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Introduction

¢« In the recent years the research of low-temperature properties
of amorphous solids has played a growing part in solid state physics.
However, to date we are far away from any satisfactory understanding
of the microscopic mechanism causing a variety of anomalies obtained
in thermal, acoustic, dielectric and other measurements.

Even phenomenological models fail in considering a large amount
of experimental results (Phillips 1981; Fischer 1983). A further ad-
vance in this direction.,is rendered more difficult by the experimen-
tal fact that with increasing structural disorder the glessy behavi-
our of different solids gets quite similar independent of individual
properties of the crystalline modification,

But simple disorder is not sufficient for explaining the effect.
Consequently, investigations of an amalogous behaviour of ordered
crystalline solids are needed with facilitating the identification
of decisive excitations,

Glassy behaviour is well established in a variety of crystalline
materials, In particular, measurements of ferroelectric crystals are
important owing to advanced structural investigations and high sensi-
tivity of the dielectric constant for low-lying excitations (Fischer,
1983). The character of phase transipion is thought to be important
for nature, concentration and kinetics of locdlized excitations.
There are displacive type.end order-disorder -type ferroelectrics
characterized by different strength of the potential anharmonicity
describing the energy of atoms and dipoles rearrenging at phase
transition.

Some displacive type ferroelectrics exhibit a high degree of

structural and compositional disorder causing a diffuse phase tran-
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sition, For such relaxation ferroelectrics the glassy behaviour was
first found for PMN (Ackerman et al. 1981), PLZT polycrystals (Fis-
cher et al. 1981) and SBN single crystals (Fischer et al. 1982). Ana-

logous results are obtained for Pber Tio3 ceramics

1=-x

and for the quantum paraelectric single crystal SrTiO3 (Fischer,1983),
In order-disorder type ferroelectrics the phase transition is

caused by the condensation of a soft tunneling mode., In KDP-type

crystals in the paraelectric state the protons tuﬁnel between the

two minima a double-well potential along the hydrogen bonds. Above

the Curie-temperature T, the proton motion within different bonds

is uncorrelated. Thie corresponds to a high degree of disorder in the

proton system, At T >T. measurements of thermal conductivity on

such crystals show similar results as known for glasses (Suemune 1967).

At phase transition the glasay behaviour appears to be finished., For

T< T, the dipolar interaction causes a long-range order in the proton

system and in the lettice coupled to it, The tunneling motion of pro=-

tons is localized within one potential minimum. However, a certain

disorder remains due to the domain structure, Therefore it is promi-

sing to study the influence of this kind of disoxder on thermal and

dielectric properties of these crystals.

Experiment

For measurement of the thermal conductivity and the dielectric
constant monocrystalline samples with large T (TGS, T.=322K), inter-
mediate T, (KDP, Tc=123K) and low T, (DLT1T, T.= 1.8K) were chosen,
The thermal conductivity was measured at O0,1K< T <4K by a usual
stationary two-heater method in a 3He—AHe dilution refrigerator.
The temperature was determined by a calibrated Ge-thermometer checked
by a second one mounted on a sample holder, The present paper deals

with the results of thermal conductivity. The dielectric data and all

details of preparation and measuring accuracy are summarized by

Fischer (1983).

Results

For a KH2P04 single crystal (6.5 X 7.3 X 30 mm3) A was measured
along the c-axis, In this direction the phonon propagation i® more
sensitive to the scattering by proton motion localized mainly in a .
plane normal to the ferroelectric c~axis (Hegenbarth 1980), The re-
sults are shown in fig.1. The low temperature data (T < 4.2K) make a
good extrapolation to the higher temperature data though the results
are obtained for different sampleswith wimown defect concentration

and domain structure.

.For comparison the results for KP2P04, and the calculated vari-
ation of A (T) due to crystal surface, dislocations, point imper-
fections, and Umklapp processes are also illustrated.

At T<4,2K the results obey:
A= 1.0 « 1072, 7205 2 0.1 ¢y enky .

