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fact assures that the obtained alignment is not com-
promised by an error of 7 in the range of milli-
seconds.

VII. CONCLUSIONS

The electroluminescence in some alkali iodide
crystals has been interpreted according to an im-
pact-ionization model. The dependence of the pho-
toemission on the temperature and on the electric
field is explained, with the mentioned mechanism,
under the following assumptions:

(a) Potential barriers are formed at the metal-
insulator interface. The maximum field in the bar-
rier is proportional to the applied voltage (Rose-
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type barrier).

(b) Fowler-Nordheim tunnel injection is respon-
sible for the electron emission from the negatively
biased electrode.

Moreover, the brightness waves of the electro-
luminescence at different temperatures suggest that
(i) hole injection from the metal into the crystals is
negligible or nonexistant; (ii) trapped electrons can
be freed by means of field-assisted thermal ioniza-
tion,

The obtained results show the possibility of study-
ing the injection and transport processes in low-
conductivity insulating crystals by observing the
photoemission under high electric fields.
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A study of the magnetic circular dichroism and optical absorption associated with a band at
5.15 eV in vanadium-doped MgO is presented. The band is assigned to an electron transition
from an orbital predominantly on the oxygen ligands of the V3*ion to an orbital predominantly
on the V¥*ion. Theory for the magnetic circular dichroism originating from the orbitally de-
generate ground state is proposed, and the result of an analysis is found to be consistent with
the presence of a dynamical Jahn-Teller effect in the ground state. A classification of the
excited-state symmetry is made which implies a reversal from the conventional ordering of

the w#y, and ¢y, ligand-orbital energy levels.

I. INTRODUCTION

The magnetic circular dichroism (MCD) of a
charge-transfer band associated with the V3 ion
in MgO is of interest for several reasons. The
non-Kramers ground state of the V¥ ion is ex-
pected to be Jahn-Teller active in cubic MgO and
there may be a modification of the ground-state
magnetic properties by the electron-lattice inter-

action, However, these magnetic properties are
not easily studied. The ion is undetected in MgO
by electron paramagnetic resonance even though
the less stable V> ion is commonly seen. The
magnetic circular dichroism is, nevertheless, ap-
plicable to an investigation of the magnetic proper-
ties.

The optical aspects of the study are also of in-
terest and the study of a charge-transfer band is
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interesting for its own sake. These intense ab-
sorption bands, which originate in electron transi-
tions between an impurity and its ligands, are still
poorly understood. Ligand-orbital theory predicts
many more bands than are ordinarily observable
and there is consequently a shortage of experimen-
tal evidence to compare with theory. Magnetic
circular dichroism is useful because it gives ex-
cited-state information which can reveal the sym-
metry of the charge-transfer states.

The application of the MCD to the V* jon in MgO
is additionally of some theoretical interest. Al-
though the theory of MCD originating in optical
transitions from orbitally nondegenerate ground
states is now well established, this theory does
not extend to the orbitally degenerate V* ground
state.

The ground state of the V¥ ion in MgO has been
studied by Brabin-Smith and Rampton‘ using acous-
tical paramagnetic resonance (APR) and by Mo-
dine® using MCD. In both studies, a zero-field
splitting of approximately 10 cm™ and a small-g
value were deduced. (Brabin-Smith and Rampton
give g=0. 69 for an effective spin of one.) In both
cases, a tetragonal site symmetry was proposed
and evidence for a dynamical Jahn-Teller effect
was recognized. Furthermore, as a result of both
studies an energy-level diagram was proposed that
placed a doublet level above a lowest singlet level.
However, the level symmetry assignments were
different.

Theoretical analyses of the Brabin-Smith—-Ramp-
ton APR results have been made by Bates et al.®
and Ray, 5 and two still-different ground-state
energy-level diagrams were proposed. However,
the model proposed by Ray appears to be the most
satisfactory. Ray places a triplet level above a
lowest nonmagnetic doublet and avoids the intro-
duction of a tetragonal site symmetry by explain-
ing the zero-field splitting in terms of a Jahn-
Teller effect. Furthermore, Ray’s analysis gives
a better agreement with the APR results.

More recently, the APR spectrum of vanadium-
doped MgO has been measured and subjected to
further analysis by Buisson and Nahmani. ®" These
investigators propose an energy-level diagram
which is essentially in agreement with that of Ray,
but they give a somewhat different explanation of
the APR spectra and the ground-state splittings.
From their measurements, they deduce a g value
of 0. 67 and a zero-field splitting of 7 cm™,

In the present work, the optical absorption and
MCD measurements are presented and analyzed

in terms of the ground-state model proposed by Ray.

