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Internal friction and dielectric loss related to domain walls
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The internal friction in potassium dihydrogen phosphate (KDP) crystal and the dielectric loss in KDP
and triglycine sulfate (TGS) crystals are measured near T, in the kHz frequency range. An internal-
friction peak (P~2) and a dielectric loss peak (P») appear at about several degrees below T„which are
found to be associated with the viscous movement of domain walls. With the temperature dependence of
the density and the viscosity of domain walls, the order parameter, and the interaction among the
domain walls taken into account, the internal friction and the dielectric loss due to the viscous move-
ment of domain walls are calculated and compared with the experimental data.

I. INTRODUCTION

There is an internal-friction peak (P2 ) due to the
movement of domain walls which reveals thermal hys-
teresis at a few degrees below T, in materials with
second-order or weak first-order phase transitions' such
as La, „Nd„P50,& (LNPP), ' A 15 alloys, and trigly-
cine sulfate (TGS). Wang et al. ' have experimentally
confirmed that this peak is caused by the movement of
domain walls and attributed the formation of the P2 peak
to the variation of the number of domain walls with tem-
perature and to the increase of the repulsive force among
the domain walls with decreasing distance between them,
but an expression of the internal friction was not given.
Snead and Welch have proposed a theory of internal
friction due to martensitic transformation in A 15 alloys
on the basis of the movement of domain walls and con-
cluded that the internal friction is proportional to the
tetragonal deformation (1—c/a) . This result is in agree-
ment with the experimental data for pure A 15 alloys, but
it disagrees with the experimental results for deuterated
and irradiated samples. Aside from there, no other ex-
perimental data on the dependence of the internal friction
on the frequency are available for comparison with
theory. This discrepancy may be due to their neglect of
the interaction among domain walls and the variation of
the density of domain walls with temperature. To study
further the microscopic mechanism of the energy loss

caused by domains, it is preferable to make simultaneous

internal-friction and dielectric measurements because it is

much easier to change the frequency in the latter than in

the internal-friction experiment. As we know, KDP crys-

tals undergo both ferroelastic and ferroelectric phase
transition at T, ; ferroelastic domain walls are also fer-

roelectric domain walls and they can be driven in motion

by an external stress in the internal-friction measurement

and by an external electric field in the dielectric measure-

ments. If the microscopic origin of both energy losses is

ascribed to the movement of ferroelastic-ferroelectric
domain walls, the mechanisms of the internal friction and

the dielectric loss are expected to be the same over a cer-
tain frequency and temperature range. In the present pa-

per, both the internal friction and the dielectric loss are

investigated for potassium dihydrogen phosphate (KDP)
crystals and only the dielectric loss for TGS is studied.

II. EXPERIMENTAL METHODS

The two-node-clamped reed vibration with electrostat-
ic drive and detection method is used to measure the
internal friction with resonant frequency about 1.7, 2.2,
and 4.1 kHz in KDP crystals with the normal of the thin
plate along the c-direction, i.e., the polarization direction
and the strain amplitude is about 10 . The dielectric
loss and the dielectric constant are measured on a
GR1615-A capacitance bridge. The sample size of the
KDP crystal for dielectric measurements is
a X b X t." = 10X 10X 1 mm with the alternative electric
field of measurements applied along the c direction. The
sample sizes of TGS and triglycine sulfate (LATGS)
doped with tz-alanine (Ref. 3) crystals are
a X b Xc = 10X 1 X 10 mm, with the electric fields along
the b direction, which is the polarization direction.

III. EXPERIMENTAL RESULTS

The results of the internal friction in KDP show that
there are three peaks (P~(, PM2, and PM3) in the tempera-
ture range from 90 to 130 K, as shown in Fig. 1. The PM,
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FIG. 1. The internal friction (Q ') on heating (o ) and cool-
ing (6 ) processes and the resonant frequency (f) on heating (~ )

for KDP as a function of temperature ( T).

