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W'e show that the critical dynamics of dense pseudospin systems interacting via re-
tarded long-range forces (e.g. , acoustic phonons) gives rise to the appearance of az
branch in the central-peak dispersion which should be observable by light-scattering
techniques. The evolution of an initially nonconserved quantity towards a hydrodyamic
regime leads to liquidlike behavior of the solid for a range of wave vectors.

There exist a number of solids that posses lo-
cal relaxational degrees of freedom, ' such as hop-
ping atoms in superionic conductors, rotation of
molecules in plastic crystals, ' and degenerate
electronic ground-state Jahn- Teller systems. ' '
These features are similar to orientational modes
in molecular liquids' but here the existence of a
regular lattice allows for a description in terms
of pseudospins24' associated with each lattice
point. The interactions that the lattice provides
between the pseudospins lead not only to their or-
dering' at a critical temperature T, but also to
marked changes in the dynamics of the relaxation
modes as T, is approached from above.

In this Letter we study the critical dynamics of
pseudospins coupled via long-wavelength acoustic
phonons. The results are of interest because of
the following: (1) Whenever coupling is allowed
by symmetry, low-frequency acoustic phonons al-
ways are renormalized by their interactions with
the pseudospins. (2) The retarded long-range in-
teractions between pseudospins provided by the
acoustic phonons lead to anomalous critical dy-
namics not present in either Ising-like systems4'
or Ginzburg-Landau ones, ' since the interactions
in these models are always instantaneous. In par-
ticular, we find that the acoustic modes become
completely overdamped over a range of wave vec-

tors k although they remain well defined for k-0
and large k. In other words there is a range of
wave vectors for which the solid displays liquid
behavior. (3) The resulting overdamped modes
contribute to a "Z" branch in the dispersion curve
for the central-peak width which is accessible by
light-scattering techniques. As we show, the be-
havior of these systems displays in a simple and
striking way how the dynamics of an originally
nonconserved quantity evolves into hydrodynamic-
like modes. Finally, the results are applied to
the superionic conductor' RbAg4I, and to the co-
operative Jahn- Teller system4 ' TmVQ4.

We consider a system with local degrees of
freedom represented by a pseudospin density
n, s(r) having a given symmetry representation
and an equilibrium value s. no is the density of
relaxing units. In the absence of any couplings
other than those to the lattice thermal reservoir,
s is nonconserved' and its time dependence is
given by a local equation of the form

ds ldt = —Fo(s —s),

with I' a relaxation rate which has an Arrehnius
behavior. We consider bere the case of acoustic
phonons providing interactions between the pseud-
ospins. In this case the Hamiltonian of the sys-
tem can be written as

H= Qr [~p(- (u'+v, o'k~)Q'(k, (u) +n, kAQ(R, cu)s(R, (u)], (2)

where Q is the atomic displacement, p the mass
density, v,' the appropriate unrenormalized sound
velocity, R the wave vector, and A the coupling
constant. Here A(kQ) is the change in chemical
potential per pseudospin' caused by the strain kQ.
This pervasive Hamiltonian appears as the start-
ing point in many investigations of pseudospin or-
dering and dynamics. '~'9"

Marginal dimensionality considerations for
acoustic-mode softening show that d*= 2 or d*= 3,

depending upon whether the particular phonons
are confined to either lines or planes of the Bril-
louin zone. " Therefore a mean-field-theory
treatment of the dynamics will be appropriate for
three-dimensional systems, provided one remem-
bers that logarithmic corrections will appear
very near T, in the case d*=3.'3

The equations of motion that result from the
Hamiltonian of Eq. (2) together with the relaxa-
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tion equation for the nonintera, cting ps eudospins

[Eq. (1)] can be written in the form" 1.0

(I'0 —i~)s(R, ~) + (I',kA/kB T)Q(k, &u)
= 0,

(v 'k' —&u')Q(k, e)+(nokA/p)s(k, ~) = 0,

where k B is the Boltzmann constant, and T the
temperature . In the spirit of linear -response
theory, Eqs. (3) and (4) can be cast in a form
that is more useful for obtaining quas ie lastic
scattering cross sections, i.e.,

(8)

(4)

r/r 0 p 5

r
(b)

X, 's(R, (u) + kA Q(k, ~) = 0 (5a) o.o 0.5 1.0 1.5

(5b)

with T the critical temperature of the syste m,C

which is determined by the zero -frequency pole
of the response functions as

k, T,= n,A'/( pv,"),
whereas the full correlation functions for the
ps eudos pin and phonon amplitudes that follow
from Eqs. (5) are

(ss), = (k, T(/u)y, (/1 —k'A'yqy, ), (8a)

(s Q), ,
—(k 8 T/~) kAX oX./(1 —k'A'XoX. ), (8b)

with (Q@, given by (8a) with s-Q. The quasi-
elastie scattering cross section is in turn given
by a linear combination of the corre lation func-

tions�.

