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Fundamentals of graded ferroic materials and devices
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A generalized Landau-Ginzburg model is constructed and used to develop a methodology for analyzing
graded ferroic materials. Material system inhomogeneities are assumed to arise from compositional, tempera-
ture, or stress gradients. These spatial nonuniformities are shown to give rise to local order parameters having
corresponding spatial variation. Functionally graded ferroic systems are thus found to result in nonuniform free
energies with attendant internal potentials, the latter of which are evidenced by displacements of the materials’s
stimulus-response hysteresis plots along the responsdeagis polarization, magnetization, or strain axis
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[. INTRODUCTION tional gradient. Such structures have given rise to a new class
of transcapacitive ferroelectric devicésr “transpacitors’)
Ferroics form an essential subgroup of functiotat  viewed to be the dielectric equivalent of semiconductor junc-
smar} materials whose physical properties are sensitive tdion devices, having potential applications in infrared detec-
changes in external conditions such as temperature, pressution, actuation, and energy storage. Two types of graded
electric, and magnetic fields. Ferroelectric, ferromagneticferroelectric devicd GFD) structures have been demonstrat-
and ferroelastic materials are the best-known examples afd: “up” and “down.” 27>8-1% This terminology arises
ferroics that are principally distinguished by two main char-from the fact that, unlike homogeneous ferroelectric materi-
acteristics:  First, their property-specific order parametersils, GFD vyield ferroelectric charge-voltage hysteresis plots
(e.g., polarization, magnetization, or self-strain, for ferroelecwhich are translated along the charge axis, up or down, when
trics, ferromagnets, and ferroelastics, respectiveyontane-  the GFD is placed in a modified Sawyer-Tower circuit and
ously assume nonzero values below a threshold temperatuggcited with a periodic alternating fief® Both types of
even in the absence of an applied stimulus. Thus these suBayices have been formed from a wide variety of thin-film
stances are usually high-energy—density materials that can bg,terial system&;58- though more recent research has
configured to store and release enefglectrical, magnetic, ghown that such translations are intrinsic in origiaving
a_nd mechanicalin well-regulated manners, making _them been replicated in bulk materialand are not the result of
highly useful as sensors and actuators. Second, feraica extraneous artifacts*?> However, while much is known ex-

ggneral class of mater!al.f,exhlbn hystgresp in their erimentally concerning graded ferroelectric structures, the-
stimulus-response behavior: e.g., polarization versus aFj(:)Zretical descriptions and analysis of these or other transpaci-
plied electric field, magnetization versus applied magneti% P Y P

field, and strain versus applied stress. ve devi_ces_ have begn_significantly Iacking_. :
While extensively studied both theoretically and experi- Considering the similarity of many ferroic systems, this
mentally, ferroic research has by and large been confineffPOrt attempts to develop a common theoretical description
primarily to investigating the properties of homogeneous andor grad_ed ferroic dew_ces and structures. Starting from the
layered materials. In recent years, however, an investigatiogéneralized Landau-Ginzburg theory, we show that we can
of the properties of compositionally graded ferroelectric thinProvide a quantitative theoretical analysis of the offset hys-
films has been undertakérnlike homogeneous ferroelec- teresis behavior of polarization-graded ferroelectric materi-
trics, which are characterized by a symmetric hysteresis loopls. We also show that this approach is quite general and
with respect to the polarization and applied field axes, gradeteadily expandable to graded ferromagnets, ferroelastics, and
ferroelectric devices display strikingly new behavior, theother transponent and graded ferroic systems with proper
most notable being a translation of the hysteresis loop alongodifications.
the polarization axis with an attendant charge offsétas
shown in Fig. 1.
The “up” and “down” shifts observed in graded ferro- Il. THEORY
electric hysteresis have been shown to be dependant upon the
degree of compositional gradient normal to the growth sur- Let us consider the expansion of the free energy of a
face of the films. This behavior has been attributed to derroic phase transformation of a single-domain system with
“built-in” potential that finds its origin in the attendant po- order parameterg; such that it is a harmonic function of the
larization gradient that arises as the result of the composierder parameter&@nd thus does not contain odd powers
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FIG. 1. Schematic of a compositionally graded barium strontium Lioad

titanate film forming an “up-" graded ferroelectric stack and the ¢
corresponding asymmetric hysteresis loops with attendant charge —— .
offset AQ (see Refs. 1 and 2 for specific experimental details clectrode —p i)
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FIG. 2. Three methods of obtaining polarization graded ferro-

+ 5iijij et ;qijklxij mm+ %Cijklxijxkl electric materials(a) temperature gradienth) compositional gra-
dient (BT: BaTiQ: BST: BasSr,_,TiO3), and(c) strain gradi-
ent.

