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EPR study of the Jahn-Teller effect of Cu2+ in ZnTiF6. 6820
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The 34-QHz EPR spectrum of Cu + in Zn TiF6 6H26 shows a Jahn-Teller effect with a transition
from a single-line spectrum at high temperatures to a multiline anisotropic spectrum. The transi-
tion temperature on cooling varied with Cu concentration from 172 K for a sample containing 0.2
at. %%ugCu toroughl y90 K for a46-at. %~Cusample . Fordilut esample s, th esingle-lin espectru m
was isotropic at 300 K with g =2.223+0.005, but showed axial symmetry about the trigonal axis at
180 K with g~~ =2.226+0.005 and g&

——2.223+0.005. At 4.2 K, a "static" Jahn-Teller effect was
observed with six axially symmetric Cu + spectra, each with g~~

——2.470+0.005, g~
——2. 100+0.OOS,

I
A

~~ 1

=»6X10 ' cm ' »d
I
A.

I
=30X10 ' cm ' The»»s « these spec«a was «und «»e

along the fourfold axes of two cubes with a common [111]axis, rotated by 40'+2 with respect to
each other about this axis. Analysis of the 4.2-K data leads to the values q=0. 50 for the Ham
reduction factor and ~=0.26 for the Fermi contact parameter, with 3 ~~A& &0. An activation energy
of about 100 cm ' was deduced from the gradual increase of the anisotropy of the spectrum on
cooling in the low-temperature region.

I. INTRQDUCTIION

The Jahn-Teller effect is associated with ions in symme-
trical or nearly symmetrical configurations having orbital-
ly degenerate ground states. ' The coupling of the degen-
erate states of the ion with the appropriate lattice modes
results in asymmetric displacements of the nuclei which
lift the orbital degeneracies. Electron paramagnetic reso-
nance (EPR) has been an effective tool for studying the
Jahn-Teller effect and, in the work of Bleaney et al. on
Cu + in ZnSiFs 6H2O, provided its first unambiguous ex-
perimental verification. In ZnSiFs 6H2O, the Zn + ion is
surrounded by a regular octahedron of water molecules, '
although the crystal as a whole has trigonal symmetry.
The twofold orbital degeneracy of the E ground state of a
substitutional Cu + ion is not removed by the trigonal
component of the crystal field, so that a Jahn-Teller effect
occurs. At low temperatures, three axially symmetric
Cu + spectra, corresponding to distortions of the water
octahedra along the three fourfold axes of the cube, are
observed. This situation is referred to as a "static" Jahn-
Teller effect. The nearly isotropic spectrum observed at
higher temperatures was explained by Abragam and
Pryce as a dynamical averaging of the individual lines of
the static effect. Following two decades of theoretical
development, Bang, Buisson, and %illiams made a de-
tailed experimental and theoretical study of
ZnSiF6 6H2O:Cu + between 1.2 and 80 K, emphasizing
line shapes, relaxation rates, and the evolution of the EPR
spectrum with temperature. The effect of the small trigo-
nal component of the crystal field on the EPR spectrum
was also considered.

In this paper we present an EPR study ai 35 GHz of
Cu'+ in single crystals of ZnTiF, 6H,O in t e tempera-
ture range 300—2 K with particular emphasis on the
analysis of the 4.2-K spectrum. Single crystals of
(Zn, Cu)TiF& 6H20 of various Cu concentrations were

grown from aqueous solution at room temperature. The
EPR measurements were made on a Ka band spectrome-
ter of conventional design.

