the excitation of
more than one phonon in the °T,~3E luminescence
spectrum? (see Sec. V) shows therefore that the
basic assumption of the SHC model that the Jahn-
Teller coupling is stronger than the spin-orbit in-
teraction cannot be correct for ZnS: Fe?'.

When the Jahn-Teller coupling is nof strong with
respect to the spin-orbit coupling, one can no longer
proceed by first solving the Jahn-Teller problem
for the orbital states and subsequently considering
the spin-orbit splitting of these vibronic levels.
Accordingly, in considering a Jahn-Teller coupling
weaker than or possibly comparable with the spin-
orbit splitting of the 5T2 state, we follow the method
of Ham, Schwarz, and O’Brien’ and treat the Jahn-
Teller coupling by second-order perturbation theory.
We have considered in the Appendix the special
case in which this coupling is with two I'y modes, ®
and we have obtained there the Jahn-Teller dis-
placements of a number of the zero- and one-phonon
vibronic levels of the Fe?*, together with the result-
ing intensities of the corresponding one-phonon
sidebands in the optical absorption and emission
spectra. We must emphasize, however, that be-
cause second-order perturbation theory becomes
increasingly inaccurate for the higher vibronic
levels as a means of treating the Jahn-Teller cou-
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FIG. 2. Spin-orbit energy levels I'; (J'=1) and I'3, T,

(J’=2) of °T, term of Fe® ion in tetrahedral symmetry,
as a function of Jahn-Teller energy E31 [Eq. (10) of
text] for coupling with one doubly degenerate I'y vibra-
tional mode (B) with #wB=300 cm™!. Also shown are the
one-phonon levels I'y and I'; derived from I'y (J'=1)
with excitation of one B phonon. Straight lines show
results of treating the Jahn-Teller interaction by second-
order perturbation theory, and the points were obtained
by direct numerical diagonalization of energy matrix by
Ham, Schwarz, and O’Brien (Ref. 7). (Also shown in
the upper right-hand corner are numerically calculated
energies of two higher levels.) Spin-orbit parameter ¢
from Fig. 1 is taken to be £=+100 cm™!, and second-
order spin-orbit splitting is neglected (u=n=0).

pling between the different *7T, spin-orbit levels of
the Fe?*, our perturbation results are not quantita-
tively accurate once the Jahn-Teller coupling is
moderately strong. Nevertheless, our results for
this special case provide a basis for a qualitative
understanding of the role of the Jahn-Teller cou-
pling in the even more complicated situation appro-
priate to the Fe?* ion in an actual crystal.

We show in Fig. 2, from the results of the Appen-
dix and from the work of Ham, Schwarz, and
O’Brien,” the energies of the Ty (J'=1) and Ty,

I, (J' =2) levels of the °T, term of the Fe?" (see Fig.
1, where we have taken ¢ =+100 cm™! and have set
=n=0 for simplicity) as a function of the Jahn-
Teller energy E5r [Eq. (10)], when the coupling is
with one I'y mode (B) with %#w5 =300 cm™!, Also
shown are the displacements of the lowest one-pho-
non levels, I', and I's, which derive, in the limit
E5:=0, from the I'; (J'=1) electronic state withthe
excitation of one B phonon. The straight lines in
Fig. 2 show the second-order perturbation results,
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while the points show the results of the more ac-
curate numerical calculations of Ham, Schwarz,
and O’Brien.””* We see not only that the spin-or-
bit splitting between the zero-phonon J'=1 and 2
levels is reduced by the Jahn-Teller coupling®’
but also that the one-phonon I'y, I'; levels are de-
pressed relative to the J’' =1 ground state by this
coupling. If the excitation energy of these latter
levels is taken to give the frequency of an effective
vibrational mode of the coupled electron-phonon
system, we see then that this frequency is reduced
by the Jahn-Teller coupling.

Figure 2 shows the effect of the Jahn-Teller cou-
pling with a phonon for which %w3 is larger than the
spin-orbit splitting 2¢ of the J' =1 and 2 electronic
states, whereas Fig. 3 shows the corresponding
results for coupling to a single I'; mode (A) having
Fwh<2¢, namely, AwA=100 cm™. In Fig. 3, we
have plotted the energies of the levels relative to
that of I'; (J/=1), so that (in contrast to Fig. 2) we
can see directly from the slope of each line the ex-
tent to which the Jahn-Teller coupling reduces the
excitation energy of the level above the ground
state. We have also included not only the I'y, T'5
one-phonon levels derived from T (J'=1) but also
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FIG. 3. Relative energies of spin-orbit levels I';
(J'=1) and I'y, T,, (J'=2) of the °T, term of Fe* (T}
symmetry), and of one-phonon levels I'y and I'; derived
from I'; (J'=1) and T'y (J' = 2) with excitation of one A
phonon, as a function of the Jahn-Teller energy E4r, for
coupling to one I'; mode (4) with kw#=100 cm™!. Straight
lines show energies relative to that of I's (J/=1) to the
accuracy of treating the Jahn-Teller coupling by second-
order perturbation theory for spin-orbit parameters ¢
=+100 em™, u=n=0.
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FIG. 4. Relative energies of spin-orbit levels I'
(J'=1) and T, Ty J’'=2) of the 5T, term of Fe* (T, sym-
metry), and of one-phonon levels I'y and I'; derived from
T5(J’'=1) and I'y (/' =2) with excitation of either one A4 or
one B phonon, for simultaneous Jahn-Teller coupling to
two I'; modes (4 and P) with Zws =100 cm™!, #wd=300
em™!, Relative coupling strengths for the two modes are
arbitrarily taken such that E¥p=3E#;, whereas abs-
cissa in the figure is taken to be Efy to facilitate com-
parison with Fig. 3. Solid lines show energies relative
to that of I'; (/' =1) to the accuracy of treating Jahn-
Teller coupling by second-order perturbation theory but
neglecting second-order coupling between nearly degen-
erate one-phonon states having same symmetry but in-
volving different types of phonons (A o7 B). Dashed
lines give the corrected energies of one-phonon I'; levels

when this second-order coupling between them is included.

Spin-orbit parameters are £=+100 cm™!, u=n=0.

theI'y, T levels derived from I', (J'=2) by the
excitation of one A quantum,*

It is shown in the Appendix that when %wj is small
compared with 2¢ there is a possibility that the
vibronic levels derived from I'y (J'=1) by the ex-
citation of one to several A quanta will form a
sequence simulating the levels of a simple oscilla-
tor having an effective frequency very much re-
duced below w# by the Jahn-Teller coupling to the
excited spin-orbit levels [see Eqs. (A9) and (A10)
of Appendix]. The states of this sequence are
coupled only weakly with each other by the Jahn-
Teller coupling [since the coefficient of the linear
coupling term in Eq. (A8) is only 3 that of the
coupling of the orbital triplet in Eq. (A2)]. Never-
theless, if this effective frequency is sufficiently
small (namely, if Ejy~2¢), this coupling will still
serve to mix the vibrational parts of these states
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appreciably and thereby cause a transfer of some
of the oscillator strength of the optical absorption
spectrum from the I'; (J*=1) ground state of the
sequence to the excited I'; states. As we will see
in Sec. V, there may be evidence of the appearance
of sidebands corresponding to such an effective
low-frequency mode in the absorption spectrum of
Fe? in ZnS, and more prominently in CdTe.

Finally, Fig. 4 shows the effect of simultaneous
Jahn-Teller coupling with both the A and B I'y modes
treated separately in Figs. 2 and 3. Here we have
again plotted the energies relative to that of the
ground state, and we have included all the one-
phonon states shown previously in Figs. 2 and 3;
the solid lines in Fig. 4 show the energies of each
of these states to the accuracy of treating the Jahn-
Teller interaction by second-order perturbation
theory but ignoring any corresponding second-order
coupling between different states (see below). We
have arbitrarily taken EX =3 E%; in Fig. 4, but we
have plotted the levels against E #; as the abscissa.
Comparison of Figs. 3 and 4 then shows immediate-
ly the effect on each level of Fig. 3 of the additional
coupling with the B mode. We see that whereas the
excitation energy of the one-phonon A levels derived
from T'5 (J'=1) is unaffected by the additional cou-
pling (to our present accuracy), the I'y, T, (J'=2)
levels are depressed further by a large amount,
and as a consequence the same is true for the higher
one-phonon A levels derived from these. The ab-
solute displacements of all levels, of course, de-
pend on the coupling to all Jahn-Teller-active
modes.