II. EXPERIMENTAL METHODS

The vanadium-doped MgO crystals used in the
study had been grown from a melt. The vanadium

content was roughly estimated as a few tenths of

a percent. Paramagnetic resonance studies showed
that Mn®*, Cr®, and Fe® were also present as im-
purities. The original crystals could be cleaved
into thin plates of optical quality and were suitable
for optical-absorption measurements, but they
were still too dense for MCD measurements. The
crystal which was used for most of the MCD mea-
surements was therefore further prepared by
grinding and polishing with corundum and diamond
powders and had the dimensions of 4X3X0.1 mm.
The optical quality of the polished crystal was not
as good as that of cleaved crystals, but was for
the most part restored by heat treatment. After
treatment at 1000 °C in an argon atmosphere, the
crystal was rapidly cooled (quenched) to room
temperature in order to reduce association of the
V* jon with charge-compensating vacancies.

The light source used for the MCD measure-
ments was a high-pressure xenon arc lamp. The
light was focused onto a quartz-prism double mono-
chromator, and the beam emerging from the mono-
chromator was polarization modulated at 50 kHz
with a modulator of the stress birefringent type.®
This beam was focused onto the sample which was
mounted either in a cold-finger Dewar placed be-
tween the poles of an electromagnet, or in the bore
of a superconducting solenoid in an immersion
Dewar. The electromagnet has an axial bore,
giving optical access along the direction of the
magnetic field. Light passing through the sample
was focused onto a photomultiplier tube. The
phototube signal, which is proportional to the MCD,
was amplified and measured with a synchronous
detector. The magnitude of the signal was cali-
brated against the circular dichroism of a 1-mg/
ml water solution of d-10 camphorsulfonic acid.
The circular dichroism of 1 cm of this solution
was taken as + 0. 0215 at 290 nm. °

High-temperature MCD measurements were
made using the electromagnet and cold-finger
Dewar. Most of the measurements were taken
using the superconducting solenoid and an im-
mersion Dewar with the sample in liquid helium.
Measurements were taken below 4. 2 K, while
pumping on the liquid helium, and were extended
to above 4. 2 K by pumping the Dewar dry and
allowing the solenoid to warm up. The niobium
solenoid could be operated up to 9 K at low mag-
netic fields. A thermocouple mounted in the sole-
noid bore was used to monitor sample temperature.

Optical-absorption measurements were made
with a Cary model No. 15 or a Cary model No. 14
spectrophotometer. The effect of oxidation and
reduction on the absorption spectrum was examined
and these experiments utilized a Centorr 2500 °C
controlled-atmosphere furnace.
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II. EXPERIMENTAL RESULTS

An optical-absorption spectrum of a vanadium-
doped MgO crystal is shown in Fig. 1. The two
bands in the visible are assignable to transitions
within the Stark-split d shell of the V3* ion and are
similar to bands in a visible spectrum reported
by Sturge. 10 However, a noticeable difference is
that the band near 3 eV appears at slightly higher
energy than in Sturge’s spectrum. A possible ex-
planai:ionz is that the absorption energy is perturbed
by charge-compensating vacancies. Only the much
more intense band in the near uv will be considered
in detail here. The classification of this band as
originating with an allowed ligand to V* electron
transfer is based upon the optical-absorption spec-
trum and is confirmed by a detailed analysis of the
MCD spectrum,

Figure 2 shows the change induced in the uv
absorption by oxidation and reduction. Heat treat-
ment in hydrogen changes the valence of the vanad-
ium and decreases the band absorbance by about
a factor of 2. This is consistent with the result
of a similar study of the visible spectrum by
Sturge"’ and supports the identification of the band
as due to vanadium in a trivalent form. A further
heat treatment in oxygen restores the band and
adds absorption in the wings of the band. This in-
crease in the wings is presumably due to trivalent
iron which is normally in a divalent form. !! Rapid
cooling after heat treatment in argon causes the
band to narrow. This possibly results from a de-
creased association of the V** with charge com-
pensators.

A classification of the transition as allowed is
based upon the high intensity of absorption. The
classification of the band as owing to a ligand to
V* electron transfer is based upon the transition
energy. Such transitions appear typically in the
near uv. ¥ There is also a recognized tendency
for the energy of such bands to decrease with
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FIG. 2. Changes induced in the optical-absorption
spectrum by consecutive treatment: (1) an untreated
crystal shows only negligible change after 2 h at 1400 °C
in argon; (2) after 4 h at 1400 °C in hydrogen; (3) after 2 h
at 1400 °C in oxygen; (4) after 2 h at 1000 °C in argon and
rapid cooling.

oxidizing character of the metal ion or reducing
character of the ligands. '*** The placement of
the V* band at somewhat higher energy than the
known 4. 3-eV Fe* band!* appears to be consistent
with this trend.

