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1. Introduction

Now it is well established that the low-temperature phenomena
found in glasses can also occur in crystals (Ackerman et al., 1981;
Fischer et al, 1981). For a large group of disordered solids the
results of thermal,ultrasonic, dielectric and other measurements do
not confirm the current Debye-theory. It has been thought that these
anomalies can be attributed to the amorphous structure itself by the
lack of long-range order. However, topological disorder is not suf-
ficient for glassy behaviour (Gardner and Anderson, 1981; Lohneysen
et al., 1981), and the magnitude of various effects is not decisive
for characterizing its general physical origin (Fischer, 1983). Be-
pides the existence of certain localized excitations, the corre-
lation of different low-temperature phenomena appears to be the
most important characteristic of glassy behaviour,

A phenomenological tumneling model is usually favoured to explsin
the effect, although there is no reliable information about the natu-
re of the tunneling entities (Phillips, 1981). Therefore,any inter-
pretation of experimental results in a long run means their conver-
sion to certain assumptionsBconcerning the properties of low excita-
tion spectra. On that account ferroelectric crystals serve as excel-
lent samples for an investigation of giassy behaviour due to a high
gensitivity of dielectric consgtant to low-lyiné excitations and a
strong correlation of glassy anomalies to characteristic lattice
properties (Fiascher, 1983) suggesting an important role of the
disorder of the domain structure.

A recent paper deals with an analysis of dielectric and thermml
properties of relaxation ferroelectrics (Fisclier, 1986). For tempe-
ratures T£1K it has been found that the glassy anomalies can be
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explained using the tumneling model with a constant density of states.
However, no confirmation was found for the presence of any energy-de-
pendent density of tunneling states at higher temperatures, It is the
purpose of the present paper to give a further analysis of these
low-temperature phenomena in dielectric constant and thermal conducti-
vity at T>1K and to show some 'substantial results of a new appro-
ach to understanding the physical origin of the glassy behaviour

(Fischer, 1983).

2, Experimental Results and Discussion

The general behaviour of the complex dielectric constant of

dimordered solids is similar to the results obtained for a
’Sro.sBaO.s(Nb206)-single orystal (fig.1): The logarithmic dependence

45/5 = A,ln % can be explained by relaxation scattering on two-
~level aystem with a constant density of states DP,.

The upper bgarithmic dependence a £/£ = Az én '.’T:—z (1a)
at T 10K is suggested to be caused by a process not adhering to
the tunneling model, and thus the intermediate dependence

‘%ﬂs ~ p2 (1b) is the cross-over between the two
different mechanisms, The upper process is characterized by a broad
peak in dielectric losses, and it is thbught to be thermally activa-
ted, Such peaks are also known in ultrasound attenuation for a 1arge'
amount of amorphous solids.

Usually these effects are explained by the standard Debye-mod;l
where the imaginary -part .susceptibility is given by:

Xy ~ L @¥ (@)
MR T (@) .

with thermally activated relaxation time

. '!':1/¢.>P

where is the measuring frequéncy,

= T,exp (Ea/KBT) ,

E; is an activation energy and 7T, some "dttempt-to-jump"
time . Thus,any concrete process can be characterized by 1ts activation
energy E;. However, a large amouht of- experimental results ;hows
that the peaks are much wider than those predicted by (2). Analogous
to the tunneling states model, it becomes necessary to postulate a
broad distribution of activation energies g(E;), again without any
reagonable justification. Often the distribution g(ﬁa) required to
fit the data is unphysical, This current treatment of experimental
results by Debye-response does not add new information to our know-
ledge of glassy behaviour although intuitively it seems to be justi-
fied owing to the disorder in glasses.
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3. Glassy Behaviour and Universal Dielectric Response

An alternative approach to the "Non-Debye" behaviour in die-
lectric relaxation is given in the conception of universal dielectric
response (UDR) theory (Jonscher, 1977a). It has been found that the
dielectric response of a wide range of solids strongly departs from
the Debye model showing a remarkably common pattern.

