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The 0 ion, substitutional for F in CaF„shows a Jahn-Teller effect associated with the electronic

degeneracy of the unfilled p shell. The different Jahn-Teller distortions are coupled to each other via a
partially quenched spin-orbit energy. The magnitude of this coupling, -0.15 cm ', may be estimated
from an interpretation of the effects of applied stress on the low-temperature EPR spectrum. This
couphng also results in reorientation of the center via a phonon-assisted tunneling process, whose

magnitude can be estimated experimentally from the thermal broadening of the EPR in the range
(5-20)'K, and theoretically, without adjustable parameters, from the results of the low-temperature

experiments and the elastic constants of the host crystal. The results are in reasonable accord, giving

support both to the proposed model for the center and to the usual theory for the phonon-assisted

tunneling rates.

I. INTRODUCTION

Recent treatments of Jahn-Teller (JT) systems
in crystals (see, e.g. , Sturge' and Ham~ for very
comprehensive and complete reviews) consider,
and emphasize, the important consequences result-
ing from the inclusion of the lattice movement.
Usually this motion is included by considering the
Jahn-Teller ion together with the coordination
neighbors as an independent molecule oscillating
in one or several of its normal modes. This ap-
proach although simplifying the real problems has
been very successful in interpreting several recent
Jahn- Teller systems. Most of these involve E-type
electronic ground. states (e.g. , Cu, 3 8 center,
Pts', Sc ', La~', ~ etc), and exhibit dynamical fea-
tures in their EPR spectra. This is due to the fact
that orientational localization of the center is not a
result of the linear JT effect but either of a supple-
mentary crystal field of lower than cubic symmetry
or of suitable anharmonic terms in the elastic po-
tential which are usually much smaller than the lin-
ear JT term. In addition, there are a few triplet
ground-state systems, which have been at the origin
of the general understanding of the dynamical Jahn-
Teller effect (Hams), namely, Fe~', Mn, and Cr'
in Si. All of these exhibit a purely dynamical ef-
fect.

The present paper reports an experimental in-
vestigation of the paramagnetic 0 ion in CaF~ and
to some extent also in SrF3. The p-symmetry
electronic ground state involved transforms as a
T, triplet and couples predominantly to lattice
modes of E symmetry. The observed Jahn- Teller
effect is essentially static. However, the system
relaxes among the different distorted configura-
tions. The hopping frequency is high enough even

at low temperatures to play a very important part
in the relaxation behavior of the system. By in-
vestigating the EPR linewidth and the saturation
behavior as a function of temperature, semiquan-
titative estimates of the tunneling matrix element
have been made and the reorientation time deter-
m Bled.

It is useful at this point to mention some evidence
showing the importance of the motional effects on
the relaxation behavior of the center by comparing
it with (OF) in CaF~. ' This latter center is sim-
ilar to the one discussed here, except that there
is a fluorine vacancy associated with the 0" ion in
the (OF) center. It possesses EPR parameters
comparable to, the 0 centers (see Table I). How-
ever, as the symmetry of the (OF)a is sufficiently
low, due to the associated vacancy, no Jahn- Teller
effect is involved in this case. The center is ob-
served at temperatures —110 'K. No line-broaden-
ing effects show up below this temperature (SB„
= 8 6). In fact, the center saturates heavily at
4.2 'K with about IO ' 6 (H, ) rf field. The 0 cen-
ter, instead, is not observed at 78 'K and at 4 K
is just beginning to saturate with H, =1 G. This
striking difference in the relaxation behavior of the
centers arises from the Jahn- Teller effect being
present and involving dynamical features in the
case of the 0 center and being absent in the case
of t e (OF)'-.

The 0 center has the merit of relative simplicity
providing thus a good opportunity to test some of
the consequences of the cluster Jahn- Teller theory.
The mainreason for the relative simplicity is the
fact that the free 0 ion possesses a separation of
about 100000 cm ' between the 2p ground state and
the first excited configuration given by 2P 3s.

In Sec. II some information concerning the sample
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TABLE I. EPR parameters of the 0" center and, for comparison, of the (OF) . The constants are all related to the
system of axes and the numbering of the nuclei as depicted in the Fig. 1. The hf constants are all in G.

gII ggg

+ 0.001

gz=ggg=gyp

+0.001

A„A A~ =A~=A

Oxygen ('~O) Fluorine 1,2

A„=A~ A~ =A~=A~

+0.5

Fluorine 3~

Agg

CaF, :O-b

SrF, :O-'
CaF, : (OF)'-'

1.9955
1.9895
2, 0016

2. 1047
2.1352
2. 0458 104.5 20~2

63, 6
35.2

53.7

15, 4+ 0. 5 3.6 + 0, 5 1, 2 + 0. 8 3.4 + 0. 5
4+2

15~2

The constants of the fluorines 4, 5, 6 are obtained from
the ones of 3 by successive rotations by Q around the s
axl s

Reference-15, T =4.2'K.
'Present paper, T =4.2'K.
Refereoce 10, T =78'K.

preparation is given. Section III reviews some pre-
viously obtained features of the 0 center and in-
troduces an application of the cluster Jahn-Teller
theory to the present case. Finally, the experimen-
tal results given in Secs. IV and V are compared
vrith the consequences of the model.

II. EXPERIh6&TAL DETAILS

The crystals investigated originated partly from
the Materials Science Center at Cornell University
and partly from Laboratoire PCS, University of
Geneva. As the sample preparation is not totally
trivial we review some essential points:

(i) "Optran Grade" CaFs powder" was used for
crystal growing.

(ii) Small amounts oi various rare earths were
introduced into the melt to serve as electron traps
in the later conversion of 0~ to 0". Care was taken
to grow the crystals in an oxygen-free atmosphere.
Oxygen present at this stage of preparation would
invariably associate vrith the rare earth to form
cluster centers' which give, after x-raying, very
strong background signals.