A representative MCD spectrum is shown with
the optical absorption in Fig. 3. At low tempera-
tures and high magnetic fields, continuous and
virtually noise-free MCD spectra were recorded.
The MCD spectrum is absorptionlike and no ab-
sorption-derivative-like character was discernable
even at room temperature. Zeeman splittings
which can give a derivativelike character are
therefore absent or unresolved.

The MCD is very temperature dependent. In
fact, the sign of the MCD changes from positive
to negative between room and liquid-nitrogen tem-
perature. The temperature dependence of the peak
MCD, which is at 5. 15 eV, is shown in Fig. 4.
The change in the MCD varies reasonably as the
inverse temperature, but the MCD saturates near
liquid-helium temperature. With the exception of
the few high-temperature points, the data were
taken at low magnetic field to ensure that they are
linear with field. The low magnetic field, bubbling
of the liquid helium, and uncertainty in sample
temperature contribute to the scatter of the data.

IV. THEORY

The experimental data consist of the polariza-
tion-independent optical-absorption spectrum and
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OPTICAL ABSORPTION

the MCD spectrum, which is a function of magnetic
field and temperature. The optical absorption is
defined by the base ¢ absorbance (f@, where ¢t is
crystal thickness and a is the absorption coef-
ficient). The MCD (tAa) is defined as the differ-
ence in absorption of left- and right-circularly
polarized light. The theoretical problem is, of
course, to find a means of interpreting and ob-
taining information from these spectra.

The quantum theory of optical-absorption spec-
tra is well known. %% Extensions of this theory
to MCD have been given in several recent pa-
pers.'6"1® As a result, the theory of MCD
originating with optical transitions from orbitally
nondegenerate ground states is now reasonably
well established. For such cases, it has been
shown that a moment analysis of the MCD spec-
trum will give excited-state parameters, such as
magnetic moments and spin-orbit splittings, that
are unmodified by the presence of a Jahn-Teller
effect. Even so, the analysis will reveal a Jahn-
Teller effect if it is present.

However, the analysis and interpretation of an
MCD spectrum are much less certain in the
case of an orbitally degenerate ground state
which is Jahn-Teller active. Orbital degeneracy
in the excited state is treatable because the elec-
tron wave functions can be extricated from the lat-
tice wave functions in an analysis; but with a de-
generate ground state this is not possible, and a
complicated Boltzmann distribution over coupled

electron and lattice states must be treated. This
is the major problem encountered in a treatment
of the MCD in the present work. To resolve this
problem, a formalism is used which reduces the
calculation of a theoretical value for the zeroth
moment of the MCD spectrum (or optical-absorp-
tion spectrum) to a calculation of the thermal ex-
pectation value of an operator; in the present case,
this value can be computed by using Ham’s treat-
ment?® of an orbital-triplet electronic state coupled
to lattice modes of E, symmetry.

The formalism used is essentially just anadapta-
tion of some well-known results. The zeroth mo-
ments (integrals) of the spectra can be theoretical-
ly interpreted in terms of a dipole strength ten-
sor D. For a transition between a single ground
state |g) and a single excited state |f), the dipole
strength tensor takes the form

D=(g|m|f)(f|mle), )

where mis the electric dipole operator. Although
the dipole strength is most convenient for present
purposes, the connections with the moments of the
spectra might be more transparent if made interms
of the familiar oscillator strength s,

T-£D, @)

where E is simply the transition energy in rydbergs
when the dipole strength is in atomic units.

The dipole strength (D,) for light of a given po-
larization is a scalar that can be obtained by pro-
jecting the tensor onto the polarization vector.

D,=8x-D-8&,, ®)

where &, is a unit polarization vector which will
be a complex vector if the light is elliptically or
circularly polarized.

For cases with degenerate or nearly degenerate
ground and/or excited states, the equation for the
dipole strength can be conveniently generalized by
considering (g | as the complete ground-state man-
ifold; that is, (g is a column of bras and Ig) is
a row of kets. The excited states can be consid-
ered similarly. With this convention, the need
for summing and subscripting is reduced and a
matrix representation for the dipole strength is
obtained. A matrix representation can be con-
venient for computations since vector-coupling
coefficients are often given in this form.

