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is so similar to variation 1 that it is not reproduced.
The only significant difI'erence is that the main peak
(E,Ii) resembles the experimental peak even more
closely in that F is the stronger component, with
E appearing as a slightly weaker low-frequency
shoulder.

For the difference bands, we can only present the
theoretical results, since there are no experimental data.
It can be seen that for each model, variations 1 and 2

lead to strikingly different results. This in itself fully
justifies separate presentation of these data. Obviously,

experimental observation of these difference spectra
would provide a very useful way of fixing the relative
magnitudes of the parameters u, b, etc. , in the polar-
izability tensor. This problem could also be usefully
examined by more precise measurements on the 300'K
Stokes spectra. In addition, it would be interesting to
have low-temperature data available to compare with
our predicted spectra; conceivably these would show
more fine detail. In all cases, it is obviously desirable
that the intensities be measured by some strictly linear
recorder.
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Studies of the well-resolved triplet line shape of the F band in cesium fluoride and its temperature depen-
dence, magnetic circular dichroism, and stress-induced behavior are reported. The results are in accord with
the picture proposed by Moran, in which the triplet structure results from a combined spin-orbit coupling
and Jahn-Teller effect in the excited states, although an accurate numerical calculation of the line shape
predicted by his adiabatic model shows certain features not found experimentally. The circular-dichroism
results show that the contribution of the I'l, lattice modes to the F-band second moment is =15%.This
relatively weak coupling, taken along with the spin-orbit stabilization of the F3, and I'~ mode interactions,
results in the component bands of the line shape being quite narrow. These narrow bands are comparable in
width to optical-phonon energies in cesium fluoride, so that discrete optical-phonon transitions are observed
in the F band.

I. INTRODUCTION

HE F center, an electron trapped at a negative
ion vacancy in an ionic crystal, has been an

object of investigation for many years, particularly in
the alkali halides. Much of the work has concerned the
prominent optical absorption band (F band) lying in
or near the visible region of the spectrum. This band
arises from transitions from the S-like ground state to a
P-like set of excited states and, typically, has an
oscillator strength )O.i. It is relatively broad, 0.2
eV at O'K, and is nearly Gaussian in shape in the
commonly studied alkali halides such as KCl, KHr, or
NaCl.

The nature of the states of the Ii center. is of interest
because the potential binding the electron is provided
solely by the host lattice ions, in contrast to localized
states based on impurities. Consequently, the coupling
of the electronic states to the ionic motion is strong
and the states of the center are vibronic, involving both
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electronic and nuclear coordinates. This strong electron-
lattice coupling is responsible for the breadth and
featureless shape of the Ii band and presents theoretical
treatments with substantial difBculties.

Experimentally, extracting much information about
the states of the F center from the relatively featureless
I' band is a difFicult task. A number of advances in these
studies have been made in the last few years, however,
particularly in three areas. First, several revealing
experiments on the response of the Ii band to applied
perturbations have been performed. Of particular
interest are the Faraday rotation studies of Mort, t.uty,
and Brown, ' the magnetic circular dichroism studies of
Margerie and Romestain, "of Gareyte and d'Aubigne, 4

and of Henry, ' and the stress-induced dichroism studies
of Schnatterly. ' A particularly useful contribution was
made by Henry, Schnatterly, and Slichter~ (HSS
hereafter), who developed a theoretical analysis relating

' J. Mort, F. Luty, and F. C. Brown, Phys. Rev. 137, A566
(1965).' J.Margerie and R. Romestain, Compt. Rend. 258, 4490 (1964).' R. Romestain and J.Margerie, Compt. Rend. 258, 2525 (1964).

4 J. Gareyte and Y. Merle D'Aubigne, Compt. Rend. 258,
6393 (1964).' C. H. Henry, Phys. Rev. 140, A256 (1965).' S. K. Schnatterly, Phys. Rev. 140, A1364 (1965).' C. H. Henry, S. E. Schnatterly, and C. P. Slichter, Phys. Rev.
13?, A583 (1965).
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the moments of the F band and the changes in moments
caused by applied perturbations, such as stress, to the
properties of the P-like excited states and their inter-
action with the vibrations of the host lattice. Applica-
tion of their results to a number of the previously
mentioned experinient. s have yielded much information
about the spin-orbit coupling in the excited P-like states
and the relative strengths of the electron-lattice cou-

pling of these states with the cubic, tetragonal, and
trigonal vibrational modes of the lattice.

Another promising technique is that of Raman
scattering from F centers, first studied by Korlock
and Porto. ' This method may eventually become the
most detailed experimental source of information about
the electron-phonon coupling in the F center. A partial
basis for theoretical interpretation of the experiments
has been given by Henry.

A third avenue of approach was opened by the
discovery of Rabin and Schulman" of structure in the
low-temperature F bands of CsBr, an unresolved
doublet, and of CsCl, a barely resolved triplet. This was
followed by the 6nding of a well-resolved triplet in the
F band of CsF by Hughes and Rabin" and a doublet
structure in the low-temperature F band of CsI by
Lynch" (see Fig. 1).

After some initial uncertainty as to the sources of the
structure, circular dichroism studies of Margerie and
Romestain' revealed that for CsBr and CsCl the
structure was related to a large spin-orbit coupling in
the P-like states, giving a spin-orbit splitting=F-band
width. A moments analysis by HSS of these experi-
ments indicated that the coupling of the noncubic
(tetragonal and trigonal) modes of vibration, i.e., the
Jahn-Teller effect, is also important in determining the
shape of the F band in CsBr and CsCl. A model which
takes explicit account of the interplay between the spin-
orbit coupling and the cubic and noncubic lattice
vibrations was subsequently used by Moran" to explain
and fit the line shapes for all four cesium halides, both
doublets and triplets.

Although all of these studies give related and comple-
mentary information about the nature of the F center,
the cesium-halide studies are particularly intriguing
because the spin-orbit coupling and the Jahn-Teller
eHects, which are common to all F centers, play a very
visible and important role in the cesium halides. In this
way the cesium-halide F bands are important both for
the information they reveal about F centers and as
examples of a particular variety of optical centers in
solids, namely, as model examples of spin-orbit-Jahn-
Teller interplay.

J. M. Worlock and S. P. S. Porto, Phys. Rev. Letters 15, 697
(196S).' C. H. Henry, Phys. Rev. 152, 699 (1966)."H. Rabin and J. H. Schulman, Phys. Rev. 120, 2007 (1960)."F. Hughes and H. Rabin, J. Phys. Chem. Solids 24, 586
(1963).

'~ D. W. Lynch, Phys. Rev. 127, 1537 (1962).
'~ P. R. Moran, Phys. Rev. 137, A1016 (1965).
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Fro. i. F bands of the cesium halides. That of CsF is from the
present work. The others are after Ref. 13.

The F band of the F center in CsF possesses much
better-resolved structure than any of the other alkali-
halide F centers (Fig. 1) and thus presents a promising
target for study. In addition to possessing an attractive
line shape the CsF F center is of interest as a case of
extreme host lattice properties. CsF has the largest
alkali-to-halide ion-size ratio (1.86—1.16 A) and mass
ratio (133—19 a.m.u. ) of any of the alkali halides.
Further, CsF alone of the cesium ha]ides has an NaCl
crystal structure in common with the rest of the alkali
halides, allowing a more direct comparison of its
properties with those of the more commonly studied
alkali halides.

