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1. Introduction

It has been shown that ferroelectric cfystals gerve as excellent
samples for investigation of the glassy behaviour of solids at low
temperatures /1/. Typical glassy anomalies are found in thermal and
dielectric properties of relaxation ferroelectrics /1-6/, order-dis-
order type ferroelectrics /1/ end quantum paraelectrics /1,7,8/.

It appears that the glassy behaviour of ferroelectrics is an
immediate consequence of it8 characteristic lattice properties /1/.
Even at low temperatures the decisice excitations in these solids
are strongly influenced or caused by the kinetics of the basic elec-
‘tric dipoles and the domain structure.

So dielectric measurements prove to be a very sensitive and ef-
fecfive tool for detailed investigations and for controlling any
theoretical model explaining glassy anomalies., The present paper
deals with a further analysis of dielectric and thermal properties
of the relaxation ferroelectrics Pb1_xhax(lryri1_y)03 (PLZT)
and Sr,  Ba (Nb,0¢)  (SEN).

All details of sample properties, preparation, measuring method

and accuracy are summariged in:paper /1/.

2. Experimental Resultis

Thermal conductivity /3/ and dielectric dispersion were measured
on‘a PLZT polycrystal with x = 0,085 and y = 0,65, The méasurements
indicated that their thexrmal conductivity was strongly affected by
structure relaxation and ageing effects. However, after some thermal
cycles by cooling from room temperature, the results were reproduced,
. The detailéd report of these effects is given in /6/. The reproducti=-

ve data of thermal conductivity A are shown in fig.1. Over a
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range of 0,1 K<T<0,7K the results obey:
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Above 0.7K the slope decrease, and around 4K a plateau is observed
with A= 9 » 1074 W/ecmK, Above 11K A shows a roughly linear tem-
perature increase. The specific heat C of PLZT also exhibits the
charaéteristic features of an smorphous golid both the roughly linear
dependence for T<1K and the maximum in C/T3 at temperatures close
to the plateau in A /9,10/.

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.

Figure 2 shows the variation of the real part -Qeé-a e,(—”e:%-m
and of the imaginary part 5" with temperature. *

Here and in further considerations £'(T;) is always de-
fined as the minimum in &(7T) at low temperatures., This proves
to be advantageous for systematization and comparison of experimen-

tal results.,

-y

o,

A - Pig,2. Variation of die-

ol

[ 11" lectric constent €

al of polycrystalline PLZT
8,5/65/35 with temperature.
Note the different scales

o for aE/E .

L

1
.a01 ot 1 0 — /K 100

With increasing temperature the:qe are five different peculieri-
ties. At the lowest temperatures one obtains a slight minimum
L S -
(= 90mk, £' ;= 360, AE[E (30 mk) =3 - 107H),
The minimum is continued by & logarithmic increase of AE/£ ~tlnT ,

- For T>1K the slope changes to AE./E ~1E (k = 1,5) and for T > 10K

a second logarithmic dependence is found., At T > 50K the slope of
AE/£ rises again due to the lowest part of the broad maxi-
mum of the diffuse phase transition, The Tk-dependence is represented
in an additional double logarithmic scale., Because of smaller Bensiti-
vity, £" does not reveal an analogous behaviour below 1K. There
is only a smooth increase in E" with temperature. For T »4K the
slope gets stronger showing some curvature around 20K and it is de-

termined for T>50K by the peak of the diffuse phase transition,
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ty at low temperatures suggests the existence of two different pro- :E
) ) ) 5:1_xBax(Nb206) single z

cesseg with a cross-over in the range from 1K to 10K,
: crystal. 103}

The seme behaviour of 13 is obtained for a second PLZT- .
! (0, x =055; %, x = 0.39 (first
-sample with x = 0,10 and y = 0.65. At all temperatures the results
n . measurement);
of the two samples for § agree within the measuring accuracy de-~ 16k
\ e , x =039 (after ageing for
termined by geometry (5%). At T >1K the values of A&E/[E agree
1 year);
~— , data from Ref.4 and 6 . ' 1%