When the ground state is a nearly degenerate
set of states, individual transitions are weighted
according to their probability and a thermal aver-
age of the dipole strength is the quantity consid-
ered. This average, or expectation value, may
be calculated using the thermodynamic density
operator p, which is defined in terms of the sys-
tem Hamiltonian H:
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p=e'ﬂ/kT/Tre'lf/kT . (4)

The thermal expectation of the dipole strength is
given by

(Dy=(g |p|g) (g |m|f)(f|m]|g). (5)

The notation can be made even more compact.
Since the ground and excited states appear in the
form of projection operators, it is possible to de-
fine

P.=lg)gl, Pe=|5)S] . 6)

Furthermore, since the Hamiltonian and thermo-
dynamics determine the ground state, it is com-

pletely defined by the density operator and for all
cases of interest,

Pyp=pPy~pl=p. (M

It is therg.fore possible to slightly modify the defi-
nition of D and simply write

D=mP,m, (8)
®)y="TrpD . (9)

Dropping the ground-state functions in Eq. (8) is
possible because they are restored by the density
operator in Eq. (9). Equation (1) could be con-
sidered as giving a representation of D as it is de-
fined in Eq. (8).

Some possible advantages of this formulation
may be seen. Since the thermal expection of the
dipole strength is given in the form of a trace, it
is basis invariant and it is also amenable to simple
algebraic manipulation. Furthermore, the projec-
tion of the dipole strength onto a polarization basis
now is considered as an operator, which is to be
evaluated in the ground state, and properties such
as its symmetry and commutation relations may be
examined. In this respect, it may be noted that if
P, is a complete manifold of states it transforms
as A, in the point group.

To interpret polarization-independent optical-
absorption spectra, the dipole strength tensor is
projected on to a random or arbitrary polarization
basis (&,) and the projection will be simply denoted
as D since it is a scalar operator associated with
no specific polarization:

D=8&*-D-8&=mPm,. (10)
For MCD spectra, it is convenient to define a
rotatory strength operator R, which is simply the

difference in the dipole strength of left- and right-
circularly polarized light:

-> ->

R=8.-D-8§,-8§,-D-8&.=i(m,Pym,~m,Pym,),
(11)
where
Ex=(8,xi8,)/V2 (12)

and subscripts + and — denote the left- and right-
circular-polarization vectors for light propagating
in the z direction.

The thermal expectation values of the D and R
operators are, respectively, proportional to inte-
grals of the experimentally determined optical ab-
sorption and MCD spectra:

%f—t%‘E—) dE=(D)=TrpD, (13)
1 [ tAa(E) ... _ :
q—f——E———dE—(R)-TrpR. (14)

Since there is a division by the photon energy E,
which is only approximately a constant in the inte-
grals, it is actually integrals or zeroth moments
of optical shape functions that are considered.

The connection with the spectra requires little
explanation; in spite of the terminology, the equa-
tions are only modified versions of the well-
known'**® “Smakula equation.” The major modi-
fication is just the division by E which accounts for
the difference between the dipole strength consid-
ered here and the oscillator strength considered
in the Smakula formula [see Eq. (2)l. The con-
stant factor (¢) will not be important here, but it
is essentially the same factor which appears in
the Smakula formula. It is approximately given by

q = (47°Nt/nc k) [5(n?+ 2))%, (15)

where N is the number of impurity ions per unit
volume, 7 is the refractive index, and ? is the
sample thickness.

Equations (13) and (14) give a means of compar-
ing eXperimental results and predictions of a theo-
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retical model. In principle, the model can be de-
fined by a Hamiltonian, which can be used to gener-
ate the projector P, and to define density operator
p; and the calculation can be performed in an arbi-
trary basis. However, in order to make the pres-
ent calculations tractable, a simpler approach is
adopted and some approximations are made. First,
the symmetry of the manifold of excited-state elec-
tron orbitals which give a representation of P, will
be assumed. Actually, two possibilities are con-
sidered and the final choice is based upon agree-
ment with the experimental results. The lattice
and spin states will not be explicitly included in

