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1.	 Introduction 

It has been shown that ferroelectric crystals serve as excellent 

samples for investigation of the glassy behaviour of solids at low 

temperature~ /1/. Typical glassy anomalies are found in thermal and 

dielectric properties of relaxation ferroelectrics /1-6/, order-di8

.order type ferroelectrics /1/ and quantum paraelectrics 11,,7,8/. 

It appears that the glassy behaviour of ferroelectrics is an 

immediate consequence of 1ts characteristic lattice properties /1/. 

Even at low temperatures the decisice excitations in those solids 

are strongly influenced or cauBed by the kinetics of the basic elec

'tric dipoles and the domain structure. 

So dielectric measurements prove to be a very sensitive and ef

fective tool for detailed investigations and for controlling any 

theoretical model explaining glassy anomalies. The present paper 

deala with a further analysis of dielectric and thermal properties
 

of the relaxation ferroelectrics (PLZT)
Pb1_xLax(lryf11_y)03 

and Sr1_xBax(Bb206) (SBB). 

All details of sample properties, preparation, measuring method. 

and accuracy are summari~ed in'paper /1/. 

2.	 Experimental Results 

Thermal conductivity /J/ and dielectric dispersion were measured 

on a PLZT po~ycrystal with x. 0.085 and y • 0.65. The measurements 

indicated that their thermal conductivity wae etrongly affected by 

structure relaxation and ageing effects. However, after .ome thermal 

cycles by cooling from room temperature, the results were reproduced~ 

, The	 detailed report of these effects ie given in /6/. The reproducti 

ve data of thermal conductivity ~ are shown in fig.1. Over a 
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range of 0.1K<T<0.7K the results obey: 

• T1•95±0.05it = 2.14 • 10-4 (w/cm K) • 
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r" Fig.1.· Thermal conductivity of 

PLZT 8,5/65/35. • I present 
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Above 0.7K the slope decrease, and around 4K a plateau is observed 

with À ~ 9 • 10-4 w/cmK. Above 11K ~ shows a roughly linear tem

perature increase. The specific heat C of PLZT also exhibits the 

charaóteristic features of an amorphous solid both the roughly linear 

dependence for T<1 K and the maxí.mum in C/T3 at temperatures close 

to the plateau in i\ 19,101. 

The complex dielectric ac-susceptibility was measured on the 

same sample with a measuring frequency of f = 1.6 kHZ at 

0.03K<T<100K. 
M.:& t.'(T) -l'(TtlFigure 2 shows the variation of the real part ( l'rT;J 

and of the imaginary part é" with temperature. 

Here and in further considerations -!'(T.J is always de

fined as the minimum in e'tri at low temperatures. This proves 

to b~ advantageous for systematization and comparison of experimen

tal results. 
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1 Iectric constant t 
of polycrystalline PLZT 

0.1 

8,5/65/35 with temperat~ 

~ Note· the different scaIes 

for A E11. .0;01 

o
r;1lf.!f2 

20 

10 

TMln
• 

0.1 10 -T/K 100.0,01 

With increasing temperature the~e are five different peculiari

ties. At the Iowest temperatures one obtains a slight minimum 

9Omk, IIminB 360, AE./~ (30 mk) • 3 • 10-4).(Tmin = 
The minimum is continued by a logari thmic increase of 41/t. ,., In r . 

. For T » 1K the slope ehanges to 4 E/E. ,.., Tk (k • 1.5) and for T > 10K 

a seeond Iogarithmie dependenee is found. At T > 50K the slope of 

Aetc rises again due to the Ioweat' part of th~ broad maxi

mum Of the diffuse phase transition. The Tk-dependenee is represented 

in an add1tional double Iogarithmic seale. Beeause of smaIIer sensiti

vity, t " does not reveal an anaIogoua behaviour beIow 1K. There 

is only a smooth inerease in E." wi th temperature. For T >4K the 

slope geta stronger ahowing some curvature around 20K and it ia de

termined for T> 50K by the peak of the diffuae phase transition. 
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is obtained for a second PLZT-fThe sarne behaviour of 

So the general behaviour of the complex dielectric susceptibili

ty at low temperatures Buggests the exiatence of two different pro

cesses with a cross-over in the range from 1K to 10K. 