46 3290 1992 The American Physical Society



46 L FRICTIQN ~ND 0 RIC LQSS RELATED TQ ~ ~ ~

'''. ~ COOLING' ' ' ' HE, ATINg
Pop Po&

20

~ ~ 0
0

~ ~' o4
~ 4

4 ~

~ooge4aIagg 0

ll

4

II
~ II

II

II
II

'I
0

I
I

g

f= 2 kHr

128
T (K)

FIG. 2~ . The dielectric loss (D)
heating (O) and co l'

vs temperature of QDP
coo ing (~) processes.

on

ppears atpeak alw
or heating and is attr'b

easured in cooling

ro 1electric transition. ' Th
a n uted to the ferr oelastic and fer-

M2 P PP
' 'on. ' he P eak

ex i its a thermal h s g
ocesses, similar to th

d3} dTGS(R f. 5

freezing effect
as been ascribed to the

Two dieleectric loss peaks (P,I'
h KDP

b'u' 5 Cou below T, indic
c' D2

fo hh d 1

. g y

Tll lt of th d'
n coo ing processes
e ielectric loss of TG

M2'

ow . n order to verif tha D2
or - ain crystals is due t

d 11 h d' 1e ie ectric loss of the
re

f d"1"'"'1'""' '"' 102is a out 10 times smaller than that of

329]

f =1- 2 kHz
kHg

COOLING

I I

108 116 124

the multi le-d'p -domain crystal TGS. Cons
k d'fi"'"1" '" '"" f

2

of
n order to etget more information abo

in
pD2 pea s, the de ende

1 dI d
an t e dielectric lo

is iscovered that
sides of the P and P

a the high-temperatur

frequency, but the low-
e a most independent of

-temperature s d
equency dependent and

i es are obviously

PD2 peaks move to hi h
an the positionss of the PM2 and

in'ncreases (Figs. 3—5} 1
ig er temperature e as the frequenc

ob th A h 1 t'
ut the relaxati

lin
'

ear relation (Fig 6) h
re ation, i.e., lo co v

cy and the temperat
, w ere', and T

&
are the frequen-

are quite different f
a ure at the osit'p 'tion of the peak. The

en rom the behaviors of
ese

t d 1 t'o k F
above, the P and P

pea . From all thee results mentioned

kind of peak relat d
D2 peaks ma y be considered to be

of domain walls.
e a e to a corn licate ementp ed viscous movement

FIG 4. ThThe dielectric loss (D)
diferent frequencies. E '

temperature of KDp for

HZ (~). and f=3 kHz (Z, ).
Qr f=12 kHz (0),

k
' xpe imental data for

with &0=].3X l0
—2

). Theoretical curves (

s, Ii, =0 (9~-i
)

1.2

f= 1. 7kHz
2. 2 IcHz

d d d d d f 32

' 0 ~ f= 1.5 kHZ
~ ~ ~ ~ ~ f= 3 kHx~'dd' f= 5 kHZ

004eO

& 0.6

0. 0

dp dd
d

H EATING
I

104
T (K)

120

cooLING t = 1 c
I

40

( 'c)
48

FIG. 3. The inte
d'ff f E

(o),f=2.2 kH ( )z ~), and f=4. 1 kHZ (6 .
.7 kHz

z ) —. z ). Theoretical cur
s, A3 =2X 10

rves

FIG. 5. The d'e dielectric loss (D) vs ternvs temperature of TGS for

&Hz (~). Theoretical c



3292 Y. N. HUANG, Y. N. WANG, AND H. M. SHEN 46

—3.E4

8.4

positive domains, respectively. When x «d,
c,", =c"d/(d +x)=c'"(1—x/d),
c' '=c"d/(d —x) =c"(1+x/d),

the change of elastic energy is

(4.1)

(4.2)

7.4

U (, [(c(2) c(s))2(d x)+(c(1) c(s))2(d +x) j/2

(4.3)

where C„„is the shear modulus. The force acting on the
walls per unit area is

F = dUldx = 2CststNcst (4.4)

8.4 I

—8.7
Although there is not any spontaneous shear strain in

TGS, the antipiezoelectric effect' '" will induce shear
strain c, '&'3.

