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Stretched exponential relaxation of stress-induced quadrupolar order is found in KoosoLioo11TaO5 at
temperatures 7 < 30 K. In contrast to expectations for glasses, however, the stretching exponent in-
creases upon cooling and reaches unity as 7— 0. In parallel with the observed loss of polydispersivity
the relaxation time crosses over from Arrhenius to dissipative-quantum-tunneling behavior, 7(7)
=7(0)exp(—aT*) at T <20 K. The absence of quadrupolar freezing seems to be due to the onset of
tunneling and to coupling with the frozen-in dipolar degrees of freedom.

PACS numbers: 77.80.Bh, 64.70.Kb, 73.40.Gk, 78.20.Fm

Very probably, three-dimensional three-state Potts
glasses and their physical realizations, orientational
glasses with cubic anisotropy, have a glass transition at a
nonzero freezing temperature 7,.! However, it is not at
all clear if the quadrupolar models used in Monte Carlo
simulations' can describe real quadrupolar glasses like
K(CN),Br;-, or K,Na;-,CN.? In contrast with the
model investigations,' intermediate- or even long-range
interactions are involved in these systems. Moreover, in
addition to the random-bond disorder, interactions with
random fields occur.? Clearly, this enhances the tenden-
cy of freezing into a glassy state at finite temperatures.
The cyanide glalsses2 are, hence, unsuited to answer the
question, ' if T;#0 results in a canonical quadrupolar
glass.

In this Letter we consider another candidate for quad-
rupolar freezing, the diluted perovskite K;-,Li,TaO3
(KTL) with x~0.01. It is regarded* as a realization of
the three-state Potts model because of the three easy
(100) directions of the elastic quadrupoles, which are
connected with the off-center Lit impurities.> To our
surprise and in contrast with the cyanide glasses,? how-
ever, quadrupolar freezing does not occur at finite tem-
peratures. In accordance with a previous study of
quadrupolar relaxation in KTL,® the low-T dynamics is
confirmed to be very slow, but still considerably faster
than expected from an Arrhenius law. In the limit
T — 0 the quadrupolar relaxation time even saturates at
a finite value, 1'Q(0)2‘104 s, and the dynamics becomes
monodispersive. Obviously, the interaction with random
fields, which are also present in the KTL system,”® does
not promote the freezing process.

We have, hence, the peculiar situation that the glass
seems to decouple into an ensemble of identical two-level
systems, similarly as observed recently® on the random
dipolar magnet LiY,-,Ho,Fs, x=0.045. There is
strong evidence that quantum tunneling'® of the off-
center Li™ ions is at the origin of both the low-T satura-
tion of 7o and the simultaneous loss of polydispersivity.

Very probably, coupling of the quadrupolar relaxation to
the very slow dipolar dynamics”'' enhances the tendency
towards low-7 monodispersivity. Clearly, KTL is, again,
unsuitable to check predictions made for ““simple” orien-
tational glasses.! For the first time, however, KTL al-
lows us to check recent predictions of dissipative quan-
tum tunneling in an ionic medium. The influence of
linear friction on the Li* tunneling rate at zero and
finite temperatures will be shown to agree quantitatively
with theory. '°

The experiments were carried out on a single-crystal
sample'? of KTL with x =0.011, dimensions 2x2x2
mm?, and {100} surfaces. Quadrupolar relaxation was
measured via linear birefringence® (LB) at A =589.3 nm,
induced by [100] stress from a pneumatic stress cell. In
order to reduce residual strain-induced LB,® the sample
was kept at room temperature prior to slow zero-stress-
field cooling (ZFC) to below T=30 K. A strain-free re-
gion of typical area 20x20 um showing virtually vanish-
ing LB during waiting times® up to 4 h was selected by
means of a polarizing microscope, through which the
subsequent measurement was carried out. 13

Figure 1 shows the temporal evolution of the (001)-
plane LB under the action of [100] stress, c=5 MPa,
measured at various constant temperatures, 13.6 <T
=29.2 K (curves 1-4). All curves start with a piezo-
optic jump of approximately constant height, |An(0)]
=(ng/2)| 7y —m2lo~2%107°. This value is expected
for =5 MPa when using the piezo-optic constant
mi—ma=—0.7x10"'2 Pa~!, and the cubic refractive
index of KTaO;, no=2.26. The subsequent slow in-
crease is due to the polarization-optic effect, |An(2)
—An(0)| =(n8/2)(g” "glz)(sz(t», where g11— 812
=0.16 m*C "2 for KTaOs. An LB change of 10 4
hence, corresponds to a stress-induced polarization
sUPH2)=0.01 Cm 2. (PX(1)) is the autocorrelation
function of the induced polarization and is conjugate to
the external stress field.