Although the room-temperature structures of
ZnSiF6-6H2O and ZnTiF6 6H2O are related, the latter
appears to be isomorphous with MgSiFs. 6H20 (Ref. 9)
and FeSiF6-6H20, ' which have two inequivalent metal-
ion sites related by a mirror plane containing the symme-
try axis. On cooling, there is a phase transition from the
trigonal space group D3d (83m ) to the monoclinic group
C2h (P2i/c). Nuclear magnetic resonance (NMR) stud-
ies of the ' F nuclei in pure ZnTiFs 6H20 have establish-
ed the transition temperature to be 182+1 K." In the
low-temperature (monoclinic) phase, EPR measurements
on Ni + in ZnTiF& 6H20 have indicated the presence of
six inequivalent magnetic sites, with spectra that coincide
along the c (pseudotrigonal) axis. ' In the plane perpen-
dicular to the c axis, the spectra reduce to two sets of
three lines, each set showing a 60' rotational symmetry.
The monoclinic distortions are small in these crystals. As
a result, the z axis of the six inequivalent spectra for
"non-Jahn-Teller" ions such as Ni + and Fe + lie within a
few degrees of the crystal c axis. '2 ' The magnitude of
the monoclinic distortion, as given by the orthorhombic
component of the spin Hamiltonian, increases with tem-
perature until the phase transition is reached.

In contrast to the above, the z axes of the six ine-
quivalent spectra observed for Cu + in ZnTiFs 6H20 at
4.2 K lie along the three fourfold axes of two cubes shar-
ing a common [111]axis, as will be discussed in Sec. II C.
Apart from the existence of two Cu + ions per unit cell,
the EPR spectrum in ZnTiF6-6H2O at 4.2 K is essentially
similar to that observed in ZnSiF6 6H2O, both with
respect to the orientations of the z axes and the principal
values of the g tensor (see Sec. III). A comparable six-ion
spectrum in cupric insulin crystals was likewise attributed
to a Jahn-Teller effect. However, the most direct evi-
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dence for the existence of a Jahn- Teller effect in
ZnTiF6. 6820 in the monoclinic phase is provided by the
temperature evolution of the low-temperature EPR spec-
trum. The gradual reduction of anisotropy observed with
increasing temperature, which is illustrated in Fig. 1, can-
not be explained by a weak orthorhombic crystal-field
term, which would have only a marginal effect on the
principal g values of Cu + ions in predominantly cubic
octahedral surroundings. ' Qn the other hand, the tem-
perature evolution of the EPR spectrum follows naturally
from the temperature dependence of the reorientation rate,
as discussed qualitatively in Sec. III.

While detailed analysis of the 4.2-K spectrum in terms
of the Jahn-Teller effect forms the central part of this
study, there are other aspects which pose problems of
theoretical interest. One such problem is the modification
of the Jahn-Teller effect by the structural phase transition.
Our data show that the transition on cooling from a
single-line to a multiline spectrum occurs at a temperature
which is strongly concentration dependent and appreci-
ably below that of the phase transition in the pure materi-
al. A second problem is that of the temperature evolution
of the Jahn-Teller spectrum above 4.2 K, where the gradu-
al decrease in anisotropy contrasts sharply with the more
comphcated effects observed in ZnSiF6 6HzO

In the following section, brief descriptions of the transi-
tion and high-temperature region precede a more detailed
analysis of the 4.2-K spectrum. The discussion (Sec. III)
deals with the evaluation of Jahn-Teller and hyperfine
structure parameters from the 4.2-K data, followed by a
simple iiiterpi'etatloii of the gladual decrease of ailisoti'opy
with increase of temperature in terms of a single anisotro-

py parameter u(T).

A. Transition

At high temperatures, a single-line EPR spectrum
without structure was observed at all orientations. As the
crystal was cooled slowly, a transition occurred in which
the high-temperature spectrum was replaced by an aniso-
tropic spectrum composed of several lines. The tempera-
ture of this transition was below that of the phase transi-
tion of 182 K measured in pure ZnTiF6. 6H20, " and
showed a marked dependence on Cu conccntrat1OQ, vary-
ing from 172 K for a 0.2-at. % sample to approximately
92 K for a 46-at. % sample. ' For samples of low Cu con-
centration, the transition was relatively sharp. For exam-
ple, in an experiment in which the cooling rate was 3 C/h,
the high- and low-temperature spectra coexisted for about
10 min. On the other hand, in the very concentrated sam-
ples, the transition extended over a range of about 10'C.
The concentration dependence of the transition is the sub-
ject of a separate study by these authors, and will not be
considered further in this paper. The measurements dis-
cussed in the remainder of this paper refer to the most di-
lute samples of approximately 0.2-at. % Cu concentration.

