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Hysteresis loops of ferroelectric bilayers and superlattices

Khian-Hooi Chew, Lye-Hock Ong, Junaidah Osman,? and D. R. Tilley
School of Physics, Universiti Sains Malaysia, 11800 USM, Penang, Malaysia

(Received 13 March 2000; accepted for publication 29 August 000

A ferroelectric superlattice with an antiferroelectric interfacial coupling is considered; the same
model describes a bilayer with antiferroelectric coupling. By mapping minimum points in the
Landau free energy expression and plotting them against the applied electric field, a triple hysteresis
loop pattern is obtained. The loop patterns vary between typically ferroelectric and typically
antiferroelectric depending on the layer thicknesses and the magnitude of the interfacial-coupling
constant. This work suggests the possibility of designing multilayer elements for computer
memories with four or more different storage states. 2@D0 American Institute of Physics.
[S0003-695(100)03843-2

Size effects are important in ferroelect(lEE) materials  consider here a bilayer of two ferroelectric films with an
since they are systems with long-range order. Indeed, FEntiferroelectric coupling across the interface and also a su-
films and superlattices are usually found to have differenperlattice of ferroelectric layers with this coupling. We show
physical properties from bulk ferroelectrics. For example, thehat by choice of the layer thicknesses the hysteresis loops
dielectric constants of multilayered FE thin films are depen-can be varied over a very wide range. Our work is specula-
dent on layer thicknesskand it has been demonstrated thattive in that we do not say how such a coupling might be
the oscillation of the pinned domain walls in an externalproduced in practice. In our view, the great importance of the
electric field yielded a giant dielectric constant in an epitaxialanalogous magnetic coupling in giant-magnetoresistance
FE superlatticé. More recently, soft-mode hardening has devices® justifies some degree of speculation. Because this
been observed in SrTilfilms 34 Raman-scattering observa- is a preliminary study, we take the simplest possible model;
tion of confined transverse optical phonons inwe shall argue that the essential results are not an artifact of
PbTiO;/BaTiO; superlattices is an indication of high the simplifications.
growth quality since confinement depends on sharp inter- It will be recalled that ferroelectrics have simple hyster-
faces. A recent lettémeports the observation of the full in- esis loop&***®whereas the hysteresis for an antiferroelectric
trinsic hysteresis loop in very thin Langmuir-Blodgett FE material consists of double loop%!” Our point is basically
films. Taken as a whole, these and other results imply athat in the system we propose the hysteresis loop can be
important role played by interfacial coupling in FE films and designed to any form between these extremes. Our analysis
superlattices. is similar to that applied by Ricinscleit al'* for bulk ferro-

A substantial amount of theoretical work on FE films haselectrics.
been reportedf and a small amount on superlattices. In  We consider the two systems sketched in Fig. 1, thatis a
films, attention has been focused on spatial variation of th&ilayer of materials 1 and Fig. 1(a)] or a superlattice 1/2/
polarization near surfaces and interfaces, which can arise fd/2/..[Fig. 1(b)] with layer thicknessek; andL,. Layers 1
a variety of reasons, and on the effect of the depolarizatio@nd 2 are FE with an antiferroelectric interface coupling.
field which arises when the applied field and polarization areSince we concentrate on the effect of the interface coupling,
normal to the film. A general formulation including both We make the simplest assumption, namely fa$ constant
these effects is availabfeé. For superlattices, Quet al’®  within each layer. With these assumptions, the free energy
have predicted a size-driven phase transition which is deper€r unit areaand per unit cell in a superlattic€ involves
dent on the strength of the interfacial coupling and the layefust two scalar variable®; andP,, and we write
thicknesses. Mat al! have addressed the effect of antifer- A B A
roelectric coupling on the spontaneous polarization in a su- F= - P2L,+ _12p‘11|_1_ P,EL,+ _2ng2
perlattice consisting of two coupled FE sublattices. They 2¢0 4eg 2€g
have shown numerically that in the absence of an applied B,
field the magnitude of the coupling enhances the antiferro- + —5P5L,— P,EL,+JP;P,. 1)
electric behavior in the structure when both sublattices are 4€p

the same in thickness and composition. For a bilayer,P; and P, are the polarizations in the two