As we have shown in the Appendix, the Jahn-
Teller interaction leads to a second-order coupling
between vibronic states which arise via the excita-
tion of different types of phonons but which have the
same over-all symmetry. We have exhibited the
effect of such a coupling in Fig. 4 between the I
state which derives from I'y (J'=1) by the excita-
tion of one B quantum and the TI'; state which de-
rives from I', (J'=2) via one A quantum. Since
these states are degenerate for Ef, = EZ. =0 for
our choice of parameters (i.e., fwa+2¢ ="fwd),
this coupling, which is proportional to (Ef E5;)'/?,
simply changes the slopes of the corresponding
lines in Fig. 4 [in accordance with Eq. (A12)]. The
resulting energies for these two I'; levels, which
now represent linear combinations of the states in-
volving the two types of excitation, are shown by
the dashed lines in Fig. 4.

Although the distribution of vibronic levels for
simultaneous coupling to both A and B modes is
quite complex for intermediate values of E # and
E}%r, it is of interest to note that this distribution
simplifies again, once either Ef; or E% (or both)
become large compared to 5¢. We then have the
situation which was assumed by SHC,! and we may
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first solve the Jahn-Teller problem for the orbital
states and then consider the spin-orbit splitting of
the resulting levels. However, since the dynamic
Jahn-Teller problem for an orbital I'; triplet
coupled to any number of I'; modes has an immedi-
ate and simple solution® in which all the vibronic
levels are shifted by the same amount, the relative
energies of these orbital levels are just the same
as in the absence of the Jahn-Teller coupling. The
ground state thus remains a I'; orbital state; taking
account of the spin-orbit splitting (now assumed
largely quenched by the strong Jahn-Teller cou-
pling) we have that this state comprises (for S=2)
a group of six spin-orbit levels with symmetry

IsX(Dy+5)=T,+ g+ 2T+ 2T .

Excited levels fall into groups higher than this low-
est group by an integral multiple of the appropriate
phonon frequency (or sum thereof). This grouping
of the spin-orbit levels, including the appearance
of the first set of excited levels roughly #w above
the ground state, is already evident from the calcu-
lated points at the right-hand side in Fig. 2.** The
arrangement of the spin-orbit levels in this lowest
group may then be obtained from the theory of the
dynamic Jahn-Teller effect as given by Ham,® and
in the strong-coupling limit we obtain the distribu-
tion of spin levels which would characterize a static
Jahn-Teller distortion.*

The fraction of the total integrated intensity of the
SE~ 5T, optical absorption spectrum at 0 °K which
is transferred by the Jahn-Teller coupling to the
one-phonon sidebands, or in other words, the rela-
tive probability of an optical transition (electric-
dipole) from the T, level of °E to the various T's
levels of °T, that represent the excitation of one
phonon, is given in Table II for the weak-coupling
situation appropriate to Figs. 2-4 and the same
two I'y modes A and B used previously. These val-
ues are obtained [Eq. (A13)] from the first-order
perturbation admixture of the zero-phonon states
into the one-phonon states, on the assumption that
Jahn-Teller coupling in the 5E state is negligibly
small. Also given in Table II are the corresponding
relative probabilities [Eq. (A14)] for the transi-
tions with one-phonon excitation in the 57,~°E
luminescence spectrum, for which the initial state
is taken to be the I'; (J'=1) zero-phonon ground
state of °T,. We have also included in Table II for
comparison the results one obtained for the lumine-
scence sidebands when the Jahn-Teller-active mode
has I's symmetry rather than I';, The distribution
of sideband intensity among the individual transitions
is different in the two cases and thus might offer a
means for distinguishing them.

We have assumed throughout our discussion that
Jahn-Teller coupling within the 5E state is suffi-
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ciently weak to be neglected. Far-infrared studies®
of Fe? in ZnS have indeed found no compelling evi-
dence that Jahn-Teller effects in the °E state are
significant; nevertheless, we cannot yet entirely
rule out this possibility. If such coupling were with
a low-frequency mode (#w < 4K), then as shown by
Vallin* there might be a substantial distortion

of the uniform spacing of the °E spin-orbit levels
predicted by crystal-field theory (Sec. II) and
shown in Fig. 1, together with the appearance of
extra lines in the far-infrared absorption spectrum.
Such effects have indeed been found'® * for Fe?*in
CdTe. For Fe?* in ZnS, however, the far-infrared
data?! on the splitting and relative intensities of the
various optical transitions in magnetic fields up to
140 kG are described quite well by the crystal-field

model.*
If Jahn-Teller coupling in the °E state were with

a mode having #w greater than the spin-orbit split-
ting 4K, we would have a situation similar to that
treated by Ham* for the effect of Jahn-Teller cou-
pling on paramagnetic resonance in a 2E state. In
particular, the spin-orbit and spin-spin interactions
within °E that lead to the splitting shown in Fig. 1
can be shown*? to have a form analogous to that of
the anistropic part of the Zeeman interaction, so
that the effect of both on the vibronic ground state
is reduced by the same reduction factor ¢.* In
terms of the Jahn-Teller energy E;;(°E) for the

SE state, ¢ may be approximated roughly by the ex-
pression®®

g=~3{1+exp[—-4E;1 CE)/nw]} . 12)

The spin-orbit splitting of the 5E vibronic ground
state therefore remains uniform and is given in
terms of the crystal-field parameters in Eq. (1) by

K'=gK=6q[(X3/a)+p] . (13)

The main effect of a dynamic Jahn-Teller effect on
the 5E ground state is therefore to reduce the inter-
val K between the split spin-orbit levels by possibly
as much as ~50%. Such a reduction is difficult to
distinguish in the experimental data, however, from
that resulting from reductions in A and p as a con-
sequence of covalency. If, for example, we took the
free-ion values for X and p (Sec. II), we would ob-
tain K=25.4 cm™!, so that from the observed val-
ue®h 22 k' =15,0 cm"! we would infer from Eq. (13)
g=0.6, corresponding to E;r (*E) ~4#iw. Alterna-
tively, assuming ¢=1, p=1.04 cm™), A=3400 cm™},
we would infer from the observed value of K the
value IA| =70 cm-!,

Jahn-Teller coupling in the 5E state provides an
independent mechanism leading to vibronic side-
bands in the optical absorption and luminescense
spectra and interfering with the sideband intensities
that we have predicted on the basis of I'; mode cou-
pling in 5T,. Since two-phonon sidebands do not ap-
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TABLE II. Fractional intensities transferred by Jahn-Teller coupling® in the 5T, state to one-phonon sidebands in
optical absorption and emission spectra at 0°K, as calculated from the first-order perturbation mixing of the vibronic
states when the Jahn-Teller coupling is weak compared to the spin-orbit interaction.

SE — 5T, absorption spectrum; initial state: Ty of °E

Phonon
p=A p=B
Final one-phonon state® of °T) (T'y; Fwh=100 cm™) (T'y; #wB=300 cm™)
Ty (T, J'=1)+p 0.0062x% 0.6250x3
Ty (T, J'=2)+p 0.0417x%
57, —5E emission spectrum; initial state: L' (J'=1) of °T,
Phonon
p=A p=B p=C p=D
Final one-phonon state® of °E (Tg; 100 cm™) (T'3; 300 cm™ 1) (T's; 100 em™) (I's; 300 cm™Y)
Ty, °E)+p 0.0125x% 0.0383x2 0.000x% 0.0031x%
(T'y, SE)+p 0.0167x2 0.0754x% 0.0139x§ 0.0382x2
(T, E)+p 0.0139x% 0.0408x3 0.0074x§ 0.0335x%
(T's, °E)+p 0.0056x% 0.0251x2 0.0213x§ 0.0769x2
Ty, SE)+p 0.0014x% 0.0025x3 0.0074x§ 0.0304x2
Sum 0.0500x% 0.1821x3 0.0500x% 0.1821x%

2Corresponding parameters xz and xr [Ref. 7, Eq.
(3. 3)] used in table to give the strength of Jahn-Teller
coupling are defined as follows in terms of coupling co-
efficients [Eq. (7)] for each type of mode:

xp=(E yp) g /Awg=Vs/2hugw} for a T'y mode,
% p=3/2(E 1) ¢/ Fiw p=V§/Hup w3 for a I's mode.