8. High-temperature spectrum

At room temperature, the single-line spectrum was iso-

tropic with a g value and a peak-to-peak linewidth M (in

G) given by

In the region just above the transition, both the g value

and linewidth showed an anisotropy about the c axis of
crystal. At 180 K, the following values were obtained:

77K

gg ——2.223+0.005, hH =110,
with 8H in G, and

g jI
—gg ——0.003+0.001 .

This anisotropy is both smaller and of the opposite sign to
that observed in ZQSiF6 6820 at 77 K.6

The spin-lattice relaxation time Ti, was calculated from
the increase of the linewidth with temperature and fitted
to an Orbach relaxation process via an excited state rough-
ly 1400 cm ' above the ground. This value is of the same
order as those observed by Miiller et a/. ' for a number of
Jahn-Tcllcr systems, and lntcrpx'ctcd 1Q terms of rclaxat1on
via a centrifugally stabilized state on the upper potential
branch.

FIG. 1. Evaluation of the EPR spectrum at 34 GHz between
room temperature and 4.2 K for an orientation in plane 2 giving
the maximum line separations.

C. I,ow-temperature spectra

The EPR spectra below the transition temperature be-
came increasingly anisotropic as the temperatux'e was
lowered. A nearly resolved Cu + hyperfine structure
(I=—', ) was observed in the low-field EPR lines below 120
K, although the abundant isotopes Cu and Cu could
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TABLE I. Spin-Hamiltonian parameters for Cu in ZnTiF6 6H20 in plane 1 below the transition.
(Plane 1 is a natural hexagonal face of the crystal containing the c axis. )

Orientation

c ax1s

Maximum g

Minimum g

Temperature
(K)

77
4.2

125
96
77
4.2

166
142
125
96
77
4.2

2.230+0.005
2.230+0.005
2.36 +0.01
2.39 +0.01
2.411+0.005
2.443 +0.005
2.16 +0.01
2.15 +0.01
2.14 +0.01
2.13 +0.01
2.13 +0.01
2.10 +0.01

A (G)

52+2
64+2
57+3
70+3
77+2
90+2

=30'

'Hyperfine structure was unevenly spaced and the line shapes were asymmetrical.

not be distinguished because of the linewidths. At 77 K,
the spectrum consisted of at least four inequivalent Cu +
lines. At 4.2 K, six inequivalent Cu + lines (each with hy-
perfine structure) were clearly observed in suitable orienta-
tions of the crystal. No further lineshifts were observed
below 4.2 K.

The EPR measurements were made in three mutually
perpendicular crystal planes, designated as follows.

(i),„Plane 1, in which a natural hexagonal face of the
crystal, containing the c axis, was horizontal (i.e., in the
plane of rotation of the external magnetic field).

(ii) Plane 2, which was obtained from plane 1 by a rota-
tion of 90' about the c axis.

(iii) Plane 3, in which the c axis was vertical.
The highest and lowest values of the g and A tensors for

the three planes and their values parallel to the c axis (for
planes 1 and 2) are given as functions of temperature in
Tables I—III. The development of the EPR spectrum on
cooling is shown in Fig. 1 for a particular orientation in
plane 2 in which the anisotropic spectrum has its max-

imum spread. The six inequivalent Cu + spectra may be
seen at 4.2 K.

The spectra at 4.2 K were studied in some detail. The
centers of each group of hyperfine lines were measured at
5' intervals in each of the three planes and compared with
a simple theory based on the estimates of the extreme g
values for each site and the spatial orientations of the z
axes as outlined below. The results are shown in Figs.
2—4. In plane 1, the six Cu + spectra were equivalent in
pairs. Experimentally, the coincidence was not quite ex-
act, but this was attributed to a slight misorientation of
the crystal. In planes 2 and 3, six distinct Cu + spectra
could be observed. In plane 3, these could be divided into
two groups of three spectra each with minima (in field)
60' apart. The angular separation of the two groups was
either 20'+2' or 40'+2'. If the orientation /=0' was as-
sumed to correspond to a direction parallel to a hexagonal
crystal face, then the minima occurred near the angles 10',
50', 70, 110', 130', and 170'. The maximum g values in
plane 3 varied between 2.353+0.005 and 2.364+0.005.