0.39 (first 

crystal. 

(o, x ~0.55; x, x 

S~1_XBax(Bb206) aingle 

~ Thermal conductivity of 

1Õ3 

"r 

i
""'C 

..~ 
E"of the two samples for 

-sample with x = 0.10 and y 

termined by geometry (5%). At agreeA E. tE. 
agree within the measuring accuracy de

= 0.65. At alI temperatures the resulta 

T ?1K the values of 

measurement); 

• , x =Q39 (after ageing for 
1Õ' 

..~ .,. 
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.::':...~" ... 

SBN is the first ferroelectric single crystal where glassy be

within 10%. 
year) ; 

, data from Ref.4 and 6 • , 'ÕSI 
..~:'~'" 

..fi ...," ..
haviour was observed /4/. This ia important 

of grain boundaries or ana~ogous defecta. 

for excluding any effect 

1Õ& 

..:t>" ..: 

." .""t :, : 

Figure 3 showa the thermal conductivity of two Sr1_xBax{N~206) 0.1 10 --TIl< 

crystala (x m 0.39 and x = 0.55) in the range from 60 mk to 

80K /1,4,6/. For T < 2K: 

~ 2.1 .10-4 • T1•7:tO.05 (W/cm K) {x 0.55) .. 
00 

and A 1.7 . 10-4 • T1.7~0.05 (W/cm K) (x 0.39). 
1Õ

4 

In order to control the effect of ageing, the rneasurernent waa repeat
'. 

ed for the second sample after being aged at room temperature 

one year: ,,= 1.10-4 • T2•O±0.05 (W/crn K). At ahorter times 

for 

the 

M' 

~ 
~ 'OI<,-. 

e: •• 
.~, 

lo 

values of A monotonously change within the valuea reported. 
0'0 

The spacific heat C measured on such crystala at T>0.5K 1.5 
10 

also displaya the significant departurea from the Debye behaviour 

known for amorphous aolida /5/. However, for T< 1.5 K C should be 

descri bed by C = AT«t + -BT3 wi th ri.. < 1, unuaual for glasses (ri ~ 1) • 

Further investigations of the specific heat were extended down to 

0.15K by a usual relaxation rnethod /1/. The SBN{39% Ba) aample was -6 
10 

the sarne one as taken for the thermal conductivity measurement. The ~ Departure of the 

resulta are ahown in fig.4 (C =2.75 • 10-5T (J /em 3·K) at T< 2K • specific heat of SBN (39% Ba) 

~The yariation of the dielectric constant was meaaured on ~ I (~ from T3_ Debye behaviour Deby. 

SBN{x = 0.5). 
I 

Thia single crystal ShOW8 similar peculiarities in 
I 

( --- , 4ata from Ref.5) 
0.1 0.2 0.5 2--_1- T/K 
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~ Variation of die the variatíon of L:.[ I E. (T) as obtained for the PLZT polycrystal
Af 
""( 

(fig.5). The smooth minimum is obtained at somewhat lower tempera-

of Sro, SBao, S (Nb20s) ture s (Tmi n= 55 mK, E.' min= 123, lJE/E.. (25mK) = 3.7 • 10-4), fig.6. 

lectric constant e0,4 

0,2 

1 
single crystal with Both the empirical coefficients A1 and A2 are larger for the single 

temperatura. crvs tal , The cro ae -ove.r in li E./E. (T) from the first logari thmic depm

dence to the second one takes place at higher temperatures, where]

1D2,~ ate .... T2 for 9 K < T < 25 K. 