This can be characterized by the dielectric losses 7C obeying
X~ 0™ at w>w, with o=ns=1. (3)

This anomalous behaviour regarding Debye-theory is largely indepen-
dent of the type of physical structure, chemical type, chemical bon-
ding, polarizing species or geometry., The empirical law (3) has the:
unique property that its Kramers-Kronig transformation gives the same
functional form leading to the "universal" law of dielectric respomnse:
Y (@) /X' (®) = cotn <T7))

serving as general criterion of dielectric relaxation in solids.
Owing to thermal activated relaxation, equation (3) can be completed
to the empirical formula:

Y, m~3 ()™ ()] @
It was suggested that m is & function of n, and so the complete
. loss peak is a unique function of the parameter n only (Ngai,
1979a; Ngal and White, 1979). A schematic representation of the
various. observed types of dielectric response over the range of so-
lids shows that the value of n characterizgs the interaction
strength between the polarizing species (Table 1). The universality
of this "Non-Debye"™ relaxation suggests that the general mechanism
is due to many-body interactions. For the discussion of a possible
mechanismsfirst a "screened-hopping”™ model was proposed interpreting
the loss peak as a result of sequential intérplay of two different
types of decay process in the time domain (Jonscher, 1977b). Thé re-
orientat‘ion of certat charged particlesor dipolesis accompanied by the

reaction of the surroundings relaxing into a new equilibrium. It has
been postulated that such a behaviour can be described by an infrared
‘divergence mechanism associated with the existence of some ubiquitous

low-energy excitations in the system (Ngai and White, 1979).

Table 1. Systematization of Dielectric Response of Solids
(Ngai and White, 1979)

n Polar@zation Interaction Types of Solids
. Unit
[¢] dipoles non-interaction -
<0.3 dipoles nearest-neighbour liquids, p-n junc-

(liquid-like) - tions, ferroelect-
rics at high fre-
quences, cryogenic
polymers, liquid

crystals
= 0.5 dipoles nearest-neighbour polymers 7
(1iquid-like) _ glasses }> €
> 0.6 dipoles many-body polymers
. interactions glasses }ch
(solid-like) clathrates,
ferroelectrics at
low frequencies®T.
ng< 0.3 hopping many-body Mejp—alumina
interactions
n, >0,6  charges (electronic
hopping,ions)
nst lattice many-body highly pure
dipoles interactions lattices

»

T

Taking into account an assembly of two-level systems, the interaction
between the local units will give a complete description of the sus-
ceptibility data (Dissado and Hill, 1979).

A detailed analysis of the complex of experimental results and
of the various theoretical conceptions leads to the conclusion that
the UDR and glassy behaviour are two aspects of a common and quite

universal relaxation mechanism not adhering to Debye-theory and typiw .



cal for a wide range of solids (Fischer; 1983). Therefore it is not

surprising that Table 1 includes all solids showing glassy behaviour,

4, Calculation

It appears that the broad maximum in dielectric losses aB & cha-
racteristic of glassy behaviour should be analysed in terms of the
UDR-concept. For the first calculations. it is appropriate to use the
simple empiric formula (4) irrespective of any theoretical model.

For example, the fit for the above SBN (50% Ba)-sample is shown in
fige2.A three level fitting scheme was used to determine n,m and

€, = —%E-. The value found for n ( = 0,83) corresponds to the
gchematic representation of Table 1 and emphasizes the high degree

X “e
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Fig.2. Dielectric loas‘peak of Sro.SBO.S(NbZOG)' The solid line
is a f£it of Eq.(4) to the data. The fitted parameters
(n, m, w o) are indicated in the figure.

of dipole-dipole interaction in this single crystal. From these re-~
sults an activation energy ﬁ;/KB = 435K is deduced. However,as was
shown by Ngai (1979a) E; is only an apparent activation energy re-

lated to the actual activation energy Eé :
by Ey = (1 - n)-Ea giving Ea/KB a T4K.

The Kramers-Kronig transformation gives the variation of the real
part of diclectric susceptibility shown in the inset of fig.2. For

T<50K numerical calculations produce the variation

3 .
éz.( T)=4a, « InT/Ty, (A, = 0,865 T, = 15.3K)

2
in confirmation of the éxperimental results (A2 = 0,90; T2 = 15.6K),
Thus, a good agreement with the experimental results is found by
analysing this characteristic glassy anomaly with the use of the
UDR~concept.