TABLE II. Spin-Hamiltonian parameter for Cu + in ZnTiF6. 6H20 in plane 2 below the transition.
(Plane 2 is a plane containing the c axis which is perpendicular to a natural hexagonal face of the crys-
tal. )

Orientation

c axis

Maximum g

Minimum g

Temperature
(K)

150
77
4.2

146
115
77
4.2

146
115
77
4.2

2.228 +0.005
2.228 +0.005
2.228 +0.005
2.33 +0.01
2.36 +0.01
2.41 +0.01
2.457+0.005
2.15 +0.01
2.14 +0.01
2.12 +0.01
2.10 +0.01

50+2
63+2
49+3
63+3
78+2
92+2

~32

'Hyperfine structure was unevenly spaced and the line shapes were asymmetrical.
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TABLE III. Spin-Hamiltonlan parameters for Cu + ln ZnT1F6'6H2O 1n plane 3 belo%v the tl'anslt1on.
(Plane 3 is the plane perpend1cular to the 8 axis. )

Orientation

Maximum g

Minimun g

77
4.2

77
4.2

2.32+0.01
2.36+0.01
2.13+0.01
2.10+0.01

'Mean values for the six inequivalent Cu + spectra are given Csee text).
Hyperfine structure was unevenly spaced and the line shapes were asymmetrical.

The difference was probably due to a crystal misahgn-
ment, and an average value is quoted in Table III. In each
plane, the hyperfine structure was approximately symme-
trical at each low-field extremum, with uniform spacings
of about 90 G and linewidths in the range 30—40 G. On
the other hand, the line shapes were assymetrical and the
spacings were uneven at each high-field extremum. The
linewidths at the high-field extrema were roughly half
those at low fields.

The theoretical model used to fit the 4.2-K data is relat-
ed to that used by Bleaney et al. , to fit the low-
temperature data in ZnSiF6 6820, where three spectra of
axial symmetry were attributed to static Jahn-Teller dis-
tortions along each of the three fourfold axes of a cube.
In the case of ZnTiF 6H 0 the two sets of three Cu +
spectra observed in plane 3 correspond to two cubes rotat-
ed with respect to each other by an angle of approximately
20' or 40'. A qualitative fit of the data in planes 1 and 2
can be Inade only for the rotation angle of 40'. A
schematic diagram of the model is shown in Fig. 5, which
rcplcscllts tllc plo)cctlons of tllc z axes of tllc six Cll
spectra onto plane 3. The intersections of this plane with

planes 1 and 2 are noted. Assuming that the distortions
from cubic symmetry were small, so that the angle be-
tween the z axis of each spectrum and the c axis of the
crystal was approximately 55', a reasonable fit of the 4.2-
K data was obtained for the values

gii =2.470+0.005,
i Aii j =(106+2))&10

gI ——2. 100+0.005,
i
AI i

=(30+2)X 10

with A~~ and Ai in cm '. While the signs of A~~ and AI
cculd not be determined directly from these measure-
ments, only the assumption of opposite signs for All and
Ai lead to a reasonable value for the Fermi-contact term
111 tllc hypcrflllc spllttlilg, and to agl'ccIIlcIlt with tllc tcII1-
perature dependencies of A~~ and AI, as discussed in Sec.
III of this paper.

The theoretical fit of the data, as shown by the sohd
curves in Figs. 2—4, is good enough to indicate the basic
correctness of the model. The discrepancies observed in
some of the curves in planes 1 and 2 may be due in part to
slight experimental misalignments of the crystal and to
nonaxial g tensors arising from the trigonal and monoclin-

11.0

10.5

180 00 c)0
I

180'
0

FIG. 2. Observed and calculated angular variations of the
mean resonance fields of each set of Cu + hyperfine lines at 34
0Hz in plane 1 at 4.2 K. Points represent the experimental data
and solid curves the calculated values. Angles 0=0' or 180 cor-
respond to the c axis.