Despite the attractive nature of the CsF F center the
only previous reported work on the system is the original
work of Hughes and Rabin. "The present work reports
part of an extensive further study of the CsF F center.
The approach used in this study was to investigate a
number of difI'erent properties of the CsF F center and
to attempt to correlate these in order to form an over-all
picture of the nature of the F center in this material. "
Measurements were made concerning the optical ab-
sorption at low temperatures, the temperature depen-
dence of the absorption, and its circular dichroism
induced at low temperatures by a magnetic Geld. In
addition, experiments involving the hydrostatic pressure
shift of the F band and qualitative experiments on the
uniaxial-stress-induced dichroism were performed. Ex-
periments related to the relaxed excited state including
photoconductivity, luminescence, and ground-state
repopulation will be described in a subsequent
publication.

'4 T. A. Fulton, thesis, Cornell University (unpublished).
Additional details of the present work, particularly the experi-
mental aspects, are available in this thesis.
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The picture emerging from these measurements is in
general accord with that suggested by Moran. " The
center is found to exhibit a large spin-orbit splitting in
its excited P-like states and to possess a relatively
strong coupling of these states to noncubic lattice
vibrations and a much weaker coupling to cubic vibra-
tions, an eGect also observed for static strains. These
interactions conspire to permit observation of discrete
phonon transitions in the Ii band, a previously un-
observed feature.

In addition, the P band of CsF provides an interest-
ing example of eEects which can occur in a situation
in which spin-orbit and Jahn-Teller couplings of
comparable strength are simultaneously present. Its
behavior provides a direct demonstration of properties
which are important but not easily observed for other
F centers.

In Sec. II the theory needed to understand the experi-
ments, primarily due to HSS and Moran, will be
sketched. Section III describes the experiments and
presents the resulting data. Section IV gives an analysis
of the data and discusses its implications. Section V is a
summary of the work.

H. THEORY

A. HSS Treatment

The related models of HSS and of Moran may be
used to explain much of the behavior observed in the
CsF Ii band. This section sketches their treatments,
emphasizing some qualitative aspects which play a
particularly important role in the CsF Ii center.

HSS base their treatment on a Hamiltonian

H =H.+Hso+HL+H, r,+H p,

where H, =p.o/24N, +V (r,) describes a one-electron
system with an attractive potential V(r,) which is
cubically symmetric, i.e., transforms according to F&,
in the symmetry group Oz appropriate to the F center.
H, has eigenstates 10&14io), I x) I tn), I y) lm), and

I s)14m),
where 1444) is the spinor

I
io) or

I

——,'); 10) is the ground
electronic state of H„having I'io ("S-like") symmetry
with energy Eo,' and

I x), ly), and Is) are a degenerate
set of excited electronic states of I'4„("P-like") sym-
metry having energy E~. We collectively denote the
~tates Ix&14'&, ly&1444» and ls)

limni)

by

Ii&limni)

HL
=Pz(Poo/23fo+oiM44oooQoo& describes a harmonic lat-
tice with normal modes labeled by wave vector k, with
frequency co& and corresponding to momenta P'I„. and
coordinates Qo. The eigenstates of Hi, are lxi). The
normal modes may also be characterized by their
symmetry in 0&, and are make the usual choice of basis
states for those modes transforming according to F3,
("tetragonal" modes) as having the symmetry of the
functions x' —y and Bz'—r' and for modes transforming
according to I'4, ("trigonal" modes) we chose basis
states having the symmetries of xy, yz, and zx.

FIsp allows for a spin-orbit splitting of the P-like
states. The approximation is made that Hso only mixes
the li)1444) with each other, so the appropriate eigen-
states of H4+Hso are 10)lm) with energy Eo, the
states

I o o& =s~(l s& I+o&+ L I x&+il y&31
—

o)& (»)
I o, —

o&
= ov3(—I s& I

—o)+ I I x&—il y&31+ o»,

with energy E&—X, and the states

I l l&= —lv2(l x)+il y&) I+ l&,

I o,k) = i~31 ~21s& I+o)——:v2(I*&+ily&& I

—o&), ,b
I l, —l&= l~3L~21 s) I

—l&+lv2(l x&
—il y)) I+ l)j,

Il, —l&=+l~2(lx) —ily&) I

—l)

with energy E~+-',P, where X is the spin-orbit parameter.
These states are collectively denoted

I j,4ii,). H4L
=go Vo(r, )Qo is an electron-lattice coupling term
taken as linear in the lattice coordinates Qo with the Vo
describing the strength of the coupling to the kth mode.
Hp describes any external perturbation applied to the
system (stress, etc.).

HSS make the approximation that H, L and Hp as
well as Hso only mix the states li) I re) with each other
and that the state 10) I m) and any other eigenstates of
H, remain unaffected. From symmetry, the only V&

having nonzero matrix elements between the states
I i) I m) are those of I'i„ I'o„and I'4, symnmtries. Modes
of other symmetries may be neglected. The matrix
elements ao of the various Vo among the states lx),
ly), and ls) fully characterize H, i,. The values of the
cI, are, or course, interrelated by symmetry via the
Wigner-Eckart theorem.

Ideally, given the values of the uI, 's, coj,'s, MI, 's, X,
Ej, and Eo one could 6nd the eigenfunctions of H, which
~ould have the form

I g) =Pi Ci10) I m) I xi) with
eigenvalues E„corresponding to the ground states, and
I f)=g;4 D;i Ii)lm)lxi) with eigenvalues Ef corre-
sponding to the excited states, De6ning the line shape
function as f(E)=Ca(E)/E, where n(E) is the optical
absorption constant as a function of energy and C is a
normalizing constant, one has

fo(E& =Av(g)gzl (pl Pol g) I'b(E& —Eo—E),

where P„is the dipole operator for light of g polarization
and Av(g) denotes a thermal average in the ground
state. Alternatively, given an experimental f(E), one
might hope to 6nd a set of values for X, ak, etc. , which
would produce this f(E&.

In practice, the problem of finding lg) and
I f) for

a general H has not been solved. HSS were able to
derive expressions concerning the moments of f(E&,
however, which are exact in their model and are of
great utility, as follows.
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The moments of f(E) are defined as

Af = dE f(E),

&E&y
———Ef(E)dR,

Af

(3a)

(3b)

The quantities on the left are readily evaluated by
forming the quantity 6f(E)= f+(E) f —(E) and calcu-
lating its moments with respect to (E), the unperturbed
centroid of the F band. The use of the method of
moments in analyzing the results of a circular dichroism
experiment can thus be made to yield the quantities X,

(E')g, and (E'),+(E'),.

B. Moran Treatment1
(E-&~=— (E &E~-~)-f(E)dE

Af
(3c)

Although the results of HSS are very useful, a
complicated line shape such as occurs in the cesium-
halide F centers can not be adequately described by a
few low moments. To understand these it is necessary
to make approximations in order to compute the line
shape from the Hamiltonian (1). A natural approach
is the adiabatic approximation, used by Moran. " He
considers a version of (1) in which the center is subjected
to spin-orbit coupling and to electron-lattice interac-
tions with a single I'&, mode and with a doubly de-
generate I'3, mode. (We consider in Sec. IV the effect
of I'«modes and more than one I'3, mode. ) H, L ls
treated adiabatically, i.e., the vibrational mode coor-
dinates are treated as parameters and the electronic
problem is solved for eigenfunctions, eigenvalues, and
optical transition probabilities for fixed values of the
vibrational mode coordinates. The optical line shape
function is then computed by assuming a probability
distribution of the vibrational mode coordinates corre-
sponding to the zero-point and thermal lattice vibra-
tions. This distribution weights the energies and
transition probabilities, giving the line shape.