5. Correlation of Low-Temperature Phenomena

A strong correlation between thermal conductivity A and die-
lectric relaxation was found by Fischer (1983). Thus, for instance, A
showa the well-known plateau-behaviour.just in the same region of
temperatures where £ obeys (1b)., It was suggested that Eq.(1b)
is due to the cross-over to the relaxation mechanism characterized
by the broad peak in dielectric losses with increasing temperature.
The correlation can be also illustrated by the striking agreement
between the temperature Tz, fitting the results corresponding to

(1a), (Pige) and the mean temperature Tp of the strong phonon scattering

(plateau) in thermal conductivity. Table 2 shows that this correlation



was found in both amorphous and crystalline materials, and it is
thought to be a general one. The two PLZT-samples show that the cor-
relation retains regardless of large structural relaxation effects.
It was found by Ackerman et al. (1981) that the specific heat C

also appears to be correlated with the plateau in A +» From the

dielectric results we can extrapolate to an analogous correlation

for acoustic relaxation.

Table 2

T2/K Tp/K
single crystals: SBN(50% Ba) 1546 15
SrTiO3 2 2
KH2P04 9 10
polyerystals: PLZT 8.5/65/35 765 8
PLZT  8/65/35 45 40
Pb, ST, , Ti0,
x=20 2 2
x = 0,005 2.4 2.2
x = 0,055 6.5 Te5
* x = 0,12 8 Te5
amorphous solids: Cenusil (a) 9 7
BK7 (b) 10 10

* (a) ~ from Scheibner (1983), (b) - from Anthony and Anderson (1979).

6. Generalization of the UDR-Conception

For all solids exhibiting glassy behaviour in general a broad
¢ B
peak in dielectric, acoustic and mechanical relaxation can be found
although, in particular, the effect may be masked by some additional
-

excitations,

a e .

-

-

Thus, the above consideration and the results of numerical cal-

culations obtained for SBN suggest a generalization of the UDR-inter-

‘ pretation for the other solids.

For the mechanical and electrical relaxation peaks in /3—a1u-
mina an analogous interpretation was given by Almond and, West (1981).
For a.theoretical interpretation the UDR was attributed to a univer-
sal mechanism similar to infrared-divergence response (Mahan, 1974).
The unifying features of other low-frequency fluctuation, dissipation
and relaxation phenomena were demonstrated by Ngai (1979b). The strag
correlation of thérmalt dielectric and acoustic anomalies suggests for
thermal conductivity data an interpretation in terms of the univer-
sal response concept (Fischer, 1983),

Thus, the typical plateau~behaviour can be explained as a result
of phonon scattering at excitations seen in the broad dielectiic and
acoustic relaxation peaks., These excitations are characterized by the -
well-defined activation energy Ea’ without any need of a broad spec-
trum gIEa). The phonon mean free path 1(w ) 1is given then by the

fluctuation-dissipation theorem:
1™ w, 1 ~ (exp };{r—? N7 X (w, . )
At present there is no satisfactory explanation of the plateau in
A . However, regarding the dominant phonons @, -, Eqs.(4)
and (5) immediately give a simple physical explanation:

T)wnom(i'p) = E, .' (6)

i.e., the plateau at Tp is due to strong ﬁhonon scattering on the
characteristic excitation Ea‘ So it is not surprising to find addi-
tional contribution to specific heat data at Tp. The value of

Ea/xB = T4K obtained from the dielectric results for the BSEN sample
is in good confirmation with the main Einstein-mode (8 = 73°K) found
in specific heat measurements on a SBN (55% Ba)-single crystal

(Henning et al., 1982). Taking into account Eqo.(4) and (5), the




tnonresonant" scattering on tunneling states (Zaitlin and Anderson,
1975) with an energy-dependent density of states P(E) becomes no ne-
cessary for an interpretetion of A . Thus, it was suggested to use