P,, since closure over the lattice and spin space
will be assumed and they will give only identity
operators in the projector. Second, the trace will
be evaluated in a basis which approximately diag-
onalizes the Hamiltonian so that only a ground-
state Hamiltonian is required to define the density
operator. In other words, the °T,, ground state
which diagonalizes the free-ion plus crystal-field
Hamiltonian is assumed and only a reduced Hamil-
tonian for this manifold is considered further.
Third, the problem of treating coupled electronic
and lattice wave functions in the ground state,
where closure of the lattice states cannot be in-
voked, will be met by using the approximations
given by Ham for an orbital-triplet electronic state
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coupled to lattice modes of E, symmetry. Justi-
fiably or not, any coupling to T',, lattice modes is
neglected. The adoption of Ham’s results greatly
facilitates the calculations; it supplies a paramet-
ric description of the electron-lattice interaction;
it defines the effect of this interaction on the di-
pole and rotatory strength operators; it gives the
required ground-state Hamiltonian; it makes ex-
plicit reference to the lattice states unnecessary.
Fourth, the Zeeman interaction will be considered
only in the ground state and only as a first-order
perturbation. Any MCD due to magnetically in-
duced mixing of the ground or excited states with
other manifolds is therefore neglected. Fifth,
second-order perturbations which originate be-
cause of the electron-lattice interaction will be
included in the density operator, but will not be
included in the Zeeman interaction or in the evalua-
tion of the rotatory strength operator.

An energy-level diagram for the V** ion in MgO
is shown in Fig. 5. The symmetry and ordering
of the Stark-split V3* states and two low-energy
charge-transfer states are indicated on the left.
The occupied one-electron orbitals corresponding
to each state are indicated according to their strong
crystal-field classification. (Coulomb interactions
admix these strong field orbitals.) 77! is used to
denote a hole in a ligand 7 orbital. The symmetry
classification and ordering of the ion states is well
known??! and need not be considered here. On the
other hand, the charge-transfer states are more
difficult to classify. These states result from the
transfer of an electron from a high-energy ligand
orbital to the lowest-energy vanadium orbital.
Usually, the m orbitals are placed at higher ener-
gy than the o orbitals and the =t,, orbital is placed
above the t,, orbital. 1% The 5T (t3, 7™!) and
ST su(ts m°!) states result from coupling the occupied
ion orbitals with a nt,, or ¢, ligand hole, respec-
tively. One of these is assumed to be the excited
state of the transition, and the choice of symmetry
for the states giving a representation of P, is based
upon this assumption.

The splitting of thesT1 ¢ ground-state manifold is
also indicated in Fig. 5 and is described in more
detail in Refs. 5and 7. A Jahn-Teller effect alone
does not remove the degeneracy of the ’T, ¢ ground
state. It does associate a different lattice dis-
tortion with each electronic orbital of the Cartesian
basis which diagonalizes the electron-lattice in-
teraction. Even when a spin-orbit interaction
(which is here assumed smaller than the electron-
lattice interaction) is added to first order, the
energy-level diagram is qualitatively the same as
in the absence 6f a Jahn-Teller effect. 2% Spin-
orbit splittings are reduced by a Jahn-Teller ef-
fect, but only in second order is the energy-level
diagram qualitatively changed. A spin-orbit in-
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teraction between the ground and higher lying vi-
bronic levels does split the lowest spin-orbit
multiplet into a triplet and a doublet with the lat-
ter lowest; the ordering of energy levels indicated
on the right-hand side of Fig. 5 results.

The effective Hamiltonian which summarizes the
ground-state splittings has been given by Ham?®
and is assumed here:

H0=ygL7\-I:' S+ K, (TSP

+Kp(L2S2+ L2S2+ L2S?), (16)
where
K,=- (\’g%/hw)e™*G(3x), am
Ky= - (\M’g}/hw)e ™ [Gx) - G(3x)] ; (18)
3E = x"
=p"%/2 =237 ) —_—
Y=e » ¥ e G) Ezn(n!) :

E; 1 is the Jahn-Teller energy and 7w is the vibra-
tional quantum. The factor y actually is a lattice-
function overlap integral which arises because the
different electronic orbitals are associated with
different lattice displacements. It reduces elec-
tronic operators that are off diagonal with respect
to electronic orbitals in a Cartesian basis. The
function G(x) originates in summing second-order
effects over higher vibronic levels.

The magnetic field perturbation H, must be
added to Hy. Again by following Ham’s work, 2°
we find

Hy=-1- H=pgH(ygL,+2S,) . (19)

H, will be considered a small perturbation and will
be considered in the limit pg H <kT.