Explicitly, the Hamiltonian is of the form

In the model of HSS,

(3d)&E&~
—E)

«'& =(~&+&~&+(~)+l~, (3e)

(3f)AA =Af —Ag,

f(E) g(E)
6(E)= — EdE= Ef Eg, (3g)—

Af Ag

where (E')~ depends on the value of the aI, 's, sr~'s, and
M&'s for the I'&, lattice modes alone, and similarly for
(E')3 and (E')~ and the I'~, and I'~, modes. Note that
the first moment is independent of the strength of H, L,
and that the eGect of the spin-orbit term on the second
moment is simply to add ~X', just as in the static
lattice, that is, the case in which B,L——0.

Now let f(E) and g(E) be the line shape in the
absence and presence, respectively, of an applied
perturbation, (e.g., stress). Define the moments of
f(E) and g(E) as in (3) and let

f(E) g(E)

Af Ag
(3h)

H~= B +Hso+5 ey+ T 63ts+Z 63y,

where H, and Hso are the same as in (1), and Qi, ea,
and 63g are the operators

A~ —A =0,

~&E&,-~&E& =&((s.) -&s.& ),

(4a)

(4b)

~(E'),—~(E'& = ——;~((s.),—(s.) ), (4c)

~(E &.-~&E &-=3I:~&E&--~&E&-jD~&.
+l((E') +&E') +!~')j (4d)

Then HSS have shown that Ad=0 and D(E) and
h(E') are independent of the strength of H, L, i.e.,
equal to the static lattice value. The changes in the
higher moments are dependent on the particular type
of perturbation and are not generally independent of
H, L.

In a special case of interest here let (S,) be the spin
polarization induced by application of a magnetic field,
and let the subscripts + and —refer to the line shape
and moments observed for light of circular polarization
propagating along the axis of the magnetic field for the
positive and negative senses of the field. Then in this
case

tl~=
I ~&&*l+ Ir)(r I+ I s&(sl

6~=&(l *&(~l —Ir&(rl),
& =2ls&&sl —l~&&*l —lr)&rl

so that S6j, T83 and Z63t, represent strain-energy
terms corresponding to distortions of I'&, sy~unetry,
I'3, symmetry (x' —r' type), and I'3, symmetry (3s'—r'
type). H~ is diagonalized between the states

I j,m;)
and IO)lm) and the eigenvalues, eigenfunctions, and
transition probabilities are computed as functions of
X, S, Z, and T. For0'K, S, Z, and T are taken ashaving
Gaussian distributions corresponding to zero-point
harmonic oscillator distributions. The second moments
of the S, Z, and T distributions are taken as, respec-
tively, S"p, —,'8"3', and ~W3', using Moran's notation.
The resulting optical absorption band can have a
variety of shapes but always has first moment E&—Eo
and second moment 5"~~+2W3+ X .

To understand the sects of the interplay of H.L
and Bso in Moran's treatment, consider the case- for
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'b)

I'IG. 2. Cross sections of the energy surfaces as a function of
Z and T for (a} T=O and (b} Z=O. The full surfaces have C3,
symmetry, the curves of (a} and (b} occurring alternately every
60'.

X=O. Then for all S, Z, and 7 the correct eigenfunctions
are [0)[m), [x)~m), ~y)[m), and ~s) ~m) with respec-
tive energies

~o=Eo,

e~= Ej+S—Z+v3T,
~„=Eg+S—Z—AT,
~.=Eg+S+2Z.

(6)

These lead to an optical absorption line shape f(E)
which is a Gaussian centered at E~—Eo with second
moment O'P+ 28'P.

If the energy surfaces represented by (6) are plotted
in Z-T-energy space (letting S=O for the moment) they
comprise three in6nite planes, each plane corresponding
to a pair of eigenfunctions (Kramers degeneracy). Now
consider how these surfaces will distort as we set XWO.
B'zo has only oG-diagonal nonzero matrix elements
between the states ~i)~m) so that in regions of the
Z-T plane where the energy surfaces are separated by
energies »X the surfaces will be little distorted. Only
near the intersections of the planes will Bso have a
substantial e8ect, and in this region the degeneracies

are lifted (save for the point Z = T=0 and the unaffected
Kramers degeneracy), the surfaces separating along the
previous lines of intersection. The resulting surfaces are
shown to scale in cross section in the energy-Z and
energy-T planes in Figs. 2(a) and 2(b). X is taken as

negative, as is the case for Ii centers, so that at Z= T= O

the upper surface corresponds to the P~~2 state and the
two lower surfaces to the P3~2 state. The appropriate
eigenfunctions are the

~ j,m, ) at the origin and the

~i) ~m) at large Z and T (except for the directions of
intersection in the X=0 case) and change continuously
between.

For unpolarized light the line shape f(E) for S=O,
called fz(E), is constructed by projecting the Gaussian
(I/ s'" W)3expL —(Z+T')/W32j onto the energy sur-
faces. The shape of f~(E) clearly depends upon the
relative values of 8'3 and ). If X«lV3 the surfaces
sampled by Z and T are largely planar and well de-
scribed by (6), so that f&(E) remains Gaussian. If, on
the other hand )»8"3, the surfaces sampled by Z and 1
are near the origin. In this region the upper (Pv.)
energy surface is nearly Bat, so that its contribution will

be a narrow band (the Pv 2 band) at =E~—E~—X. The
lower (Pp2) surfaces are not flat but are roughly conical
near the origin, although the slope is only half that of
the slope of the planes for X=0. Consequently, the P3~2
band is broader than the P~~2, although not so broad as
the Ii band for X=O and the same W3. What is more
striking, the static-lattice PS~2 energy corresponds only
to the point Z=T=O. It therefore has zero weight
relative to higher and lower energies, so that the P~~~
band is a doublet.

Figure 3 shows qualitatively the f&(E) for the two
cases X«R'3 and X»t/t/ ~. The triplet structure produced
in the second case by the combined effects of H, z, and
Bso is the central result of Moran.

Interesting effects occur in the shape of f~(E) for
the case where X=8'3, a regime appropriate to the
cesium halides. Here Z and 1 extend to regions in
which the energy surfaces are changing between the
planar surfaces and the behavior at Z= T=O. The PI/'
band is asymmetric with a tail to higher energies, since
the corresponding energy surface is sharply cut off at
the energy Ej—Eo—X. The PS~2 peaks have a similar
asymmetry to lower energy so as to preserve the center
of gravity of the total line shape. From the point of
view of a perturbation calculation of the effect of small
Z and T on the

~ j,m, ) states, this results from the
mixing and repulsion between the PI/2 and P-„, states,
while the splitting of the P&/2 peak into a doublet is
interpreted as a similar repulsion between the degen-
erate P3~2 levels.