FIG. 6. log( f~) vs —1/T~. (~ ) for the internal friction of
KDP (from Fig. 3), (6) for the dielectric losses of KDP (from
Fig. 4), and ( o ) for TGS (from Fig. 5).

IV. THE THEORY OF THE INTERNAL FRICTION
AND THE DIELECTRIC LOSS

DUE TO THE VISCOUS MOVEMENT
OF DOMAIN WALLS

c)3 —d 2)3E~ ——8mdq)3p, , (4.5)

B. The configuration force acting on ferroelastic domain walls
in an external stress field

where d2» is the piezoelectric coefficient and P, is the
spontaneous polarization vector. Then the interaction
among the domain walls in TGS will be similar to that of
LNPP and KDP because of the nonzero value of c.'&3.

A. The interaction force (F ) among domain walls
in LNPP, KDP, and TGS

The domain walls in LNPP (Refs. 2 and 3) and KDP
(Refs. 7-9) are planes crossing transversely the whole
sample and they have interaction among themselves. '

They will be equally spaced when the density of domains
is high enough. Let the distance between two walls be d,
the number of domain walls per unit length N, and the
spontaneous shear stain c,", (sAt). The interaction be-
tween the nearest-neighbor domain walls will be dis-
cussed here. The configuration of the walls is shown in
Fig. 7 when the displacement of the domain walls is x,
where c,'," and c,', ' are the shear strains of negative and

+J.~.f &.t (4.7)

where y is the displacement as shown in Fig. 8, J„„is the
compliance of the single crystal, and c,,'," is the total shear

The configuration of the domains is schematically
shown in Fig. 8 when an external shear stress o„ is ap-
plied to the multiple-domain crystals. Under the condi-
tion of small stress amplitude, x «d,

c,', '=(c,", d y)/(d x)—J„„o„—, — (4.6)

0 0

FIG. 7. Dashed and solid lines express the schematic
configurations before and after the walls have a displacement x,
respectively.

FIG. 8. Dashed and solid lines express the schematic
configurations before and after the stress was applied, respec-
tively.
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strain of the sample. The change of elastic energy equals

U=C, [(c' ' —c' ') (d —x)+(c'"—c") (d+x)]/2

walls is

Mx+ rx+ k,x F—'=F(~,*, ) . (4.17)

c,',"—o„(d +x)+c,', 'o„(d —x) (4.8)

aU/ax=0, afj/ay=O, aU/ac, ',"=0.
We get, from (4.6)—(4.9},

(2) (s) y
~st ~st stst +st

(1) (s)
~st st +Jstst~st

c'"=[c'"(d +x)—c' '(d —x)]/2d

(4.9)

(4.10}

(4.11}

because the walls move along the orbit with minimum

value of U,

~(d)
st &st ~

k 1+~zrz k

(4.18)

so the complex strain equals

~ tt
mm &mm & mm

Let o =troe'"', from (4.10), (4.12), and (4.17) when

aP«(ko+2C„„Nc,"t' )/M; it can be obtained that the

nonelastic strain c.,', ' due to the movement of domain

walls is

(d)
st +Jstst~st (4.12)

(d)
amkaml Ckl +amsamt Est

k, l

where c.,', ' is the nonelastic strain due to the movement of
domain walls. Let F(o„)be the configuration force act-
ed on the walls per unit area by the external stress, then