Depending on the tempe rature and for a given
coupling constant several interesting features
emerge, as shown in Fig. 1, where we show the
central-peak dispersion I"(k), i.e., the purely
imaginary solutions of Eq. (6) as a function of k,
for different temperature values. Three differ-
ent regimes ar e worth discussing in som e detail:
(1) T» T, In this case .the modes determined by
Eq. (6) correspond to a purely imaginary excita-
tion of width I'(k) and two complex modes located
at the renormalized phonon frequencies. As
shown in Fig. I, curve a, the central -peak dis-

)(o 'Q(R, (u) + (n, /p)kAs(k, (u) = 0,

with y, = [k~ T(1 —ice/I, )] ' and Xo
= (v,"k' —(u')

the decoupled spin and phonon susceptibilities,
respectively. One should note that Eqs. (5a) and

(5b) are quite general and retain their form even
in the case where additional couplings are inc lud-
ed in the X's.

The dispersion relation for the coupled modes
that follows from the dynamical equations is giv-
en by

(1 —uP/v, o'k')(I —i(o/I'0) = T,/T, (6)

FIG. 1. Central-peak dispersion as the critical tem-
perature g, is approached from above. Curve g cor re-
sponds to g = 107„curve g to 7 =

8 T„and curve ~ to
T = 1.017 . The frequencies plotted are the purely im-C'

0aginary solutions of Eq. (6) where ko ——&0/v, . Other
symbols are defined in the text.

persion is weak and for k = 0 one obtains the un-
renormalized width I'0. (2) T= Ts & T, . As the
temperature is lowered further the a coustic pho-
nons bec om e ove rdamped and at T~ a Z branch
appears in which for a particular wave vector k ~
the three solutions of Eq. (6) become purely imag-
inary. The condition for the existence of a triple
root of Eq. (6) gives Tz as

TZ87C
with k ~ given by

k =8 '"r /v'S 0 s '

For this particular value of the wave vector the
central-peak width bee omes 1"~ = 3I'0. As Fig. 1,
curve b, also shows, the k = 0 va, lue of I" is still
pinned at I,. (3) As T- T, ' for k=0, the sound
velocity softens as v,' = v,"(T—T, )/T, and for
large k the renor mali zed width bec omes I'„=I'0
x(T —T, )/T (see Fig. 1, curve c). In addition, a
hydrodynamic branch starts to appear with I"(k)
behaving like I'(k) =B,«k', a reflection of the fact
that the ove rdamp ed acoustic phonons provide a
long-range inte raetion that leads to cons ervation
of the ps eudospin variable. The effective diffu-
sion coefficient, whie h in the case of liquids cor-
responds to the shear mode diffusion, "is given
by

ff v /~0

This mode behaves as a diffusive hydrodynamic
m ode for a range of k greater than a lower eut off
kg ~0 as illustrated in Fig. 1, curve c . Solu—
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tion of Eq. (6) shows that for T-T —v

—7' /T)
A-4 3 (1

The finite value of k for T t T
that the total se

or 4 T, insure
o a pseudospin number is not strictly

conserved. Of equal importance is that for k=0
there still exists an unrenormalized re
rate I' . This e

ize relaxation
is peculair behavior is a result of the

interactions that we have been considerin ' i.e,
an initiall n

een considering; i.e, ,

the ren
y nonconserved variable that 1 thron y oug

normalization of the coupl' f lding ie acquires
conserved characteristics. Finally, for T -TCP

from the un
central peak has contributio

unrenormalized mode of width I' t

' ns

h drod
he

y ynamic mode, and the component ofnen o width
ose m egrated intensity behaves as T/(T —T'

The beh
C'

li ht sc
avior of the quasielastic cro tss sec ion for

i
ig scattering in the temperature r T,e range ,&T

z, is shown in Fig. 2, where we have tak
contribution to the dielectric fluctuations

to be 10 times larger than that of the s
variable. ' a o e pseudospin

Here we mention two examples of systems that
are described by a Hamiltonian of th f
y q. (2) and that display phase transitions which

are qui e close to being second order. The first
such exam le isp e is the superionic conductor RbA, I„
which has a phase transition at a T, of 208'K as-
sociated with partial orderin f th Ago e gions. '

e symmetry is lowered from cubic to rhombo-
hedral. This involves the g 1 t'