A computation of the ground-state-energy values
is readily performed using Griffith’s tables of
vector-coupling coefficients. 2! Using Griffith’s
complex basis functions and notation, we find

E6: -y’ +K,+2K,,

E,e: -y'A+K +2K,,

Ty0: —v'"2A+K+K,,

Toptl: —y'A+K,+K, ¥3(2-y") upH,
T1,0: y'X+K+K,,

Tyt 1: y' A+ K+ Ky 3(2=y') ppH,
Ajeay: 2y' 2+ 4K+ 2K,,

where y’=-g;y. Infirst order, the magnetic
field lifts the degeneracy of the triplets but not
the degeneracy of the doublet.

The effect of the electron-lattice interaction on

J

the Hamiltonian and, therefore, the density opera-
tor is described in Eqs. (16)-(19). The further
effect of the electron-lattice interaction on R may
be inferred by noting that it is an off-diagonal
operator that transforms as L, [see Eq. (11)].
First-order effects are therefore included by sim-
ply making the substitution R - yR.?® This sub-
stitution completes a parametric description of
the electron-lattice interaction that enables a cal-
culation of (R) using only electron wave functions.

Using only symmetry, (R) can be calculated to
within reduced matrix elements of the electric di-
pole operator. One method is to evaluate the vari-
ous operators using the ground-state functions
(1)) which diagonalize Hy+ H, to first order in the
magnetic field, Perturbation theory defines these
functions in terms of the octahedral basis func-
tions ( [I'M)) which diagonalize Hy:

I''M..|H, |TM
lg)= [Ty + | Py SEMe ElIME) o)
Er-Ep.

A matrix representation for (R ) can then be ob-
tained in the form

(Ry= yH Tr (TMy. | (e”#0/*T/Z) | TM 1)
X[{TMp | (u/kT)|TMy)
+2(TMp | p | T"Mpe)/

(Ere—Er)]{TMy |R|TMy), (21)
where

Zy=Tr(TMy | e #o/* |TM.) .

The first factor in the square brackets contains
the diagonal matrix elements of p and the second
factor contains the off-diagonal elements. The
matrix elements of 1 and R can be evaluated in
the IM M) basis where they are diagonal and
can be converted to the |I'M) basis, where Hy is
diagonal using Griffith’s coupling coefficients.
Another method of making the calculation is to
utilize operator concepts and replace R by its
operator equivalent L,. The expectation value of
L, may be calculated from the partition function Z:

Z="Trp, (22)

kT 3lnZ
up 8(y’H) *
This method gives (R) to within a constant that is
easily determined in the high-temperature limit
where the density operator may be expanded in
powers of inverse temperature. In any case, the
result to first order in magnetic field is

<R>~ (Lx)= (23)

2+’
R)= 2 -
(R)=s uplly |m| [ @y -K)~ K,

22—y’ 2+y’
* '(_ '’

2-vy' 2—‘)’") +K3/RT
K, kT )¢
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+ 2+7' + 2+ ny' _ 2(2+‘y') + 2— uy’) e-(z')"x'KZ)/kT
47'). 3(2Y,X—K2) 3(‘)/,A.+ 3K1+K2) 4kRT
2(2+y’) -(3y%2+ 3x1)/u'] +K3/RT =@y %K) /RT | = (37" 2+3Kq) /RT)"1
+ —_3(y'x+3K,+Kz) e (2+ 3e +3e +e ) (24)

where m denotes a reduced matrix element of the
electric dipole operator, and the + or - sign is for
T, or T,, excited-state symmetry, respectively.
An excited- state-symmetry assignment canbe based
upon this sign difference.

Similar calculations give (D), which is calcu-
lated without the magnetic field perturbation. D is
a diagonal operator and is therefore not reduced by
the electron-lattice interaction. It transforms as
A,, its expectation value is temperature indepen-
dent, and it can be evaluated in the limit of infinite
temperature:

(Dy=%|m |2 (25)
V. ANALYSIS

Although the expression for (R) is quite com-
plicated, most of the parameters are not indepen-
dently adjustable. The spin-orbit parameter may
be estimated from the free-ion value?! (A= 105cm™?)
and the orbital g value may be estimated using
crystal-field theory for the d-shell splitting of the
ion (gp=—-1.25). %5 The reduced matrix element of
the electric dipole operator m appears in both (D)
and (R) so that ratios independent of this param-
eter can be evaluated. The only other parameters
entering the expression are the Jahn-Teller ener-
gy E jp and the vibrational quantum %Zw. The vi-
brational quantum has been estimated from experi-
ments on phonon sidebands in MgO (% w= 450
cm™). #"% Hence, rough values may be assumed
for all significant parameters except E; .