As previously remarked, for a given 5"3 and X=O,
f~(E) is Gaussian with second moment 2WP. As X

is increased, the individual bands become resolved and
narrow considerably, as indicated by the flattening of
the energy surfaces near the origin. This narrowing
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occurs because the states
~ j,m;) have zero expectation

value for perturbations of I'3, (or I'3,) symmetry. The
spin-orbit interaction in this way competes with the
noncubic electron-lattice terms and causes them to be
less effective in broadening the component bands. The
effect is most marked for the P~~~ band, since the P3f2
levels are degenerate in the static lattice, making the
off-diagonal noncubic perturbations more effective in

shifting these energy levels.
This narrowing effect is quite noticeable in all the

cesium-halide P bands (Fig. 1), whose doublet or
triplet components are always substantially narrower
than the typical F-band breadths of 0.2 eV. The narrow

component bands do not imply that the electron-lattice
interaction in these F centers is weaker than in other
alkali halides. (It may also be noted that similar
effects occur commonly in other color centers, the F~
center being one particularly clear example. )

Cemplementary to the narrowing is an enhanced
splitting of the centroids of the P&f2 and Paf2 bands
beyond the static-lattice value of ~~X. This effect,
emphasized by HSS, arises from the manner in which
the upper and the two lower energy sheets are repelled
from each other as Z and T increase. It is also rejected
in Eq. (3e), where it was remarked that (E'), and (E')3
are independent of X. Since the effect of the spin-orbit
coupling is to cause the component bands to narrow,
part of the value of (E')3+(E')3 must be made up by
increasing the splitting of the P~~f2 and P3~f~ centroids
beyond —,'X. This effect also has been observed in the
CsCl and CsBr F centers, where the Pjj2 and P3f&
component splittings are larger than the value of ~~X

derived from a moments analysis by HSS of the
circular dichroism results of Margerie and Romestain. '

The effects of I'3, and F5, electron-lattice coupling on
the degenerate electronic states ~i)

~
m) are, of course,

Jahn-Teller effects. Moran's treatment is in effect an
adiabatic treatment of the Jahn-Teller effect for the
F center. In the large spin-orbit splitting limit the
effect of the Z and T interactions on the P3f2 state is
the same problem as was treated by Longuet-Higgins
et al. ,

"and Moran's treatment is an adiabatic approx-
imation to their fully quantized treatment of the
vibrational modes. The two treatments have similar
qualitative results, both predicting a splitting of the
absorption'„band into a doublet. The adiabatic approach,
however, predicts a symmetric band, whereas the
treatment of Longuet-Higgins et a/. results in the high-
energy band being somewhat narrower and weaker than
the low-energy band, even for vibrational frequencies as
small as 1/15 of the bandwidth. Also note that the
narrowing and enhanced splitting of the P&f2 and P3/2
bands are two of the phenomena known as "spin-orbit
stabilization of the Jahn-Teller effect. "
"H. C. T,onguet-Higgens, U. Opik, M. H. L. Pryce, and R. A.

Sack, Proc. Roy. Soc. (London) A244, 1 {1958).

b)

ps/2

ENERGY

Fro. 3. Line shapes on the Moran model for the cases
(a) X((W and {b) k&)W.

C. Effect of F~, Mode Coupling

We now consider the F~, mode, corresponding to the
parameter S.The effect of this mode upon f(E) depends
upon the value of W~', the second moment of the
probability distribution of S. We could treat S on the
same footing as Z and T, effectively adding another
dimension to Figs. 2(a) and 2(b). However, a. better
way to include the effect of S is to note that $8& is
diagonal in all representations, be they

~ j,m;), ~
i)

~
m),

or whatever. Consequently, 8 affects the line shape
f(E) in a particularly simple way, as follows.

Let f,(E) be the line shape computed by setting
W3=X=O and W& ——WM&0, and let f~(E) be the line
shape for W~=O, X=XO/0, and W~= W30/0, as before.
Let both f,(E) and f~(E) have unit areas and centroids
(E). Then for Wr ——W&3, W3=W33 and X=4 the line
shape f(E) is

(7)

a simple convolution of f.(E) and f~(E). In Moran's
treatment the triplet line shape f~(E) would be folded
into a Gaussian of second moment WP, giving rise to a
broadening and washing out of the structure. For W~& X
the Gaussian shape of f, (E) would dominate f(E) even
if P&W3.

An important point for the CsF F center is that Eq.
(7) for f(E) is not restricted to an adiabatic model.
The same separation between f,(E) and f~(E) would
occur in a full-Qedged quantum treatment of the
Hamiltonian (1). In this case f,(E) would be the f(E)
resulting if the uk corresponding to the Fs, and I'~,
modes are set to zero and those for the I'~, modes left
unchanged, whereas f~(E) corresponds to the opposite
choice. Equation (7) applies to this case as well.
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line shape to alter by trading oscillator strength from
one part to another, rather than by shifting rigidly, a

th
situation similar to the dynamic stress problem. A f
t e circular dichroism, the change in first moment is
independent of B,L. The adiabatic model may be used
to predict the shapes of g& and gll just as for the un-
perturbed line shape.

III. EXPERIMENT

6200 6400 6600
Wavelength (A)

6600

Fro. 4. F band of CsF at 15'K.

yThis fact permits us to extend the Moran model b
using an adiabatic treatment for f~(E) and a quantized
treatment for f,(E). The latter is just the same as the
usual treatment of optical absorption between t
el

en wo
e ectronic singlet levels subjected to a linear electron-
phonon coupling, and will be sketched in Sec. IV in the
actual application.

D. Circular and Stress-Induced Dichroism

Circular dichroism refers to the situation in which
the f(E) observed for two different senses of circularly
polarized light differ. It is usually observed for light
propagating along the direction of an applied magnetimagne ic

eld and in the F center results from unequal spin
po arization in the ground state and spin-orbit coupl'coup lng
in t e excited state. (We neglect the relatively small
Zeeman effects in the excited state. ) In the adiabatic
mo el the line shapes for the two polarizations can be
computed just as described for the unpolarized line
shape, using the usual transition probabilities between
the states 10)1m) and

~ j,m, ).
As previously mentioned, the change in first moment

in the circular dichroism is independent of H, L. Con-
sequently, the enhanced splitting of the I'&~2 and P3f2
bands beyond 23K by the noncubic terms of B,L will be
accompanied by a reduction in the magnitude of the
circular dichroism for the bands below the static lattice
values, so that, e.g., the absorption constant in the I'~~2
band does not go to zero for complete spin polarization
and a particular circular polarization, as it would in the
static lattice.

In stress-induced dichroism similar e6ects occur.
The application of uniaxial stress causes the line shape
measured with the light polarized alternately perpendic-
ular and parallel to the stress to differ Lthe line shapes
are denoted g, (E) and g»(E)]. A full-Qedged moment
analysis of g&&(E)—g, (E) for L100j and L1101 stresses,
such as made by Schnatterly, ' can be made to yield
(E') 3 and (E )& individually. The experiments here are
more modest, being restricted to L100j stresses, and
serve mostly to show the qualitative eGect of stress on
t e ine shape. The strong spin-orbit coupling causes the

A. Sample Preparation

The experiments on optical absorption, circular
dichroism, and stress-induced effects were performed on
colored specimens of CsF of rectangular shape with
typical dimensions of a few millimeters on a side. These
were cleaved from single-crystal pieces supplied by the
Harshaw Chemical Co. or Semi-Elements Inc. Although
CsF is quite deliquescent, the use of a drybox for
cleaving and mounting the samples in a cryostat
proved adequate to provide unclouded sample surfaces
for t e optical work. The uncolored crystals varied in
optical quality from clear to cloudy.