(iii) The samples were usually obtained by cleav-
age from the crystals. The specimens involved in
the uniaxial-stress experiments vrere cut to shape,
oriented by x rays, and then subsequently doped
with oxygen and afterwards ground to dixnensions.

(iv) The samples were doped with oxygen by
heating them in a sealed quartz ampoule. The
(OH) freed at high temyeratures by the walls of
the quartz ampoule react with the sample by the
hydrolysis reaction (Bontinck), " and diffusion of
individual 0 iona into the crystal results. Occa-
sionally the crystals were heated in an open quartz
tube with ultrayure argon flowing through the tube.

(v) Subsequent x-raying of the specimen con-
verts the 0~ into 0 according to

0 +8 '+ Jgp-0 +e +8 ' 0 +8
Due to the thermal treatment described above tbe
oxygen and the rare-earth iona (R) are located
randomly with respect to one another. This has

been verified by examining the 0 centers in crys-
tals with strongly different concentrations of rare
earth and of oxygen.

EPR measurements vrere performed on a homo-
dyne X-band spectrometer vrith a balanced mixer
using backward diode detectors and 35- or 700-Hz
modulation frequency. For part of the experiments
the spectrometer was vrired to produce the second
derivative of the signal.

The intensity of the microwave field in the TE»,
high-Q cavity was determined by measuring the
saturation of the O~- in KCl and comparing vrith
Castner's results, ' by direct calculation, and by
measuring the linewidth of Mn" in MgO at 4.2 'K.
The value determined is H, =4. 5 6 at full incident
microwave power (500 mW), or 0 dB in Fig. 9.

Usually the signal proportional to H, SX '/SH, was
recorded on an xy recorder. The x axis vras fed
with a voltage proportional to the magnetic field
Ho. Care was taken to avoid modulation broaden-
ing and fast-passage effects on the lines recorded.
Temperatures vrere measured vrith a precalibrated
Allen-Bradley resistor.

III. MODEL

A. Structure of center

In this section we briefly review previously ob-
tained results. '~ The stxucture of the center con-
sistent with them is depicted in Fig. 1. The 0
ion is paramagnetic and paraelastic. Its EPR spec-
trum implies an axial g- tensor, hyperfine interac-
tion with two equivalent F neighbors along a four-
fold crystal axis, for example, nuclei 1,2 in Fig.
1, and weaker hyperfine interaction with four F
nuclei lying in the plane perpendicular to the axis.
Table I summarizes the EPR data described by a
conventional tetragonal spin Hamiltonian. Under
the influence of unimd, al stress applied along a
fourfold crystal axis, the center preferentially re-
orients with the g-tensor axis pu~crllel to the stress.
The reorientation time is too small to be measured
by the method given by Kanzig. '~ As discussed
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crysta1 direction. This is most easily visualized
in the space of the Q, Q~ with the potential energy
of the complex as the third dimension. The poten-
tial well having its origin at (0, 0) in the absence
of the Jahn- Teller interaction is shifted to three
positions given by

(q', qadi)
= ~T (cos-', wk, sin-', vk}, k=1, 2, 3 (1)

x~
[i oo]

FIG. 1. Model of the 0 center as deduced from the
experimental results. The tetragonal distortion is along
[1003, [010], or [0013.

where V~ is the Jahn- Teller coupling coefficient.
This is depicted in Fig. 2 where E», the Jahn-
Teller energy, is defined. Within this model no
off-diagonal matrix elements exist. Thus the wells
behave each one as an independent entity.

The energy levels and eigenfunctions are given
by

later, broadening of the spectral components by re-
orientation is observed in the range of liquid helium
to 25 K. No motionally averaged spectrum is ob-
served at higher T.

8. Formulation of Jahn-Teller model for center

The stress data to be discussed below and the
EPR results show the Q ion as interacting domi-
nantly with tetragonally oriented lattice distortions
through the Jahn- Teller effect. To simplify the
model to a tractable form we approximate the domi-
nant strain deformation by one pair of displacement
coordinates, Q and Q~, transforming, respective-
ly, as (3z —2) and (z -y ) of the E representation
of the cubic group. In the isolated cluster formed
by the Q and the six P neighbors they would cor-
respond to the E~ normal modes as given by gan
Vleck. '7 Under the simplifying assumption con-
cerning the local strain field the model of the cen-
ter is given by an electronic orbital triplet inter-
acting through the tetragonal Jahn- Teller term
with this pair of lattice displacements including
their kinetic and potential energy. The joint mo-
tion of the coupled system is then perturbed by the
spin-orbit coupling, the Zeeman and the hyperfine
interaction of the magnetic electrons, and by the
coupling to externally induced and to small random
internal static strains.

The coupled motion of the model system in ab-
sence of spin-orbit coupling has been solved exact-
ly by Moffit and Thorson'8 and by Ham 8 The e
senfial results of their calculations are briefly re-
viewed; the degeneracy of the triplet is not lifted
by the Jahn- Teller term, the kinetic and potential
lattice energies and the Jahn- Teller coupling term
being simultaneously diagonal in the electronic
states, and in the oscillator states with a suitably
displaced origin. The Jahn- Teller interaction
merely produces three local distortions of the sur-
roundings of the Q ion parallel to the fourfold

E, =E, +(n„+n, +1}@&a—E,r, k=1, 2, 3. (la)

Eo is the energy of the electronic ground state be-
fore switching on the JT effect. The n, n~ are
occupation numbers of the harmonic oscillators
o, p. In, l& is the harmonic-oscillator wave func-
tion of occupation n located in the potential well
1, etc. Finally, Ix&, ly), Iz) are the p functions
serving as the basis of the T, electronic ground
state. The three ground-state levels are all shifted
by the same amount, the Jahn- Teller energy. Ir-
respective of the strength of the interaction the