FIG. 3. Observed and calculated angular variations of the
mean resonance fields of each set of Cu2+ hyperfine lines at 34
GHz in plane 2 at 4.2 K. Points represent the experimental data
and solid curves the calculated values. Angles 8=0' or 180' cor-
respond to the e axis.
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H
(kG)

11.5

Plane 2

11.0 ——Plane 1

10.5

I

60 120

FIG. 4. Observed and calculated angular variations of the
mean resonance fields of each set of Cu + hyperfine lines at 34
GHz in plane 3 at 4.2 K. Points represent the experimental data
and solid curves the calculated values. Angles 0=0', 60', and
120' correspond to directions perpendicular to hexagonal crystal
faces.

ic components of the crystal field, which were ignored in
the simple model used.

III. DISCUSSION

The Cu +(H20)s complex in ZnTiF& 6H20, like that in
ZnSiFs. 6H20, is subject to a static Jahn-Teller effect at
low temperatures. It may be seen from Table IV that the
principal g values are similar for the two materials, both
in the low- and high-temperature regimes (apart from op-
posing signs for g

~~

—gi ). However, significant differ-
ences exist. In ZnTiF6 682O, the 4.2-K EPR spectra cor-
respond to two Jahn-Teller ions per unit cell, giving six
inequivalent Cu + spectra, as opposed to just three in
ZnSiF6. 6H20. Also, the anisotropic spectra are observed
to much higher temperatures in ZnriF6. 6820, almost to
the structural transition temperature of 182 K in the most
dilute samples. Notably absent were features of the
ZnSiF6 6H20 spectra described by Dang et aI. , such as
the coexistence of two spectra in the [ill] direction be-
tween 8 and 27 K and the visibility of the "perpendicular"

FIG. 5. Projections of the fourfold axes of the "static" Jahn-
Teller distortion onto plane 3. The two cubes, which are labeled
a and b, are rotated about a common [111]axis by approximate-
ly 40 . Intersections of plane 3 with planes 1 and 2 are shown.

group of lines to higher temperatures than the "parallel"
group in the [100]direction.

The key feature of the Cu + spectrum in ZnTiF& 6H20
on cooling from room temperature was the replacement of
the single nearly isotropic line by an anisotropic spectrum
which showed a gradual increase of anisotropy down to
4.2 K.

The experimentally determined values of g~~, gi, A~~,
and Ai at 4.2 K were used to derive other parameters of
the system. Following Ham' and Boatner et al. ,

' the pa-
rameters gi, @gal, Ai, and qAz may be determined from the
equations

ga~ g1+2'K2 Rl g 1 'm2

A
~~

——3 (+2qA2, Ag ——A ) —qA2,

provided that the relative signs of A i and A2 are known.
The parameter g2 and the orbital reduction factor a may
be estimated from the following equations given by
Boatner et al. ':

gi ——g, 4a A, /b, (4+a )A—, /5—
g2 ———4a A, /b, +(2—4a )A, /6

where g, is the free-electron g value, k= —830 cm ' is the
spin-orbit coupling constant of the free ion, 5 is the cubic

TABLE IV. Comparison of EPR data for Cu + in ZnTiF6. 6H20 and ZnSiF6 6H20.

Crystal

Zn TiF6.6H20

ZnsiF, .6H,O

Temperature

300
180
90

g
I I

2.223
2.226
2.221

2.223
2.223
2.230

(a) High-temperature spectra'

(1O-4 cm-')
fA,

'
f

(10 cm ')

28

Reference

This work
This work
Ref. 4

{b) Low-temperature spectra
2.470 2.100 1O6b

2.460 2.100 107'
Zn TiF6.6H20 4.2
ZnSiF6 6HqO 4.2

'g ll, gq, A ll, and A & refer to spectra with axial symmetry about the trigonal axis.
AllA J (0.

30
14

This work
Ref. 8
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field splitting of the D ground state of the free Cu + ion,
and a is the metal d-orbit coefficient in the normalized
ground state, which may be written

f =ad —(a'/2)( —a„"'+o' '+o„' ' —o„' '), (5)

where d, , refers to a Cu + d orbital and o„and o~
refer to hybridized ligand orbitals. In the approach adopt-
ed here, a and gz were calculated from Eqs. (3) and (4) by
assuming a value for the factor A, /A. Taking a value for
b, of 12000 cm ', which lies between the value measured
optically for Cu + in ZnSiF6 6H20 (Ref. 23) and that for
the [Cu 6H20] + complex in solution, the factor A, /6 is
approximately —0.069. From Eqs. (3) and (4), it may be
seen that the difference gi —g2 does not contain this fac-
tor in the first order, so that only the parameter a is sens-
itive to the value assumed for A.