F(tr„)= — [ —c,',"o„(d +x)+c',t
)o „(d—x}]

where

(s)22N Est 1J trmm+C'
k 1+ zp zp mm t

(4.19}

=2K 0'
st st

C. The internal friction and the dielectric loss

due to the viscous movement of domain walls

(4.13) J'= g (2—5ij }(2—5kl )amkamlamiamj Jklij
i,j,k, l

ij ) ms mt mi tttj sttt ttij
l,J

When an external longitudinal stress (o ) is applied
to the multiple-domain crystals, there will be six com-
ponents of stress acting on the crystals for the coordinate
system as shown in Fig. 8:

2Nc„(s)2

1+~z2
(4.20)

so the internal friction due to the viscous movement of
domain walls is

tx,j=a; t3m jtr 111tn and the dynamic modulus equals4.14

where i and j =1, 2, or 3 and a; are the direction
cosines between the mth direction and the crystal i axis.
Then the elastic strain c,„ofsingle domains is

E=—,—J' k 1+co r
(4.21)

cst =g Jttijtrtj
l,j

(4.15)

and the effective shear stress which will drive the domain
wa11s to move can be written as

sl Stt t st g sttt StlJ IJ
I,j

mi mj stst siij ~mm
E,J

(4.16)

So there will be five forces acting on domain walls: (1)
the configuration force F(o,*, ) by the external stress, (2)
the interaction F among the walls, (3) the viscous force—rx (Ref. 12} due to the scattering of the lattice as the
walls move in the crystals, where F is the viscous con-
stant, (4) the recovering force —kox by the defects where

ko is the force constant, and (5) the Peierls force. '
The domain walls, are considered to be quasiparticles

with effective mass M per unit area and the Peierls force
can be neglected, ' the equation of motion of domain

2' 2/k COTO

[y (y +2NP, /k)]'i 1+co Hz

(4.23)

where r= 1 /(ko+2C„„Nc,", z), k =ko+2C„„Nc,'t)z, and

Jkl; are the components of a compliance.
For the multiple-domain crystal KDP below T„s=1

and t =2,
2 2 3 3C =2a, a zC&z, zJ,z&z+(a &a z+a &a z )C&z&z J&zl& .

(4.22)

Let the electric field of the dielectric measurement be
E =Eoe' ', which is applied along the direction of the
spontaneous polarization m direction and similar to that
of (4.10) and (4.12), the polarization vector
I' =g E +2I',x/d, ' and the force acted on the
domain walls per unit area is F(E }=2P,E, '3 where P,
is the spontaneous polarization vector. Under the condi-
tion of at «(ko+2C„„Nc,", )/M, it is obtained that the
dielectric loss equals
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and the dielectric constant is

2NP, 1

I+co r
(4.24)

where ro~=r y l(y +2NP, /k), y is the dielectric
constant of monodomain crystals along the spontaneous
polarization direction.

D. Results of calculation,
comparison with experimental data

The existence of domains in crystals can decrease the
elastic energy of the crystals but it increases the interface
energy on the other hand, so there is a definite number of
domain walls in the crystals at each temperature. When
T~ T„ the interface energy ~0 (Refs. 5, 14, and 15) for
the order parameter ~0, ' so the density of the
domain walls N ~~, Wang et al. ' have detailed the re-
lation between N and the temperature as

N =NOI(T, —T), (4.25)

where Np is a constant independent of temperature.
When T~T„ the order parameter ~0, so the

difference between the domain wall and the domain inte-
rior becomes unclear, which leads to the scattering by the
phonons to the domain walls ~0 and then the viscous
coefficient I of the movement of domain walls in the
crystals ~0. Combs and Yip' got the expression for the
viscous coefficient by computer simulation,

(4.26)

where A and B are constants independent of tempera-
ture.

