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Theoretical model of 180° domain-wall structures and their transformation
in ferroelectric perovskites
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Two kinds of 180° domain wall structures in the tetragonal phase of ferroelectric perovskites, one of the
“Ising type” with only one polarization component and the other of the “Bloch type” with two polarization
components within the wall layer, have been derived from the Landau-Ginzburg phenomenological theory.
Temperature dependence of the interfacial energy indicates that the 180° wall has its own “structural trans-
formation,” i.e., the wall structure is possible to change from Ising type to Bloch type upon cooling. As a more
stable structure than the Ising-type wall in a wide temperature region, the Bloch-type wall has special crystal
symmetry and physical properties which are presented in the réSo63-18207)07801-6

The 180° domain walls separating domains with opposing The Helmholtz free-energy density for the centrosymmet-
spontaneous polarization can occur in all ferroelectrics, antic cubic perovskite structure is
their structure and energy play very important roles in the
domain formation, configuration, and switchihgDue to F(Pi.Pij i) =Fp(Pi) +Fe(m) +Fo(Piy 711)
their finite thickness, domain walls are usually difficult to be +Fa(Pi ), (1)

observed and measured directly by conventional techniques.

Although high-resolution transmission electron microscopy'/N€reéFp andFe are Taylor series expansions in powers of
can sometimes be used to reveal the atomic structures Jf€ SPontaneous polarizatiéh-=(P,,P,,P3) and the elastic
domain walls it is questionable whether the structures ob-Stram{”k'} (k1=1,2,3), respectlvel_yl,:c is the cqupllng en-
served in thin films may represent the real interfaces in buli€9 betweerP and {7}, andFg is the gradient energy

crystals(since ferroelectric films have strong surface effect corresponding 1o the spatially inhomogeneous configuration

) . .of P within the domain wall laye(see Refs. 8 and 12At
Thus, understanding of domain wall structures from experi- . axternal force. one h = (0F/9m)7p=0, Or
ments remains one of the prime tasks in the study of ferro* ’ & )T, P s

electricity and ferroelectric phase transitions. In theory, how- 7i = Q11P?+ Q1 pj2_|_ P2) (i#]#k),
ever, the Landau-Ginzburg phenomenological model has
been applied successfully to describe the structural aspects of 7ij=QaaPiP; (i#]), 2)

domain walls on the basis of a series of macroscopic physical
quantities>™" In the framework of this theory, the polariza- where theo;; are the Cauchy stress components and the
tion profile of 180° walls is often described by a kink-type Q;; are determined by the elastic constafljzand the elec-
solitary-wave solution, and the wall properties associatecﬁrOStrICtIVe constantsy; .~ Based on Eq(2), the.total free
with this solution, such as the thermal broadening and energ(f/nergy of the homogeneous state can be rewritten as
variation, can be verified directly or indirectly from experi-
ments for certain ferroic systerfis:! F=a;2, Pl+a> Pl+al,> P?P2+ag; >, PP

Many important ferroelectric materials have the perov- : : 1<l :
skite structure, in which the 180° walls are critical to the
performance of the related devices. Unlike that of uniaxial +a1122_ Pi4PJ-2+ alngngPg. 3
ferroelectrics, the spontaneous polarization vector of perovs- 7]
kites can take more than one component along the thregere F,, and F, are included in the fourth power terms of
(100 directions of the prototypic cubic structutewhich Eq. (3). In the homogeneous tetragonal phase with the tetrag-

makes the wall structure much complicated. In this reportonal axis parallel tox,, the polarization has the form
we demonstrate that, besides the conventional kink solutiopp, 0,0) with

of the one-component polarization profile which has been

presented in the previous work the 180° wall in perovs- —aj+a' 12— Bagagy| P
kites has another kind of structure whose polarization is rep- Po= 3ams, : (4)

resented by two position-dependent components. Moreover,
it seems that other kinds of domain walls in perovskites may For a(001) 180° domain wall in a tetragonal perovskite
also have the two-component-like solutions for the polarizawith boundary conditions

tion configurations. Investigation of such kinds of walls can

provide new insights into the mechanisms of domain dynam- lim Pi==*Py, lim P,=0, 5)
ics and ferroelectric phase transitions. Xg— £ Xg—E®
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we can assume th&and »;; vary only alongxs in the bulk
(neglecting the edge effgcDue to the nonzero conductivity
of real ferroelectric perovskite§,- P=0 givesP3=0. Thus
the polarization vector within the wall layer has the form
(P4,P,,0). The compatibility relations of the strain
component§ require 71,=Q11P3, 7,,=Q,P3, and
71,=0 across the wall. For the stress componen(s the
equilibrium wall requires X;oy; =0, which leads to
713= 1723= 0 and