The Ham reduction factor q may be obtained from the
k11owlcdgc of both qg2 Rlld g2. A list of thc pal'RIIictci's

determined so far is given in part (b) of Table V. The
value found for q of 0.50 corresponds to the strong Jahn-
Teller limit EJT ~~he. '

In deahng with the hyperfine structure, we have as-
sumed q to be exactly 0.5, so that the expressions for A

~~

and AI revert to those for an octahedral field with a
tetragonal distortion; i.e.,"""

A~)=P[ —(4a'/7) —~+(g~~ —g, )+(—,
'

)(gi —g, )], (6)

Ai-P[(2a'/1 ) x+ ( —,", )(g—I—g, )], (7)

where P=g, g„pp„(r ), g„ is the nuclear g factor, p and
p„are the Bohr and nuclear magnetons, respectively, a. is
the Fermi-contact parameter, (r ) is the expectation
value of r 3 for free-ion d electrons, and covalency pa-
rameters other than a have been onutted. According to
Kivelson and Neiman, a=a ao, where i~a is the frce-ion
parameter which was estimated by Abragam and Pryce
to be 0.36.

The values deduced for AI, AI, P, and a. are given in
part (b) of Table V for both relative signs of A

~~
and AI.

FoI' simplicity ln pI'cscntlng the data, AI~ has bccn as-
sumed to bc ncgatlvc, consistent with thc sign dctcrImna"
'tioIis of BlcRIlcy e1' Ql. ' for otllcl hyd1'Rtcd salts. OIily
wh- A ~~A, &0 is thc value ob«oned f««casonabic; i.,

a &ao (=0.36). The value of 420)&10 " cm ' obtained
for P in this case is somewhat larger than that of
360)& 10 cm ' deduced by Abragam and Pryce for the
free ion. However, it should be noted that the value ob-
tained for P, but not that for a, is very sensitive to the
value used for b, . For example, increasing 6 from 12000
to 12300 cm ' would decrease P from 420&&10 " to
390)&10 cm ' (and increase a from 0.88 to 0.91)
without changing K. Thc conclusloIl A

)
Ag Q 0 agI'ccs with

that deduced by Dang et al. by a di ferent method for
ZnSiF6. 6826.

The gradual increase of the anisotropy and hyperfine
splitting of the spectrum on cooling the crystal in the
low-temperature phase, which is illustrated in Fig. 1 (see
also Tables I and II), may be interpreted in a simple
manner by means of an anisotropy parameter u(T), the
difference of which from unity represents the delocaliza-
tion of the Cu + ions. In the case of strong Jahn-Teller
coupling (q = —,

'
), this parameter plays essentially the same

role as the zero-point vibrational parameter u introduced
by O'Brien28, i.e.,

g~~(T) =g, +u(T)g„g, (T)=g, —( —,
' )u(T)g, ,

Aii(T)=Ai+u(T)A2, AI(T)=Ai —( —,
' )u(T)AI, (9)

where u(T) & 1. Here, the effects of the zero-point motion
have been ignored; i.e., u(4.2) has been assumed to be uni-

ty The v. alues of gi, gI, AI, and AI obtained from the
4.2-K data (see Table V) may then be used with one of the
measured EPR paraIneters at a higher ternpeIature to esti-
mate u (T). SIIicc

i gii
—gi i ) i gi —gi i, IIlost prccisc es-

timates of u(T) were obtained from the experimental
values of g

~ ~

( T). The remainder of Eqs. (8) and (9) was
then used to estimate theoretical values of gI(T), A~~(T),
and AI(T). The results for a number of temperatures are
given in Table VI for both relative signs of A~~ and AI.
Again, agreement with experiment was obtained only for
A~~Az ~0, which is consistent with the previous deter-
mination, based on the magnitude of the Fermi-contact
parameter a.. While ~A~~(T)