2EgT
Vg

{not to scale)

FIG. 2. Intersection of the energy surface E(Qff„gg)
with the I,Q~) plane. The potential consists of three dis-
joint paraboloids of revolution with minima. as given by
Eqs. 0.) and (1a).
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TABLE II. The matrix resulting from the action of~ on the vibronic ground states

I xo +)

g~n3+ Vg

(gj(nt +iggn2) p

+$ifX fV~-

leo -)
Q„ng —ig~n2) p

-g~n, + V,

~&o+)

-$ifX fV-rs

Q&n~ + igon2) p

lyo -)

+QfX fV r—z,„
{gynic

—ig(i+)p

-g~~+ V2

~yx

}zo +)

-fVr~xe

—fvr~~
-Qfk

g„pn3+ Vs

lzo -)

-fVzE„g

—~ if'
-fv~

g~(n& —in&)

with p=gs I &I,

V& -~ Vz(e, -43m&),

Vt =$ Vz(s, +/Sss),

Vs = —V~

g+(ng +in2) —gofAns + V3

f—gQE JT/2')

g~=g~+hg with hg given by (2a),

'~ =~(2'«- (s~+ ~~))

ss = gds(e~ —s g,
AH terms which are very small {from the Ham theory) with respect to IXf t or which shift all

of the levels the same amount have been neglected.

first excited states are the finite amount pro above
the ground state.

The following electronic perturbations act within
the vibronic ground states designated by Ixs), lytI),

IztI):

K„„=A.L ~ S+ tLsB (L+gP) +3Cht

+ Vz Q (s„„—a„,) (La —La) + —,
' (2&„—s„„—c„„)

x[2L„'-L(L+1)]j+V,[s (L,L, +L„L,)+."].
These terms are, respectively, the spin-orbit
coupling, electronic Zeeman effect, hyperfine in-
teraction with the F" neighbors, and interaction
with the tetragonal and trigonal components of the
elastic strain field. The matrix resulting from
the action of X„„onthe vibronic ground states is
of order six (neglecting the hyperfine structure)
and is given in Table II. V~ and V~ give the cou-
pling of electronic states to the tetragonal and tri-
gonal components, respectively, of the macroscopic
strain with components z,&. The magnetic field B
has direction cosines n, , n~, n3 with respect to x,
y, z of Fig. 1, z being the axis of quantization of
S. The parameter f is the Jahn- Teller reduction
factor. This is essentially the overlap integral
between the vibrational part of two ground-state
wave functions centered in different potential wells.
Terms of second or higher order arise due to the
nearby excited vibronic states of the system giv-
ing, in the limit of strong JT interaction, impor-
tant contributions as has been shown by Ham. For
our system the important term of this sort is the
perpendicular g shift,

(2)

The matrix element represents a suitable comyo-

nent of L in the electronic triplet ground states,
and is either 1 or 0 in a pure crystal-field model.
In the present case the covalency is not negligible
but in order to keep a manageable model we have
taken this into account in a rather crude fashion by
determining the value of the matrix element from
the hyperfine-structure data. The value thus found
is l(i IL& I)'t)1=0. 94. For reasons analogous to
those just given the g„value in the matrix is defined
as the measured g„and not as g, = 2. 0023 as given
by the Moffit- Thorson-Ham model.

In principle one should consider the generaliza-
tion of the matrix in Table II to include the degrees
of freedom associated with the nuclear spins of the
six F neighbors which give rise to a partially re-
solved hyperfine structure. For the sake of brev-
ity we do not consider explicitly here the possible
reorientation mechanisms associated with off-di-
agonal elements of this hyperfine interaction since
they can be argued to be insignificant.

IV. STATIC PROPERTIES

A. Stress measurements

The interaction between the strain acting upon
the center and its electronic ground state is given
by the last terms of X„„within a linear theory.
The part of this interaction transforming as E gives
diagonal terms in the matrix (Table II) and is thus
not altered by the Jahn- Teller distortion. The T~

part, however, being off diagonal is multiplied by
the Jahn-Teller reduction factor f and is quenched.
By introducing the usual linear stress-strain rela-
tion into these terms the level splitting for different
directions of applied uniaxial stress can be calcu-
lated. Stress applied parallel to [110]or [001]
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yields an orientational doublet and singlet. The
ratio of the stress induced splitting for these tmo
cases is predicted to be &E~» .&&&»» = 2:1, as-
suming i&Vxl & ignis I Bl I, as well as I Vs I» IfVr I .

Measurements of the relative occupation numbers
of the levels have been performed for these tmo di-
rections of applied stress by using the technique
described by Kgnzig. '~ The results are depicted
in Fig. 3. The measurements with Pii [110]have
been entered with a reduced P/T scale to test the
scaling predicted by the model. The fact that, for
P/T 4& 107 dyn/cm~ 'K—, the points for both stress
directions are distributed along one straight line is

FIG. 3. Natural logarithm of the ratio of the integrated
intensities for those centers with axes parallel (or at 45'
for P II [110])to the applied stress relative to those anth
axes perpendicular as a function of P/T. Note the different
scad.e for the [110]data.

a further confirmation of the tetragonal symmetry
of the center.

Note that the CaF~:0 center behaves under
stress differently from the usual behavior for or-
ientable molecules. The center has its minimum
energy when aligned with g„parallel to the stress,
whereas the more usual case exhibits minimum
energy with the unique g axis perpendicular to the
applied uniaxial stress.