Equation (24) could be directly fit to the tem-
perature-dependent MCD data, with E ;; as an ad-
justable parameter. However, the data are dis-
continuous and have already been reasonably well
fit to a model assuming a tetragonal site sym-
metry. 2 Hence, such exact treatment may not be
justified; it is, however, unnecessary for estab-
lishing the compatibility of the data with the present
model. Since the data cover two orders of mag-
nitude in temperature, the expression for (R) can
be approximated in various temperature ranges:
for 2T >3y'),

(Ry~*3pupHy |m|?(y'/kT); (26)
for 2y’A>kT>-K,,

2 2-7'_2+7')
(R>"i“BH7lm| (4}27‘ 12')/'X

E(B+ k—CT—) H; (27)

for - K, >kT,

.l 2 _2-y' _ 2+9’
(Ry—+3ugHy |m | (— X, 3(27,)\_1{2))

=SH,6 (28)
The parameters B and C, defined in Eq. (27), are
proportional to the Faraday parameters, 8 often
used to describe MCD when a linear expansion in
terms of H and H/T is valid. The parameter S of
Eq. (28) has been added to describe the saturation
value of the MCD. 1t is also convenient to use the
parameter D= (D), if context precludes confusion
with the operator.

The three approximate relations are adequate
for an examination and interpretation of the experi-
mental data. They can be used to determine the
following: (i) the qualitative correspondence of
the model and the data; (ii) the choice between T,
and T,, excited-state symmetry; (iii) whether a
dynamic Jahn-Teller interaction is indicated by
the data; (iv) approximate values for the electron-
lattice interaction parameters describing the Jahn-
Teller effect.

An examination of the approximate relations
shows that the MCD, which is proportional to (R),
should be small at high temperatures and increase
in magnitude with decreasing temperature to a
maximum, then decrease through zero, and in-
crease in magnitude until saturating at a constant
value at yet lower temperature. (The reader is
reminded that the saturation is at low magnetic
field.) The data do show this behavior except for
the initial increase to a maximum, which presum-
ably occurs at still higher temperature than that
of the measurements; or possibly it is masked by
small contributions due to magnetically induced
mixing of either the ground or excited states with
other states that are not considered here. The
sign of the MCD is consistent with an excited-state-
symmetry classification as st,,. This implies that,
contrary to the usual ordering of the ligand-orbital
energy levels, the mt,, state is above the wf,, state.
The saturation at low temperature and low mag-
netic field implies a zero-field splitting of the
ground state, with a nonmagnetic level lowest.
This is consistent with the predictions of the Jahn-
Teller model.

In order to determine values for the various
parameters, the experimental values B, C,D, and
S have been defined and related to the predictions
of the model. Using ratios of (R) to (D) the fol-
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lowing approximate connection between the param-
eters and the experimental data is made:

B/D=y(2+y")pg/4y'2=4.25X10"% pg/cm™ |
(29)

C/D=-37(2-7)up=—-2.62x10"py,  (30)

2—y’ 24y’

K, +3(27'R‘Kz))u3

=-5,25x10"% uy/cm™ (31)

S/D=%y (

Since the temperature-dependent data are for the
MCD peak value, the experimental numbers are
calculated using the ratio of integrated MCD to
the peak value. There is a large uncertainty in
assuming a background base line for the optical-
absorption spectrum and in extrapolating the tem-
perature-dependent MCD data. As a result, the
numerical values are easily uncertain by 20%.

Assuming the estimates of g, =— 1. 25 and
A=105 cm™, the parameters of the Jahn-Teller
model can be calculated in several ways. Values
for y=0. 2 are obtained from the ratios B/D, C/D,
and C/B. Using this vy value and the ratios S/D
and S/C, an estimate for K,~~ 9.4 cm™ is ob-
tained. The y value implies a Jahn-Teller energy
that is roughly equal to the vibrational quantum
(E yp= liw) estimated as 400-500 cm™. As a check
on the estimate of the vibrational quantum and the
consistency of the results, the parameters can be
used in Eq. (18) and %Zw is calculated to be ap-
proximately 500 cm™,

The fit to the data obtained using the parameters
is indicated on Fig. 4. The agreement appears t{o
be satisfactory. The discrepancy at high tempera-
tures (shown in the insert) has little statistical
significance, but it is possibly of interest. The
small difference can easily be attributed to a mag-
netically induced mixing of levels that has not been
considered. On the other hand, the slope of the
curve where it intercepts the origin is a sensitive
function of ¥ and the point where the curve crosses
the axis depends on the spin-orbit parameter A
[see Eqs. (26) and (27)]. Hence, a larger y and a
smaller A would give better agreement with the
high-temperature results. A reduction of A could
be attributed to covalency, but a larger y would
not fit the low-temperature data as well. It can
be expected that y increases at temperatures where
higher vibronic levels are occupied; however, with
Fw=450 cm™ any such increase, here, is probably
small.