~

decreased with increasing
temperature for both relative signs, the values for
A~IA& ~0 were much closer to experiment. Furthermore

~
Ai(T)

~

was found to decrease with increasing tempera-

TABLE V. Calculated parameters for Cu + in ZnTiF6. 6820 at 4.2 K. Part (a) shows parameters

obtained from the measured g values and the assumption that A, /6=0. 069 cm '. Part (b) sho~s pa-

rameters obtained from the hyperfine structure measurements assuming A
~I

to be negative and 3& to be

positive. (Thlc values obtained assuming both A
(~

and Ay to bc ncgativc arc given in parentheses. )

A$
(10 ' cm-')

A2
(10 cm ')

I"
(10 " cm ')
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TABLE VI. "Anisotropy parameter" u (T) and calculated spin-Hamiltonian parameters [obtained from g~~(T) and the 4.2-K data
using Tables I and II] compared with experiment for A ~A& & 0. (Values in parentheses are for A

~ ~A& & 0. )

gx

Calculated

(10 " cm ')
fAi

f

(10 cm ')
gll

Experimental'

(10 cm ')

102"

0.48

0.63

0.79

1.00

2.16

2.145

2.125

2.115

2.10

59
(80)

(87)
87

(95)
95

(100)
106

(lo6)

(43)
10

(39)
17

(35)
21

(33)
30

(3o)

2.335

2.37

2.41

2.43

2.47

2.16

2.14

2.13

2.12

2.10

54

78

106

'Experimental data are taken from Tables I and II.
"120-K values are an average of the 125-K data for plane 1 and the 115-K data for plane 2.

ture for A ~~At (0, and, contrary to observation to increase
for A I~A& ~0.

The experimental values of the parameter u (T) given in
Table VI can be fitted roughly to an exponential depen-
dence of the form

u (T)=1—exp( ElkT), — (10)

where E represents an activation energy of approximately
100 cm

The temperature dependence of u(T) should depend
both on the reorientation time ~ between the three tetrago-
nally distorted configurations of the Jahn-Teller effect'
and on the energy differences between them produced by
the low-symmetry components of the crystal field. While
the approximate fit of u(T) to an activation energy
E=100 cm ' in Eq. (10) may be accidental, it would ap-
pear plausible to associate E with the energy difference be-
tween the distorted configurations of lowest energy and
the other two configurations, which if energetically
equivalent would lead to a motionally averaged EPR spec-
trum of axial symmetry for a given Cu + ion. The gra-
dual change of the EPR spectrum over a wide range of
temperatures found in ZnTiF& 6H20 was not present in
the Cu + spectra of systems of higher symmetry, such as
ZnSiF&. 6HzO, s Ca(OH)2, so and NaCl, ' in which the three
distorted configurations are energetically equivalent. This
is also the case in ZnTiF6. 6H20 above the structural tran-

sition temperature T„so that a sharp transition to a
single-line spectrum might be expected on warming the
crystal through T, . It should be noted that for
MgSiF6-6H20, in which the phase transition is near room
temperature, there is a smooth change on cooling from a
single-line to a multiline Cu + spectrum.

Hock and Thomas have considered the theoretical
problem of the coupling of the E orbital ground state to
the soft mode of the structural phase transition, showing
that a gradual change from a weak to a strong Jahn-Teller
effect should occur as the structural phase transition tem-
perature is approached from above. The occurrence in our
samples of a concentration-dependent transition tempera-
ture occurring well below T, for pure ZnTiFs 6H20 (see
Sec. IIA) is probably due to the strains induced in the
crystal by the Cu impurity.

ACKNOWLEDGMENTS

One of the authors, (D.K.D.) wishes to acknowledge
partial support from the Welch Foundation and the Dean
of Science of the University of Texas at Arlington.
Another author (R.S.R.) wishes to acknowledge the Grad-
uate School of the University of Texas at Arlington for a
summer stipend award. The authors wish to thank Dr. F.
S. Harn, Dr. N. Fazleyev, and Dr. G. E. Fletcher for help-
ful comments.