Taking account of the dependence of the density of
domain walls X and the viscous coefficient I on the tem-
perature in addition to the well-known relations
p2 —p2( 7 7 )

17-20 + —C/( T T) 5 e(s)2 —E2( T
—T), ' C„„=Cog(T,—T)/[1+g(T, —T)], ' where ko,
Xp Pp C Ep Cp and g are constants independent of
temperature, we get for g «1, ' and when Q

' (and
D) «I,

roelastic polydomain crystals KDP, TGS, and it is not
found to be a simple thermal activation relaxation peak
because the relaxation times does not obey the Arrhenius
relation. Taking account of the rapid change of order pa-
rameter, domain-wall density, the mobility of domain
walls, and the interaction among walls with temperature
below T„the peak can be explained successfully.

For the materials with second- or weak first-order fer-
roelectric phase transition, such as RbH2PO3, '

CsH2P04, ' RbHzAs04, 21 Sro 4(Nao, Bio, )Ti03,
Ba(Ti, „M„)03 (M=Zr, Fe, or Mn), PbZr03,
CdNa207, ' (1—x )Pb(Mg, /3M//3)03 „PbTi03
[M =Nb (Ref. 28) or Ta (Ref. 29), Sn2P2 (Se„S, „)s,
Pblno ~Nba 503, ' LiKS04, and Pb(Sc&/zTa, /p)03,
etc. , there is also a dielectric loss peak at a few degrees
below T, in the audio frequency range similar to our re-
sults, and most authors of the references cited above sug-
gested that it is due to the movement of domain walls.
So, it can be concluded that this kind of peak is universal
for the materials with second- or weak first-order fer-
roelectric and/or ferroelastic phase transitions. This
universality is found to originate from the continuous
change of order parameter, i.e., the spontaneous polariza-
tion vector (P, ) or the spontaneous shear strain (e,'t')
with temperatures below T, which result in the fast vari-
ation of domain-wall density, the viscous coefficient of
domain walls, and the interaction among domain walls
with temperature. In this way, the loss peak can be ex-
plained using the theory proposed in this work uniformly.
The comparison between the experimental data of some
crystals mentioned above and the theory has been made
as shown in Fig. 9.

The calculated results also indicate that the energy loss
due to the viscous movement of domain walls is very
small when the frequency is higher than 10 kHz, but
Wang et al. ' and Liu et al. still observed an internal

1.5

—B/( T —T)
Z=Zp= Ape

C07

1+co r
STp

D =h1(T, —T)
1+co

(4.27)

(4.28)

(4.29)
a

~L

0 5

where /Io= A /ko A, :2Nopo/(Cko) h3:2NoEOC I
J'kp.

The calculated results and experimental data of the
internal friction and the dielectric loss are shown in Figs.
3—5 and the results are fairly coincident with the experi-
mental data, where B =9.8 and 9.5 K for TGS and KDP,
respectively.

V. DISCUSSIONS AND CONCLUSIONS

The experimental results of the present paper show
that there is a loss peak ( Q ', D) related to the move-
ment of domain walls at a few degrees below T, in the
range of audio frequency for the ferroelectric and/or fer-

0 0 —10
T —TG (K)

FIG. 9. The comparison between the theory and the experi-

mental data for {1)RbHzAs04 (Ref. 21) (0), (2) BaTi03 (Ref.
23) (A), {3)PbZr03 (Ref. 24) (6 ), and (4) Pb(SCO 5Tao 5)03 (Ref.
33) (o ) at 1 kHz. The solid lines express the computed results.

For (1): Ho=1.3X10 s, h& =3.5X10 K ', B=12.8 K.
For (2): Ho=1.9X10 s, h& =3X10 K ', B=17.7 K. For
(3): 20=2.9X10 s, h& =2.1X10 K ', B=9.7 K. For (4):
HO=1. 7x 10 s hl =6.5x 10 K B=192 K.
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friction peak related to domain walls at 10' below T,
around 100 kHz and the position of the peak hardly
moves as frequency changes, which exhibits the static
hysteresis character. Why such peak has not been detect-
ed in the lower kHz frequency range may be due to the
strain amplitude of the electrostatic drive method being
too small. "
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