SBN is the first ferroelectric single crystal where glassy be-

haviour was observed /4/. This is important for excluding any effect
16

of grain boundaries or analogous defects,
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Figure 3 shows the thermal conductivity of two Sr1_xBax(N5206) 01 1 10 — /K

crystals (x = 0,39 and x = 0.55) in the range from 60 mk to
80K /1,4,6/., Por T<2K:

A =200 . 1074 L qteTH005 (yrn k) (x = 0.55) ' .
and A =1.7 51074 L 2172005 (yren k) (x = 0.39). s,

In order to control the effect of ageing, the measurement was repeat- . ?
ed for the second sample after being aged at room temperature for A‘ o [
one year: A = 1.107% . 12:02005  (y 0 k), At ehorter times the NI
values of A monotonously change within the values reported.
The spacific heat C measured on such crystals at T >0.5K 5
also displays the significant departures from the Debye behaviour
known for amorphous solids /5/. However, for T<1.5 K C should be
described by C = AT"+-BT3 with « < 1, unusual for glasses (& 2 1), ‘ L .
Further investigations of the specific heat were extended down to
* 0.15K by a usual relaxation method /1/. The SBN(39% Ba) sample was 5
the same one as taken for the thermal conductivity measurement. The ] Pig.4. Departure of the 0
results are shown in fig.4 (C%2.75 « 107°T (3 /em3+K) at T<2K . 1 -épeCifiC heat of SBN (39% Ba)

TTTr 7T

from T~ Debye behaviour e i, Detye
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»The yariat}on of the dielectric constant was measured on 4
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SBN(x = 0.5). This single crystal shows similar peculiarities in (
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the variation of AE£ /£ (T) as obtained for the PLZT polycrystal
(fig.5). The smooth minimum is obtained at somewhal lower tempera-~

tures (T, = 55 mK, £ ;= 123, B&/E (25uK) = 3.7 « 107, rig.6.

min
Both the empirical coefficients A1 and A, are larger for the single
crystal, The cross-over in ZSE/E(T) from the first logarithmic depen-
dence to the second one takes place at higher temperatures, where
BEfE~1° for 9K < T < 25K,

As seen in the imaginary part, the general behaviour of the di-
electric constant, at least for T>2 K, is 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 iran-

sition just like in PLZT.

3. Discussion

The thermal and dielectric properties of PLZT and SBN obey
all the glassy anomelies at low temperatures with comparable magni-
tudes for the poly- and single crystals.

At T<2K the aveilable specific heat results for PMN /2/,
PLZT /10/ and SBN /1,5/ show an excess contribution due to localized
= AT with o <

excitations: [+ 1. For amorphous solids

ex
o« > 1 is usual.So the question arises if this difference between
glasses and crystals 1s e generalane and what conclusions regarding the
origin of low excitation spectra should be made. The resultis suggest
that the linear contribution in glesses may be caused by a superpo-
pition of a finite number'of well defined Schottky terms- /T,11,12/,
The narrow range of energy splitting in the single crystal is broad-
ened by the disorder in tﬁe amorphous solid.
As the glasey behaviour was found for a large range of variou# single
crystals grain boundaries are ruled out of consideration, For ferro-

electrics it is obvious that these effects are due to the presence

of domains., Thig is confirmed by specific measurements on NaN02 in

7 .



single domain and polydomain polarization state /13/. Domain walls,
however, amount to only a small part of the bulk, and the energy
speétra due to dipole rearrangement, should be discontinuous. Thus,
the localized excitations are suspected to occur within the domains.
At present there is no microscopic theory explaining the glassy beha-
viour. Various phenomenological models invert finally some experimen-
tal results to certain assumptions for properties of low excitation
spectra and leave the matter at that. Also the tunneling model /14,15/
successful in the correlation of various 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-level excitations is needed.