In order to describe the saturation behavior of {(P2(1)),
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FIG. 1. (001)-plane birefringence induced by [100] stress,
=5 MPa, in KTL (x=0.011) at T=13.6, 21.6, 26.0, and
29.2 K (curves 1-4, respectively). The experimental data
points (only partly shown) are best fitted by stretched exponen-
tial functions, Eq. (1).

the usual'* set of decay functions (exponential, stretched
exponential, power law, and logarithmic) was tested by
least-squares-fitting routines.  Without doubt the
stretched exponential,

|An(z) —An(0)]
=[An(e0) —An (0111 —exp(—{t/7o}")]1, (1)

fits best with y? values being orders of magnitude inferi-
or to those of the other functions. The data points coin-
cide perfectly with the fitting curves as shown in Fig. 1.
The prefactor An(e0) —An(0)~1.1x10"%in Eq. (1) is
approximately independent of 7','3 but the median relax-
ation time 7o and the stretching exponent f are strongly
T dependent. In Fig. 2 a large number of ZFC polariza-
tion curves, including those shown in Fig. 1, have been
analyzed. It is seen that 7y increases steeply from about
50 to 3000 s, when decreasing T from 30 to 20 K, but
below 20 K gradual saturation is observed, 7o — 14000 s
as T— 0. Owing to the difficulties in controlling the ini-
tial conditions of the stress experiments (see above)
values repeatedly taken at the same temperature may
differ by a factor of 2. This explains the scatter of the
data in the logarithmic plot of Fig. 2. Within the es-
timated error margins, however, they allow for a reason-
able best fit to a T* power law,

In(zo/s) =9.2—3x10 "°[T/(1 K)1* 2

for T =< 25 K (solid line in Fig. 2).

The stretching exponent g also increases with decreas-
ing temperature. Near 7 =30 K values as small as
B~0.3 characterize a very large width of the distribution
function of relaxation times, (1), extending over about
six decades.'' On the other hand, f=1 and, hence,
monodispersivity, f(7) =6(z —1p), is achieved asymp-
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FIG. 2. Stretching exponents 8 (open circles, interpolated
by eye-guiding dashed line) and median relaxation times t
(solid circles with estimated systematic error bars) determined
from best fits of relaxation curves as shown in Fig. 1 with Eq.
(1). A T* power law, best fitted for T <25 K, is shown as a
solid line.

totically in the low-7 limit as indicated by an eye-
guiding dashed line in Fig. 2.

The results shown in Fig. 2 are in complete contradic-
tion with what is usually found in spin glasses. There, as
a rule, the average relaxation time 7 increases rapidly,
whereas the stretching exponent B decreases with de-
creasing temperature.'® This was also confirmed for the
Potts glass'’ by Monte Carlo simulations. Moreover, the
KTL system fails to reveal waiting-time effects similar to
those shown in spin glasses by numerous experiments'8
and explained by the droplet theory.'® As an example,
Fig. 3 shows three relaxation curves taken at 7=24.0 K
after waiting times #,, =300, 3600, and 14400 s, respec-
tively. Careful annealing at room temperature took
place between each run. All of these curves are, again,
excellently described by Eq. (1), with virtually the same
parameters, f~0.63 and 7p~5400 s within 0=<¢
=< 5000 s. Hence, the maximum of the relaxation rate,
S=d{P/d(nt), lies at t,, =19 ~5400 s, irrespective of
the waiting time. Contrary to the experience with spin
glasses,'® there is obviously no correlation between 1,
and t,, indicating crossover from equilibrium to none-
quilibrium relaxation of the glassy system.'® tm =10
merely plays the role of a median time governing the re-
laxation within a hierarchy of metastable states, 2 which
does not necessarily yield a long-range-correlated equi-
librium state as ¢z— oo. We notice only one trivial
waiting-time effect: The relaxation amplitude, |An (o)
—An(0)|, decreases from 2x10 "% to 1.1x10 ™ for 1,
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FIG. 3. Stress-induced birefringence (see Fig. 1) at T =24.0
K as measured after waiting times ¢, =300, 3600, and 14400 s
(curves 1-3, respectively, presented as in Fig. 1).

increasing from 3x102% to 1.4x10* s (Fig. 3). This is
probably due to pinning of the Li* centers to point de-
fects or dislocations.?' Obviously, the absolute number
of freely relaxing elastic Li™ quadrupoles decreases at
increasing t,, similarly as observed after waiting under
stress, o=0 (not shown).

The observed power law (2) strongly supports a model
of phonon-assisted tunneling of the Li* ions from meta-
stable into equilibrium off-center positions. A T*-de-
pendence was predicted?? for the logarithmic decay rate
in case the tunneling centers are coupled to the phonon
bath of a solid, whose density of acoustic-phonon states
varies as w’. The crossover temperature from thermal
hopping (Arrhenius-like) to quantum-mechanical tun-
neling (T* power law) is given by?? To=x,hw/2nks,
where @y is the frequency of small oscillations about the
metastable equilibrium. The transmission factor k) is
connected with the damping factor n=Mwo(1 —«3)/x>
of the particle with mass M. Estimating T =20 K (Fig.
2) and wo=5%10"'3 s ™! (dashed Arrhenius line in Fig.
4, best fitted to 7p vs T at T > 25 K) and inserting the
mass of the JLi* ion, we find k»=0.26 and 7=4.1
x10 ™" kg/s or n/Mwy=3.58. We are, hence, in the
strong-damping limit,??> where the transmission rate is
strongly decreased by backscattering. In this limit the
T* law of the transition rate =1~ ' reads??