V1. DISCUSSION AND CONCLUSION

It has been shown that the MCD data quite rea-
sonably fit a Jahn-Teller active ground state where
second-order effects split the ground state so that
a nonmagnetic doublet is lowest. Values for the

loo

various Jahn-Teller parameters are found to be
reasonably consistent among themselves. However,
they differ somewhat from values deduced from
APR measurements. Ray’s analysis implies

v =0. 4; the analysis of Buissonand Nahmani implies
v=0.6; Bates et al. give y=0. 15 based upon a dif-
ferent ground-state splitting. The MCD data, as
analyzed here, give y~0.2. Estimates of the Jahn-
Teller energy E;; are correspondingly different
also. The neglect of second-order effects in the
rotatory strength and the Zeeman perturbation

may be partially responsible for the discrepancy.
Experimental errors (e.g., depolarization effects),
if any, would most probably reduce the MCD and
could al: “ead to an underestimate of y. The
ground-¢ ____e splitting (- K,=9.4 em™) is in good
agreement with the previous estimates by Brabin-
Smith and Rampton (10.2 cm™) using APR! and by
Modine (10 cm™) using MCD, 2 even though these
previous estimates were based upon an assumed te-
tragonal site symmetry. It also compares reason-
ably well with the 7-cm™! splitting found by Buisson
and Nahmani,

The value of g=~0. 87 calculated for the T, state
from the MCD (using g= 1+ 37gy) is higher than the
£=0.68 determined from the more accurate APR
measurements. However, as shown by Ray, 5 there
is a second-order correction to the g value. This
correction which was neglected in the MCD analy-
sis would reduce the discrepancy. Also, it is dif-
ficult to relate the g value from the APR measure-
ments to the g value determined from the MCD.
The APR shows a very broad asymmetric resonant
absorption, presumably due to strain broadening,
and g=0. 69 is considerably less than the average
g for this absorption. Only an average g can be
determined from the MCD, and the effect of strain
on the MCD has not been considered.

Although the interpretation of the ground-state
splitting in terms of a second-order effect now
appears correct, it was previously shown? that
the MCD data reasonably fit a model based upon
a tetragonal site symmetry, and a tetragonal sym-
metry has also been proposed in explanations of
the Brabin-Smith-Rampton APR results. ' Al-
though a different ordering of the ground-state
levels was proposed in each case, only one such
ordering could be correct. This ordering requires
a singlet state A, lowest. Brabin-Smith and Ramp-
ton also placed a singlet lowest but assigned it a
B, symmetry. Other investigators have postulated
or considered a doublet (B,+ B,) lowest, and as-
sumed that it is nonmagnetic. 3 ° However, this
doublet in D,, symmetry can be split by a magnetic
field. If a magnetic doublet were lowest, the MCD
would not saturate at low magnetic fields. Hence,
such an assignment is forbidden by the MCD re-
sults.
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The MCD implies a symmetry assignment for the
excited state of the transition. The symmetry as-
signment of st,, for this charge-transfer state and
the implied placement of the 7, ligand orbital at
higher energy than the m,, would be surprising ex-
cept that the ordering of these orbitals has also
been reversed by similar MCD studies of some of
the 54 hexahalides.?* There is the possibility that
this reversal in the order of the ligand levels may
be general. It is hoped that such MCD symmetry
classifications will stimulate a theoretical consid-
eration of these ligand orbitals.

It appears that MCD originating from a Jahn-
Teller active ground state can be analyzed with
reasonable success. The analysis presented is
more complicated than that required for orbitally
nondegenerate ground states, but it is hardly pro-

hibitive. It might be possible to add second-order
terms to the rotatory strength and the Zeeman in-
teraction and to more precisely treat the data.
However, the analysis presented appears to en-
compass the essentials of the problem.
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It is shown that a number of lines in the excitation and emission spectra of Mn** in ZnS single
crystals are associated with the presence of stacking faults in predominantly cubic crystals. The position
of these lines is interpreted in terms of the modification of the cubic crystal field at the faulted sites.

I. INTRODUCTION

The optical properties of Mn'" and other impuri-
ties in ZnS host crystals have been studied rather

extensively, especially due to the great interest
invariously doped ZnS as synthetic phosphors, where
Mn** plays the role of an efficient activator.! The
essential aspects of the absorption and emission