The subsequent application of the tunneling model required an

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

tion times T for each tunneling-state energy E. As pointed out,
primary attention in this paper is given to the dielectric results.
Analogous to thg acoustic case, the variation of the dielectric con-
stant with temperature due to the resonant and relaxation scattering
of electromagnetic waves with w = E/h by two-level systems is

given by /18/:
() -5 /E P(E) dE [ LenblE20T)
res
(96—2—) a JT.w) -J (T, w)
rel Epax
B dE-PIE)

J(T;‘*’) =7 Ky Teosh*(E/2K,T)
0 0

) e

tanb(E/ZK ]
(hw,)’ -

in (%, [ Tmi)
ds(1-e7%)
7+ AT 1ank (EI2K T) B (ETR]

A=2mho i 2

"B = (-2r/27) (€2 )E K

where £, is the dielectric constant of free space; Mo, the
average microscopic dipole moment of the two-level states and ¥,
the coupling constant,

In numerical calculations the quadratic form P(E)=P°(1+aE2)
w = 10477

was used. At measuring frequency the relation

hw/KgT < 1 is fulfilled and so P(E) = P, produces a roughly

logarithmic decrease with temperature:
a = B y
(4¢) Rl In(TTT,),
res .

For low measuring intensity I

. #~ 1. At higher temperatures the

contribution of the relaxation process predominates, and .A£/£
increases again obeying also a logarithmic dependence:

= Ay ln T/7;.
at /€

the competition of the resonant and relaxation scattering on the

s €

£
So the characteristic minimum in can be explained by
two-level system. The measuring intensity was (0.1 ... 1)'10'6w/cm2.
Analogous to amorphous dielectrics, no saturation was obtained at
these magnitudes, The saturation intensity is Is ~ J& » Thus,
saturation effects in ferroelectrics would require a larger intensi-~

ty in consequence ofa shorter relaxation time of the tunnel system

due to stronger dipolar interactions., Above the minimum there are

three characteristic empirical functions for 8t /e with increa-
sing temperatﬁres:
aE/E =A nT/T, (T £ 1K) (1)
atlt ~TH (100420, k= 1...2) (2)

atlt = AInTIT, (10 ... 100K) 3) .

For simulation (1), P(E) =P, is sufficient. Assuming an energy-depen=-
dent density of states (a » 0), a more rapid increase in a€/£ can
be produced. An attempt to fit the dielectric data for PLZT and SBN

- . 4n=19
in the (1) and (2) regions (with y =1.92 - 10 J, Emax/KB



= 100 K and ’?hax/‘rhin = 5,5 « 1012 /1/) shows similar re-
sults as known- for glasses. However, owing to the more @ensitive di-
electric conbstant of ferroelectrics, it is clearly seen that the fit
in the (2) reglon remains unsatisfactory. Using B<P(E)®8 « 1072(1 +
+5 10_4(E/KB)2 ¢ X2) and changing B + P, and "a" within one
order of magnitude{ the dielectric results are fitted with a similar’
accuracy' for the above-mentioned samples. Then an estimate of S
yields 4.0 « 1029 Asm(SBN, Po= 2.8 » 1047 3 =1 n™3) ana
1.4 + 10739 Aem(PIZT, Po= 1.9 » 10%7571n™3) /1/. The values of a =
1074 .., 1072 K2 are in the same range known for amorphous so-

1lids /16,19,20/. Extrapolation of the model to the second logarith-

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

4. Conclusion

A proof analysis of published acoustic and dielectiric measure-
ments in connection with the above results can be summarized as
follows:

At lower temperatures (T =< 1K) the results are explained by a
congtant density of states.

At T » 1K, analogous to thermal conductivity and heat capacity,
the treatment of the dielectric and acoustic results in the tunneling
state model requires an energy-dependent density of states P(E).
However, even for a narrow range of temperature.the fits to the ex-
perimental results are wrong. Thus, physical correctness of this pro-
cedure remains under discussion.