_du
733 Cu

C12
PI+P) g, (QutQuP. (6

In view of the relations between;; andP;, the free energy
in the wall region can be reexpressed in the form

_ 2 2 4, o4 252 6, o6
F=a|Pi+ayP5+al)(Pi+P3)+ PP+ ay14(P1+Py)

1
+ a1 PIP3+PIPS) + 5944( P§,3+ Pis)’ (7

where «] and a5 usually depends linearly on temperature,
i.e.,a; =a’+ ag(T—T,) with ay>0. Eventually, the varia-
tonal derivative of the total free energifFdx; gives the
equilibrium equations of the 180° wall as

4aP135= 201 P1+4a P+ 2a],P1P5+6ay1,PY

+2a114 P1P3+2P5P3), (8a)

U44P2 33= 2055P + 4a P53+ 201 PP, + 6ar114P5
+2a11(PiP,+2P2P3). (8b)

It is evident that Eqs(8a) and(8b) have the analytical solu-
tions

Pho =P ) _ o0, (@
X3)= —_—— X3)=0U,
B0 g2+ costix/ &) 2
with g?=P2/(2P3— aj,/ ay;7) and
1
S— Jag (10)

Ba11 Py\2P5—3al/a;

The solution forP} is the kink-type solitary-wave solution,
and the corresponding wall is often called an “Ising-type”
(IT) wall (denoted by the superscript with its half width

characterized by'.** This kind of wall is usually considered
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FIG. 1. Position dependence of spontaneous polarization and
free energy density across IT and BT 180° walls for BaJi&
T=109°C.(a) Polarization profiles(b) Free energy density.

1
5944( Pis"‘ ng) = a|Pi+ ajP5+ ofy(P1+ P3) + a],PiP3

+a1y(PS+ P3) + ag1 PIP3+ P1P))

—Fo, (11)
whereF o= a/jP3+ o} ,Pg+ a111PS is the free energy of the
homogeneous state. So scanning only one nonzero initial
value, say,PE(O) allows us to perform the integration and
obtain the correct polariztion profileBS(x3) and P5(x3)
satisfying the boundary conditions. For instance, by substi-

tuting the parameters of BaTi) 2aj=2aj)
=4m(T-Tg)/C (C=17X10°, T,=110°0, 4a};
=1.8x10 %T-175), 20,=1.2x10712, 6y

=5.4x10 %% and 2¢;;,=8% 10" 2% cgs!?into Egs.(8a) and
(8b), we obtain the space profiles Bf andP5 as illustrated

in Fig. 1(a). Heregy,, has been reasonably chosen as0
cm? and assumed to be temperature independenexact
value can be calculated from the phonon dispersion
curves)!® The wall associated with the solutions BF and

PE may be called a “Bloch-type’'{BT) wall (denoted by the
superscripB).* The microscopic structure of the BT wall is

to be the real structure of the 180° twin boundaries in ferrothat the polarization vectoP®= p?§(1+ pg)“(z spirals from

electric perovskites.

—PoX; to P, across the wall. This is different from the IT

IT solutions, Eqs(8a) and(8b) have another set of solutions
PB(x3) andP5(x3) which satisfy the boundary conditions of

Moreover, it can be seen from Fig(a] that the width of the
BT wall is much greater than that of the IT wall.