1o
—5 4 ﬂi_Qiﬂi}dV: 1)

2 "2 "6 T2laz

aP? pP* 4P A(dP)z 1 op

L
F- |
0
where ajj, Bijq, and Ay, are the free-energy expansion
coefficie_nts, 5ij|<_ and Qjj are the bilinear and linear- _EP+FieI
qguadratic coupling coefficients between the order parameter

and the strairx;; , Cjj are the elastic coefficient§); is an . .

. . g . wherea, B, v, andA are the free-energy expansion coeffi-
gxternally app"e‘?' el_ectrlcal or magnehp f|gld, aﬁ& is the cients. The temperature dependence of the dielectric stiffness
internal dgpolanzanon or demagneuzatlpn field. Proper, is given by the Curie-Weiss law=(T—T,)/s,C, where
ferrgelectrlc, ferromagr)etlc, a}nd ferroelastic phqse tr{;msfor-r0 and C are the Curie-Weiss temperature and constant, re-
matlo_nS can be descrl_bed_ via the above reIatm_m OW|th th‘%pectively, ands, is the permittivity of free space. It is as-
polarizationP;, magnetizatiorM;, or the self-strainj as  symed that the coefficient8 and y do not depend on the
the order parameter, respectively. For a graded material wittemperature. The gradient term represents additional energy
a systematic spatial variation in the order parameerp;  from the nonuniform distribution of the polarization and
#0, resulting in a nonuniforntelectric or magneticdipole  serves to damp out spatial variations in polarizafibt’.The
moment density in ferroelectrics and ferromagnets and aoefficientA can be approximated a¥|a|, whereé is the
nonuniform displacement in ferroelastic materials. It is thischaracteristic length along which the polarization variess
gradient which provides the basis for the offset of the hysthe external electric field along ttedirection, ance® is the
teresis with respect to the applied electrical, magnetic, andepolarization field® We assume that the contribution of the
stress fields. depolarization field is negligible due to the small but finite

To link with prior experimental results we confine our conductivity of the material as well as local compensation by
initial analysis to perovskite ferroelectric oxides such asdefects such as oxygen vacancies in perovskite ferroelectrics.
BaTiO; which exhibit a cubic-tetragonal phase transforma-This term cannot be omitted in the analysis of ferromagnetic
tion. A systematic variation in the polarization can bematerials since there is no mechanism analogous to charge
achieved(and has been achieved experimentaifya num- ~ compensation in ferroelectrics.
ber of ways including a variation in the composition of the ~ The difference between the free-energy functional of Eq.
material® impressing a temperature gradient across thé2) and the standard LGD free-energy expansion is the last
structuret? or by imposing nonuniform external stress term of Eq.(2): Fy,. It represents a contribution due to the
fields!® as illustrated in Fig. 2. For analysis, we consider ainternal stresses resulting from variation of the lattice param-
monodomain ferroelectric of thickneds sandwiched be- eter within the compositionally graded or temperature-
tween two metallic electrodes with the easy axis of polarizagraded unconstrained ferroelectric bar. The bar may be
tion along thez axis such thatP;=P,=0, P;=P=1(2). thought of being composed of “layers” with a uniform po-
The ferroelectric is assumed to be homogeneous along thelarization along thez direction as shown in Fig. 3. There
andy directions, reducing the problem to only one dimen-exists a biaxial stress state with equal orthogonal compo-
sion. Accordingly, the general free energy expansion given iments in thexy plane of each layer, and the corresponding
Eg. (1) reduces to the well-known Landau-Ginzburg- mechanical boundary conditions are given déy=o0, and
Devonshire(LGD) free energy per unit are4: o3=04=05=0g=0, whereo; are the components of the

dz (2
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Qspet whereC is an effective elastic constant given by

I—
= _ 2¢t,
[ A4 > . C=Cp+Cpo— Ty’ (10)
I Y . . o
| jL,x ‘L andC;; are the elastic moduli at constant polarization.
(| M M The minimization of the free energy with respect to the

o _ _ _ ~ polarization in the absence of an external electric field yields
FIG. 3. Schematic diagrams showing the one-dimensional variaghe Euler-Lagrange equation

tion in the misfit between a particular “layer” and the layer with
average self-strain given by°(z)= Q. P?(z) —(P)?]. The self- d2p o
strain results in a bending momet AW =aP+ BP3+ yP>, (12)

internal stress tensor in the contracted notation. Thus the . A — .
) ) " ) Where the renormalized coefficiemisand 8 are given by
total internal elastic energy for each “layer” can then be

expressed as @=a+4CQ4 (z— LI2)k— Q1 P)?], (12)