The stress-coupling coefficient as determined
from the slope of the straight line is given in
Table ID. Besides the usual errors involved in the
determination of stress and temperature, rather
large uncertainties occurred in the double integra-
tion of the recorded first derivative spectra due to
the sensitivity of the line shape to applied stress.
Rather large changes in the wings arise under ap-
plied stress as mill be discussed below.

The markedly different slope of the stress re-
sults performed at 2 K, as shown in Fig. 3, is
attributed to the presence of small random inter-
nal strains acting upon the centers. It is certainly
not due to saturation effects as all the measure-
rnents have been performed under nonsaturation
conditions, The effect arises when the temperature
of measurement is of the order of the energy split-
tings produced by the internal-strain distribution.

To obtain a better qualitative insight, the popula-
tion ratio

p = (N3 —N~ —N~)/(Nm +Nq +N~)

has been calculated under the following assump-
tions '. N, , N2, N, represent the probability of the
center to be oriented along, respectively, x, y, s of
Fig. 1. Neglecting the Zeeman splitting of each of the
Kramers doublets, only the linear interaction with
tetragonal strain and with uniaxial stress applied
parallel to s has been considered. The distribu-
tions of the strain interaction energies V~& and

V~~ have been approximated by Lorentzians of
half-width e (Stoneham). '

By applying Boltzmann
statistics the value of 8 has been calculated to be

p= —
~

dx, dx~ tanh —
k

+-, x, ——,1ncosh-, v 3x~ ——,ln2 (x, +5 )(x~+5 )
5'I I '" " 3 PVs(S~~ —S~) 1 1

mj
(3)

The variables of integration are x, = Vxe /kT, x~
= Vs&~ /kT, and the reduced width of the strain dis-
tribution is 25 = 2&/kT. The expression (3) has
been evaluated by computer.

By fitting the calculations to the experimental
results of Fig. 4 our estimate of the width of the
distribution strain energies is obtained. The value
25 calculated is equivalent to 2e = 2.6 cm"'. Some
stress measurements have been performed with P

applied parallel to a trigonal crystal axis. No

change in the relative line heights nor of the total
integrated area under the spectrum was detected
within experimental precision. This absence of
any observable effects due to T~-type applied
strains is a very satisfactory result in view of the
reduction of the trigonal coupling predicted by the
model of the Jahn- Teller effect chosen to describe
this center.
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B. Line shape

All of the EPR lines of the center exhibit pro-
nounced asymmetry in their shape. At zero exter-
nal stress they show a more usual low-field side
and a high-field part slowly trailing off, as may be
seen by inspecting Fig. 5.

Uniaxial stress applied to the crystal produces
narrowing of the lines and their shape becomes
more symmetrical. Figure 6, presenting a second-
derivative spectrum of enhanced resolution, demon-
strates this process of narrowing particularly well.
Further, a dramatic enhancement of the total in-
tegrated intensity of the observed spectrum is ob-

served for applied tetragonal stress large compared
to the random internal stresses.

The model of the center as discussed in Sec. III
in conjunction with the assumption of a static
strain-field distribution is able to account for the
observed line shape through its prediction of a
stress-dependent part of the experimental g values.
The tetragonal component of the strain field at any
particular site is specified by a point in the a
plane sketched in Fig. V. In the regions of Fig.
7 exclusive of I and II, defined by I V&- V&egg&Bl
& Ifkl for i =3, 0=1,2, and for 8 parallel to a
fourfold crystal axis, the experimental g values
may be calculated by perturbation theory from the
Hamiltonian of Table II and are

Allygy Zl( 4f m(( RL (y y))) lg +)I I Q (y y)g lg )I I +) t

(4b)

(4c)

Note that conventional contributions to the g shift
which are first order in X are negligibly small be-
cause of the reduction of the orbital Zeeman ma-
trix elements by the Jahn- Teller effect. One may
similarly, in principle, calculate the experimen-
tally observed g's for regions I and Q in Fig. 7
where one or another of the results above, Eg. (4),
is no longer valid. The observed line is finally
the superposition of the lines corresponding to each
value of strain (c, , e()) wei, ghted by a factor ex-
pressing the stress distribution, with an additional
breadth due to the unresolved hyperfine interactions
with near and further F neighbors.

The experimental lines are dominated by sites
with local strain corresponding to those regions
outside I or II, or both, depending upon the line in
(Iuestion. As (a, , e()) approaches the boundary of
I and/or II, two (or all three) of the g shifts be-
come large and negative; it is these regions in
((, , z()) which contribute to the high-field (Iow-g)
tail of the observed lines. Detailed investigation
of the solutions in regions I and II indicates that the
resulting g values (resonant fields) are distributed
over such a wide range of values that this part of
the (a, c~) distribution does not contribute to the
experimentally observed lines.

Figure 7 is helpful in understanding the effects
of an applied stress upon the observed spectrum.
For these arguments, the strain distribution is
represented crudely by a uniform distribution within
a circle of radius (c(/ys) and zero outside. For

zero applied stress this region is centered at the
origin and denoted by III in Fig. 7, while for large
stress applied parallel to [010] it is displaced as
indicated by region IV. As may be seen in Fig. 7,
(a) the application of a stress reduces the fraction
of centers with strain near the boundaries of I and

1.0-
Taco

Ts18 K

0.5

0 I I I I t I I I I

5 10 'lOydyn' p
Icff)2 K T

~ 4 8KI Q

I

FIG. 4. p, as defined in the text before Eq. {3), as a
function of P/T. No distinction is made among the points
for O'K& T& 8'K since in this temperature range the re-
sults are not sensitive to the presence of internal strains.
The curves are the results of Eq. {3)using the value 0.
=1.3 cm ~
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50 gauss

FIG. 5. First-derivative EPB absorption spectrum
with 8 II C4 axis in absence of applied stress. The spec-
trum consists of two sets (g anisotropy splitting) of three
lines each (hyperfine splitting by two F nuclei). The cen-
tral line of the seven is not associated with the 0 center.
Note the marked line asymmetry resulting from the dis-
tribution of internal strain fields.

