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Paramagnetic resonance line shapes and linewidths of the Fe~+-Vo center in SrTiO~
above &~ permit the determination of an effective relaxation rate Dmi(T) for the local ro-
tations of the oxygen octahedra by observation of the crossover from Lorentzian to
Gaussian line shapes with different settings of the applied field. We find that ~u& de-
creases as T T~+, clearly indicating critical slowing down. In addition, the relaxation
rate I ~ for the R-point (order-parameter) collective mode is estimated from the line-
widths in the region of Lorentzian shapes, indicating a "central peak" of width &~= 0.6
& 108 sec = O. lh, coi at T =T + 2 K.

The dynamic behavior near a structural phase
transition is of considerable current interest. ' '
In this Letter we investigate by EPR techniques
the critical slowing down of rotational fluctua-
tions of oxygen octahedra in SrTiO, above its
antiferrodistortive phase transition. Our re-
sults provide quantitative information on how the
local relaxation rate 4', changes with temper-
ature. Furthermore, we estimate the width of
the "central peak" I', (T) dominating the collec-
tive scattering function S(q, &u) near T, at the
wave vector q„=w/a(-,', —,', —,') of the condensing
soft mode. This has been observed with inelas-
tic neutron scattering near antiferrodistortive
phase transitions but its frequency width could
not be resolved. ' This observation has been
the subject of numerous theoretical treatments"
including a computer "experiment. '~

In SrTiO, the EPR of the Fe"-V, center can
be used as a sensitive probe to investigate the
local rotation angles y, about a given axis n
= (001) when the applied field H and the center
axis are in a (001) plane. " There the resonance
magnetic field is given by H„=H, +Ay, , where
Ho R(0/g f f P. The dependence of g, q~ and A = 6a„/

on angle 8 between H and the center axis
has been determined. '

As 7-T„ the y, fluctuations result in a pro-
nounced broadening of the linewidth LM." This
provides information on the local autocorrela-

tion function G (t) =(6y, "(t)5y, ~(0)) or, equiv-
alently, the local rotation spectral density

&,(~) =(2~) 'f„G""(t)e' 'dt

=N 'Q, s(q, cu).

Two limiting regimes of behavior are expected
depending on whether the y, fluctuations are
slow or fast in comparison with the magnetic
relaxation A~ they produce. "'" For very slow
fluctuations the line shape is proportional to the
probability P(y, ) to observe q „"which may be
a (' aussian distribution, giving a linewidth

m =2A(6y, ')~'= 2A[f „z,(&u) d(uj~'.

In this regime most of the area under J,(&u) is
concentrated at frequencies small compared with
the resulting EPR linewidth b, u& = AH g, fqP/R. In
the fast-motion limit, where J,(cu) is spread out
over a range wide compared to 4e, the observed
lines should be Lorentzian in shape, and of width~ proportional to J(0). More particularly, the
angular frequency width between derivative ex-
trema should then be

Here 8 =g, f~PA/8 is the parameter which mea-
sures the coupling of the instantaneous local EPR
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frequency to the corresponding rotation angle.
Now J,(0) should diverge as 4T = T —T, ap-

proaches zero, while (5y, ') ' remains finite.
Hence as AT -0, a "crossover" manifests it-
self in two ways: (a) The temperature depend-
ence of 4~ should change from a relatively steep
behavior at large 4T, to a relatively flat behavior
at small 4T. Concurrently, (b) the line shapes,
Lorentzian at large 4T, should become more
Gaussian for. small &T.

Experimentally, a temperature-dependence
crossover as predicted in (a) was indeed seen in
SrTiQ, with EPR" and more recently in NaNb03
with NMR. " A preliminary observation of line-
shape crossover (b) was also reported. "'" The
present experiments, undertaken in an effort to
study these critical dynamics more quantitatively,
are based on the following idea: Suppose we were
to increase the value of the coupling parameter
&(8); then the EPR would broaden sooner as
T -T, , with line-shape crossover also taking
place at a higher temperature. We sought to
determine whether this crossover took place at
a larger value of the linezvidth. This must be
the case if the local fluctuations slow down for
decreasing AT.