1 B C
Felzz((Terl— T2X32), ) ﬁ:B+4CQ%Z' (13

where x;=x, and o;=0, are the internal stresses and  The inhomogeneous nature of the three systems is re-
strains in thexy plane. The layer that has a polarization flected through the position-dependent expansion coefficients
equivalent to the average polarization is distinguished by th@yith respect to spatial temperature, composition, and strain

I|ght gray co_lor n F'gg 3. The straix; =X, in each indi- variations. For compositionally graded ferroelectrias, 8,
vidual layer is given and A are a functions of the composition and therefore are
J2w location dependeri.e., a(z), B(z), andA(2)].
X1(2)=x2(2)=x(2) + (z—L/2) i X%(z) +(z—LI2)k, For temperature-graded ferroelectriésanda depend on
the temperature and thus are location dependent. Assuming
@ that stead [ ish
y-state heat transfer is established, the tem-
wherew is the out-of-plane displacement®(z) represents perature across the ferroelectric bar in Figa)ds a linear
the variation of the misfit in thay plane between a particular function of the positioly the normalized coefficiend(z) in

layer and the average self-stray A P)?, Eq. (12) becomes
x%(2)= Q4 P%(2)—(P)?], (5 . L(T,—To)+2(T,—Ty)
Z)=
where Q, is the electrostrictive coefficient andP) is the “ LeoC

average polarization: — )
+4CQA (z-L/2) k= Q1A P)7]. (14)

1 (L
(P)= EJ P(z)dz (6) The strain-graded ferroelectric is analyzed in terms of a
0 simple cantilever beam set{ipee Fig. Zc)]. A bending force
x in Eq. (4) is the radius of curvature resulting from the is applied along thez direction, resulting in a systematic
bending moment given B% variation along thez direction for the normal straiicom-
pressive or tensile The resulting stress conditions in the
0 cantilever beam arer;#0 and o0,=03=0. The coupling
=3, (z—L/2)x"(z)dz (7)  between the polarization and applied bending force modifies
the Euler-Lagrange equation as follows:
Combination of Eqs(4)—(7) leads to

d?p
24(z—L12) (L Aqz =(@=2QuC*x)P+pP*+yP%, (15
X(Z)=x0(2)+TJ (z—L/12)x%z)dz, (8)
° where
and using the mechanical boundary conditions, the total in-
ternal elastic energy for each “layer” can then be expressed 2C§2
C*=Cy— 16
as 1 (16)

(C11t+Cyp)

is the effective modulus in bending arg(z) is the position-
dependent normal strain due to the external bending force.
. The normal strairx,(z) is related to the bending ang#eand
=C{Q:14P%(2)—(P)?]+(z—L/2)x}?>, (9) the length of the bended bea®&through

) 1
Fu(2)= 5(0'1X1+ 02X3)
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k (L [dP(2)
AQ: CQVint:E Jl) Z( T) dz, (20)

wherek is the ratio of the capacitance of a load capacitor in
Sawyer-Tower circuitCq to the capacitance of the graded
ferroelectricCg. It should be noted that in addition to the
built-in electric field, there is built-in internal stress field due
to the spatial variation of the polarization-induced self-strain.

P(z/L)/<P>

—o—SG

0.0 02 04 06 08 10 lll. RESULTS

z/L Using the boundary conditionrdP/dz=0 atz=0 andz
=L corresponding to complete charge compensation at the
ferroelectric/electrode interfaces, we plot the polarization
profile normalized with respected to the average polarization
(P) for the three cases in Fig. 4. HeR{z) is numerically
obtained from Egs.(11)—(17) using a finite-difference
17) method having an accuracy d@fuccessive iterationsap-
proximately 10 ’. For the analysis we have chosen BaJiO
as the prototypical system for the temperature- and strain-
The polarization profile then can be used to calculate thgraded ferroelectrics and B2, _,TiO5 for the analysis of a
charge offset per unit aresQ based on the one-dimensional compositionally graded ferroelectric system withkc@<1.
Poisson’s relation. Basic electrostatic theory shows that alhe latter was selected primarily because there exists a great
inhomogeneous distribution of the polarization is associatedeal of information on the thermodynamic parameters and

FIG. 4. Theoretical, normalized polarization profiles alongzhe
direction for temperaturefTG), composition-(CG), and strain-
(SG) graded systems.