The coloring procedure proved to be somewhat
troublesome. Additive and electrolytic coloration tech-
niques, although they have been used on CsF, are
di6icult due to the deliquescence. Coloring by x irradia-
tion was therefore adopted. The spectra produced by
x irradiation were generally sample-dependent, although
some bands, and in particular the prominent F band,
were present in all samples. In certain samples bands
occurred which overlapped the F band, distorting its
shape (in some cases severely). It was found empirically

lO
C

a
0

a0

I I I I

6000 6100 6200 6300 6400
Wavelength (Aj

FIG. 5. T~ . emperature dependence of the substructure. Successive
curves are displaced by 50 A for clarity.
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diminishes in height relative to the rest of the high-

energy peak and becomes unresolved at about 80'K.

of the central
The break in slope at 6280 A and the d ble ou et structure
o e central peak become washed out at about 60'K

oe ~roa ens and decreases in

liquid-nitrogen temperature. The low-energy component
shows a particularly large red shift and broa

'ng emperature. The central peak has a smallas a sma er

s i t. e entire Ii band shifts to the red by about 0.03
eV from helium temperature to 234'K.7000 8000

Wavelength (A)

I' IG.G. 6. Temperature dependence of the F band
and E band above 80'K.
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that x irradiation at liquid-nitrogen temperatures of
samples cleaved from Harshaw mate 1

produced spectra largely free of these extraneous
a sorptions. Such overlapping bands as did occu

q y e optically bleached, and usually had
initial optical densities less than 10%%u th t I h F

. In general, the results reported below are deter-
mined for samples in which the Ii band sha
seriousl diy istorted by these extraneous absorptions.

B. Optical Absorption Spectra

0 tical abp
'

absorption spectra were recorded on a Car
14 R spectra hotome

r e ona ary

standard desi n.
p p meter using an optical cryo t t fs a Q

sign. Figure 4 sho~s a trace of the low-

those o
temperature I" band of CsF. Th l' he ine s ape is typical of

ose observed in samples free of back dac groun absorp-
ions or temperatures lower than 30'K. The f ll~ e o owing

s o the hne shape are of interest: Ther
over-all tri l'pet structure with components eakin a

s: ere is an

p g

0 cm ' (0.07—0.08 eV) wide. In addit' h
central and hihigh-energy peaks have structure of their
own. The central peak is a weak doublet while the high-

shoulder at 6340
energy peak has a sharp peak at 6390 A a wa, a well-de6ned

er at 6340 A, and a break in slope at 6280 A. This
latter feature is difficult to see but

'
1 1

th 'g' ata.e original data.
see u is c early present in

structure corn
g ata. he apparent energy separation f h

mponents is about 150 cm—' ~0.02 V'
ara iono t e

The structure in

(

line sha e
e in ig. 4 is better resolved th

pe originally seen by Hughes and Rabin, " in
which only the triplet and a hint of the hi h-ener

e sample-preparation problems previously mentione"

C. 0ptical Absorption-Temperatur D da e ependenee

From 1.3 to =40 K the line shape is temperature-

tures ar
in epen ent. The changes occurrin th' h'ng a ig er tempera-

s are shown in Figs. 5 and 6. V to =80'K
changes take

p o = the major
g a e place in the substructure (Fi . 5) W

incr easin tern
ig. ', . iih

'
g emperature the sharp peak at 6390 A

an w ich appears just to the high-energy side
o t e band in various alkali halides. It is h
arise from tra

i es. is t ought to
ransitions to one or more of the hi her

excited states of the F center. I C F hn er. n s t e analogousband
is very well resolved from the P band Fi .
centered at 5700 A at low
E

at ow temperatures. The area of the
band is tern eratur-

increasing temperature, as may be seen in Fig. 6.

O
C7

CL
O

a (E)l

I 5800
I I

I 5200 I4600
Energy (am ')

FrG. 7. n+(E) and aa (E), the circular dichroism spectra.

1 6400

E. Circular Dichroism

The absorption spectra denoted a+(E) and E
Fi . 7 werem

an n in
measured using conventional t h

''
na ec niques for

1.43'K. These spectra show the F band for two o osin

'rc ar y po arized light propagating in the field
d p ra iffer (circular dichroism),

e ig -energy peak being suppressed and the 1e centra
p s eing enhanced for one sense of

e e, and vice versa for the opposi . T'ng sense. e

g
'n absorption constant is substantial, n+ n = 1.

in the neighborhood of the hi h-
c is emperature- and magnetic-6eld dependent and

qualitatively speaking is onl ob dy o serve for temperatures
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In the course of the ac circular dichroism measure-
ments some information was obtained concerning the
ground-state spin-lattice relaxation time. These mea-
surements were carried out with the sample in exchange
gas in contact with a pumped liquid-helium bath, so
that with a small heater on the sample holder one could
increase the sample temperature above ambient. After
switching off the heater the sample would cool to its
equilibrium temperature in =~ sec. It was observed
that for a field of 36 kG the circular dichroism of the
sample, which was unobservable at the initial (heater
on) temperature of =30'K reached its full value within
the cooling time of -', sec upon switching the heater off
(final temperature =2.1'K). Under these conditions,
then, the spin-lattice relaxation time is less than this.

T and magnetic fields H for which ppH is of order kT
(ps is the Bohr magneton), suggesting that the effect
arises from ground-state spin polarization, as was
anticipated. For g=2 this temperature and field corre-
spond to (S,)+———0.187.

For the moments analysis of the circular dichroism
the function Af(E) =(a+(E)—n (E))/E is required.
Since the third moment of this function is important in
the analysis it is necessary to know Af(E) in the tails
of the F band with reasonable accuracy. The data of
Fig. 7 are not adequate for this purpose since the tails
of o+(E) and a (E) do not match, due to small drifts in
the measuring apparatus during the course of the
measurement. To correct for this, the circular dichroism
in the tails of the band was measured more accurately
using an ac rotating circular polarizer technique similar
to that of Henry. 4 These measurements are used to
extend the hf(E) curve derived from a+(E) and n (E).
The resulting Af(E) is shown in Fig. 8.

The moments of f(E) and df(E) required for an HSS
analysis of the circular dichroism are extracted from the
curves of Figs. 4 and 8 and are

(E)=15208&10 cm '

(E')=234 400&1000 cm '= (484&1 cm ')',

»/I» I
=0.03~0.1,

A(E)+ A(E) =105&5 cm '—,
h(E')+ —h(E') = l4 100&2000 cm '
2 (E')p —h(E') = (4.28&0.4) X10' cm ',

where
I
»

I
is the area under the curve

I
d f(E) I

. The
quoted uncertainties in tht. moments of f(E) are based
on the possible errors in the choice of baselin~n Fig. 4,
while those quoted for the lower moments of hf(E)
are based on the drifts in the measuring apparatus which
cause the displacement of the tails of a+(E) and a (E)
in Fig. 7. The uncertainty quoted for the third moment
of Af(E) is based on estimates of the possible error
involved in matching the ac data taken for the tails of
hf(E) to the rest of the curve.

Vl
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FIG. 9. Effect of hydrostatic pressure on the CsF F band.

"D. B. Fitchen, Rev. Sci. Instr. 34, 673 (1963).

P. Stress-Induced Effects

The effect of both hydrostatic and uniaxial stress on
the CsF F band were investigated. The hydrostatic
pressure experiment made use of a beryllium-copper
optical pressure cell with sapphire windows using helium
gas as a pressurizing agent. "Optical absorption spectra
of the sample at liquid-nitrogen temperature at pres-
sures of 3830 and 0 atm are shown in Fig. 9. The P band
shifts slightly to lower energies under pressure, the
coefficient being (—1.0&0.1)X10 ' eV kg/mm'. The
shift is nearly a rigid one although the dips between the
three peaks becomes slightly more shallow, the differ-
ence in absorption constant between the peaks and the
dips decreasing by about 5%.Also, the area of the band
is decreased by about 10% at the higher pressure.