In IdTlC4H406 + Hy0 (LiT1T) the phase transition is also deter-
mined by the kinetics of proton tumneling. The Curie-temperature of
LiTlT(Tc=1OK) is shifted to lower temperatures by deuteration (T°=1.B
for DLiT1T, (Brezina et al.1970)).Figure 2 presents the thermel conduc-
tivity results for a DLiTLT single orystal(2x2x15 mma) at 0.1K<T<4.2K,
The heat flow was along the a~direction parallel to the spontaneous
polarization axis. Again there is a good extrapolation to the high
temperature values (T »4.2K).

For T <1K one obtains:

2.0

A=29.7 .10 , 1 (W/cmK) .

At Tc there is a distinct discontinuity in slope.
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Fig.1. The thermal conductivity A of a
KH2P04 polydomain single crystal. For
T » 4K results are taken from (Suemune 1967).
a) The calculated variation with the tempe-
rature ofAdue to phonon scattering on the
crystal surface (G), dislocations,
point imperfections and Umklapp
processes (U);
. b) and c) thermal conductivity of KD,PO,
. and KH2P04, respectively;
d) specific heat, divided by T, of a
KH2P04 single crystal (Lawless 13976).

In (NH20H2000H)3 * Hy50,, (TGS) there ig a second-order phase
transition at Tc a 322K, The changes in dielectric properties by
deuteration are negligible in comparison with the two other samples
(Lines and Glass 1977). Thermal conductivity was measured along the
c-axis, i.e. perpendicular to the polar b-~axis., The results for two
differsnt samp;ea agg_ahown in fig.3. At 0.,1K<T ¢3K the first

sample (0.5 * 0,7 x 30 wm’) obeys:

A=2.9 « 1072 . 726 (w/emk) .

The small cross section of the sample and the high absolute value of
A suggest that this ﬁehaviour is due to the influence of boundary
scattering at these temperatures where the mean free path is of the
order of 0.1 ... 1 mm. Thus, for clear deduction of any contribution
from low-lying excitations the boundary scattering should be elimi-
nated. So measurements were continued for a larger sample
(5 x 10 x 35'mm3, semple 2). The results show a well-defined -
-dependence at 0,1K<T< 1K,

Discussion

The thermal conductivity of the three ferroelectrics shows the
Ta-dependence at low temperatures suggesting phonon scattering typical
for glasses.However,for these single orystale the absolute values of

A are advanced by 2 ... 3 orders of magnitudes. On account of
this, a maximum in A is obtained for T #10K known for crystals.

Yet the value of is reduced by more than two orders in com-

A max

parison with the results expected by calculating the phonon scatter-

ing as usual for dielectric crystals (fige1). Above the maximum in
A the Umklapp processes (A ~ T"exp(%/&T) ) do not limit the

thermal conductivity in XKDP and DLiT1T (Suemune 1967, Hegembarth 1980):

KDP: A ~ T 12
DIiTIT: A ~ T"1 at 10K<T < 30K .

at 20K < T < 100K

Therefore, it appears unreasonable to suggest that the reduced maxi-
mum in @ A is due to the low-temperatures scattering process
(T2—dependence) alone., There is rather a second phonon scattering at
ﬂ?bTmaI other than the Umklapp process. It is obvious to identify

this scattering process as a typical one causing the plateau in A



in glaasgs. Owing to the low intensity of this scattering

mechaniem in these ferroslectric crystais, it could not influence sig-’