The application of FE thin films in computer memo_ﬁ%s_ layers and for a superlattice they apply to any of the layers 1
has '”Cg‘ifslid the interest in studying polarizationyng » The first three terms are the standard free energy
reversaf,”**~*'which can be characterized by the dielectric density for material 1, including the coupling to the applied
hysteresis loop. It is of value to study means by which syssia|q E and multiplied by the layer thickness . We assume
tems can be designed to have specified hysteresis loops. Ve, A, is temperature dependent;=a,(T—Tcy) with
critical temperaturd ¢;, and thatB, is independent of tem-
dElectronic mail: junaidah@usm.my perature and positive. The next three terms are the same
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®) FIG. 2. Plots ofp;+p,/ (denotedQ) vs e for t=0.5: (a) j=0.5,/=1.1,

(b) j=0.5, /=2.0, (c) j=0.5, /=5.0, (d) j=0.5, /=10.0, (¢) j=0.2,
/=5.0, and(f) j=1.0,/=5.0. In Fig. 2f) symbols] and| represent up and
down polarization forp; (layer 1) and symbolsf and || represent up and
down polarization fomp, (layer 2.

FIG. 1. Systems considered hefe) bilayer and(b) superlattice. In the
absence of a field, the polarizations are aligned in opposite directions.

thing for layer 2. The final term ifl) describes interface
coupling with coupling constant. For a superlattice] in-  our aim is to study the simplest possible model we therefore
cludes two terms from the two interfacksandl, in the unit  take 1 and 2 as identical media so tigt=A,=a(T—T.)

cell marked in Fig. tb), and for a bilayer it describes the andB;=B,>0. In dimensionless quantities, the free energy
single interfacd . In both cases, we assunie-0 which fa-  expression in1) now becomes

vors antiferroelectric coupling in whickP; and P, are in

opposite directions, as marked in Fig. 1. f= E(pf*-/p%)vL E(p‘1‘+ /ph)—e(pr+/p,)
The limitations of(1) are these. First, we are assuming 2 4
that P; and P, are constant in each layer, thus ignoring +ip1pa, )

possible spatial variation within each layer. Second, depolar-
ization is not included. We can look at this two ways: eitherwhere f=egF/BLy, /=Lp/Ly, t=T/T,, j=J/L;, e
we assume tha®, andP, and the applied fiel€ lie parallel = (L1E/aTc)(eoB/aT) > andpf = (eaTc/B)P (with i=1
to the interfaces or we take them perpendiciits they are  Of 2). The dimensionless free enerdy,is a function of two
in practical devicesand regard depolarization as an effect to variablesp; andp, and we now investigate the implications
be included later in a more realistic study. We prefer theof (2) since detailed study op, and p, variations ase
latter view. Third, the free energy of each film is written for changes provides a complete picture of polarization reversal.
a second-order transition although most ferroelectrics have For a given value oé the equilibrium values op, and
first-order transitions. All of these restrictions could be re-P2 are those that give minima dfso that they are solutions
moved. As remarked, a free-energy expression%Ei)ncludin@f
spatial variation and depolarization effects is availabknd P _ 3_
this could easily be generalized to the present case, including Jpo—et(t=1)p+pi=0, (33
first-order transitions. A recently proposed numerical jp1—e/+(t— 1)/p2+/p§=0 (3b)
schemé&® is adequate to study the full expression. ) _