In practice, the coupling parameter was varied
by changing the angle 8 between H, and [100] in
the (001) plane. For 9 near 15, 8 has a maxi-
mum value of 9.7 & 10'o sec '/rad, and decreases
by a factor of =1.6 at 0= 45 . Experimentally,
the linewidth bR(T) was dete'rmined at 0.25- to
1-K intervals for 8=32', 25', and 15', and we
used the data for 8= 45', i.e., the [110] direc-
tion, from Ref. 12. The background width was
subtracted off as indicated there. For 8= 15'
and 45' the field-derivative line profile f'(H) was
sampled at a series of temperatures. The data
were least-squares fitted by a sum of normalized
Lorentzian and Gaussian shapes. The percentage
P or 100-p, respectively, could be determined
to within 5/p.

In Fig. 1 we plot the values of hu(T) computed
from the measured linewidth ~(T) versus &T
for each 0 value. The gradual line-shape change
along each curve is shown by the points in per-
centages of Lorentzian contribution p. The ob-
lique dashed lines form the loci of similar line
shapes. These lines have positive slope. This
indicates that a given degree of crossover, when
attained at a higher temperature, is attained at
a larger linewidth. Thus the whole figure proves
the existence of dynamic slouing doun of local
fluctuations. "
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FIG. 1. Temperature dependence of the angular fre-
quency linewidth Av for four different values of B. The
percentages attached to the loci of similar line shapes
(dashed lines) correspond to the Lorentzian component
in the fit. The sing1e point at the top is the &~ esti-
mate of Ref. 18.

One expects crossover to occur when 4~ is
comparable to the local fluctuation rate 4~, . Be-
cause the shape of J,(&u) is unknown, no specific
value for p at crossover can be given. However,
from an inspection of Fig. 1, s = d(A&u, )/dT must
be larger than the slope of the 50/p curve s„.
The latter is nearly parallel to s» which is sit-
uated in the fast-motion regime. From the fig-
ure the slope s„=(3.2+ 1.6) x 10' rad sec ' K '
appears to be a reasonable empirical choice for
the changeover. In addition, s„ is close to the
points on 4~, for the values of 8 as they are ob-
tained independently" by fitting the measured
linewidth ~(T) by Schwabl's theory. ' Further-
more, an estimated s» extrapolates to the point
resulting from an investigation of the Ti" cen-
ter. " The latter ion is situated at an Sr" place
and couples to the fluctuations. If these are slow-
er than an experimentally given frequency Av
= 3.5~10' Hz an orthorhombic spectrum is seen,
otherwise an axial one. The temperature depen-
dence of the ratio of the two intensities shows a
knee at AT=4+ 1.0 K, where ~&a,(T) = 2mb, v was
assumed.

We now use the EPR linewidth data to estimate
the rotational fluctuation rate of collective coor-
dinate y, (t) =(1/v'N) Q, y, (t) exp[i(q„+q)r, ]. In
terms of the structure factor S(q, &u), the local
spectral density is J,(~) = V» 'fd'q S(q, ~), the
integral being carried out over the Brillouin
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4~'v 3 " q r,gf(q)
' (4)

where we defined an effective relaxation rate
ref f (q) by writing m rgf f (q)S(q, 0) = fS(q, (u) d(u

=(6q, '). We now refer to theories"' of the
damped oscillator type in which the central peak
is associated with a frequency-dependent damp-
ing r'(q, ~) + i I'"(q, ~). For all modes q which
contribute appreciably to the linewidth, we as-
sume the following features of those theories:
(i) that the T and q dependence of (6y, ') is re-
lated to the renormalized phonon frequency &u, (q)
by

(6q, ') &a T/~. '(q)

~DEBT[}q}'—(1 —&)q„'+~'] ';

(ii) that r,~f(q) approaches a finite temperature-
dependent value I; as q -0, and that

r ff(q)/r, = [}q} —(1 —~)q + K ]/K'

[this assumption, which is really an assertion
of conventional slowing down, is obtained in
the critical region of the damped oscillator the-
ories, where' 1,ff(q) = ~,'(q)/r'(q, 0), provided
that r'(q, 0) is assumed to depend weakly on q];
(iii) that (u, '(q) = ~,'(0)+X, }q}2+(Z,—Z,)q„', where

and A., are slowly varying functions of T, ob-
tainable from neutron-scattering data.