®Notation used to identify these states is same as that
used in Figs. 2—4. Mixing of different one-phonon states
through Jahn-Teller coupling in second order has not
been taken into account in evaluating sideband intensities.

pear in the 3T, ~5E luminescence (Sec. V), we can
conclude that the Jahn-Teller coupling in °E must
not be so strong as to cause the appearance of such
transitions. In the subsequent discussion in this
paper we will assume for simplicity that this cou-
pling is negligible, but we must keep in mind that
this may not be so and that the reduction in K from
its value obtained for free-ion parameters may be
due to the combined effect of covalency and a weak
Jahn-Teller coupling within °E.

V. EVIDENCE FOR JAHN-TELLER EFFECTS IN
EXPERIMENTAL SPECTRA OF Fe?* IN ZnS

Experience in understanding the role of dynamic
Jahn-Teller effects in modifying the properties of
transition-metal ions in crystals has accumu-
lated®~%*8 rapidly since SHC! first suggested that
these effects were important in the optical spectra
of Fe? in ZnS, CdTe, and MgAl,0,. We are now
able to propose the outlines of a microscopic model
for Jahn-Teller effects in these systems. Never-
theless, a detailed quantitative interpretation re-
mains out of the question at this time because of the
complexity of the problem and the uncertainty in

°Notation indicates final electronic state of °E to which
transition occurs accompanied by excitation of one phonon.
Since we have assumed negligible Jahn-Teller coupling
within °E state, we do nothave any splitting of the several
vibronic states arising from a given electronic state via
excitation of one phonon (for example, I'; level of °F gives
rise to I'yxI'3=T,+T'; vibronic states via the excitation of
one I'; phonon, but these remain degenerate in our model).
Electric-dipole transitions from I'y (J'=1) level are, in
principle, allowed to all vibronic levels belonging to Ty,
I's, Ty, and T';.

identifying individual lines and in knowing which of
the many possible vibrational modes participate
significantly in the coupling.

We show in Fig. 5 the optical absorption spec-
trum of Fe?*in ZnS at 2.7 and 4.4 °K, as found by
SHC,! and in Fig. 6 the luminescence spectrum at
5 °K obtained by Slack and O’Meara.? Table III
lists the energies of the peaks in these low-tempera-
ture spectra and gives their position relative to
that of the main zero-phonon line (1-6), which
represents the transition from the I'; level of °E to
the lowest vibronic level of 5T2, namely, according
to our present interpretation the I’y (J'=1) level of
Fig. 1.

Comparing these absorption and luminescence
spectra, we reach two immediate conclusions.
First, aside from the zero-phonon lines (6-2),
(6-3), and (6-4) expected from Fig. 1, the only
sidebands seen in the luminescence spectrum (Fig.
6) are those corresponding to the emission of one
phonon. There is one group of such peaks in the
range ~70-150 cm™! from the position of the zero-
phonon line (1-6) (which is not seen in the low-tem-
perature luminescence because of reabsorption),
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and from Table I we see that these appear to cor- non. No peaks corresponding to the emission of

respond to the emission of a TA phonon from the
vicinity of the points X, L, or K. A second group,
in the range 300-380 cm™! from (1-6), apparently
corresponds to the emission of one TO or LO pho-
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two TA, TO, or LO phonons are evident. From our
discussion of the intensity distribution in vibronic
sidebands in connection with Eq. (9) of Sec. IV [a
similar distribution would be obtained also for cou-

Relative intensity of lumi-

nescence spectrum of Fe® in cubic
ZnS at 5°K. Mole fraction of FeS in
n ZnS: 1.0x10™ [from Slack and

Ref. 2, Fig. 10)].
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TABLE III. Absolute and relative energies of various peaks in the optical absorption and luminescence spectra of Fe
in cubic ZnS.?

Peak energy Designation for peak Peak energy®
(absolute) [relative to line (1-6)]
(emY) Present work Refs. 1 and 2 (em™!)
Absorption spectrum
2899 (4-6) (4-6) —46°
2919 (3-6) (3-6) - 26¢
2930 (2-6) (2-6) -15°¢
2945 (1-6) (1-6) 0¢
2964 (1-7) 1-7) +19
2984 (1-8) (1-8) +39
3051 a (1-6) + TA +106
3129 B (1-6) + LA +184
3182 Y (1-6)+2TA +237
3241 5 (1-6) + TO +296
3263 € (1-7)+ TO +318
3276 4 (1-6)+ LO +331
3293 n (1-6) + 3TA +348
3342 6 (1-6)+ TA+ TO +397
3474 L (1-6) + 2TA+ TO +529
3555 K (1-6) +2TO +610
3840 A (1-6) +3TO +895
Luminescence spectrum

2927 6-2) 6-2) —-15°
2905 (6-3) (6-3) —-37°
2891 (6-4) (6-4) -51°
2866 6-5) - 76"
2836 TA+ (6-1) ~106°
2800 TA + (6-2) —142°
2635 TO + (6-1) —307°
2620 TO + (6=2) -322°
2590 LO+(6-1) —-352°
2563 LO+ (6-2) -379°

2 Peak energies are those obtained at liquid-helium tem-
perature for sample R139 (which had the lowest iron
concentration and best resolved spectra of all the sam-

ples studied) and given in Tables II and IV of Slack, Ham,

and Chrenko (Ref. 1) for the absorption spectrum and
Table III of Slack and O’Meara (Ref. 2) for the lumines-
cence. The values given in Table II of Ref. 1 have been
reduced by 2 cm™!, corresponding to the difference noted
between the data for samples R114A and R139.

®Relative peak energies for all luminescence peaks
have been shifted by 3 cm™! on the assumption that

pling with a totally symmetric T, (breathing) mode*7},
we conclude therefore that no prominent sideband
corresponding to the emission of more than one
phonon should appear in the absorption spectrum
(contrast the SHC assignment given in Table III).
Second, the two prominent peaks labeled g and
7 in the absorption spectrum in Fig. 5 are sepa-
rated from (1-6) by frequencies which suggest from
Table I that if they are one-phonon sidebands they
might correspond to the emission of an LA phonon.
Yet in this frequency interval in Fig. 6, 150-300
cm! from (1-6), there are no peaks at all in the
luminescence. The absorption peaks g and y thus
cannot represent simple unshifted phonon sidebands

luminescence peak (6-2) should coincide with absorption
peak (2-6) and that the 3 cm™! difference actually ob-
served results from the different calibration of the two
spectrometers used, as suggested in Ref. 2. Line (6-1)
is not observed in luminescence because of reabsorption.
°These separations oflevels1-4 (I'y, I'y, Ty, and I'y
of °E, respectively) obtained from the near-infrared ab-
sorption agree well with the more accurate values obtained
in Ref. 21 from far-infrared data: (1-2)=15.0 cm™},
(1-3)=27.5 cm™, (1-4)=45.0 cm™!

of the (1-6) electronic transition since by our pre-
vious argument the appearance of such a sideband

in the absorption would imply a similar sideband in
the luminescence. Moreover, they cannot be sim-
ple zero-phonon lines since the I'; level nearest to
Ts (J'=1) expected from crystal-field theory (Fig.

1) should be ~ 5| higher, and this would be at

least 350 cm™!, even if covalency reduced |\| by

as much as 30% from its free-ion value. To account
for these absorption peaks we are therefore forced
to appeal to some mechanism capable of causing a
large relative shift in some of the absorption side-
bands as compared with the corresponding sidebands
in the luminescence. Since the only phonons affect-
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ing the luminescence are evidently the TA, TO, and
LO, we thus require a mechanism that can lead to
the shifted absorption peaks via coupling with one
or more of these modes. The Jahn-Teller coupling
within the 3T, state is capable of causing such large
relative shifts in the vibronic levels, as well as of
shifting optical intensity to the one-phonon levels,
as we have seen in Sec. IV, and we interpret the
presence of these prominent shifted sidebands as
evidence for the importance of such coupling. We
will now explore this possibility in more detail.