In the absence of the applied fiefithe ground state of @nd to obtain the hysteresis loop pattern we plpt po/” vs -
(1) hasP, andP, in opposite directions?,P,<0, since this € 2Befoge showmgzg resglts we note that at points of mflgxmn
minimizes the coupling energy; the zero-field equilibrium (¢°T/@P1) and @ f/apzl)/zare both zero; these conditions
directions ofP, and P, are shown schematically in Fig. 1. 91V€ P1=P2=[(1—1)/3]"* at a coercive field
An important implication is that even if films 1 and 2 are —t\Y2 [q_yt\3R2
made of the same ferroelectric material the bilayer is not the e.=[j+(t— 1)](T) +(T) . (4)
same as a single film of thickneks+ L, because the inter-
facial coupling ensures that for small field the polarizationThis gives extreme points in the hysteresis loops where
directions are opposite in the two films. A magnetic analogminima, maxima, and inflexion points if coincide; these
would be two Fe films separated by a thin Cr layer that givesepresent the onset of polarization reversal.
antiferromagnetic  coupling; the basis of giant- Figure 2 shows typical hysteresis plots calculated from
magnetoresistance devices is that in the absence of an apumerical solutions of3). In making these plots, we selected
plied field the Fe moments are in opposite directibtSince  only solutions that correspond to local minima faf The
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temperature is not very crucial for qualitative features so controllable through selection of the layer thicknesses. The
we maintaint=0.5 and display plots for various values of ratio | controls the balance between antiferroelectric and
couplingj and thickness ratig’. In Figs. Za)—2(d) the value  ferroelectric character, the former predominating whes
j=0.5 is maintained and” is varied. The hysteresis loop not very different from unity. Since presumahlyis a mate-
pattern begins with large double loops typical of an antifer-rial parameter, the value ¢fand therefore the importance of
roelectric since/ is close to 1.0(i.e., layers 1 and 2 are the interfacial coupling varies inversely with the layer thick-
about the same thicknes$lowever, as” increases in value nessL;.
a central loop opens up so that triple loops appear when 1 We remark finally that for some values 6fandj, as in
and 2 are sufficiently different in thicknefs.g., Fig. Zb) for ~ Figs. 4c¢), 2(d), and 2f), all four arrangements gf; andp,
/'=2.0]. Further increase i, for example in the sequence occur in nonhysteretic regions which may represent four pos-
/'=2.0[Fig. 2(b)] to /=5.0[Fig. 2c)] and /=10.0[Fig.  sible data recording points. An obvious extension is to mul-
2(d)], widens the size of the central loop and reduces thdilayers, so that for example a trilayer or a superlattice with a
outer loops vertically. In this sequence the system is beconthree-component unit cell may be designed to have@
ing more ferroelectric with the outer loops for larhshow-  recording points and so on. In particular, it should be pos-
ing vestigial antiferroelectricity. The effect of the coupling sible to design multilayers with a sufficient number of re-
constantj, on the loop pattern can be interpreted when Figscording points to support octal logic.
2(c), 2(e), and Zf) are compared. In these figures the value  We have assumed implicitly that sufficient anisotropy is
/'=5.0 is fixed andj values in increasing orddFig. 2(e) present to maintain the polarization directions along one
with j=0.2, Fig. Zc) j=0.5, and Fig. &) j=1.0], are used. axis. In some cases, it is possible tiatand P, may move
As j increases in value the three loops stretch further oubut of alignment, so as to produce a configuration like the
horizontally. antiferromagnetic spin-flop state for example. This possibil-
The switching behavior can be understood from Fig.ity requires further analysis.
2(f), for example. Suppose we begin at point C and decrease
e. To achieve a minimum irf,j favors p; and p, to be
opposite in sign, whereasfavorsp,; andp, aligned with the
field. In region CD the value of is large and it has a stron-
ger mflgence Py aqdpz thanj does so that botp, andp'z . 1H. Tabata, H. Tanaka, and T. Kawai, Appl. Phys. L&8, 1970(1994.
are switched up. Point D represents the onset of polarizationa g v, kim, and R. A. Gerhardt, Phys. Rev. Le®t7, 1628(1996.
reversal, so as is decreased further in value the influence of 3A. A. Sirenko, C. Bernhard, A. Golnik, A. M. Clark, J. H. Hao, W. D. Si,
j begins to predominate over. Since layer 1 occupies a and X. X. Xi, Nature(London 404, 373(2000.
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switching takes place at point H. Heggs negative but small ~ Ariosa, Phys. Rev. B1, R6447(2000.
in magnitude and the influence pfis still stronger. Since ~ °S- Ducharme, V. M. Fridkin, A. V. Bune, S. P. Palto, L. M. Blinov, N. N.

. . . . Pethukova, and S. G. Yudin, Phys. Rev. L&#, 175(2000.
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