Eq. (5). This set of solutions can be solved by integrating  Figure b) shows the profiles df' andF® corresponding

Egs. (88 and (8b) from the wall centex;=0 to *o. For
this aim, we have to determine four initial value2?(0),
P5(0), P 40), andP3 0). Inview of Eq.(5), it is apparent
thatP$(0)=0 andP540)=0. The other two initial values,
P3(0) andP?,(0), arerelated by the first integral of Egs.
(8a) and(8b),

to the IT and BT solutions in Fig.(&), respectively. Due to
the occurrence of the polarization compon@ﬁt, FB is sig-
nificantly lower thanF' in the vicinty of the wall center.
However, integration of' and FB with respect tox; indi-
cates that the total energy® of the BT wall is slightly
higher thanW! of the IT wall. This implies that the BT wall
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02 05 lie within the x;x, plane and indicate the polarization vec®¥;
the lattice constants along andx, keep constant; the wall has no
. , N shear deformation, but the structure is monoclinic due to the incli-
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FIG. 2. Temperature dependence of interfacial energy of IT and 1 1Qu1P5~ 1P~ A1P
BT walls in BaTiO;. T, is the temperature point where the two oB=C Q P2—q PBZ_q pB2
wall structures may change from one to the other. 227 11200 HI1T2 1201

: . . . o%y= = 204PEPF (12
is metastable while the IT wall is a stable structure in the ] ]
temperature region close . It is known that domain wall respectively, and usually these stresses are provided auto-

energy usually increases when temperature decrédes. matically by the domains sandwiching the wall to resist the

temperature-dependev® andW' calculated with the above 'Itsende;cy (t); I?ttlﬁehn?smatr(]:hln% |fn the t\_/lcmty of the '\é\;\a".th
parameters of BaTi@are illustrated in Fig. 2. It is interest- ased on the fact that no shear detormation occurs within the

ing that the increase of/' is slightly more rapid than that of WaII_Iayer, the crystal symmetry sems 0 Qe orthorhombic.

B . oo But if we note that the coexistence BF andP5 results from
WF, and there exists a temperature pofii=294 °C where the ionic displacement along boiy andx, directions, the
the two walls have the same energy density. BelByy, P 9 2 :

WE is | thanW'. F th tical vi int. th BT wall structure is in fact monoclinic. Subsequently, the
IS lower thanVv'. From the energetical viewpolnt, tNere- ., 5 nqcjinic structure makes the BT wall birefringent along

fore, the 180° wall structure may change from IT to BT aty,q y  axis. Experiments have shown that, indeed, the 180°
the transformation point,, upon cooling. walls in BaTiO; are directly visible between crossed polar-
It can be seen that the solutions for béthandP' are of  jzers even with no external electric field normal to the polar
quasione dimension and require soryedependent stresses axis applied® This effect is a unique property of ferroelec-
to clamp the walls so as to make them free of dislocation angic perovskites, and it proves the existence of 180° BT walls
disclinations. For the IT wall, the nonzero stresses@ye in BaTiO; at room temperature.
and o, while the BT wall needs an additional shear compo- The IT wall also has a position-dependent strain compo-
nent o;,. By taking into account the stressed state of thenent 75, but the crystal symmetry is strictly orthorhombic
wall, the coefficients quoted in the above calculations mayor quasitetragonalsince the polarization vector is always
not be so accurate since most of them are for unstressqghrallel tox,. Generally speaking, the orthorhombic struc-
BaTiO;. However, detailed calculations have shown thatture is also birefringent. In the case of the IT wall structure,
modification of the coefficients does not influence the mairhowever, the birefringence arising from the slight variation
characteristics of the solutions of Eq8a) and (8b). More-  of the interplanar spacing along the normal of the wall is
over, the structural transformation between the IT and BTbelieved to be negligible, similar to the 180° walls of
walls is a direct consequence of the temperature dependentgiaxial ferroelectricge.g., LINbO;) which are invisible un-
of &/ and o}y, as will be discussed below. Therefore, the der poIar|ze.d.I|ght. .On the other hand, the Ilm'lted resolution
results plotted in Figs. 1 and 2 represent the general featur&f the polarizing microscopy may also be attributable to the

of the two kinds of 180° domain walls in the tetragonal invisibility of the IT walls even if they are birefringent, be-
phase of BaTiQ cause the thickness of the IT wall layer is much smaller than