Of course, we might account for differences in
the sideband positions between the absorption and
emission spectra by assuming that the relevant
(local) vibrational modes have different frequencies
corresponding to the different electronic charge dis-
tributions in the °E and °T, states. The fact that
the luminescence sidebands correspond well with the
phonon frequencies of the ZnS§ lattice in Table I in-
dicates that such local-mode frequency shifts are
not important in the ’E states, and we may there-
fore suppose that they should be of no greater im-
portance in the 5T, state. Moreover, if such fre-
quency shifts come about from a second-order cor-
rection to the energy as a result of the electron-
phonon interaction (5) coupling a given electronic
level to distant levels*® (a process emphasized re-
cently by Pearson*® and called by him the “second-
order Jahn-Teller effect”), the corresponding
change in the force constant pw? in Eq. (8) is pro-
portional to the ratio of an electron-phonon interlev-
el coupling energy, related to the coupling coeffi-
cient V,(i) in analogy to E;r in Eq. (10), to the
electronic energy-level separation. For this fre-
quency shift to be large, this interlevel coupling
energy would have to be comparable to the level
separation. This, of course, is a possibility, but
if this electron-phonon interlevel coupling were
so strong, it would seem likely that the Jahn-Teller
energy for 'intvalevel coupling might be equally
large. Since for Fe?* in ZnS the Jahn-Teller energy
in °T, is at most several hundred cm-! (and con-
siderably less in °E), while level separations are
very much larger, we will assume that such fre-
quency shifts from coupling to other electronic
states are unimportant in this case.

In accounting for the appearance of one I'; vibron-
ic level about 200 cm™! above the I'y (J'=1) ground
state of °T, (we recall that electric-dipole transi-
tions from the T level of °E are allowed only to I'y
levels), we have seen in Fig. 2 that we obtain such
a shifted level from Jahn-Teller coupling with a T’y
mode of frequency Zw2~ 300 cm™ if we have EZ;
~130 em™. This level arises from the Iy (J'=1)
electronic state with the excitation of one vibration-
al quantum, and it is then depressed in energy by
the Jahn-Teller coupling. A similarly depressed
one-phonon I's level would be obtained if the Jahn-
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Teller coupling were with a I'; mode of frequency
~300 cm™!., However, in order to get two such lev-
els to account for botk absorption peaks g and 7, it
may not suffice simply to assume Jahn-Teller cou-
pling to two independent modes with frequency near
300 cm™! since interaction between the two resulting
one-phonon TI'5 levels may lead only one of these to
be strongly depressed. (This is clear if two modes
having the same frequency are both I'; or both I’y
since we can then form linear combinations such
that the Jahn-Teller coupling is with one mode only.
Nevertheless, we have seen in Fig. 4 that we can
get two T’y levels depressed into the region 150-
250 cm™! above I'; (J'=1) if we assume simultaneous
coupling to a second mode having a frequency ~ 100
cm™!. We see therefore that we can account qual-
itatively for the appearance of the two shifted ab-
sorption peaks g and ¥, on the basis of simultane-
ous Jahn-Teller coupling to two groups of phonons
having frequencies agreeing with the TA and TO
+LO groups appearing in the luminescence. [To
obtain I'y levels 184 and 237 cm™! (Table III) above
I (J'=1) on the basis of the assumptions of Fig. 4,
it would appear we would need Ef; ~ 200 cm™, EJ;
~100 cm™!, and in addition a value for )| slightly
reduced by covalency from its free-ion value in or-
der to bring the I'y: (T'y, J' =2)+A level a bit

lower. ]

If there is Jahn-Teller coupling with a mode of
frequency ~ 100 cm™!, we are led on the basis of
Figs. 3 and 4 [or Eqgs. (A9) and (A10)] to expect
one or more I'; levels to be depressed to within an
energy interval from the I'; (J' =1) ground state
which could be quite small, These levels in appro-
priate circumstances may simulate the vibrational
levels of a simple harmonic oscillator of very low
frequency. However, as discussed in Sec. IV and
seen also in Table II, these excited levels are cou-
pled only very weakly with the I'; (J'=1) zero-pho-
non state, so that transitions to these levels do not
borrow much optical intensity unless the levels are
very close to T’ (J'=1). There may be evidence of
such levels in the very weak absorption lines (1-7)
and (1-8) (Fig. 5 and Table III), which, as noted
by SHC, seem to be part of the Fe?* spectrum since
they are present in all the samples studied and have
also been seen by other workers.’® Clearer evi-
dence of such levels is however found in the absorp-
tion spectrum of Fe?' in CdTe (see Figs. 6 and 7 of
Ref. 1), for which lines (1-7) and (1-8) were found
to have intensity of the same size as that of (1-6).
Since CdTe has substantially lower frequencies®!
for the TA branch of the phonon spectrum than does
ZnS, it would not be surprising that the Jahn-Teller
coupling leads to a more nearly equal distribution
of the optical intensity among the low-energy vibron-
ic states in this case than is found in ZnS.

If we attribute the absorption peaks g and y to
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Jahn-Teller coupling to the TA and TO + LO groups
of phonons, how may we account for the remaining
weaker peaks labeled o, 6, €, £, and 7 in Fig. 5,
which are separated from line (1-6) by intervals
(Table III) which agree fairly well with various pho-
non energies of ZnS listed in Table I? Some of
these peaks 6, €, £, and 7 may, of course, result
from weaker Jahn-Teller coupling with other TO
or LO modes (for example, the I'; modes, if the
dominant Jahn-Teller coupling is with I'; modes),
or from transitions to higher levels of the vibronic
sequence that contains B and y. Another possibility
is that some of these sidebands arise from differ-
ences in the coupling of the °E and °T, states to
totally symmetric vibrations.’*%® Such breathing
modes, having I'j symmetry, represent indepen-
dent linear combinations of, say, the LO(X) pho-
nons, different from the I'; and I'; modes that par-
ticipate in the Jahn-Teller coupling. They there-
fore can contribute separate sidebands, which
should be displaced from the zero-phonon lines by
exactly the mode frequency, since a totally sym-
metric distortion displaces all the states of °T,

(or 5E) by the same amount and thus causes no rela
tive shift of any of the °T, vibronic levels. We ex-
pect, of course, that there should be some such
coupling with the I'; modes® (thus reflecting the
difference in the equilibrium position for this mode
of distortion between the °E and 37T, states) because
we expect that the cubic-field splitting A =10|Dgq/|
depends on crystal volume. We find from Table I
that whereas TA(X) and TA(L) do not give rise to a
T'; mode, we do have such a mode from the region
of the maximum in the TA branch near K. Since
phonons over a broad region near K probably con-
tribute more or less equivalently, this mechanism
would seem a plausible one to account for the peak
a in Fig. 5. Similarly, the TO branch also con-
tributes a T'; mode from the region near K, and
this region should correspond roughly to the strong
peak in the phonon density of states expected (Sec. II)
from this branch. Sucha I'; mode might therefore
account for the peak 5, which at 296 cm™! falls in
this range. Finally, we have I'; modes from LO(X)
and LO(L), so that I'; modes from the LO branch
may account for one or more of the weaker peaks
& ¢, and n.

Alternatively, we may obtain one-phonon side-
bands of the [I';°E = I';(J'= 1)°T,] transition by bor-
rowing optical intensity in the usual way% 53 55-57
from allowed electronic transitions of much higher
energy, through the electron-phonon interaction.
Such phonon-assisted transitions come about via a
second-order process involving the interaction of
the electrons with the light, on one hand, and the
terms in Eq. (5) that couple °E and 7, to these dis-
tant electronic states, on the other. Such sidebands
of the [I', °E -~ I'\(J'=1)°T,] transition may, inprin-
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ciple, be allowed for any phonon of symmetry Iy,
I's, Ty, and T, so that unshifted one-phonon side-
bands that borrow intensity in this way are possible
for many additional phonons that do not participate
in the Jahn-Teller coupling. We might expect to find
sidebands having this origin in our spectra, since
all optical transitions within the 34® configuration of
the Fe? would otherwise be (electric-dipole) for-
bidden if the Fe?* were in a site having inversion
symmetry, and it is this mechanism which is the
usual one®~57 that makes such transitions allowed
via the vibrational coupling.