See, for example, F. S. Ham, in Electron Paramagnetic Reso-
nance, edited by S. Geschwind (Plenum, New York, 1972), pp.
1—119.

B. Bleaney and D. J. E. Ingram, Proc. Phys. Soc. London Sect.
A 63, 408 (1950).

B. Bleaney and K. D. Bowers, Proc. Phys. Soc. London Sect. A
65, 667 (1952).

48. Bleaney, K. D. Bowers, and R. S. Trenam, Proc. R. Soc.

London Ser. A 228, 157 (1955).
5S. Ray, A. Zalkin, and D. H. Templeton, Acta Crystallogr.

Sect. B 29, 2741 (1973).
See, for example, R. W. G. Wyckoff, Crystal Structures, 2nd

ed. (Interscience, New York, 1965), Vol. 3, pp. 796 and 797.
7A. Abragam and M. H. L. Pryce, Proc. Phys. Soc. London

Sect. A 63, 409 (1950).
SL. S. Dang, R. Buisson, and F. I. B. Williams, J. Phys. (Paris)



D. K. DE, R. S. RUBINS, AND T. D. BLACK

35, 49 (1974).
9S. Syoyama and K. Osaki, Acta Crystallogr. Sect. B 28, 2626

(1972).
W. C. Hamilton, Acta Crystallogr. 15, 353 (1962).
M. L. Afanasyev, A. F. Lybzikov, V. V. Menshikov, and E. P.
Zeer, Chem. Phys. Lett. 60, 279 (1979).

~2R. S. Rubins, Chem. Phys. Lett. 28, 273 (1974).
~3R. S. Rubins and K. K. Kwee, J. Chem. Phys. 66, 3948

(1977).
~4R. S. Rubins, J. Chem. Phys. 60, 4189 (1974).
~5R. S. Rubins and H. R. Fetterman, J. Chem. Phys. 71, 5163

(1979).
A. S. Brill and J. H. Venable, Jr., J. Mol. Biol. 36, 343 (1968).

~7See, for example, A. Abragam and B. Bleaney, Electron
Paramagnetic Resonance of Transition Ions, 1st ed. (Claren-
don, Oxford, 1970), pp. 455 and 466.

~8Sample analyses were made by Galbraith Laboratories, Inc. ,
P. O. Box 4187, Knoxville, Tennessee 37921.

~9K. A. Muller, in Magnetic Resonance and Relaxation, edited
by R. Blinc (North-Holland, Amsterdam, 1974), p. 192.

20J. C. Slonczweski, Phys. Rev. 131, 1596 (1963).
2~L. A. Boatner, R. %. Reynolds, Y. Chen, and M. M. Abra-

ham, Phys. Rev. B 16, 86 (1977).

~~See, for example, A. H. Maki and B. R. McGarvey, J. Chem.
Phys. 29, 31 (1958).

~ R. Pappalardo, J. Mol. Spectrosc. 6, 554 (1961).
24T. Dreisch and W. Trommer, Z. Phys. Chem. B 37, 37 (1937).
25D. Kivelson and R. Neiman, J. Chem. Phys. 35, 149 (1961).
26J. F. Gibson, D. J. E. Ingram, and D. Schonland, Discuss.

Faraday Soc. 26, 72 (1958).
278. Bleaney, K. D. Bowers, and M. H. L. Pryce, Proc. R. Soc.

London Ser. A 228, 166 (1955).
28M. C. M. O' Brien, Proc. R. Soc. London Ser. A 281, 323

(1964).
29F. S. Ham (private communication).
3 R. G. Wilson, F. Haluj, and N. E. Hedgecock, Phys. Rev. B 1,

3609 (1970).
'

3 R. E. Borcherts, H. Kanzaki, and H. Abe, Phys. Rev. B 2, 23
(1970).

2L. N. Tello, M. S. thesis, University of Texas at Arlington,
1983 (unpublished).

33K. H. Hock and H. Thomas, in Electron-Phonon Interactions
and Phase Transitions, edited by T. Riste (Plenum, New York,
1977), pp. 271-276.

3~See, for example, A. N. Das and B. Ghosh, J. Phys. C 16, 102
(1983).