In[r/T(0)] =(x’n0/15Mwowd ) (kg T/hwy)* ,

where Qo is a “dispersion frequency” and wp the Debye
frequency of the crystal. Inserting the result (2) and the
above estimates of n/Mwy, and wy~wp, we obtain
Q0=3.7%x10"3 s ~'. This allows us to estimate the am-
plitude of the zero-point vibrations of the Li% ions, since
(@)2=h/MQy.?* We obtain (g»¢/>=0.16 A, which ap-
I?Aez;rs to be reasonable in view of the barrier width go—~1

The T7=0 tunneling rate, In['(0)=—In7p(0), is
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FIG. 4. Arrhenius plots of dipolar and quadrupolar relaxa-
tion times (solid and open circles, respectively) of KTL
(x=0.011). They are best fitted with the parameters
T=1x10"""and 2x10~" s, and AE/ks=1140 and 1000 K
within 42<T <75 K and 20=<T7 <30 K (solid and dashed
lines, respectively).

strongly affected by the coupling to the external heat
bath.'® Linear friction suppresses quantum tunneling by
a factor exp(—Angé/h), where A is of order unity.'?
The decay time through a rectangular energy barrier of
height AE and width go is then given by 174(0)
=exp(B)/wo, where B=[qo(8MAE) ">+ Anqg1/h is the
modified Gamow factor and wo the attempt frequency.
This relation can be used to cross-check the orders of
magnitude of the experimental parameters involved. For
example, if we start from the tunneling distance of 90°
jumps, go=+/2x0, where xo=1.2 A is the [100] displace-
ment of the Li™ ions,® we may calculate the energy bar-
rier AE. Inserting Intg(0) =9.2, wo=5%x10"s "' 4=1
and the above 1 value, we find AE/kg=1550 K. This
agrees satisfactorily with the roughly determined experi-
mental value, AE/kg~1000 K (dashed line in Fig. 4),
and seems to support our quantum tunneling hypothesis.
More precise experiments and a more realistic tunneling
potential model are needed for more quantitative
research on this new and interesting tunneling system.
Here we have to discuss a possible connection between
the tunneling mechanism and the observed tendency to-
wards monodispersivity, 8=1 as T— 0 (Fig. 2). In fact,
a system of tunneling centers feels the interaction with
the surrounding crystal essentially like friction.'® At
zero temperature its relaxation is solely determined by
the potential barriers in the immediate vicinity of the
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centers and the multivalley free-energy landscape is sim-
ply ignored. It starts to play a role only at finite temper-
atures, when thermal activation contributes to the relax-
ation processes. Similarly as introduced in the case of
the magnetic dipole system LiYg9ssHog4sF4 we adopt,
hence, a model of local clusters, which are noninteract-
ing at 7=0.° In a natural way we identify those clusters
with the tunneling Li* centers themselves.

The increase of B starts already near 7T=30 K, where
tunneling does not yet seem to play a major role (Fig. 2).
KTL thus represents one of the rare cases, where B in-
creases and the apparent activation energy, AE/kp
=dInt/d(1/T), decreases on cooling. Similar behavior
was observed on the ionic conduction of the molten salt
0.4Ca(NO3),-0.6KNOs3 as T is cooled towards T,.>* In
KTL the anticorrelation between the trends of 8 and AE
is proposed to be due to coupling of the quadrupolar to
the electric dipolar system via the indirect quadrupole-
quadrupole interaction, ¥y =ZaBQa/jPaPp (a,p=1,2,3; P
represents polarization).* Experimentally, dipolar relax-
ation involves primarily 180° flips of the off-center Li*
ions,?* but a small fraction of 90° flips, i.e., quadrupolar
relaxation steps, is encountered as well. The dipolar sys-
tem is much slower than the quadrupolar one at all tem-
peratures. This is seen from the Arrhenius plots of both
quadrupolar (Fig. 2) and dipolar?’ relaxation times ob-
tained on our x =0.011 sample in Fig. 4. Although dipo-
lar freezing has not been evidenced yet,?¢ Vo may essen-
tially be treated as a static random field. This being
sufficiently strong will tend to align the Li* quadrupoles
at random orientations. Thus the direct quadrupolar in-
teraction becomes ineffective. Quadrupolar decoupling
and, hence, monodispersive quadrupolar dynamics are
the natural consequences. Very clearly, this mechanism
promises to be particularly effective in the case where
the suspected ¢ dipolar freezing occurs at Ty#=0. Experi-
ments towards these ends are currently underway.
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