Of the phonons at symmetry points listed in Ta-
ble I, all of those contributing a mode of symmetry
T3 or I's may, in principle, participate in the Jahn-
Teller coupling withinst. It is tempting to speculate,
however, that the Jahn-Teller coupling occurs main-
ly with the I'; modes. The TA(L) mode at 70 cm™!
[as well as the TA(K) modes at 90 and 125 cm™!]
then provides a low-frequency mode suitable for
the interpretation we have proposed, while the LO
and TO branches would provide a I'; mode near 300
cm™ [for example, LO(X), TO(L), or either branch

near K|. Coupling with the TA(L) mode would more-
over account for the weak luminescence line labeled

(6-5) by Slack and O’Meara?® in Table III [the (6-5)
transition should not be allowed as a zero-phonon
line]. Weak Jahn-Teller coupling with the I'; modes
would then be consistent with the absence of any
evident coupling with the LA(X) or LA(L) phonons.
As noted in Sec. III, however, LA(X) involves mo-
tion only on the Zn sites, and as we expect the Jahn-
Teller coupling for an Fe?* ion on a Zn site to be
strongest with those modes having an even compo-
nent of displacement on the nearest-neighbor S
sites, this explanation alone probably suffices to
account for weak coupling with LA(X). Finally, we
know from studies® of Cr®* in ZnS, ZnSe, ZnTe,
and other II-VI compounds that the predominant
Jahn-Teller coupling in the °T, ground state is with
a I'; mode and that this coupling is strong enough
to lead to a static Jahn-Teller distortion. The
similarity of the corresponding electronic states
of Cr? and Fe?* in terms of the complementary re-
lationship between holes and electrons in the 3d
shell (Fe? has six electrons, Cr? six holes) leads
us to expect that the Jahn-Teller coupling of these
ions in similar environments should not be wholly
dissimilar. Therefore, we should expect that the
T'; coupling in the °T, state of the Fe?* should pre-
dominate, even though it is evidently not so strong
for Fe® as for Cr?*,

One quantitative check on our interpretation is
provided by the value 535 cm™ which SHC! obtained
for what they interpreted as the apparent Jahn-
Teller energy in the °T, state. This was given by
the difference between the energy of the (1-6) transi-
tion and the average electronic energy of the °7,
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states in the equilibrium lattice configuration ap-
propriate to °E, relative to the I'; level of SE, as
given by the moment ratio (M,/M,) of the optical
absorption spectrum as defined by SHC. In the
strong-coupling model of SHC, this difference is the
sum of the true Jahn-Teller energy and the amount
by which the 3T, states in equilibrium are lowered
relative to the °E equilibrium energy by the dif-
ference in the coupling of these states to totally
symmetric vibrational modes. Since this moment
ratio is independent of the Jahn-Teller coupling! *
(so long as we can neglect such coupling within 3E),
it provides an equally valid reference energy for
our revised interpretation.’® In our present weak-
coupling model, however, starting from the static
crystal-field model, we see that the lowest 7,
level Ty (J'=1) lies below the average energy of
the "‘Tz states by the spin-orbit energy difference
~3Ixl. This level is then lowered further by the
Jahn-Teller coupling and by the coupling to the
totally symmetric modes. Using the model of the
Appendix with Jahn-Teller coupling to two I'y modes
of frequency (A) 100 and (B) 300 cm"!, we have
AEjy; =0, 200 E; +0. 415 E &} (weak-coupling approxi-
mation) for this Jahn-Teller shift from Eq. (A3a).
Thus for Ejrx~200 cm™, E2.~100 cm™! we should
have AE;;~80 cm™, so that using 3/x|~ 300 cm™!
we would leave a shift AE,~155 cm™! to be supplied
by the T'; coupling in order to make up the full dif-
ference of 535 cm™!. This value for AE, may be
compared with the value inferred from the intensity
of the sidebands in the absorption spectrum which
we attribute to coupling to I'; modes. Since Eq. (9)
gives the intensity distribution*’ for coupling to a
', mode if we replace Sz by S = AE,/iw',, where
AE} is that part of AE, attributed to the ith T,
mode, we find that the ratio of the integrated inten-
sity of the one-phonon sideband to that of the zero-
phonon line from which it is derived is given by

pV/be=Skh . (14)

We can therefore use this formula for those side-
bands of the (1-6) line in the absorption spectrum
of Fig. 5 which we have suggested may be due to
coupling to the I'; modes. Since the peak «, which
corresponds to %w =106 cm™, has roughly one-
quarter the integrated intensity of the (1-6) line,
we obtain ~25 cm™ as the contribution to AE
from the coupling to this mode. The peaks 6, e,
¢, and 1 corresponding to %w~ 300 cm™! together
have roughly the same intensity as (1-6); ascribing
half of this to I, coupling, we obtain ~150 cm™!
for their contribution to AE,. The sum of these
contributions then would compare reasonably well
with the value 155 cm™ obtained previously.

A further check on our interpretation is provided
by the second moment (E?)= (M, - M3)M;! of the full

SE - 3T, absorption spectrum of Fig. 5. Using the
methods of Henry, Schnatterly, and Slichter,* and
assuming negligible Jahn-Teller coupling within the
SE states, we may show that when the initial state
is the TI'; level of SE (0 °K spectrum) we have

(E?) =632+ 23, Sh(hwh)?
+3 7, Sh(mwh)?+ 20, Sh(mwh)? . (15)

Here SY, S, and S, are the Huang-Rhys param-
eters, which describe the coupling of the °T, states
to the ith T';, T3, and I's modes, respectively, and
are defined as in Eq. (11).% The excess of the sec-
ond moment over the expected spin-orbit contribu-
tion thus provides a measure of the total strength
of the coupling of the 57T, states to the phonons, and
this is independent of the details of the structure
of the spectrum. We find for the experimental
spectrum of Fig. 5 the value ( E?)=12%X10* cm™2,
The model in the Appendix with the two modes A
and B, for E# ~200 cm™, EZ ~100 cm™!, would
yield from Eq. (15) a value ~5X10* cm™2 for the
combined contribution to ( E2) of the Jahn-Teller
coupling to the I'y modes, while the preceding esti-
mate of the coupling to the totally symmetric modes
yields ~ 5% 10* cm™2 for the contribution from the
T, coupling. Since we have the free-ion value 63
=6X10% cm™?, this model thus yields an estimate
(E?)~16X%10* cm™. This is somewhat larger than
the experimental value, the discrepancy suggesting
that the model either overestimates the coupling to
some of the modes or that a smaller value of X may
be more appropriate as the result of covalency.
The experimental value of ( E?) is in any case not
consistent with a model in which a Jahn-Teller cou-
pling much stronger than the spin-orbit interaction
is postulated. We note that Eq. (15) does not pro-
vide a means of distinguishing between coupling to
T'; and I'; modes, so that we still have no basis for
ruling out the possibility that part of the Jahn-
Teller coupling may be with one or more I'; modes.
The second moment of the luminescence spec-
trum in Fig. 6 is very much smaller than that of
the absorption [and is harder to determine because
of reabsorption in the vicinity of the (1-86) line],
and this difference is again consistent with our in-
terpretation. Since the initial state for the lumin-
escence is the Iy (J'=1) ground state of °T,, and
since for weak Jahn-Teller coupling this state gives
rise only to very weak sideband intensities for I'y
and I's modes in the luminescence, as seen in Ta-
ble II, the contribution of the Jahn-Teller coupling
to (Ez) should be very much reduced in lumines-
cence as compared to absorption (assuming still
that Jahn-Teller coupling within °E is negligible).
The contribution of I'; coupling to { E%), on the
other hand, should be the same in luminescence as
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in absorption, since it is the difference between
the °E and °7, states in the linear coupling to such
modes that leads to the sideband intensity, and
since this coupling is the same for all the spin-or-
bit levels of °7,. The second moment of the lumi-
nescence therefore provides an upper bound for the
contribution of I'; coupling to { E?) in absorption,
thus confirming our interpretation that the Jahn-
Teller coupling causes a large part of the broaden-
ing of the absorption spectrum.