L
X1(Z):(Z— 5

g .

with a bound chargé® physical properties of BaTiQand SrTiQ. The coefficients
a, B, and y and the elastic constant§;; and C,, for
dP(z) Ba,Sr,_,TiO5 were obtained by averaging the corresponding
py="Vi-Pj=-— “dz (18) parameters of BaTiQand SrTiQ due to lack of thermody-

namic data on single crystals of f&x; ,TiO5;. For compo-
wherep,, is the volume density of the bound charge. Accord-sitions close to SrTi@, it should be taken into account that
ing to Poisson’s relation, this bound charge generates apon cooling, bulk SrTi@ undergoes a cubic-to-tetragonal
built-in electrical field and the resulting built-in potent\},  antiferrodistortive transition at 168 °C (105 K), well below

is given by’ the temperature range considered in this report. A ferroelec-
tric transformation in stress-free SrQ@rystals is not ob-
1 [t 1 (L [dP(z2) served, but it is possible to induce ferroelectricity via
Vint=— CiL f 0 zp(2)dz= CeL f oA\ Tdz dz, externaf®?!and internal stressééThe electrostrictive coef-

(19 ficients are assumed to be insensitive to variations in com-
position and temperature in the range of the analysis. Ther-
where Cr is the ferroelectric capacitance. Then, the chargemodynamic and physical properties of Bafi@nd SrTiQ
offset due to this built-in potential is used in the calculations are summarized in Tabie1°

TABLE |. Thermodynamic and physical properties of BaJi@hd SrTiQ used in the calculation&om-
piled from Refs. 22—26, Sl unitg,in °C). Data for BaSr, _,TiO5 are obtained by averaging the correspond-
ing parameters of BaTipQand SrTiQ. The coefficienty of BaTiO; is used for BaSr, _,TiO5; as an approxi-
mation. The electrostrictive coefficie@;, of BaSr, _,TiO3 is assumed to have a typical value for perovskite

oxides.
BaTiO; SrTiO; Ba,Sr,_,TiO3
To 118 —253 37%—253
C 1.7x 10° 0.8x10° (9x+8)x10*
a 6.65x 10°(T—118) 1.42x 10°(T + 253) 1.1 10°(T—371x+ 253)/(X + 8)
B 3.56x 10° 8.4x10° (—11.96¢+8.4)x 10°
Y 2.7x 10" 2 7% 1011
Cu 1.76x 10" 3.48x< 101 (3.48-1.72) x 10"
Cyp 8.46x 100 1.00x 10! (1—0.154) x 10t
Q1 —-0.043 —-0.034
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graded BaSr, _,TiO5; and strain-graded BaTiO For com-
positionally graded Bgr, ,TiO3, ¢ is defined as the Ba
concentration on one end of the ferroelectiie., this end
has the composition of pure BaTj&vhen{=1 and has the
composition of pure SrTiQwhen {=0), and the other end
has a fixed concentration corresponding to pure BaTiQ
<0 corresponds to reversed grading. For strain-graded
BaTiO;, ¢ is the normalized bending ang#| 6|,.x, Where

| 6] max is the maximum bending angle. For compositionally
homogeneous {=1) or unbent ferroelectric bars{€£0),
there is no charge offset. A maximum charge offset is pre-
dicted at a critical in both cases, corresponding to the emer-