II which confribute to the high-field wings of the
line, and thus the lines become more symmetric
as is observed experimentally (Fig. 8); (b) the
stress also reduces the fraction of centers in re-
gions I and D which are unobservedy thus enhanc-
ing the total spectral intensity, again in accord with
the experiments.

From these arguments one may, in fact, make
rough estimates of the reduced spin-orbit coupling
fP . With a large stress applied parallel to axis 2
and with B parallel to axis 3, the repopulation im-
plies that the spectrum is dominated by orientation
2, for which the energy denominator, Eq. (4c), is

defined by the applied strain. The distribution for
this applied strain is represented by region IV of
Fig. 7, and any loss of intensity from this line
would be proportional to the intersection of regions
II and IV which becomes zero as the applied stress
becomes large. At zero stress, on the other hand,
the contribution of the three orientations, now

equally populated, is reduced by the intersection
of II with DI for orientation 2, I with III for 1, and
of the union of I and II with DI for 3. The radius of
III and IV is determined from the u of Sec. IV A to
be -6@10;the half-width of strips I and II is de-
termined from Eg. (4) and the cutoff used in the
experimental determination of the line intensities,
namely, 36 G. Relating these parameters as de-
fined by the geometry of Fig. 7 to the observed
stress enhancement of x2 gives finally a rough
estimate of fX-0.09+0.02 cm '.

An independent measure of fX may be obtained
by noting that in the regime in which the applied
stress is larger than the internal stresses, there
is still a broadening of the lines resulting from
the distribution of g values associated with the
distribution of internal stresses via Eg. (4).
Knowing the range of internal stress interactions,
2e, and the stress dependence of the linewidth al-
lows the rough estimate fr=0.11*0.04 cm ', in
satisfactory agreement with the estimate from the
enhancement.

The discussion of this section relies upon as-
suming that I/X l » tfVrv.„l, or that the off-diagonal
elements in (2) are dominated by spin orbit, not
trigonal strain terms. If the reverse condition is
valid, a g„(Bassumed parallel to a fourfold crys-
tal axis) calculated under the assumption

I
p'c —p;+g~s& I

» Ifl'r~c, I

is given by

) ylgI ~2

This expression does not lead to the experimentally
observed line shape since it corresponds to a line
trailing off slowly to the low rather than to the high
field side, confirming the assumption that internal
trigonal strain fieMs do not play an important role.
Additional evidence for the relative lack of impor-
tance of the trigonal coupling is the experimental
absence of a dependence of g„upon applied stress
of trigonal symmetry, a dependence predicted by
the above equation.

V. DYNAMIC PROPERTIES

A. Reorientation mechanisms

The center reorients even at low temperatures
among the three available tetragonal positions as

has been demonstrated by the stress measure-
ments. This section gives some theoretical con-
siderations connecting this feature mith the satura-
tion and linewidth measurements as given in Sec.
VB.

The vibronic ground state of the center has been
shown to be split by random static tetragonal
strain. This splitting localizes the different ori-
entations. However, as the matrix, Table II, is
not diagonal the localized states are not eigenstates
of the Hamiltonian. In general, these eigenstates
are linear combinations of all of the six localized
basis states, the spin-orbit term being dominant
in the mixing of these states„The thermal phonon
field in the crystal randomly modulates the local
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strain acting upon the center. This time-dependent
Hamiltonian X(t) possesses nonzero matrix ele-
ments between the eigenstates of the matrix of Ta-
ble II and thus induces transitions. Decomposition
of the fluctuating strain according to the cubic sym-
metry yields (the A, part is ineffective) a part
transforming as E and a second one as T~ . They
represent bvo different kinds of transition mecha-
nisms. The first part being diagonal in the matrix
of Table II has matrix elements between eigenstates
in second order due to the mixing by the spin-orbit
coupling, the anisotropic part of the electronic
Zeeman effect, and the off-diagonal hyperfine in-
teraction. The second part being off diagonal
provides transitions already in first order
However, it is multiplied by the Jahn- Teller re-
duction factor. Note that the diagonal part modu-
lates the splittings of the vibronic ground state,
whereas the second part modulates the height of
the potential well between the minima.

Potentially there is still another mechanism in-
volved in inducing transitions between the eigen-
states not accounted for up to now. The hyperfine
interaction with the F neighbors contains a time-
dependent contribution. The off-diagonal part of
this term produces transitions between the partners
of the Kramers doublets already in first order.
However, this mechanism is probably too weak to
be important.

'
lO gauss

'

FIG. 6. Second derivative of the g~ component of the
spectrum with 8 11 1110] axis. The principal triplet split-
ting results from the hyperfine interaction with fluorine
1 and 2 of Fig. 1, and the barely resolved five-line struc-
ture is the hyperfine interaction with the remaining four
fluorine nuclei. The spectra are for three values of the
applied stress, parallel to (001]. The ratio (b-a)/e,
with a, 5, c as defined in the figure, is taken as a mea-
sure of the line asymmetry and is given below for the dif-
ferent stresses. Note also the increased resolution at
the higher stress (because of repopulation with stress,
the spectrometer gain is reduced in going from a to c):
Spectrum P(108 dyne/cm ) (b -e)/e

%e argue that the experimental results imply
that the essential mechanism involved in the re-
orientation process is the spin-orbit coupling in
conjunction with the tetragonal part of the time-
dependent strain. To demonstrate this assertion
the remainder of the section deals with the reori-
entation process under the assumption 8 I~ z of
Fig. 1. Neglecting hyperfine interaction and the
static trigonal strain the matrix (2) splits into two

independent blocks. Diagonalization of each leads
to two sets of three states. One of these sets, to
first order in the wave functions, is given by

&s&=(&a+&
q

~' „&y+&
1 8

2(Vi —Vs) + (f~+g») PBB,

)2 (VB —Vs) + (g, +g„) p, BB

2(Vi Vs) a (Ir&& +gi)l BB

+ ~y+&+ ~z~&2(VB —Vs)+ (g» +8'i) PBB

where the upper signs are to be chosen throughout.
The second set of states, l4&, t5&, l6&, is given by
choosing the lower signs. The E part of the time-
dependent strain has matrix elements only within
each of the groups and, though providing relaxa-
tion within either group, cannot induce transitions
from one group to the other.