An upper bound to the fraction of the total optical
intensity of the >E~ 3T, band at 0 °K which is bor-
rowed through the electron-phonon interaction from
other allowed electronic transitions is provided by
the temperature variation of the total intensity.

In the absence of such borrowing, the zeroth mo-
ment M, of the spectrum is independent of temper-
ature,* but if such a contribution is present as a
result of coupling with a mode of frequency w it
may be shown® that this part of M, varies as
AMy(T) = AMy(0) coth(iw/2kT) . (16)
Since the total intensity of the °E - 5T, band was
found® to increase by only ~ 5% from 0 to 300 °K,
we find from Eq. (16) that AM,(0) could account for
~9% of M, at 0 °K if the coupling involved a mode
of frequency ~ 300 cm™!, or only ~2% for a mode
~100 cm™!. Such borrowed contributions to the in-
tensity do not therefore appear to play a major
role in the spectra of Figs. 5 and 6, although they
might still be responsible for some of the smaller
features observed in the sideband structure.

Other checks on the interpretation can, in prin-
ciple, be obtained from the intensities of the side-
band peaks attributed to the Jahn-Teller modes,
using the theoretical predictions such as those of
Table II. However, the inaccuracy of our perturba-
tion treatment is too great, for the vibronic levels
with one or more phonons excited, to make such a
comparison meaningful in the absence of more
elaborate calculations of the vibronic states. The
observed peak intensities in Fig. 5, however, do
not appear to be inconsistent with those expected on
the basis of Table II. Similar comparisons of the
sideband intensities in the luminescence with the
theory (Table II) are possible but are not particular-
ly enlightening because of the difficulty in sorting
out the several overlapping contributions to these
peaks.

Finally, we should note that in our revised inter-
pretation, we attribute the peaks 6, ¢, k, and A in
the absorption spectrum lying higher than ~ 3300
em™ to transitions to the levels derived from the
zero-phonon T'5 (J’=3) state and the excited phonon
states associated with J'=2 and 3. We do not at-
tempt a detailed interpretation of these peaks,
apart from noting that their strength of course re-
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flects the strength of the second zero-phonon transi-
tion [[,SE ~T'y(J'=3)°T,] expected from Fig. 1 on
the basis of crystal-field theory.

VI. Fe?* IN OTHER CRYSTALS

The °E—~ 3T, absorption spectrum of tetrahedrally
coordinated Fe?* in a number of other crystals is
quite similar to that of Fe?*in ZnS. Luminescence
spectra are not available for most of these crys-
tals, and we will not attempt a detailed interpreta-
tion for any of them. Nevertheless, it appears
likely from the available evidence that dynamic
Jahn-Teller effects like those we have described
for the ZnS are important also in these other cases.

We have already mentioned that the appearance
(see Figs. 6 and 7 of SHC) of two additional strong
absorption peaks in CdTe within 30 cm™ of the
(1-6) zero-phonon line, a result that could not be
accounted for either by crystal-field theory or by
the phenomenological model for a strongly coupled
Jahn-Teller system advanced by SHC, finds a
ready explanation in the dynamic Jahn-Teller effect
if coupling is with a mode of low frequency. Since
the TA branch of CdTe has a lower frequency than

the corresponding phonons of any other II-VI or
II-V compound for which the phonon spectrum is

known,’! we might expect the effect of coupling to
this mode to be more pronounced for CdTe than for
the other crystals, as is evidently the case.!® Also,
the small value of 255 cm™! found by SHC! for the
apparent Jahn-Teller energy in CdTe is consistent
with a weak dynamic coupling but too small to be
compatible with a strongly coupled model. Consis-
tent with this interpretation, the second moment of
the absorption spectrum is very much smaller than
in ZnS.

In spinel, MgAl,O,, there are probably no critical
points in the phonon spectrum with energy smaller
than ~ 200 cm™,! so that there is in this case no low-
frequency mode to which coupling might occur. The
nearest peak in the absorption spectrum to the (1-6)
zero-phonon line is the line (1-7) lying 65 cm™!
above (1-6). While this separation is much too
small to be accounted for by crystal-field theory,
this peak could well be the result of a transition to
a T'5 level which is derived from the Iy (J'=1) elec-
tronic state via the excitation of one phonon of
200-300 cm™! and which is then depressed in energy
by the Jahn-Teller coupling, like the one-phonon
T's level of Fig. 2. We can estimate from Fig. 2
that for this level to be brought to 65 cm-! from the
T's (J'=1) level we must have a value for E;y in the
range 300-400 cm™ for the coupling to this mode.
This is somewhat larger than the values we esti-
mated for ZnS; however, SHC did obtain a value of
945 cm-! for the apparent Jahn-Teller energy in
MgAl,0, which would be consistent with this larger
estimate, and the second moment of the absorption
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is significantly larger than for ZnS, indicating from
Eq. (15) a stronger phonon coupling in spinel.

The absorption spectra of Fe?* in ZnSe, ZnTe,
CdS, GaP, and GaAs at liquid-helium temperature
measured by Baranowski, Allen, and Pearson'®
all show the sharp zero-phonon lines resulting from
the (1-6), (2-6), etc., transitions at the low-en-
ergy edge of the spectrum. At higher energy there
are additional peaks which in several cases (e.g.,
ZnSe, CdS, and ZnTe) resemble those in ZnS or
CdTe quite closely, and the over-all widths of the
absorption band are similar. One infers that the
coupling to the phonons in all these cases may be
similar to that in ZnS. Unfortunately, however,
we do not have for these crystals the corresponding
information from the luminescence spectra that we
had for ZnS to enable us to tell to which phonon
the Fe®* is coupled and thus to identify those peaks
which are shifted by the Jahn-Teller coupling. Only
for ZnSe is the Fe® luminescence spectrum avail-
able, from the work of Haanstra,!” and in this case
the phonon peaks in the luminescence do not sepa-
rate into clearly distinguishable groups as they did
in ZnS, possibly because a stronger coupling to a
TA mode in ZnSe produces sidebands corresponding
to the excitation of more than one TA phonon.

VII. DISCUSSION

In the present work, we have seen an example of
the way in which dynamic Jahn-Teller effects may
modify the optical absorption and luminescence
spectra of an ion or complex in a crystal by not
only partially quenching the crystal-fieldand spin-
orbit splittings of zero-phonon levels but also split-
ting, shifting, and mixing the associated vibrational
levels. For the case of Fe?* in ZnS, we have con-
sidered in some detail how the Jahn-Teller coupling
may transfer optical intensity to the vibronic side-
bands and shift these relative to the zero-phonon
lines in the manner required to account for the ob-
served spectra. We have shown that, whereas the
Jahn-Teller coupling cannot be as strong for this
ion as originally supposed by SHC,! the large shifts
of some of the sideband peaks in absorption provide
persuasive evidence of the important role played by
dynamic Jahn-Teller effects in these spectra. This
interpretation is confirmed by a comparison of the
second moments of the absorption and luminescence
spectra. We have proposed a model which accounts
qualitatively for the principal features of the observed
spectra by postulating Jahn-Teller coupling with
two groups of phonons, one with frequency ~ 100
cm™! from the TA branch of the ZnS lattice spec-
trum, and the other from the TO and LO branches
~300 cm™, While we have speculated that this
coupling may be predominantly with modes having
I'y symmetry, we have not been able to distinguish
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with any certainty between the various possible
phonons which may be involved, and we cannot rule
out the possibility that this coupling may be partly
or even predominantly with I's modes. In addition,
there is evidence of significant but rather weak
coupling with totally symmetric I'; modes, which

contribute additional structure to the spectrum.
The role of a dynamic Jahn-Teller effect in split-

ting and shifting vibronic levels with one or more
vibrational quanta excited has been recognized since
the pioneer work in this field by Moffitt and Liehr!?
and Longuet-Higgins et al.,'? but there has been
more attention paid to this in the study of molecules
than in work on the spectra of defect centers in
solids. In particular, Weinstock and Goodman!®
have given a detailed interpretation of unusual in-
frared and Raman spectra of the hexafluoride mole-
cules on this basis, while Herzberg has included