As seen in the imaginary part, the general behaviour of the di

electric constant, at least for T>2 K, ia determined by a process 

causing the broad peak in between 5K and 140K with Tmax = 60K. The 

strong rise in the slope for T>140K is also due to the phase tran

c 

sition just like in PLZT. 

0,01 0,1 _10__ T/ K 100 
3. Discussion 

The thermal and dielectric properties of PLZT and SBN obey 

alI the glassy anomalies at low temperatures with comparable magni

tudes for the poly- and single crystals. 

At T < 2K the available apecific heat resulta for PMN /2/, 

PLZT /10/ and SBN /1,5/ aqow an excess contribution due to localized 
..!f 10

3 

exci tationa: Cu =Ao r'" w1 th ti.c 1. For amorphous solids 

~ > 1 is usual.So the qucstion arises if this difference between!5 

glassee and crystals la a generalcme and wbat conc1usions reg~ding the 

origin of low excitation apectra should be made. The results suggest 

that the linear contributron in glasses may be caused by a 8up~rpo

.,I sition of a finite number of wel1 defined Schottky terms· /7,11,12/ • 
• I .. ,, The narrow range of energy splitting in the single crystal ia broad

• ••••• I 
') 

ened by the disorder in the amorphoua aolid. 
0,0' 0.1 - T/K 1,0 

As the g18s81 behavlo11r'was fotUld for a larg'e range of variou! 8ingle 

Fig. 6, Minimum in A f. tE. crystals grain boundaries are ruled out of conaideration. For ferro

of SBN (50% Da) electrics it ia obvioU8 that these effects are due to the presenceil

\. 

of domaina. This ia confirmed by specific measurements on NaN02 in 
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aingle domain and polydomain polar1zation state /13/. Domain walla,
 

h9wever, amount to only a amall part of the bulk, and the energy
 

apectra due to dipole rearrangement, ahould be discontinuoua. Thus,
 

the localized excitations are auapected to occur within the domains.
 

At preaent there ia no microscopic theory explaining the glassy beha ('
 
viour. Various phenomenological models invert finally some experimen


11>tal results to certain aasumptions for properties of low excitation 

apectr~ and leave the matter at that. Also the tunneling model /14,15/ 

successful in the correlation of varioua low'temperature anomalies 

fails when a large amount of experimental results'is regarded /1,16, 

17/. Thus, an accurate analysis of any postulated attribute of the 

two-Ievel excitations ia needed. 

The subsequent application of the tunneling model required an 

energy-dependent density P(E) and a broad spectrum of thermal relaxa

tion times ~ for each tunneling-state energy E. As pointed out, 

primary attention in thia paper is given to the dielectric resulta. 

Analogoua to the acouBtic caBe, the variation of the dielectric con

stant with temperature due to the reBonant and relaxation scattering 

of electromagnetic wavea with ~ = E/~ by two-level systems ia 
.. 

given by /18/: 
ElPta~

(4EE) • BjEoP(EJ dE (~anj,(f/l!, T) - fanh(E/2K" To I 
(~W.)l _ f.l. 

() I 

res 

(t) · J (T, t.J) - J cc, wJ 
rel ln (?-MG,I1;,,;,,)Eltr u lf dE·P(f) J dJ(1-e"S;-r/j

ii K,Tt.f>Jh Z(E/21<,T)J(T,GoJ) =- 'I t-A l tanh t (E/ 2 Ka T) elS (E/i, r ' 
o o 

A =21fI,'i 11'2 r-2fX; ~ V;-Jr"· (,.), 
'\ 1\

B =(-2."./1 'l)jt: (E'+l)l/{. to , 

where Eo ia the dielectric conatant of free apace; j'I. } the 

average microacopic dipole moment of the two-level states and r~ 

the coupling constant. 
2)In numerical calculations the quadratic form P(E):Po(1+aE

was used. At measuring frequency ~ = 1048 - 1 the relation 

'l;w/kB Te< 1 is fulfilled and ao P(E) = Po produces a roughly 

logarithmic decreaae with temperature: 