The effect of an applied L1001 uniaxial stress in
producing a dichroism for linearly polarized light in the
CsF F band was investigated using the rotating-polaroid
technique of Schnatterly. ' Figure 10 shows the differ-
ence in the absorption constant for light polarized
parallel and perpendicular to the stress direction, for
the CsF F band at nitrogen temperature. Two points
are interesting in this spectrum. First, the curve is not
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what would be obtained from a rigid shift of the line

shape in energy between the two polarizations, but
rather indicates that the higher-energy peak, and to a
lesser extent the central peak, grow at the expense of the
low-energy peak, with none of the peaks shifting.
Second, the magnitude of the efI'ect is large by F band
standards, amounting to a change in optical density of
about 3'%%uz at the wavelength at which the effect was
largest for an applied stress of 1 kg/mm'. The centroids
of the two spectra differ by an amount corresponding
to a shift in the line-shape functions of (2.1&0.4) X10 '
eV/(kg/mm'), with the error reflecting the accuracy to
which the stress is known.

A single investigation of the stress-induced dichroism
at helium temperatures was made by simply recording
u(E) on the Cary spectraphotometer for light polarized
parallel and perpendicular to the stress direction. The
results were similar to the nitrogen-temperature be-
havior, the central and high-energy peaks alternately
growing and shrinking at the expense of the low-energy
peak, with no noticeable shift in peak positions. The
substructure of the high-energy peak retained their
relative proportions in this change. The magnitude of
the effect was an approximately 10% change in optical
density between the two polarizations for an applied
stress of 3 kg/mm', approximately the same as at
nitrogen temperatures.

+ IOO—
{IOO) STRESS I Kg /mm~
774K
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FIG. 10. Uniamal-stress-induced dichroism at 77 K. The
quantity plotted (in arbitrary units) is the change in optical
density times 10' and is proportional to LQq(E) —gII(F)j.

IV. ANALYSIS

A. Low-Temperature Line Shape

The interpretation of the experimental line shape is
guided by analogies with other F centers, especially
those of the cesium halides. Since the circular dichroism
behavior is similar to that of the F bands in CsBr and
CsCP, the same model is adopted, namely, a transition
from the usual F-center 5-like ground state to a set of
P-like excited states split by spin-orbit coupling. The
high-energy component band is assigned to the P~~2
level and the others to the P3/Q level because they
display the opposite sense of dichroism and have
proportionally correct areas (P&~& having higher energy
than Pqyg is typical of F centers).

6200 6400 6600,
WAVELENGTH (A)

6800

FIG. 11. F band in CsF after Fig. 4 with the positions of the
static lattice P1~~~ and Pe/~ points indicated.

To further interpret the line shape we can use the
Moran model and an HSS moments analysis of the
circular dichroism. The situation is complicated by the
presence of the substructure, which does not 6t into
such an analysis in an obvious way. However, we will
follow the procedure of initially accepting the sub-
structure as an unexplained feature whose source is
nevertheless to be found in the Hamiltonian (1). This
permits use of the HSS results (4) in interpreting the
circular dichroism. It turns out that the results of this
analysis suggest, and in fact virtually require, that the
substructure be interpreted in terms of discrete phonon
structure, thus 6tting into the Hamiltonian as it stands.
It can further be argued that such sects are to be
expected in CsF.

The mell-resolved, narrow triplet structure of the
low-temperature line shape shown in Fig. 4 indicates on
the Moran model that the electron-lattice coupling to
F3, and Fs, modes is comparable in strength to the
spin-orbit coupling, and that the electron-lattice
coupling to the F~, modes is relatively weak. Moran's
values of X, 8'p, and W32 based on a 6t to the line-shape
data on Hughes and Rabin were in fact 'A = —267 cm ',
W '= (175 cm ')') 'and WP= (260 cm ')'

These numbers may be compared with those derived
from the circular dichroism as computed from (4) and
the moments of f(E) and hf(E), using (S,)=0.187.
These give X= —280&15 cm ',"(E'),+(E'),= 157 000
&27000 cm '=(397&25 cm ')' and (E')&=37 000
&27000 cm '=(194 90+" cm ')'. Making the iden-
tification Wq' (E')q and WP (E')&+(E')q, these ex-
perimental values agree with Moran's predictions. We
shall show subsequently that for these parameters the
Moran model actually predicts a line shape somewhat
at variance with the experimental line shape, so that
the apparent agreement is partially accidental and the
result of an approximation made by Moran. Nonethe-
less, the basic idea of weak Fj,mode coupling and strong
spin-orbit and F3, and F~, mode coupling is borne out
by the circular dichroism results. Also note the narrow

"An earlier value of ~~A, =340 cm ' given in T. A. Fulton and
D. B. Fitchen, Bull. Am. Phys. Soc. 1I, 245 {1966)is wrong.
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shows schematically the line shapes of the single-mode

coupling model for a large and a small value of S.
The phonon energies and densities of states in CsF

are unusual for alkali halides as a result of the large CsF
mass ratio. One would expect a sizable gap between the
optical and acoustic modes on this account, an expecta-
tion borne out by the calculations of Hardy and Karo."
They find that the acoustic phonons occur dominantly
in and around 40 cm ' and the optical phonons at j.50
cm ', with a sizable gap between the two branches.
If we now consider the (E')&= (194 go+" au ')' for CsF
in comparison with the expression P~ Sq(hcvg) for the
second moment of f,(E), we see immediately that the
value of p& S&, summed only over the r &, optic modes,
can only be at most 1 or 2. If we further consider that
the optical phonons in CsF are concentrated primarily

&&G. 12. fe(E) for a single FI, mode with (a) S=10and (b) S=0,7. fc(E)

widths and the related enhanced splittings of the triplet
components, as shown by the position of the static-
lattice P~~~2 and Pa~2 levels indicated in Fig. 11.

The relatively small value of (E')& suggests the
solution of the question of the source of the substructure.
As pointed out in Sec. II, the e6ect on the line shape of
coupling to the I"&, modes can be described in terms of
a line shape f,(E). The a,ctual line shape f(E) is a
convolution of f, (E) with the noncubic line shape
f~(E) as in Kq. (7). In the Moran model, f,(E) is a
Gaussian, of second moment WP= (194 +" cm')' for
CsF. In a quantized treatment f,(E) is only Gaussian,
or nearly Gaussian if the phonon frequencies of the I'&,
modes involved are small compared to the square root
of the second moment of j,(E), so that the bulk of the
transitions are multiphonon. In CsF this is not the case.