a good discussion of Jahn-Teller effects in the vi-
brational structure of electronic transitions in
molecules in his book.? In solids, on the other
hand, vibrational spectra are more complex than
in molecules, and our knowledge of vibrational
modes associated with defect centers is rather
limited; therefore, it is usually difficult to identify
the detailed structure of the sidebands in optical
spectra of defects with the effects of Jahn-Teller
coupling on individual vibronic levels. The recent
blossoming of interest in dynamic Jahn-Teller ef-
fects in optical spectra of impurity ions in solids®
has therefore focused, on one hand, on the zero-
phonon lines and the partial Jahn-Teller quenching
of the splitting of these lines due to crystal-field
and spin-orbit interactions, magnetic fields, ap-
plied stress, etc.*® On the other hand, attention
has been directed to the broad optical absorption
bands of strongly coupled Jahn-Teller systems, in
which certain features in the shape of the bands
(e.g., broad double or triple peaks) have been
shown by O’Brien, Moran, Toyozawa, Cho, Engl-
man, and others®®-% to be the result of the Jahn-
Teller coupling. Nevertheless, as the present
work shows and as is also seen in some other stud-
ies, for example, that of Fetterman and Fitchen®
of the R’ center in LiF, it is sometimes possible
to identify the effects of Jahn-Teller coupling on the
detailed fine structure of the vibrational sidebands
of the optical spectra of defect centers in crystals.
For this identification to be possible, this vibra-
tional fine structure must, of course, be resolved,
together with the zero-phonon lines, and the Jahn-
Teller effects (e.g., the relative shifts of the vi-
bronic levels) must be sufficiently large. Such ef-
fects appear always to be characterized by major
departures from “mirror” symmetry in the vibra-
tional structure of corresponding low-temperature
absorption and emission spectra relative to the
zero-phonon lines.



794 F.

One particularly interesting aspect of the present
work from the viewpoint of the general theory of
the Jahn-Teller effect is the insight it provides into
the relationship between the phonons of the host crys-
tal and the localized modes that are primarily re-
sponsible for the Jahn-Teller effects in strongly
coupled systems. For weak coupling, it is clear
from our present work and on general principles
that many different lattice modes that have the cor-
rect symmetry may participate in the Jahn-Teller
coupling. Yet it has by now been quite well docu-
mented® 48 that strongly coupled systems behave as
though the Jahn-Teller coupling were predominantly
with a single mode, which is often represented as
being a mode of vibration of the cluster of ions con-
sisting of the Jahn-Teller ion and its nearest neigh-
bors, embedded in the elastic medium of the host
crystal. Though this cluster continues to be dy-
namically coupled to the rest of the lattice, this
coupling is often relatively weak and can be viewed
as a perturbation on the cluster, serving primarily
to induce transitions, via the absorption or emis-
sion of a lattice phonon, between the vibronic levels
of the much more strongly coupled cluster. We can
now begin to see in outline how this latter situation
develops as the strength of the Jahn-Teller coupling
increases, as follows. We have seen in Sec. IV
that in weak coupling, for which our perturbation
treatment is appropriate, there is a second-order
coupling between vibronic states of the same over-
all symmetry which however represent the excita-
tion of different phonons. As a result of this cou-
pling, the actual vibronic eigenstates of the system
are admixtures of these states. In the case in
which we have Jahn-Teller coupling with several
phonons of similar frequency, or with a band of
phonons, this second-order coupling serves thus
to select a linear combination of these modes that
maximizes the Jahn-Teller coupling, and it is the
vibronic states associated with this combination
mode that are displaced in energy (as in Fig. 2) by
the Jahn-Teller coupling. Alternatively, if the
Jahn-Teller coupling is with a number of modes of
rather different frequencies, this second-order cou-
pling (or higher-order coupling as the coupling
strength increases) again mixes the vibronic states,
and when the Jahn-Teller energy is larger than the
difference in 7w the low-energy vibronic eigenstates
of the system are again those mixed states which
maximize the Jahn-Teller coupling. We see there-
fore that there is no necessary relationship between
the apparent frequency of the effective mode which
dominates the Jahn-Teller coupling in the strongly
coupled case, on one hand, and the frequencies of
individual phonons of the unperturbed lattice, on
the other, unless the phonons that couple strongly
lie in a well-defined band. We see, moreover, why
the cluster model often works: Since the Jahn-
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Teller coupling with lattice distortions should or-
dinarly be strongest with displacements of the near-
est neighbor ions, it is precisely a mode of this
cluster that maximizes the Jahn-Teller coupling
and thus is selected in the strong-coupling limit
even though this mode is not a normal mode of
vibration of the unperturbed lattice.

Further experimental tests of our interpretation
of the optical spectrum of Fe?' in ZnS are clearly
desirable. One such test, which could check the
identification of the various sideband peaks in the
0 °K spectrum and distinguish whether the Jahn-
Teller coupling is predominantly with I'y or T's
modes, would be a study of the magnetic circular
dichroism of these peaks and of their linear dichro-
ism under applied stress. As Henry, Schnatterly,
and Slichter have shown,! it is possible to obtain
from the change in the first moment of the dichro-
ism of the full absorption band the unquenched cou-
pling coefficients that describe the splitting of the
electronic levels in the crystal field of the rigid
lattice in a magnetic field or under stress. The
splitting of the zero-phonon lines, on the other
hand, or the dichroism in these peaks if a splitting
is not resolved,®” determines these coupling coeffi-
cients for the vibronic levels, reduced by the ap-
propriate Jahn-Teller reduction factors. Merle
d’ Aubigné and Roussel® have indeed very recently
used a comparison of the results of these two types
of measurements of circular dichroism to deter-
mine directly the reduction factor for the spin-or-
bit interaction in the 27,, excited state of the F*
center in Ca0. In the present case for Fe? in
ZnS, since the initial state for the 0 °K absorption
spectrum is the T, singlet level of °E, the dichroism
in the (1-6) line would measure directly the Zee-
man or stress splitting of the I’y (J'=1) level of
5T, as modified by the appropriate reduction fac-
tors. The comparison of the results of such mea-
surements with the theory of these reduction fac-
tors, which depend on the strength and type of Jahn-
Teller coupling, would, of course, then provide one
test of our interpretation just as in the correspond-
ing treatment of Fe?* in MgO by Ham, Schwarz, and
O’Brien.” In the sideband structure, a peak derived
from the zero-phonon line by the excitation of one
totally symmetric T’y mode should have exactly the
same dichroism as the (1-6) line. Peaks associ-
ated with the higher vibronic levels of the Jahn-
Teller active modes will, however, in most cases
have a different dichroism, since such levels mix
the electronic states with J'=1, 2, 3 in different
ways. Such studies of the dichroism thus would
offer a direct means of identifying the type of mode
involved in a sideband peak and would enable one to
develop a more detailed model of the Jahn-Teller
coupling with the various I'; and I'; modes than is
possible on the basis of the simple absorption and
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luminescence data alone.

APPENDIX: JAHN-TELLER SHIFTS OF VIBRONIC ENERGY
LEVELS: PERTURBATION TREATMENT OF °T, STATE OF
Fe?* COUPLED TO TWO I'; MODES

As in the work of Ham, Schwarz, and O’Brien, %
we treat the Jahn-Teller coupling as a perturba-
tion on the vibronic eigenstates of

560 =3€so +3€lat . (Al)

In the spin-orbit interaction 3¢,, for the 57, state
[Eq. (2)] we drop for simplicity the small terms

in 4 and n, so that we ignore the splitting within
the J' =2 and 3 levels of Fig. 1. 3¢, is given by
Eq. (6). The Jahn-Teller interaction with two Iy
modes, having frequencies w# and w2 and coupling
coefficients V7 and V3, respectively, is described
[Eq. (D] by

o= VE(Qi8s + QE8)+ VE(QSE,+@18,) . (A2)

This coupling displaces the eigenstates of 3¢y, and
in second-order perturbation theory we obtain for
the energy shifts of the zero-phonon ground state

Ts (J'=1) and lowest excited spin-orbit states Iy,
T, (J'=2) the results® ™

AE(T5; Tg, J'=1; 04,05)== 20 EjFy(¢, wh),

j=A,B

(A3a)
AE(Ty; Ty, d'=2; 04, 05)== 27 EirF,(, wh),

j=A,B

(A3b)

AE(Fy;T,,J"=2; 0,4,05)== 2 EirFy(E, wi) .
j=A, B
(A3c)

Here Ef; and EJp are given in terms of VA, V2,
w%, and wj by Eq. (10), and the F,(¢, w) are func-
tions which have been defined previously [Ref. 7,
Eq. (2.15)].