(.êf) =: B p" 1, . '11 (T77:J .. 
r~s 

For low measuring intensity I" ~ 1. At higher temperaturas the 

cont~ibution of the relaxation proceaa predominatea, and ~E/l 

increases again obeying also a logarithmic dependence: 

7! = Af/hT/7;' 

So the characteristic minimum in ~ etc can be explained by 

the competition of the reaonant and relaxation scattering on the 

two-level system. The measuring intensity was (0.1 ••• 1).10-6W/cm2• 

Analogou8 to amorphous dielectrica, no saturation W8S obtained at 

these magnitudes. The saturation intensity I s I '" fi! • Thus,s 
saturation effects in ferroelectrics would require a larger intenBi

ty in consequence ofa ahortar relaxation time of the tunne1 system 

due to atronger dipolar interactions. Above the minimum there are 

three characteriatic empirical functions for DoE/E. 

sing temperatures: 

A E/l =A., in T/r., (T ~ 1K) 

T IcdE/E. N (1 •••20K, k '" 

6. Elf. • AJ Ih r/~ (10 ••• 1OOK) 

For simulation (1)~P(E) =Po is sufficient. Assuming 

with increa

(1 ) 

1 ••• 2) (2) 

(J) 

an energy-depen

dent density of states (a> O), a more rapid increase in IJE!f. can 

be produced. An attempt to fit the dielectric data for PLZT and SBN 

in the (1-) and (2) regions (with r '" 1.92. '10-19 J , Emax/KB 

8 9 



... ~ / t- 5 12 /1/) shows similar re100 K and max min'" .5· 10 

sults as known-for glasses. However, owing to the more sensitive di

electric constant of ferroelectrics, it is clearly seen that the fit 

in the (2) region remains unsatisfactory. Using B·P(E) ~ 8 • 10-2 (1 + 

+ 5 • 10-4 (E/ KB)2 • K-2) and changing B· Po and "ali within one 

order of magnitude" the dielectric results are fitted with a similar' 

accuracy'for the above-mentioned samples. Then an estimate ot ;Wo 

yields 4.0. 10-30 Asm(SBN, Po= 2.8 • 1045 J -1 m-3) and 

= 1.9 • 1045J-1 1.4 • 10-30 Asm(PLZT, Po m- 3) /1/. The values of a~ 

10-4 ••• 10~3 K-2 are in the sarne range known for amorphous so

lids /16,19,20/. Extrapolation of the model to the second log~rith

mic dependence (3) does not give any reasonable fit. 

4. Conclusion 

A proof analysis ,of published acoustic and dialectric measure

mente in connection with ~he above resulte can be summarized as 

followe: 

At lower temperatures (T ~ lK) the results are explained by a . 
conetant density of atatea. 

At T ~ 1K, analogous tp thermal conductivity and heat capacity, 

the treatment of the dielectric and acoustic resulte in the tunneling 

state model requires an energy-dependent density of statee P(E). 

However, even for a narrow range of temperature,the fita to the ex

perimental resulte are wrong. ThuB, phYB~cal correctnees of this pro

cedure remains under discuseion. 

The upper logarithmi~ dependence (3) at T ~ 10K appears to be 

caused by 8 procesB other than that deecribed in the tunne~ing model. 

Th1s 8esumption ie supposed by the behaviour'of the imaginary part 

"til • Figure 5 ehowa that one obtaine AEIt.""Tk juat in the range 

whera ,~I) bagine to riae up to the broad max~mum with increa~ing 

10 

1 

1 
f , 

temperature. So it ia reasonable to treat (2) as a cross-over from 

scattering at tunneling-states with P(E)%Po at lower temperatures
•to another physical process where the tunneling model is not appli

cable. The steep rise (2) is due to a growing number of excitations1, 
responsible for electrical field when the temperature increases.

f· . 
Just in this range (2) the thermal conductivity shows the plateauIf 

'I and specific heat - the c/T) maximum. This supports the 

assumption that the peak in dielectric losses·is thermallyactivated. 