V2 sV~

for
foio]

FIG. 7. The (ee, es) plane and regions of validity of
Eqs. (4) of text: region I-Eqs. (4a) and (4b) invalid;
II-Eqs. (4a) and (4c) invalid; III—(area within circle)
representation of distribution of internal strains; IV—
the same, but the presence of an applied uniaxial stress
along the y(or 2) axis.



The physical meaning is that the T, S space is
split into two halves each having three basis states,
each of the three states corresponding roughly to
deformation of the center along a different one of
the three fourfold crystal axes. The E-type strain
provides for reorientations within the halves but
not between them. This reorientation mechanism
thus does not provide for a net spin flip without
change of spatial orientation. From the point of
view of EPR this behaves as a T~ relaxation mech-
anism. The trigonal time-dependent strain and
the static and fluctuating off-diagonal parts of the
hyperfine interaction couple the two halves of the
T, (3) S space and thus can provide for the possibility
to flip a spin without spatial reorientation. They
enable T, relaxation.

The spin-orbit induced reorientation transition
between the levels (6) will now be calculated. The
transition probabibty 8'„between the levels i and

A, split in energy by an amount 4,» is readily ob-
tained by following the arguments developed by
Sussman and Pire eI; al. ~~ The phonon spectrum
taken in the long-wavelength approximation is as-
sumed to be given by a Debye density of states.
The resulting expression is

9 )'j(~)' g (c'„')')
22m g~p „S',

with

G'„"=(a„~e,)(j, ~ e,)- (a„~ e,)(k, e,)
The phonons are described by wave vectors k,
branch p with polarization vector a„, and velocity
S„(k); the e; are unit vectors referred to the center
axes given in Fig. 1; k, = k/ Ik I; ks is the Boltzmann
constant. The average is taken over directions of
the propagation vector k. In the limit 0„/ksT «1,
expression (7) becomes independent of &;, and lin-
ear in temperature. Further, as the crystal is
cubic,

&(G':)') = &(G'„')') = ((6'„')'&

and R,~ is the same for all pairs of levels. The
formula derived from (7) giving the mean lifetime
TI of the center in one of the three states is (4, ), /
ksT «1)

1 9 Vsf AksT
Ta

~A 16m A4p

g ((6'„")')

This time is the same for both triplets, of course.
Consider now the relaxation processes connect-

ing the two halves of the T, S space which must

arise from processes other than that discussed
above. Only their functional dependence is dis-
cussed. The one-phonon transition probability due
to mixing by the static hyperfine interaction has the
same dependence on the appropriate level splitting
(approximately Ig~BI) and temperature as (7).
The contributions due to the time-dependent tri-
gonal strain and the fluctuating off-diagonal hyper-
fine terms involve a transition probability propor-
tional to (fVr) d, ), T (for r/ksT& 1), in the first
case 4,~ being the static strain splitting. The hy-
perfine mechanism goes with rP(g p, st) T, with

l gp, ~BI being the Kramers double splitting and q
representing a properly chosen part of the time-
dependent hyperfine tensor.

When B is pointing in an arbitrary direction, in
contrast with the situation with 8 II C4, the matrix
(2) no longer decomposes into two blocks. The
transformation of (2) by choosing the axis of quan-
tization of S paraQel to B yields nonzero spin-
orbit matrix elements connecting any two states
with the exception of the Kramers conjugated pairs.
A nondiagonal electronic Zeeman term proportional
to (g, -g„) and an off-diagonal hyperfine interaction
connect these latter ones but mechanisms involving
these terms are smaller than the spin-orbit-depen-
dent one. Correspondingly, pairs or chains of re-
orientation events involving the spin-orbit process
override in general the reorientations or spin flips
due to the hyperfine and g-anisotropy mechanisms.
Thus, for a general direction of 8 the spin-orbit-
induced jumps contribute to T~ and T, relaxation,
whereas for 8 I~ C& they contribute only to Tp .
For the general orientation the total transition
probability from a given level is still given by (7),
the partition into spin-flip and spin-preserving re-
orientations being given by appropriate angular
factors.

It is meaningful to think of these reorientation
processes as being described by a Markoffian prob-
ability function for the following reasons. The oc-
currence of the jumps is statistical, their duration
is very short compared to the microwave period,
whereas the time the center remains in a given
orientation is relatively long in the temperature
interval of interest. The center thus corresponds
to a very strongly hindered rotator with virtually
no correlation between consecutive jumps. The
reorientation process provides for jumps between
the different lines of the EPR spectra. To be spe-
cific, 8)) z (Fig. 1) is chosen. The spin-orbit
coupling enables then the following paths:

~1+&- ~S+&- ~2~&- ~1+&

as discussed before. The first two steps involve
changes in the g value as well as spin flip. They
represent jumps between the perpendicular and
the parallel EPR spectrum. The third path enables
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jumps within the perpendicular spectrum. In all the
processes tyro pairs of F" nuclei have the magni-
tude of their respective hyperfine tensors changed.
The mechanism thus also provides for jumps be-
tween the different hyperf inc components.