nificantly the alope in A(T). This discussion in terms of glassy
behaviour 1s confirmed by evallsable Bpecificnﬂéat and dielectric da-
ta, It 18 well-eatablished that the opecific heat of amorphous mate-
riale exhibits a minimum-maximum behaviour in c/ﬂf3 against T repre-
sentation, Usually thie effect 1m explained by the contributlion of
low-lying localized atates (itwo-level systems and Einetein-modes).
These anomalies in specific heat are also found for KDP end TGS crys-
tals (Lewless 1976), For KDP this i3 ahown in commection with thermal
conductivity results (fig.1). It hes been found by Ackerman et al.
(1981) that the peak in C/T° 1is correlated with the plateau in A
both for amorphous and crystalline materlals, So the typlcal phonon
scattering mechanlsm reesponsible for a plateau-like slope, if ‘suffi-
cently gtrong (es in amorphous materiamls), for KHZPO4 18 expacted
around 17K. This is confirmed by the above discusslon concerning tlie
reduced A at these temperatures. Another interesting feature of
A should be pointed out, For KDP-type cryetals 1t hms been found

by Suemune (1967) that the thermml conductivity peaks in-

;lmax
crempge proportionally to the fourth power of the Curie-temperatures
Tc agt
Apgee 246 + 1072, 23 (W/em.K) (1).
The present repults show that below the peak A obeygt
A =4 « T2, It 15 eany to show thet the corrslation can be also
expressed concerning A as Am A ™ Tg wlthin the same accuracy.
In the current tunneling model {(Phillips 1981): A~( n,- r;)-1
( n, ie & constant deneity of two-level systems andythe coupling
constant), It is known that y 1s not very sensitive within the
same class of materials. Thus, eq. (1) gives a correlation between
low-1lying states and lattice Adynamlcsi n, ﬂ-T;4. The analogous

relationship is known for amorphous solids with n, ~ T;’ (T8 is

——
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Fig.2, Thermal conductivity
I T. { ¢;of D1ATIT, )
4 .,-‘/-\ | o, present data (~ -, A ~ P
L :,* 4 «—, data from (Hegenbarth'1980).
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the glass transition temperature), (Raychendhuri and FPohl 1982). This
relation was the subject of some speculations in the framework of
two-level eystem spectra, Such a type of correlation is also known
for antiferromagnetic monoxides with the Nall-type structure where
*AmuivT%IS (Ty 1s the Reel-temperature). Suggesting glassy behavi-
our and n, ﬂ'Tﬁ4/3 for these crystals with megnetic order., It is
intereeting to prove these correlationa for other groups of ferpo-
electrice and ferrommgnetice, The glassy behaviour of order-disorder-
-type ferroelectrices im confirmed by the dielectric measurements.
Plgure 4 shows, for example, the variation of dislectric conatent
for & RDP eingle crystel. There is a distinct minimum in a&/g

at T » 1,5K, end the logarithmic temperature dependence for T<«T,



i An analysis of thermal conductivity dats in terms of two-level
: systems gives values for n, rl or n, lying in the same range as

for other disordered and amorphous solids {(see the Table).

-

Igble. Anmlysis of Thermal Cahductivity Data:
1) from (Fischer 1983),
2) from (Anthony and Anderson 1976),
3) from (Smith et al. 1978)

o

W AT 2 (W/emeK?)  ngey*(3/w) n (3™ en™?)
‘ . -2 . 105 . 1043
!k KH,P0, 1.0 « 10 4.4 « 10 1.2 ¢ 10
DIAT1T 9.7 » 1073 3.9 « 10° 1.1 « 1043
! 2GS 5.8 « 1072 5.5 « 104 1.5 « 1042
i sen'’ 1.0 «» 1074 1.0 4 108 2.8 « 10%°
0+ P srri0.1) 2.6 - 1074 3.7 « 107 1.0 » 10%°
L L1t ' R A I R 3
' - t 10 K T T T T T T e e e e e e e mm - - - =
ot am 51027 1.6 « 1074 2.6 + 107 7.1 « 1044
Pig,4, Variation of a€/g¢ with temperature for ; 2 M . s
a KDP single crystal. o Mejﬂ_AluminaBJ 4 ¢ 107%,., 6.4 - 10, 1.7 ¢ 10%°,,,
- eee2 ¢+ 1074 01,3 . 107 vee3.5 ¢ 1044

is well known for glasses. For the measuring frequency f = 1.6 kHz,

the value of T ;. 1is approximately one order of magnitude larger Similar to neutron-irradiated Si0,, the results obtained for a varie-

than that usually observed in amorphous materials and other disor- ty of crystalline solids emphasize the suggestion that the physics

dered solide. The lineary dependence a€fg= 31(T/T1' 1 of glassy beheviour cannot be characterized by any quantity criterion