The upper logarithmic, dependence (3) at T 3 10K appears to be
caused by a procese other than that described in the tunneling model.
This essumption is supposed by the behaviour of the imaginary part
€" . Figure 5 shows that one obtains AE/E~T just in the range

i

where & begina to rise up to the broad maximum with increaging

- 10
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temperature. So it is reasonable to treat (2) as a cross-over from
scatteriné at tunneling-states with P(E) ®P, at lower temperatures
to another physical process where the tumeling model i; not appli-
cable., The steep rise (2) is due to a growing number of excitations
regpongible for electrical field when the temperature increases.
Just in this renge (2) the thermal coﬁductivity shows the plateau
and specific heat - the C/T3 - maximum, This supports the
asgumption that the peak in dielectric losses-is thermally activated.
Such peaks in dielectric losses and acoustic attention are known for
a8 large amount of amorphous solids and have to be considered as cha-
racteristic features of the glassy behaviour, It was proposed that
this anomalous absorption had its origin in the disorder itself /16/.
Usually the phenomenon is assumed to adhere to Debye theory in which
the losses X”

vary with w7 as ’
") ~ 2T
Xlw) ™ 3 75w , @)

where the relaxation time T is thermally activated and varies
with temperature as 7" = T, eXp/?; /KaT) ’ ﬁ; is an activation ener-
gy and T, is some "attempt~to-jump" time., However, the peaks are
much wider than predicted by (4). Similgr to the tunneling model phi-
losophy at lower temperatures, a distribution of activation energies
g(ﬁg) is postulated, For this formal description of the relaxation
process no reasonable justification can be found, and the distributi-
on of E a required to fit the data is often unphysical. Thus, it is
not surprising 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 pgaks is essential
for the interpretation of the whole complex of glassy anomalies /1/.
This question will be considered in the following paper.
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dumwep 9. E8-86-98
JusnexTpUieCcKHe H TeINIOBble CBOHMCTBA CErHeTO3JIEKTPHUKOB
pellakcalHOHHOI'O THIlAa NPH HH3KHX TeMIepaTypax

OusneKkTpHuecKas BOCIDPHHMUMBOCTh, TEIJIONIPOBOOHOCTL U YHENH
Hast TeIUIOEMKOCTH KPHCTAJUIMUYECKHX CerHeTOSJIeKTPHKOB pellakcanu—
OHHOI'O THITAa MMEIOT TaKHe Xe TeMnepaTypHble 3aBHCHMOCTH Kak y
aMODPGHBIX OU3JIEKTPHKOB. AHANM3 XapaKTepHbX aHOMalldii B. moBefe-—
HUH [OHUSJIEKTPHUYECKQM BOCHMPHUMUMBOCTH Ha OCHOBE MOJMeNIH OBYXYDOB-
HEeBbIX CHCTEM JaeT yHOBJIeTBODHTeNbHhe pesynbTaTel gna T < | K.
Ilpu sTOoM TpebyeTCsa NPEANONOKHTH TOCTOAHHYKW INIOTHOCTH COCTOA™
Husi. IIpu GoJjlee BLICOKHX TeMIlepaTypaxX. SKCIepHMeHTalibHble [1aHHbIe
He YKasuBAaWT HA CYWeCTBOBaHHE [OBYXYDPOBHEBHX CHCTEM C 3aBHCA—
meit OT SHEPrHY TIOTHOCTBY COCTOSIHUA.

PaBora BbmosHeHa B JlaBopaTOpMH BHICOKHUX SHepruii OHIH.

Ipenpunt OOneanitcHioro MHCTUTYTa AEepHBIX uccregoBaHuii. JlyGHa 1986

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

Changaes in dielectric constant with temperature and the
behaviour of thermal conductivity and specific heat in rela-
xation ferroelectric crystals are similar to glasses. The
consideration of characteristic anomalies in dielectric con-
stant using the tunneling stateé model gives reasonable resultJ
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.
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