As can be confirmed from the wave functions
(6), these distortional reorientations are, in gen-
eral, accompanied by a change in phase of the
transverse component of 8. This fact yrecludes
the straightforward application of the Anderson
model~~ to the present case, as this model only
involves stochastic changes of the precession fre-
quency of the spin but no abrupt phase changes.
The random-phase jumps in the yreviously dis-
cussed system are essential. They provide an en-
semble average of the transverse magnetization
decreasing in magnitude with increasing jump fre-
quency. The fact that no motionally averaged EPR
spectrum has been detected is attx ibuted to this
mechanism being active.

8. Experimental consequences of reorientation
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In Sec. VA, the spin-orbit mechanism has been
proposed as the most important reorientation
mechanism for the CaF~:0 system. In this sec-
tion a number of experimental results are dis-
cussed which seem to confirm this assertion.

First, the one-yhonon. nature qf the relaxation
process is indicated by a linewidth analysis of the
experimental spectra. The lines exhibit at and
below 4.2 'K an almost temperature-independent
line shape with a nearly Gaussian low-field tail.
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FIG. 9. EPB saturation plots. First-derivative peak-
to-peak amplitude as a function of applied microwave
power. Belative normalization of different curves is ar-
bitrary: (a) 8 IlC4, parallel spectrum, T=2'K; (b) 8 ltC4,
perpendicular spectrum, T=2'K" (c) 8 llC4, perpendicu-
lar spectrum, T=4.2'K; {d) 8 llC2, perpendicular spec-
trum, T=2'K; (e) 8 llC2, perpendicular spectrum, T
42K
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FIG. 8. Motionally induced I orentzian contribution to
the linewidth as a function of temperature: (a) 8 llC2,
perpendicular spectrum, P =0; (b) 8 llC2, perpendicular
spectrum, P =1.7&10 dyne/cm applied parallel to C4,
perpendicular to 8; (c) 8llC3, P=O; {d) 8llC4, perpendic-
ular spectrum, P =0. The uncertainty in the slope for
each plot is ~+ 0.18 6/'K and the mean of the slopes is
0. 57 6/'K.

At higher temyeratures the lines take a more
nearly Lorentzian low-field shape and they broaden
due to the motional effects. This contribution as
a function of temperature has been determined for
several lines. Care has been taken to avoid any
saturation. The results are depicted in Fig. 8
representing the peak-to-peak derivative of the
Lorentzian contribution versus temperature. They
have been obtained by decomposing the low-field
part of the lines with the aid of the Voigt profile
analysis. The absolute precision of these results
is not easily determined. The given errors are
estimates based on the reproducibility from differ-
ent samples. The uncertainty essentially arises
from the uncertainty involved in the determination
of the point corresponding to g =g„. The main fea-
tures of these measurements are linear tempera-
ture dependence below roughly 25 'K; independence
of magnetic-field orientation within experimental
precision; and slope of linewidth versus tempera-
ture is stress independent for T &9 K.

The results are in accord with the proposed
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mechanism, and in particular the absence of a
stress dependence of the one-phonon rate is a char-
acteristic of the phonon-assisted tunneling mecha-
nism in contrast with others such as coupling to
the phonons through the trigonal strain components.
Using 1/Tz =

~ /3yn. B„„with b.B& the peak-to-
peak first-derivative width of the Lorentzian com-
ponent of the line, the observed slope of 0. 57 G/ K
gives a Ta T product of 1.2x10 ' sec 'K.

No motionally narrowed spectrum is observed at
higher temperature, consistent with the observa-
tion that the reorientation involves also a phase
change of the transverse magnetization which de-
stroys the possibility of developing a narrowed
spectrum.

In addition to the line broadening with increasing
temperature, there are line shifts describable by
5g„=+9.8x10 6 T and 5g, = —7.5x10 T . Al-
though suggestive of the shifts predicted by the
Anderson theory, they are larger by a factor of
-12 than one would predict from the measured
widths and must be ascribed to some other mecha-
nism. These shifts seem inexplicable in the
framework implied by the effective Hamiltonian,
Table II, and are the subject of further investiga-
tion.

Saturation measurements give further confirma-
tion of the ideas proposed above. Figure 9 depicts
some experimental saturation curves. They have
been constructed by using the peak-to-peak height
of the recorded first-derivative spectra. All of
them with the exception of the one labeled e ex-
hibit a shape differing quite sizeably from the the-
oretical one given by Castner. The theory of
Castner assumes a unique relaxation time char-
acterizing the line. In the present case, however,
a unique relaxation time applies only for those
centers governed by relaxation processes underly-
ing Eq. (8) in the limit b,„/kT «1. At 4.2 K
this is true for most of the centers when 8 is or-
iented in a general direction (curve e in Fig. 9).
The maximum of the saturation curve involves
some mean-relaxation-time representative for an
important part of the centers. The position of this
maximum is chosen as being representative in
what follows.

Experimental support for the spin-orbit driven
tunneling is obtained by comparing the saturation
curves taken at a given temperature but with dif-
ferent directions of the magnetic field. A shift of
15 dB to lower p, -wave power is observed by going
from the curves corresponding to the magnetic field
oriented along a twofold or threefold axis to the
ones obtained with B 11[001]. By using Tz(C~)
= T,(C,) a ratio T,(C,): T, (Cz) = 30:1 is calculated
from this result. This dramatic anisotropy is a
natural consequence of the factorization of the ma-
trix (2) into two blocks for the special orientations

B ]] C&, as discussed in Sec. VA, and thus is con-
sistent with the proposed spin-orbit mechanism.
It would not be predicted by the other mechanisms
discussed briefly above, one of which presumably
is the source of the much weaker (-x 30)T, process
for B ]I C4.