(4 = 2.1 ¢ 1074, £'(1,) = 14.7) for T>T, is alsoa substan- H as given, for example, by Ackerman et al, (1981): ( A = 10'4T%a.s.oJ.

tial feature of the universal mechanism causing glassy behaviour It appears that the sizes of glassy anomalies continiously scale down
(Figcer 1983). to zero., So any "typical" anomaly may be masked by other effects just
like the "plateau-scattering in order-disorder-ferroelectrics.

Therefore & more general definition of glassy behaviour is needed

Conclusions where, besides the existence of certain localized excitation spectra,
Measurements of thermal conductivity, specific heat and die- the correlation of various low-temperature phenomena is the most im-
lectric constant at low temperatures show the glassy behaviour of I& portant and characteristic feature. It is worth emphasizing a atrong

order-disorder-type ferroelectric single crystals, correlation between low-lying states and lattice dynamics of diffe-

v. . Analogous results are known for relaxation ferroelectrics rent clasges.; of solids, So the glase transition temperature for

and quantum paraelectrics. amorphous solids plays an analogous role as the Curie-temperature

9 .




for ferroelectrics. It is of principal interest that this correlati-
on is much stronger for ferroelectric single crystals where the dis-
order in domain structure is much smaller than the lattice disorder
in glasses, This fact limits the simple assumptions (Raychaudhuri

and Pohl 1982) in the framework of the usual tunneling model. The
results suggest that the "pure" mechanism responsible for glassy phe-
nomena is better to recognize in ordered solids. This is confirmed

by recent statements that topological disorder is not sufficient for
glassy behaviour (L¥hneysen et ml. 1981, Gardner and Anderson 1981)
and that polymorphism is conducive to the creation of localized exci-
tation spectra (Wang and Merz 1976, Mon and Ashcroft 1978). It appears
that we have to look at the lattice dynamics causing phase transiti=~
ons to understand the physics of low-temperature behaviour. The com-
petition of long-range and short-range order‘forcea that leads to a
phase transition at a certain temperature T, is essential. One can
argue that fluctuations of local rearrangements between the two pheses

is the initial process creating low-energy excitations due to lattice
responds in the neighbourhood. Then the probability of such dynamic
fluctustions is determined by the long-range order, i.e. by frozen di
sorder. Thus, the latter plays the part of a catelyzator for the meg-
nitu&e of glassy anomalies, In this picture is no need to postulate

a low energy spectrum. The excitations indeed occur within the ordered
regions. Consequently, glassy behaviour could not be seen in solids
that have a stable phase at all temperatures and no polymoxrph. This
is consistent with thermal conductivity and specific heat measurements
on Mg0 (Garduer and Anderson 1981) end dielectric data for TICl
(Holste et al. 1976). In the cese of A -alumina the initial excita-
tions are thought to be the transitions of mobile ions accompanied by
lattice response. However, the equilibrium disorder and, hence, the
strength of anomalies can be changed due to extrinsic parameters, for
insgancé, by cooling through Tc in.the presence of an electrical

the 1imit of a single-domain sample no glassy ano-

field. Thus, in:
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malies can be observed (Villar et al. 1981, Grimm et al., 1984). For
order-disorder ferroelectrics the above discussion can be specified
as follows: the decisive excitations are due to the proton-(deuteron)
motion in the O0-H-O0 bonds. These can be described by a soft tunneling
mode that is coupled to an optical lattice mode (Lines and Glass 1977).
Below the Curie-temperature the tunneling motion of photons is nearly
stopped. Now the long-range correlation in the proton system causes

an asymmetric double-well potential of each O-H-O bond, and the pro-
tons will oscillate within the lower minimum. However, if the corre-
lation is incomplete due to the disorder in the domain structure,

the poseibility of local fluctuations in the upper state remains finite
even far below Tg. This corresponds to a dynamic rearrangement from
ferroelectric to paraelsctric configuration in the short-range order,

Then the response of the surrounding ferroelectric matrix gives rise

to additional low-energy excitations typical for glassy behaviour.