44 e as ic constant
(which im lies" d* =p

' = 3), the softening of which
has been obserserved. We have previously shown'
that from the ionic
I -10"H

e ionic conductivity one estimat th tes a
z, and from ultrasonic attenuation, "

one obtains A-0. 1 eV. Usin T = 208'g, = K and v,'
cm/sec, "Eq. (7) leads to A-0. 4 eV.

The agreement between these numbers indicat
that acoustic

ers in icates

the or
ic phonons play a significant 1roe in

f
order -disorder transition Th de evelopment

o a Z branch at T- & T = 234'K would show that

h The res
acoustic phonons dominate th t'e cri ical dynamics.
( e presence of other coupling mechanisms
would depress T nearer t T, .o, . Since I', -10"
Hz and kz-3xi04 cm 'cm, quasielastic-light-scat-
tering techni ues aq ppear appropriate to probe the
central-peak behavior.

the d
nother interesting possib'1't' i i y is provided by

e doubly degenerate crystal-f ld-—ie —split ground
state of the Jahn-Teller solid TmVO4, which
shows a stron cg oupling to acoustic phonons with
a nearly second-order phase transition at T,
= 2.1'K. The elastic constant C«measured at
ultrasonic frequencies has b f
1at Te to zero at TT, and to vary with magnetic field

o e spin system 'as expected from the coupling t th
It is also shown in Ref. 6 that the cou lin

'c p onons is even larger than indicated b
the value of To, because other spin interactions

ica e y

tend to inhibit ordering. Usin the ara

a mean-field— ield expression to include the other s in
ce y

interactions ' we fiind a large range of anomalous
dis ersion ip, i.e., for T, &T(Tz=2.50'K. Thus
we expect the retarded phonon field to lead to a
rich structure in the "central k " '

o e simple narrowing independent of wave vec-
tor predicted in Ref. 5 I th'n is system, the val-
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FIG. 2. The uasiq 'elastic cross section for light scatteri i
and 0/ko = 1/W3 (b) 7 = 1 017' and "-"hh fo s xn er erence effects at large values of &va mes o
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ue of I' is not known" and, of course, ~ itself will
vary over the wide range T ~100'K in which t"66

is renormalized. '
As we have shown, the critical dynamics of

dense pseudospin systems interacting via long-
range forces that are dynamic in nature shows
very distinct features when compared to those
which have nonretarded interactions. In particu-
lar, the evolution of an initially nonconserved var-
iable towards hydrodynamic behavior gives rise
to the appearance of a Z branch in the central-
peak dispersion, together with the existence of
an unrenormalized relaxation rate that persists
throughout the critical temperature range. Al-
though in realistic solids short-range interactions
may also be present, the signature of the interac-
tions that we have discussed is likely to persist
and be observable by light-scattering techniques.

We wish to thank Professor Roger Elliot for
pointing out to us the relevance of our study to
Jahn-Teller systems and to TmV04 in particular.
We have also profitted from useful discussions
with Professor Shang-keng Ma and Professor Lu
Sham.
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Introducing magnetic ions (e.g. , Mn +) into a superionic conductor produces large temp-
erature-dependent effects on the NMR linewidths. This makes possible the determination
of the mobile species, hopping times of 10 3—10 2 seconds, and the range of ionic motion
In magnetically "tagged" PbF„comparison is made between experiment and theory for
the various regions of temperature in which the hopping rate of the F ions is slow, com-
parable to, or fast, compared with the F transferred hyperfine interaction with the Mn +

electronic spin.

With the increasing interest in superionic con-
ductors, ' more attention is being given to the mi-
croscopic character of ionic motion in the solid
electrolytes. NMR has been a useful tool in this
regard, ' since the resonance linewidth, 4~ =-T, ',
and spin-lattice relaxation rate T are sensi-
tive to the ion hopping rate 7, '. Motional narrow-

ing is observed when &, ' becomes comparable
with the nuclear dipolar broadening (b.&u)„and a
maximum in T, ' occurs when v', ' = co„ the Zee-
man frequency.

We demonstrate below that a variety of supple-
mentary information (mobile ion, hopping rate,
and range of motion) may be obtained in NMH
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