Also, the saturation plot gives qualitative con-
firmation of the dominance of one-phonon relaxa-
tion being involved. The curves corresponding to
the same experimental conditions are shifted by
-7 dB to higher microwave power when the tem-
perature is raised from 2 to 4.2 'K. By using the
one-phonon model a shift of 6.4 dB is calculated
from the saturation parameters. At lower tem-
peratures, however, where 4&~/kT &I for an ap-
preciable fraction of the centers, the reorientation
rates depend upon the local strain and the EPR
lines will be characterized by distribution of re-
laxation times.

Finally, the saturation data may be compared
with the linewidth results. By choosing B li [110]
in Fig. 1, one obtains from the rate equations for
this problem an effective T, entering the satura-
tion parameter which is T, = 2T~ for saturation of
the transition l z+) ~

I z —). The saturation curves
corresponding to this case are d and e of Fig. 9.
These results then imply a value T~ T= 2. 1 x10 '
sec 'K in rough accord with the T~ T of 1.2x10 '
sec 'K determined from the linewidth. The dis-
crepancy may be due in part to extrapolation of the
linear T dependence to temperatures which are
comparable with the splittings due to internal strain
fields and in part due to experimental problems
with spectrometer linearity at high-power levels.
The important point is that experimentally T, and

Tz are comparable in magnitude for B ~~ [110], a
natural consequence of the spin-orbit mechanism.
If one proposes separate mechanisms for reorienta-
tion and spin relaxation, then it is surprising that
they should be finally comparable in magnitude.

The experimental value of Ta T together with
Eq. (8) gives the possibility to determine the re-
duced spin-orbit coupling constant f&. The neces-
sary parameters are Vs as given in Table III (it is
assumed to be valid also for the low-frequency
phonons involved in the reorientation mechanism);
and g„((G', ) /S„) as given in Table III. It repre-
sents the average of 6'„ taken over all phonon
modes and over the phonon spectrum. A numerical
value was obtained by calculating the equations
given by Mushgrave on Sx256 points in k space.
By using these parameters a value fX =0.27 cm '
is calculated from the more reliable of the two
values of T~ T, namely, that determined from the
linewidth results.

The agreement within a factor of 2 with the very
rough estimates of 0.09 and 0.11 cm ' determined
from the interpretation of the static spectrum must
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TABLE III. Summary of important parameters for
CaF2 ..0 .

X = 180 cm '-unquenched spin-orbit coupling,
from Ref. 25;

E~=970 cm -Jahn-Teller energy (see Fig. 2)
as deduced from Eq. (2);

0. =1.8 cm ~-halfwidth of the distribution of
strain interaction energies V+~ and Viz
as determined from Eq. (3) and Fig. 4;

Vs =4. 1 x 10-'t erg/unit strain-strain-coupling
coefficient, from the slope of Fig. 3, using
lnÃf/+f) 3Vggff $$2}J/NT, and the com-
pliance coefficients fmm Ref. 26;

T&T =1.2 x 10" sec 'K-relaxation-time-tempera-
ture product deduced from linewidth analy-
sis;

T&T =2. 1& 10 ~ sec'K-deduced from microwave
saturation of the ESR;

Z „(Gsts/s~t ) 2.4 x 10-+ sect/cmt-average inverse fifth
power of the velocity of sound calculated
usi, ng Ref. 27;

= 0.09 cm '-reduced spin-orbit coupling,
from stress-induced enhancement of the
static spectrum;

f Pt,= 0. 11 cm '-from linewidth as a function of
applied stress;

fX = O. 27 cm '—from reorientation theory and

linewidth vs T;

fX =0.20 cm '-from reorientation theoxy and

saturation measurements;

f=0.9+0.5&&10+-Jahn-Tellex reduction fac-
tor from & and fX;

8'~ =210+15 cm ~-effective E-mode vibrational
frequency using f, E~, and the relation f

e(QsgP/& cu)

ing is assumed the dominant reorientation mecha-
nism, in this example one has an independent mea-
sure of the tunneling matrix element, fP for this
problem, and this comparison of fX determined in
two A'8erent ways becomes a quantitative test of
the ideas of Sussman, Io'I' a test which is success-
fully passed.

Finally, a further consistency check on the model
is to use the Jahn- TeQer energy as estimated from
Eti (2). and the experimentally determined reduc-
tion factor f to calculate an effective vibrational
frequency for the Jahn- Teller E mode from the
Ham prediction f= exp(- 3EJr /2ffa&). The value of
5~ so calculated is 210 cm ', certainly a reason-
able value for the CaF~ host crystal.

VI. CONCLUSION

The main conclusion of this investigation is that
a dynamical Jahn- Teller model, as outlined sche-
matically by Table QI, satisfactorily accounts for
most of the experimental features of the 0 center
in CaF~ . The dominant reorientation process has
been shown to be a phonon-assisted "tunneling"
process in which the "tunneling" matrix element is
the electronic spin-orbit coupling reduced by the
Jahn- Teller interaction. The rough quantitative
accord between the spin-orbit parameter deduced
from the behavior of the static spectrum with ap-
plied stress and that deduced from the reorienta-
tion rate is, to our knowledge, the first quantita-
tive confirmation, in the sense of there being no
free parameters, of the theory of the phonon-as-
sisted tunneling process. Finally we should note
that there is a remarkable TI temperature depen-
dence of the g values for the 0 center in the re-
gime T & 20 'K which does not seem to be explicable
in terms of our idea»ration of this system.

be considered satisfactory in view of the crudity of
ajmlysis of the static probelm. In contrast with
most systems in which the phonon-assisted tunnel-
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