gence of a paraelectric region. However, a steady increase of
¢ the charge offset is theoretically expected for relatively
) _ larger bending angles in strain-graded BaJi@ue to the
FIG. 5. Normalized charge offset as a function of the.ParameteEaturation of the expansion of the paraelectric region in ten-
¢ for temperature-gradeq BZ’:AT/MT'”“’J‘X (TG); compositional- sile strain regime and a continuously increasing polarization
graded BST{=Cg, (CG); and strain-graded BEL= 6/|6|ax (SG). gradient in the compressive strain regime. An important fea-
ture predicted by the model is that the sign of the charge
As can be seen from Fig. 4, the normalized polarizatioroffset is reversed if that of the temperature, composition, or
decreases monotonically across the structure with a variatiogtrain grading is reversed, as shown in the negafikegions
of the polarization along thedirection predicted in all three in Fig. 5 justifiable with the same kind of reasoning as dis-
graded systems. The polarization gradient diminishes closgussed for positive.
to the surfaces because of the boundary conditions. For the
temperature-graded BaTi@ystem, the hot end and cold end
are chosen to be at, (Curie-Weiss temperatur@nd room
temperature (R¥25°C), respectively. If the hot-end tem-  Although hysteresis offsets have been observed from
perature is higher thaify, a paraelectric region with no temperature- or strain-graded ferroelectric systems, the ma-
spontaneous polarization will form at this end, a feature im§ority of the research on graded ferroelectrics has concen-
portant for analyzing the charge offset behavior with respectrated on compositionally graded ferroelectrics. The theoret-
to the temperature as well. Within the ferroelectric region,ical modeling for many compositionally graded systems
the polarization profile exhibits similar behavior as the onedepends on the availability of thermodynamic data and
shown in Fig. 4. The end-point compositions for composi-physical properties of single crystals of not just the end com-
tionally graded systems are BaBO(at z=0) and ponents, butin between solid solutions as well. Furthermore,
Bay 75505 251105 (atz=L), respectively, and a linear relation- there are additional factors that have to be taken into account
ship between the composition and position is assumed. It ihen polycrystalline materials, polycrystalline thin films,
worth mentioning that the magnitude and direction of theand epitaxial thin films are considered. For thin films
polarization gradient depend upon the temperature, composiwhether they are polycrystalline, textured, or epitgxtak
tion, and strain gradient. For example, the direction of theclamping effect of the substrate, which is usually much
polarization gradients will be reversed if the positions of thethicker than the film, has to be consideréd’ In addition,
hot- and cold-heat sinks in Fig(& are exchanged. In the the coupling of the internal stresses with the self-strain of the
strain-graded BaTi@system, the deflection angieof the  phase transformation and thus with the polarization through
level arm is taken as 1.5°. A more abrupt polarization gradithe electrostrictive effect should also be taken into
ent should be expected with increasifg account®?’ There are several sources of internal stresses in
In Fig. 5 we plot the charge offsétQ/AQnax @s a func-  thin films: the structural phase transformation at the Curie
tion of the normalized parametef for three cases. For temperature, the difference in the thermal expansion coeffi-
temperature-graded BaTiQ (¢ is defined as ¢ cients of the film and the substrate, and lattice mismatch
=AT/|AT|nax, Where AT=T,—T, (T;=RT andT, is a between the layers in the case of epitaxial films. It is ex-
variable for positive, vice versa for negativé). It can be pected that the combination of the nonuniform internal
seen from Fig. 5 that the charge offset first increases in atresses in graded thin films witf,, should complicate the
continuous fashion with increasing reaching a maximum analysis in computing the magnitude of the hysteresis
corresponding tol,=T,, and then decreases. Further in- offset®'3
crease in the temperature leads to the formation of a While the analysis presented in this report explored the
paraelectric region within the ferroelectric bar with no spon-properties of graded ferroelectrics, the findings are quite gen-
taneous polarization. This region expands with increasingral and apply equally well to other ferroic material systems
T,, reducing the charge offset. This very same trend hasuch as ferromagnets and ferroelastics with proper modifica-
been observed experimentally in temperature-gradetions of the free-energy function. Indeed, substitution of any
Bag 1St 5Ti03. 12 other equally acceptable order parameter into @g.will
A similar behavior is predicted for compositionally yield a spatially dependent free energy and attendant internal

IV. DISCUSSION AND CONCLUSIONS
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potential. For example, the ferromagnetic state can be desther transponent devicegormed from nonhomogeneous
scribed via the Landau potential, taking into account the exferroicg are active devices with potential applications in a
change energy, magnetic anisotropy, magnetostriction, denultitude of high-sensitivity, high-energy-applications: sen-
magnetization energy, and magnetostatic energy. Either thsors, actuators, and other energy storage and metering de-
magnetization or self-strain of the transformation can be choyices. Until this present work, there has not been any attempt
sen as the order parameter. For pure ferroelastic transformgs undertake a general analysis of nonhomogeneous ferroics.
tions, the potential is seemingly simpler due to the absencehis work provides the basic fundamentals related to these

of the coupling of the polarization or magnetization with the active structures, thereby enabling predictive capabilities for
Self-Straln, which is the order parameter. However, the d|reCﬁeW transponent Conﬁgurations_

effect of internal strains as described via E8). in compo-
sitionally graded and temperature-graded systems as well as
the strains resulting from the bending in strain-graded sys-
tems on the self-strain has to be taken into account. A sys-
tematic variation in the magnetization or the self-strain as We gratefully acknowledge helpful conversations with N.
predicted in our model should result in a nonuniform mag-W. Schubring and A. L. Micheli of Delphi Research Labora-
netic dipole moment density or a nonuniform displacementories and A. L. Roytburd of the University of Maryland.
(resulting in, for example, external bendifigin ferroelastic ~ Z.-G.B. and S.P.A. also wish to acknowledge support from
materials constituting the basis of the offset of the hysteresithe National Science FoundatigiNSH under Grant No.
with respect to the stimulus. Unlike passive and homogePMR-0132918 and the University of Connecticut Research
neous ferroics, transpacitors, transductors, translastics, am@undation.
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