The computation of f,(E) is the standard one for
singlet-singlet transitions with a linear electron-phonon
coupling. " Defining the Huang-Rhys parameter SI,
= a~'/(2Mgaq') for the kth mode, the transition
probability from the ground state to the excited state
having the kth mode excited to a level of e& quanta is
g~(S~""/nl, !)e s" The lin. e shape possesses a first
moment E~—Eo independent of the S~ and a second
moment g ~ S~(Ace~)'. An approximation frequency
used is to attribute all the electron-lattice interaction to
a single mode of frequency ~ with Huang-Rhys factor S.
In this approximation f,(E) consists of a series of line
shapes spaced Ace apart. The first moment of the band
is again E& Eo and the second mo—ment is S(hcu)'.
The intensity of the line at energy E&—Eo—(s n)ho&—
where n =0, 1, 2, is proportional to (S"/a!)e s. This
expression peaks, for large S, at approximately n=S, so
that S is often called the most probable number of
phonons released in the optical transition. For large S
the line shape is approximately Gaussian. Figure 12

' See, e.g. , D. E. McCumber, J. Math. Phys. 5, 221 (1964);
5, 508 (1964), and references therein.

S =0.7 a)

, fN(E)
ji

at one energy well away from the acoustic phonons we
are lead to the conclusion that the substructure is
most probably due to a weak coupling of the optical
transitions to the I'~, optical phonons. To see how this
can cause the substructure, consider the f,(E) which
results from coupling to a single mode of frequency
AQ with a Huang-Rhys parameter of 0.7, as shown in
Fig. 13(a). The convolution of this line shape with
that of a typical f~(E) LFig. 13(b)] is shown in Fig.
13(c) and yields substructure of the sort seen in the
experimental curve whenever AQ is comparable to the

"J.R. Hardy and A. M. Karo, Phys. Rev. 168, 1054 (1968).

ENERGY

FIG. 13. (a) f, (E) for single mode with S=0.7; (b) typical f&(E),
and (c) convolution of f, (E) and f~(E).
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width of the peaks of f~(E).One can identify the spike,
shoulder, and break in slope of the experimental high-
energy peak as reflecting transitions to the Pj~2 state
with the accompanying release of zero, one, and two
F~, optical phonons. Similarly, the shoulder on the
central peak is the one-F~, optical-phonon image of the
central peak itself, which is a zero-I'j, optical-phonon
transition. From the relative height and separation of
the spike and shoulder of the P~~2 peak the S value for
the transition can be estimated to be approximately 0.7
and the frequency of the optical phonons of order
150-200 cm—'.

Moran has previously calculated the line shapes of the
cesium-halide Ii bands using his adiabatic model
sketched in Sec. II. As an important approximation he
assumed that the effect of the mixing between the P~~2
and P3~2 states caused by the Z and T distortions could
be treated by perturbation theory. This assumption
enabled him to compute line shapes which could repro-
duce with fair accuracy all the cesium-halide Ii bands.
However, as Moran suggests, if ~) is comparable to
S'3, perturbation theory is not valid, particularly in
view of the energy surfaces of Fig. 2. The Moran
treatment is equivalent to initially regarding the
surfaces emanating from the Pg2 energy as cones and
the P'~~~2 surface as Qat. The effect of the P~~~2-Pg2
mixing is taken as adding a quadratic term to the
energies, giving them a paraboloidal shape, bending

f„(E)
ik

FIG. 14. Computer calculation of f~(I') from the Moran model
for several values of 3P j28'3.

away from each other. As Fig. 2 shows, this would

only be a good approximation if Z and T were confined
to excursions of ~X or less, which is not the case for any
of the cesium halides.

We have numerically calculated the line shapes
predicted by Moran's treatment using exact diagonal-
ization of the matrix resulting from (5), a task made
simpler by recognizing that one may first set S=O and
calculate f~(E) (two variables only) and then convolve
it with f,(E) subsequently to produce f(E). Further,
one may choose either a Gaussian for f, (E), as in the
adiabatic treatment, or something akin to Fig. 12(b),
which is more suitable for CsF.

In Fig. 14 we show the shapes of f~(E) calculated for
several values of 3X/2W3. Even for 3X/2WS ——2.36 these
curves are still quite unlike those predicted by the
perturbation approach, Using the ~X=420 cm ' and
the (E')&+(E')~——(397&25 cm ')' of the circular
dichroism experiments, the line shape of Fig. 13(b) is
the appropriate one for CsF. It is clear from the figure
that the computed line shape disagrees with the
experimental line shape of Fig. 4. Qualitatively, the
expected triplet structure is present but the dip between
the P3~2 peaks is much less pronounced than the
experimental dip (allowing for the cubic-made broaden-
ing) and the central peak is higher and narrower. {The
sharp central peak comes from saddle points in the
central energy surface )Fig. 2(a)].) Also, the P&)2

peak is somewhat broader than the experimental Pl~2
peak (allowing again for the cubic-mode broadening).
Convolving this shape with f, (E) will tend to broaden
the central peak but will further wash out the dip.

Although Moran's model does not quantitatively
reproduce the CsF line shape, the physical idea of the
source of the P3~& splitting is surely correct. One may
ask if an extension of the model would significantly
alter the predicted line shape. Ke consider three
possibilities.

A rather simple extension, staying within the
adiabatic framework, is to include the effects of more
than one I'3, mode. In this case the Hamiltonian (5)
would contain a sum of terms p; (T;8 +3Z;8 s), 3each
Z; and T; having its own Gaussian probability distribu-
tion with second moment W3 . The effect of these terms
is clearly the same as that of a term T' z,8+ '

Zz8,
where T'=P; T; and Z'=g; Z; have Gaussian
probability distributions of second moment ~ W3"
=P; —'. W~P. The effect of several I'3, modes is therefore
equivalent to that of a single F3, mode with a properly
chosen S'3.

Another possible improvement is to include the
effect of a I'5, mode, still in an adiabatic approximation.
This involves adding to the Hamiltonian (5) the terms
$8r +g8s&+$8s„where 8e, ——VZ(~x)(y)+~y)(x)) cor-
responds to a strain of xy symmetry and 6» and 6&,
are similar expressions for yz and zx strains. (, p, and P
have Gaussian probability distributions with second
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]no|i&ents ~H~q'. 5'Tora@ pointed out that for 8'q&&$'q

the effect of the Fs, modes may be simulated by increas-
ing the value of 8'32 to JV32+8'P. If 8'3=8'~, an
accurate treatment can only be made by diagonalizing
the full 6&6 matrix of the Hamiltonian for the states

~ j,m;), a problem beyond our analytical powers or
computational budget. However, if X&&$'3 and lV~,
the P~~2 state can be ignored and the matrix reduces to
a 4/4 representing the effect of combined I'3, and I'~,
strains on a P3/2 state. The solution of the eigenvalue
problem is then

+1$~ (@2+~+$2+~2+t'2) 112

each level being a Kramers doublet. The exact shape of
the P3/2 band depends on the relative values of 8'3 and
7VS although it is in all cases a doublet. In general, the
dip between the two components is increasingly scooped
out for increasing ratios of Wq/Wz, the maximum effect
being at 8'~=8'3 where the phase space is effectively
five dimensional. Correspondingly, the peaks narrow
somewhat so as to preserve the total second moment.

For S'3 and 8"& comparable to P we can only be
qualitative. It seems probable that the dip between the
P3/2 components will remain deeper than for I'3g

coupling alone. Also, the central peak will again be
narrower and taller than the low-energy peak since
this occurs as a result of interactions between the P'~/2

level and the upper strain-split P3/2 level. The general
effect of I"~, coupling would be to produce a line shape
some~hat closer to the experimental, chieRy in that the
dip between the P3/2 components would be more
pronounced.

Finally, we note that in the treatment of Longuet-
Higgins et al. ,

" the high-energy peak is substantially
w'eaker and narrower than the low-energy peak, whereas
the adiabatic treatments give peaks of equal areas. A
revision of this sort would improve the fit to the line-
shape data.