Such peaks in dielectric losses and acoustic attention are known for 

a large amount of amorphous solids and have to be considered as cha

racteristic features of the glassy beh~viour. It was proposed that 

this anomalous absorption had itsorigin in the disorder itself /16/. 

Usually the phenomenon is assumed to adhere to Debye theory in which 

the losses :x.I) vary wi th w'l'" as_ 

X
II

(ev) '" .~~ (4 ) 

where the relaxation time 1: is thermaD3 activated and varies 

wi th temperature as ?",,, '2"'" eXf(~ /Ks T) , E is an activation enera 

gy and 't;, is some lIattempt-to-jump" time. However, the peaka are 

much wider than predicted by (4). Simil~r to the tunneling model phi

losophy at lower temperatures, a distribution of activation energies 

, g(E ) is postulated. For this formal description of the relaxation 
a 

process no réaaonable justification can be foun~, and the distributi

on of E a required to fit the data is often unphysical. Thus, it is 

not surpriaing that such a treatment of experimental results up to 

date is not very efficient for adding knowledge of glassy behaviour. 

In an alternative approach it has been shown that the understanding 

of the physical origin of these dielectric loss peaks is essential 

for the interpretation of the whole complex of glassy anomalies /1/. 

This que~tion will be considered in the following paper. 
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~Hlliep 3. E8-86-98 
nH~rreKTpH~eCKHe H TerrnOBwe CBOHCTBa cerHeTo~neKTpHKOB 

penaKca~HOHHoro THrra rrpH HH3KHX TeMrrepaTypax 

nH3neKTpH~eCKaR BocrrpHHM~HBOCTb, TerrnOrrpOBO,D;HOCTb H YAenHr 
HaR TerrnoeMKoCTb KpHCTannH~eCKHX cerHeT03neKTpHKOB penaKca~H
ounor-o THITa HMeIOT TaKHe )l(e TeMrrepaTypHhIe 3aBHCHMOCTH KaK Y 
aMOP<PHhIX AH~neI(TpHI(OB. AHanH3 xap ax-repnsrx aHOManHH B. noaene-: 
HHH ,D;H~neKTpHqeCKQH BocrrpHH~HBOCTH Ha OCHOBe MOAenH ABYXYPOB
HeBhIX CHCTeM nae r YP;OBneTBopHTenbHhIe peavrrs r a'rsi AnR T < 1 K. 
TIpH 3TOM TpeõyeTcfl rrpeArrOnO)l(HTb rrOCTORHHyro rrnOTHOCTb COCTOR
HHR. TIPH õonee BblCOKHX TeMrrepaTypax. axcnepaaem-ansnsre namrue 
ne YKa3blB810T na cymecr-sonanae ABYXYPOBHeBhIX CHCTeM c 3aBHCR
meH OT ~HeprHH ITnOTHOCTbID COCTOflHHR. 

Paf5oT8 BblITOnHeHa B Jlaõopa-ropun BhICOKHX 3HeprHH ülliIH. 

Ilpenpmrr OfJbC.llHUCnUOro HHCTHTYTa anepasrx accnenoaaaaã. Ilyõaa 1986 

Fischer E. E8-86-98 
Dielectric and Thermal Properties of Relaxation 
Ferroelectrics at Low Temperatures 

ChangGs in dielectric constant with temperature and the 
behaviour of thermal conductivity and specific heat in rela
xation fcrroelectric crystals are similar to glasses. The 
considcration of characteristic anomalies in dielectric con
stant ueing the tunneling staté model gives reasonable results 
for T ~ I K with a constant density of states. No confirma-
tion for the presence of any energy-dependent density of tun
neling states at higher temperatures can be found. 

The investigation has been performed at the Laboratory 
of High Energies, JINR. 

Proprlnt ar lhe Jolnt Instítute for Nuclear Research. Dubna 1986 