-
a resonant texm tunneling state scattering, ¢ with constant

Res
density P, a relaxation process according to Eqs.(4) and (5) and
the scattering on point defects to explain the characteristic glassy
behaviour in A (Fischer, 1983). Using for the first examination
the relaxation term (4) with parameters found by the X -fit for the
SEN(50% Ba)~-crystal (fig.2),a three-level fit with the above scattering
processes gives a good agreement with the thermal conductivity resulis
obtained for a SBN(39% Ba)-crystal (Hessler, 1984). In general, vari-
ous results of A for different materials can be simulated by
changing the contribution of the scettering processes being under

discussion as seen in fig.3.
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Fig.3. Simulation of different A ~gurves by changing
. the contribution of phonon scattering due to

universal response (131) and point defects (lsznﬁlu ,
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Conclusions

The analysis of the dieleotric results of crystalline ferroelec-
trics shows that the broad relaxation peak found in amorphous solids
can be explained by s universgal Non-Debye-relaxation process caused
by a certain mechanism of many-body interactions. A single activation
energy is efficient for characterizing the procesa, and it is pro-
posed that this parameter is correlated with the structural excita-
tions decisive for dynamic phase fluctuations in the short range or-
der, Thus, for instance, in the case of the SBN-crystal one can pro-
pose that E, describes the configuration tunneling of the NbOG—oc—
tahedra between the T1 and T2 phase (Ngai and Reinecke, 1977).

The obtained strong correlation between the thermal conductivity and
dielectric results is found to be a substantial feature of glassy be-
haviour, The generalization of the universal response conception to the
thermal conductivity gives a simple explanation of the plateau in

A and of the corresponding correlation between dielectric,, ther-
mal and acoustic anomalies in disordered solids., Eq8. (4) and (5) are
confirmed by a special experiment dividing this interpretation from
the two-level model (or similar conceptions) in a principle manner.

This question will be considered in the following paper.
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duwep 3. EB8-86-235
Hosui noaxog k npofneme cTexnoobpasHux cDORCTB
CUNBHO AedeKTHLIX TBEPALIX Tan

[uanexkTpuuecKas penaxcauyms 4 TeNNooue CBOMNCTBAE CerHeTo3neKTpuueckux
KPUCTANNos Mpu MU3KUX TBMNEPATYPAX NPOADNAKT TAKUE Ke aHOManuu,KaK u y He-
ynopaagoueHHsx Toepawx oewecTo.lpu T > 1K 2T anoMmanuu momHo o6BACHUTL B
paMKax yHWBEpPCANnbHOro nNpouecca penaxcoyuu HegeGaeBcKoro Tuna,KoTOpuiA npea-:
NONOMUTENbHO ADNAGTCA CNEACTDMEM Hekoaro ofuwero MexaHu3Ma MHOrouYacTUUHOro
osaumopeiictoun. 0ana amepruA axTuoayuu E; AOCTATOUHA ANA OMMCAEHWA U WKPO-
KOrO MOKCHMMYMA 0 TOMNOPATYPHOW 38BMCUMOCTU AUINBKTPUUECKUX NOTepsL, U NNaTo
0 TONNONPOROAHOCTH. JTOT HODMA NOAXOA AAET O UACTHOCTU NPOCTYW dU3NUECKyw'
WHTAPAPOTALUMD NpuuMH, OBHAEDYKEHHLIX Yy BMOPOHMX BEeuecTB KOppPenAuui Mexay
PA3HHMH TOMNODHMM, AUINOKTPUUECKUMM U BKYCTUUBCKUMU BHOMANUAMK .

Paiora ounonneHa o flaBopaTopuu suicOKuX 3Heprun OUAU-

Mponpurr OBvemnienitoro KHCTHTYTa AEpHBIX uccremoBanui. [yGHa 1986
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At low temperatures the dielectric relaxation and thermal properties
of feérroelectric crystals exhlbit the same behaviour known for disordered
soltds. At T > 1K these anomal tes can be explalned by a universal Non-Debye
relaxation proceds due to many-body Interactions. A single activation ener-
gy s efficiont for characterizing both a broad peak in dlelectric losses
and a platcau-11ke slopo In thormal conductivity. The new approach gives
a simpla physical oxplanation of tho corrolatlion between thermal, dlelec-
tric and ultrasonlc anomalles In dlsorderod sollds.
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