The temperature dependence of the domain wall ener that of the BT wall.
P P 91t is worth noting the physical origin of the IT-BT trans-

dten5|tty '”_‘p';ﬁs th_?jt t?e BtT wall ctan exist as '?hmorti Stfggiormation of the wall structures at low temperature. In view
structure In the wide low-temperature region. Thus the 16Ut the free energy, the decreases of the negative coefficients

walls found in BaTiQ; at room temperature are actually BT o' (as well asay) in Eq. (7) below T, make the spontane-

interfaces. For this kind of wall as shown in Fig. 3, not only o, \s- holarization larger and, particularly, give rise to more
the magnitude of the polarization changes, the rotation of thg|arization components. It is this effect that leads to the
polarization vector also occurs. The ondy-dependent strain ¢y pjc-tetragonal-orthorhombic-rhombohedral phase transi-
component isn5; which is related to the polarization com- tions of perovskites upon cooling with the polarization in-

ponentsPi3 and P? by Eq. (6). The x5-dependent stresses creasing from one component to two and then to three in
required to keep the straing , 7,,, andz., (=0) constant turn. However, since the wall has a special structure distorted
across the BT wall are from the tetragonal lattice, the temperature at which the one-
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component polarization transforms into the two-componentterP,,}” and this condition is generally satisfied in the tem-
one is, expectedly, different from the tetragonal-perature range away from the transition temperature. For the
orthorhombic transition temperatufBr.o of the homoge- above results obtained from such a temperature range, the
neous crysta[in the present case of BaTiQT, is much influence of fluctuations is believed to be negligible.

higher thanT.o (=0 °C)]. Consequently, the excess energy I_n conclysmn, we have demonstr:?\ted that the 180° do-
W of the two-component wall is lower tha¥' of the one- ~ Main walls in tetragonal phase of BaTj@an take two kinds
component wall. On the other hand, the IT-BT transforma-Of structures, one of Bloch type and the other of Ising type,
tion can significantly decrease the free energy density at th different temperature regions, and the structural transfor-
wall center. In Fig. 1b), we have seen tha&®(0) is much mation of the walls from the former to the later upon cooling
smaller thanF'(0). Calculations have shown that, below Originates directly from the decrease®f which has a ten-
T the two peaks oEB besides the wall center disappear dency to give rise to more polarlz:?\tlon components In per-
while FB(0) stays smaller thaf'(0). This means that the ovskites. Since our results are obtained from the general phe-

FB curve is more flat and wider tha@'. Therefore, the BT neomenology of the first-orde®,-C,, ferroelectric phase

wall is an energetically stable structure in the low tempera:[rans't'on and the main characteristics of the results are in-

ture range with the excess energy distributed in a wide rege_pendent of the paramete_:rs used in the calculationsE, the
gion. Furthermore, the switching of antiparallel domains isexistence of two 180° twinning structures and the associated

often realized by the nucleation and growth of new OIOmainS\_/vaII transformation are common features for all ferroelectric

During the motion of the IT wall toward- x5 direction(see perovskite_s. Moreover, it can be proved _that, as long as the
Fig. 1), the polarization first decreases frdPg to zero, and Landau-Ginzburg theory is valid, other kinds of electrically

then changes te- Py. This process often requires the domain neutral twin boundaries, such as 90°, 120°, and 60° walls, in

to surmount a high potential barrier. For the movement of thnﬁ!l the Ler:]oelebctﬂccﬁ)h?simgcelrtgdmg tetrS?onﬁl, orttr;]orhom-
BT wall, the polarization vector igotated from P, to Ic, and rhombonedral pha PETOVSKILES ave the same

— Py, and its magnitude keeps nonzero throughout the rever(?qL““br!um equations as Eq¢8a) and (8b)_’_ only that_the
sal process. In this case, the potential barrier is relativel xpansion coefficients or boundary conditions are different.

low, indicating that the BT wall is more mobile than the IT or thes_e walls, t_he .IT—Iike k_ink sqlutions always exist, pUt
wall. From the consideration of domain kinetics, the prefer—the BT.-I|I.<e polarlzat|on conflgurathn may also be qbtaln—
able structure of the 180° wall is also of Bloch type. ab!e_ within certain temperature region. If the expansion co-
Up to now we have completely ignored the thermal quc-effICIentS (as well as their temper_ature depe_ndérmethe

tuations of the order parameters which are known to havgee-energy equatiofll) are determed expenmgntally, one

possibly dramatic effects on mean-field results at tempereffan apply the present model to obtain the detailed structures
ture close to the transition point. However, the Landau-Of these walls.
Ginzburg theory is valid as long as the fluctuations in a vol-  This work was supported by the National Natural Science
ume with linear dimensions of the order of the correlationFoundation of China, National Laboratory of BEPC, and In-

length are small compared with the equilibrium order paramstitute of Crystal Materials, Shandong University.
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