B. Temperature Dependence

The temperature dependence of the substructure
(Fig. 5) is not fully understood. In general, the resolu-
tion of f(E) into f, (E) and f~(E) should be valid at all
temperatures, so that the substructure should display
the temperature dependence of f,(E).However, for the
small value of S=0.7 and the phonon energies of 150
cm ' one would not expect any substantial change in
f.(E) from optical phonons for temperatures as low
as 80'K. The acoustic phonons, concentrated around
40 cm ', might be expected to have some effect at this
temperature but their effect should be restricted to
shifting oscillator strength through 40 cm ' or so, which
should merely broaden the substructure, whereas the
spike at 6390 A in Fig. 5 shows an apparent sharp
decrease in oscillator strength. It is probable that the
underlying temperature dependence of f~(E) is confus-
ing the issue.

For temperatures above SO K the line shape has a
temperature dependence (Fig. 6) which can be under-
stood on the Moran model with the additional assump-
tion of a mixing (and hence a repulsion) between the
IC-band levels and the Pj,/2 and P3/~ levels. On the Moran
model confined to the P levels, one anticipates that at
high temperatures the high- and low-energy tails of
the F band should be mirror images, at least for energies
large compared to the spin-orbit splitting. Also, the
centroid of the F band should remain fixed. (Shifts from
thermal expansion of the lattice are negligible because
of the very small pressure coefficient. ) Neither of these
features is found experimentally. However, since the E
band is increasing in area with increasing temperature it
seems likely that there is a mixing with the P and E
levels which effects the P&~2 level primarily, since it
lies closest in energy to the E levels. It is effectively
"pinned" in place between the E levels and the P3/2
levels, and thus is less broadened with increasing
temperature, an effect similar to that which causes the
central peak of the F band at low temperatures to be
substantially sharper than the low-energy peak. The
increasing area of the K band with temperature goes
along with the shift of the F band to lower energies in
such a way as to hold the E band +F band centroid
fixed. The experimental data in Fig. 6 suggest that the
centroid is indeed fixed, although variations in back-
ground preclude quantitative checks of this point.

The behavior of the low-energy peaks with increasing
temperature can be understood from the energy curves
of Fig. 2. The low-energy sheet decreases in energy with
increasing T and Z, so that the low-energy peak must
red shift as the thermal excursions of T and Z increase.
Also, the energy surfaces grow substantially steeper for
large Z and T, accounting for the pronounced broaden-
ing. The zero-point vibrations correspond to relatively
fiat energy surfaces (the influence of the spin-orbit
coupling) while at large T and Z the energy surfaces are
almost the same as for X=O. Also, note that the three
peaks remain resolved up to room temperature, which
reQects in part the fact that the Pj/2 peak and the lower
Pg& component alterna, tely blue and red shift (ignoring
K mixing) leaving the central peak to fill in the dips,
and in part the weak I'~, mode coupling.

Finally, the greatly enhanced P3/2 splitting with
increasing temperature is good support for Moran's
picture of a dynamic Jahn-Teller splitting of the I'p2
state. It suggests that the effect of the lattice vibrations
on the splitting is strong and hence the zero-point
vibrations are enough to provide the low-temperature
splitting.

C. Stress Dependence

The hydrostatic pressure shift (—1.0&0.1)X10
eV/(kg/mm') is opposite in sign to those of other F
centers, although much smaller in absolute value. The
reasons for this are not entirely clear, although Buchen-
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auer and Fitchen" have determined that the pressure
shifts of the I" bands of RbP and KF show a decreasing
trend, and have suggested that a correlation can be
made with cation and anion radii in the pressure shifts
of the F band of all the alkali halides.

The $100] uniaxial stress-shift coeKcient (2.1&0.4)
X10 e eV/(kg/mm2) is substantially larger than any
measured previously in the alkali halides. The large
disparity between the L100] uniaxial and the hydro-
static stress-shift coefficients is similar to, but more
pronounced than, the difference between (E')i and
(E')3+(E')q and probably has the same underlying
cause.

The shape of the uniaxial-stress-induced dichroism
curve of Fig. j.0 is in agreement with the spin-orbit
split E-state model for the excited states. As mentioned
in Sec. II, the Pj/2 peak does not shift but simply trades
oscillator strength with the rest of the band. The fact
that the central peak has a dichroism of the same sign
as the I'j.~~ peak and opposite from that of the low-

energy peak can also be predicted from the Moran
picture.

V. SUMMARY

The conclusions of this work may be sununarized as
follows: The F band possesses a well-resolved triplet
structure with a substructure in the individual peaks.
The circular dichroism shows that the I' states are
split by a spin-orbit coupling corresponding to a static
lattice splitting of —420~25 cm ', and that the
coupling to F&, modes of vibration is relatively weak and
the coupling to I'3, and 1"5, modes relatively strong,
their respective contributions to the second moment of
the line shape being (E')&

——37 000&27 000 (cm ')' and
(E')&+(E')&= 157 000&27 000 (cm ')'. The high-energy
triplet component corresponds to the Pii2 state and the
two lower-energy components to the P3i2 state, the
latter being split by a dynamic Jahn-Teller eGect as
suggested by Moran. The stress-induced behavior and
temperature dependence of the line shape can be
understood on this model.

The interplay between the spin-orbit coupling and
the Jahn-Teller effects is reflected both in the splitting
of the I'3/2 band into a doublet and the enhanced
splitting of the I'j/2 and I'si2 bands beyond their static-

~ C. J. Buchenauer and D. B. Fitchen, Phys. Rev. 16?, 846
(1968).

lattice separation and the complementary narrowness

of the individual triplet components.
The additional substructure of the triplet components

is found to be due to optical transitions in which zero, 1,
etc., optical phonons of I'&, syrnrnetry are created. The
Huang-Rhys factor is estimated to be 5=0.7 and the
energy of the phonons 150—200 cm—'. Phonon structure
is observable in CsF because of the suppression of the
I'3, and I'&, broadening by the spin-orbit effect, com-
bined with the small value of (E')i and the relatively
large gap between optic and acoustic phonons in CsF
due to the large mass ratio.

The features of the line shape, which appear so
unlike those of other F bands, occur naturally as the
result of the particular coupling limit represented by
CsF, namely, large spin-orbit coupling, large noncubic-
mode coupling, and small cubic-mode coupling. It
should not be thought that CsF is completely anomalous
in possessing these particular couplings. For example,
KI has a larger spin-orbit coupling but has too much
cubic-mode interactione to show an extreme line shape.
KBr has proportionally as great a disparity in the values
of (E')i and (E')3+(E')s, but favoring the cubic
coupling in that case. ' CsCl has comparable values of
(E')r and (E')&+(E')q but the spin-orbit splitting there'
is only 300 cm ' and the structure is therefore much
less well resolved. CsF happens to have just the right
mixture of coupling to produce the striking behavior
that it displays and which makes it one of the most
interesting of Ii centers.

Pote added in proof Recently, .Cho LK. Cho, J. Phys.
Soc. Japan 25, 1372 (1968)]has given an approximate
treatment of the adiabatic line shapes for a variety of
coupling strengths for the spin-orbit and Fy„ I'3„and
I'g, electron-lattice interactions. His results overlap in
part our numerical calculations of the Moran line shapes
and are in good agreement in these. areas. We thank
Dr. Cho for bringing his work to our attention.
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