The second-order displacements of the I', and
T'; levels derived from the lowest electronic level
T5 (J'=1) but with one A quantum excited may be
expressed in terms of the shift (A3a) of the ground
state as

AE(Tgy Ty, J'=1; 1,4 0p)
=AE(T5 T5,J =1;04 05) - Ef I,(¢, wh), (Ada)
AE(T; T, J'=1;1,4 0p)

=AE(T5; T, J'=1;0,,05) - Efr L6, wh), (Adb)
where

L, w) =% thw/[(5¢)? - (hw)?] , (A5a)

L(E, w)=% thw/[(20)? - (fiw)?] + 3¢ hw/[(5¢)? - (Aw)?] .
(A5b)

The shifts of the corresponding levels having one
B quantum excited may be obtained from Eq. (A4)
by interchanging A and B.

We will also be interested in the I'y and I's levels
derived from the T', (J'=2) electronic level by the
excitation of one A quantum. We have for the shifts
of these levels

AE(Ts; T, J' =2;14,0z)
=AE(Tg Ty, J'=2;0, 05) - Efr5(¢, wg), (A6a)
AE(P‘; r” J’ = 2; lA, OB)

=AE(Ty T, J'=2;0,05) - EfI(L, wg), (ABD)

where

Ik, w) = = 3 Lhw/[(28)% - (hw)?] +$Ehw/[(38)% - (Aw)?],
(A7a)

I,(¢, w) =3 LAw/[(8¢)% - (Aw)?] . (Ab)

If #w# is small compared with the spin-orbit
splitting 2¢ between the lowest electronic levels,
we may show that the relative energies of all the
vibronic states of the A mode derived from the
T5 (J'=1) electronic ground state, for any number
of excited quanta, are the same as those of the ef-
fective Hamiltonian

Horr = Q1) [P2+ P2+ (Lwh) (Q2+ @?)]
+35 VAQeS o+ Q80 — B [(VH/t] (Q2+ Q%)

+3505 [(VEZ/E1[846(Q% - @2) +8:(2Q:Q.)] ,
(A8)

again to the accuracy of treating the Jahn-Teller
coupling to the higher spin-orbit states by second-
order perturbation theory. In Eq. (A8), 84 and

8. are the same electronic operators as §, and &,
in Eq. (8), except that 8, and 8/ are defined with
respect to the I'y (J'=1) spin-orbit triplet instead
of the orbital I’y triplet. Since §; and 8 are di-
agonal with respect to the states I'sé, I'sm, and

I's¢ (and we have (Ts¢1841Tsg)=~=1, (Ts¢18,1T5¢)
=0), the eigenstates and eigenvalues of 3C,,, are ob-
tained immediately from those of the appropriately
displaced simple harmonic oscillators. Asidefrom
a common shift of all the energy levels resulting
from the linear Jahn-Teller term, which does not
affect the relative spacing of the levels, the spec-
trum is given by

E=(n+3)kw’ +(m+3)hw" (A9)
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withn, m=0, 1, 2, 3, ..., and

o' = w1 - & (BER/0)]VE, (A10a)

o = w1 -FEL/OT2. (A10b)

These frequencies are not only reduced as a result
of the Jahn-Teller coupling to the higher spin-orbit
states, but they differ slightly because of the pres-
ence in JC,,, of the term involving [8;(Q% - Q%)
+81(2Q4Q,)], which has the form of a “quadratic
Jahn-Teller coupling” and which thus serves to re-
move the “accidental” degeneracy of different states
having a common value of (z+m). Each vibronic
level remains triply degenerate, however, and be-
longs either to I’y or I's. It may in fact be shown
that all levels of Eq. (A9) for which m is odd belong
to I'y, and all those for which m is even to I's.
These conclusions are, of course, consistent with
the earlier results of Eq. (A4) when (%w)? is ne-
glected in the denominator of Eq. (A5) and the
square root in Eq. (A10) is expanded. It must be
noted, however, that our perturbation treatment
would not be valid if the Jahn-Teller coupling were
strong enough to make either argument under the
square root in Eq. (A10) negative.

There is a second-order coupling, through the
Jahn-Teller interaction, between the states (I'g; T's,
J'=1;04 1g) and (Ts; Ty, J' =2; 1,, 05) which may
be important if the energy difference between these
states is small (that is if #wj + 2¢ ~#w2). This
coupling contributes an off-diagonal term given by

w=+ () /* (B Epwpw)'/* 1 - $ (24 + Hwg) ™

+5 (3t —hmwf)t+3(5¢ + Hwh) '] (All)

to the secular equation for these states, where the
choice of sign in Eq. (A11) is the same as that of
(VAVE). The energies of the linear combinations
of these two states that result from solving this
secular equation (with neglect of coupling to other
states) are then given [relative to the unperturbed
energy of the I'y (J' =1) ground state] by

=L(u+v) £3[(u—-v)?+4u?]t/2

where we define

(A12)

u=2¢ +hwi+ AE(T5; Ty J'=2;1,,05),
v=hwi+AE(Ts; T, J'=1;0,4, 15),

as given by Eqs. (A4a) and (A6a).

Finally, we wish to determine the relative inten-
sities of the vibronic sidebands that correspond to
the excitation of one vibrational quantum and that
result from the Jahn-Teller coupling, in both the
SE ~5T, absorption spectrum and in the *T, - °E
luminescence. Assuming for simplicity a negligibly
small Jahn-Teller coupling in the °E state, we may
evaluate these intensities for the absorption spec-
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trum from the perturbation admixture of zero-pho-
non states into the one-phonon states, together
with the appropriate electronic optical matrix ele-
ments (taken to be electric-dipole in 7, symmetry,
as in Table X of SHC). For the emission spectrum,
on the other hand, we must use the admixture of
one-phonon states into the zero-phonon I'; (J'=1)
ground state [for simplicity we shall treat only the
situation appropriate to 0 °K, for which the initial
state in the absorption spectrum is the I'; zero-
phonon level of SE, while all the luminescence is
from the (I'; T's, /' =1; 0,4, 05) level of °T,]. We
find in this way for the fraction f, of the total inte-
grated intensity of the E~ 5T2 absorption spectrum
which is transferred at 0 °K to each sideband cor-
responding to the I'; states derived from the T
(J'=1) or T', (J'=2) electronic states by the exci-
tation of one A quantum the results

Fl(Ty, °E)- (Ts; T, J'=1;1,,05)]

1 Ef [ 9hwi
=350 Tk <5; - 1) ’

(A13)
fa[(rb 5E)'° (r5§ rb J, = 2’ 14, 08)]
-3 Ej, Awg mwg
=50 7wA \2C+hak T3 - hwd)

The corresponding result for the excitation of one
B quantum is obtained by substituting B for A
throughout Eq. (A13). For the °T,~°E luminescence
at 0 °K the fraction f,(T',, °E; 1,) of the total inten-
sity transferred to each of the various one-quantum
sidebands corresponding to the transition (I's; I,
J'=1; 0,,05)~ (T, °E) with the excitation of one

A phonon (for a B phonon replace A by B through-
out) is found to be

e 1 . 1 Efe [ 9hwg >2
fo(Ty,"E; 14) =555 ﬁ(5§+ﬁw§+l ’

Wg
1 EA fiwk hwg  \?
5p. = 2 £ 2
fe(Ty °E; 1,) 20 ﬁwE(zg +Hws 5§+h‘w§> ’

fe(FS! SE; lA) =fe(r1, SE; 14) +fe(r2, SE; lA) ’ (A14)

fe(rb 5E; lA) = 3fe(r5, SE; lA)

9 E4 [ 6hwt )2
~ 2000 %fé;" (5: +Rwh 1

3 Efp [_hwh 2hwg )2
80 ﬁwg& (2: +Hwh 5L+ hwh
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