A more detailed consideration of these problems is given by

(Pischer (1983) and will be published elsewhere.
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duwep 3. E8-86-213
Crexnoobpa3Hoe nosefeHue CerHaTO3NEKTPUYEeCKUnX MOHOKPUCTAnNos
TMNa NOpAAROK-BECcnopAROK NpU HU3KMX TemnepaTypax

H3mepeHa TennonpoBOAHOCTL MOHOKpucTannos KH,oPO4, DLiT1T u TGS B oBnactu
temnepatyp or 0,1K go 4K, Ans scex ofpasuyos HaigeHa ksappaTMuHan TemrepaTtyp-
HaA 3asUCUMOCTbL: A = A'TZ, rae A s (1...6)+1072 W/em K3, YuuToisan nasectHuie
AaHHLEe YAENbHOW TENNOEMKOCTU U AUINEKTPUUECKUX M3IMEPEHMH, MNONyudeHHble pe3ynb-
TaThl MOKHO OBBACHUTL KAaK MPOASNEHME HU3KOTeMnepaTypHHX aHOMaNMM, XapakKTepHbX
anAa aHopOHLIX BewecTB, Y KPUCTannos tuna KDP' OOHapyweHa CUNbHAA CBA3b Mexay
ko3d¢PuuneHToM A u TemnepaTtypont Kopu T., T.e. A ~ T3 BuckasssaeTtcs npegnono-
MEHWE O CYWeCTBOBaHMM aHANOrMUYHOM KOppenauuu # ANA ApyrmMXx TUNOB KpucCTany,os,
Noxowue pesynbTaTh M3BEeCTHB ANA aMOPQHLIX BewecTB, fAe XapakTepHuoM napaMeTpoMm
ABNAETCA TemnepaTtypa creknoobpaszosanna T_, o6paTHO NponNopuHoHanbHas NUHENHOMY
BKJIAAY B TennoeMxocTb., Pe3ynsTaTu yKasuB%nT Ha To, uTo noppobHoe u3yuerue
[BUHAMMKKM peweTKu, oTseuawnuwer 33 GOHOBHE NPeBPAaWllEHUA, UMEEeT BamMHOE 3HaueHue
ANA NOANMHHOrO MNOHUMAHUA HUIKOTEMNepaTypHbLIX AHOManKi CUNAbHO AedeKTHHIX BemeCTi
M cTexkon,

Pa6oTa BunonHeHa B8 JlabopaTopuu BHCOKMX 3Heprun OUAH.

[penpiutr OGremmuHeHHOro MHCTUTYTa AdepHbIX HCCreNoBaHuik. fyGHa 1986

Fischer E. £8-86-213
Glassy Bohaviour of Order-Disorder Type Ferroelectric
Single Crystals at Low Temperatures

The thermal conductlvity A of KH,PO,, DLiT1T and TGS single crystals was
measured In the temperature range from 0.1K to UK. For %II samples A is
quadratlc In temperature: A = A+T2 with A % (1...6)°1072 W/cmK3 . Taking
into account available specific heat data and dielectric measurements, the
results can be explained by glassy behaviour. The coefficient A is found to
be proportional to T4(T. is the Curie temperature) for KDP-type crystals.
Analogous correlations are suggested to be true for other groups of solids.
Similar results are known for amorphous solids where the important parameter
is the glass transition temperature T, and the excess specific heat is inver-
sely proportional to T,. This leads to the conclusion that detailed informa-
tion concerning lattice dynamics causing a phase transition is essential for
understanding the physics of alassy behaviour at low temperatures.

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