From (i) and (iii) we have

~' = (u, '(0) /A. „
& =x,/z„

while using (i) and (ii) in Eq. (4) we find

(5a)

(5b)

(6)

To obtain an expression for (6y,=o'), consider
first the situation at large 4T where the struc-
ture factor is dominated by the phonon sidebands.
There a straightforward application of the equi-
partition theorem shows that

(6q. ,') = W, T/M, ~,'(0)a',

where I, is the oxygen mass and a the lattice
constant. Note that in view of assumption (i),
Eq. (7) should remain valid in the central peak-
dominated region. Using (7) and (5a) and eval-

zone of volume V„=8m'/a'. Then Eq. (3) becomes

f32 3

a(u = , f d'q S(q, 0)

uating the integral in (6) we find

1 za QBT 1
a' 2wvY g~ M,~, r, '

Equation (7) is appropriate in the fast-motion (f)
regime. On the log-log plot of Fig. 1 this should
correspond to straight lines drawn through the
Ax data for large 4T. For AT ~ 2 K, straight-
line fits are possible, yielding'

(a(u/B )f ——[(9+3)x10 '4sec]

x[AT/(1 K)]

Closer to T, the curves of Fig. 1 gradually bend
over as they should in accordance with expecta-
tion (a). Indeed this is taking place in the region
where the line shape is observed to cross over.
On comparing (9) with (8), and inserting the val-
ue A.,= 3200 (meV A)2= 7.4x10" cm2/sec' ob-
tained by neutron scattering, ' and using kBT = 1.5
@10 "erg and M, =2.66&10 "g, we find

r = [0.9 x10' sec '][aT/(1 K)] '7Ka/vb. (10. )

Although A., is reasonably well determined by neu-
tron scattering in Ref. 5 and by Stirling' which
agree to within about 15/0, b. and especially ~a
are not well known. Using the data of Ref. 5 in
Eq. (5a), we estimate that za =0.015 at T, +2 K.
The original data4 gave a value higher by about
a factor of 4 due to insufficient experimental
resolution. ' With regard to 4, the neutron data
of Refs. 5 and 20, respectively, yield the values
0.1 and 0.035 above T, . Thus we can at best es-
timate that za/vA is of the order of 0.06 at T,
+2 K. Using (10) this gives

I',(T,+2 K) =0.6x10' sec '.
This value is lower by a factor of 10 than the
local rate 4~, at this temperature using s3Q in
the figure. This is because in the q sum that de-
termines J,(~), the q=0 mode contributes only
the slowest fluctuations. Indeed from their defini-
tions, Ax, and I, need not always be comparable
and can have different temperature dependences
close to T,.
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The high-frequency electro-optic tensor of succinonitrile is measured throughout the
plastic crystalline phase. Its strength, due to cooperative molecular response to the
orienting optical field, is a generalized susceptibility increasing rapidly near the plastic-
solid transition. Its anisotropy describes long-range cubic order of the average molecu-
lar orientation. This orientational order parameter decreases rapidly near the plastic-
liquid transition, suggesting that the hitherto neglected average orientational order is es-
sential to the plastic phase stability.

The plastic (P) phase of molecular crystals is
characterized by continuous reorientation of
molecules which form on the average a regular
lattice. ' lt is a common intermediate phase be-
tween liquid (I.) and solid (S) phases for "globular"
molecules. Succinonitrile (CN-CH, -CH, -CN),
though not strictly globular, exhibits an extended
P phase melting at T~ = 331.3'K and solidifying
orientationally at T~ = 233.3'K. ' The lattice is

bcc in the P phase. ' The molecules isomerize
by rotation around the central C-C bond. The
concentration of isomers is known' and their
average position has recently been worked out. '
A relatively strong depolarized Rayleigh wing
has been measured' which suggests that the op-
tically induced birefringence should also be large.
The pres ent Lette r reports the measur ement of
the optical Kerr susceptibility y

" on oriented
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