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Thermodynamic analysis of temperature-graded ferroelectrics
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A Landau-Ginzburg thermodynamic model is constructed and used to develop a methodology for
analyzing temperature-graded ferroelectrics. Spatial nonuniformities in temperature are shown to
give rise to nonuniformities in polarization with corresponding spatial variations. The magnitude
and the sign of the polarization gradients are shown to depend on the imposed temperature gradient.
The polarization gradients result in asymmetric hysteresis responses with “up” or “down” charge
offsets. The theoretical analysis presented here not only predicts the general trends associated with
the hysteresis offsets observed from temperature-graded ferroelectrics, but is also in excellent
guantitative agreement with the experimental data reported in the litefddiré&ellberg, J. V.
Mantese, N. W. Schubring, and A. L. Micheli, Appl. Phys. L&&, 524(2000)]. © 2003 American
Institute of Physics.[DOI: 10.1063/1.1556565

In recent years, there has been great interest in gradedelectrics. To link with prior experimental results, we con-
ferroelectrics as they exhibit behavior and properties that arne our analysis to perovskite ferroelectric oxides exhibiting
not observed in homogenous bulk or thin film ferroelectrics.a cubic [Pm3an(#221)—tetragonal [P4mm{#99] phase
Polarization-graded ferroelectrics are distinguished from hotransformation. For analysis, we consider a monodomain
mogenous ferroelectrics by a spatial variation of the electriderroelectric of thicknesk sandwiched between two metallic
dipole moment In addition, unlike homogeneous ferroelec- electrodes, as illustrated in Fig. 1. The two electrodes are in
trics, which are characterized by symmetric hysteresis loopgsontact with thermal sinks at temperatuiesand T,, im-
with respect to the polarization and applied field axes, gradefosing a temperature gradient across the ferroelectric bar. It
ferroelectric devices display strikingly different behavior; theis assumed that a steady state for heat transfer is established.
most notable being a translation of the hysteresis loop alonghe easy axis of polarization is along taexis such that
the polarization axi-* The shifted charge—voltage hyster- P1=P,=0, P3=P=1(z), and the ferroelectric is consid-
esis (“up” and “down” ) loops are attributed to “built-in”  ered to be chemically and thermally homogeneous along the
potentials, analogous to the asymmetric current—voltag&- andy-directions, reducing the problem to only one dimen-
characteristics resulting from the “built-in” potential across sion. Accordingly, the Landau—Ginzburg—Devonshire free
chemically doped regions in semiconductor diode junctions€N€rgy per unit area can be expressed by
The graded structures, therefore, have given rise to a particu- fL dp) 2 1 5
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lar class of transcapacitive ferroelectric deviges “trans- F= 0|2 >Al 47 5

pacitors”), having potential applications in infrared detec-
tion, actuation, and energy storage. ,
Heretofore, the great majority of polarization-graded fer- —EP+Fy
roelectrics have been formed by chemically varying the com-
position of a base ferroelectric along a line normal to the electrodes
electrodes when configured as capacitive structures. Re-
cently, however, experimental work has been carried out to
examine the hysteresis offset observed from temperature-
graded bulk ferroelectricsUp and down hysteresis offsets
were experimentally observed when temperature gradients ¢ oelectric
were imposed across a bulk ferroelectric material. Con-
versely, there was no hysteresis offset in the absence of a
temperature gradient, thereby conclusively establishing the ,,\
origin of the observed behavior as intrinsic to the polariza-

tion gradient.
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Thermal sinks

In this letter, we develop a theoretical model based on
Landau—Ginzburg theory to analyze temperature-graded fer-
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dAuthor to whom correspondence should be addressed; electronic maiFIG. 1. Schematic diagram showing the setup of the temperature-graded
p.alpay@ims.uconn.edu ferroelectric and the coordinate used in the calculation.
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wherea, B, y, andA are the free energy expansion coeffi- T~ T T Tt ]
cients. It is assumed tha® and v do not depend on the 1.02 .
temperature. The temperature dependence & given by F---
the Curie—Weiss lawg=(T—Tg)/e,C, whereT, andC are A
the Curie—Weiss temperature and constant, respectively, an®y
gg Is the permittivity of free space. The gradient term repre- ]
sents additional energy from the nonuniform distribution of &3° 1,00+
the polarization, serving to damp out spatial variations in XX T
polarization®’ The coefficientA can be approximated as ]
8%|a|, where§ is the characteristic length along which the ~ 0-997
polarization variesE is the external electric field along the
zdirection andEP is the depolarization field.We assume
that the contribution of the depolarization field is negligible
due to the small but finite conductivity of the material as well
as local compensation by such defects as oxygen vacancie
in perovskite ferroelectrics. The last term of Edy), Fy,, is z/L
the internal elastic energy resulting from variation of the lat- ) _ o _ o
tice parameter within a temperature-graded, unconstrain G. 2. Theoretical, normalized polarlzatlon profiles along ztirection

) . . r temperature-graded BaSr, »5s1103. T, and T, are the temperatures at
ferroelectric bar. The total internal straiim the contracted each end of the ferroelectric bar. The dash-dotted line corresponds to the
notation in the xy-planexl:xzz Xtot is given b)? case in which a negative temperature gradidnt/TT;=0.6) is imposed on

the ferroelectric bar.
Xiot(Z) =Xo(2) +(z—L/2) k. 2

-
-
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The first term in Eq(2) represents the variation in the misfit ety the resulting charge offsets as a function of the tem-
in the xy-plane between a particular I:;lyer andzthe averageperature difference between the cold and hot sinks were mea-
self-strain, and is given byo(2) = Q14 P*(2) —(P)“], where g, req 1o perform the comparison between the calculation
Q12 is the electrostrictive coefficient ar(®) is the average ;4 experimental data, free-energy expansion coefficients

polarization. The second term is the strain resulting from theand B were retrieved from the experimentally determined

bedndlngfmomept dui :ﬁ trg)e n,:'fo't btaltwtegnt:angs th}i susceptibility and the remnant polarization as a function of
radius ot curvature of the bent Ierroelectric bar, givensoy — ,q temperature for homogeneous  temperature

= 24/L3f(L,(z— L/2)xy(z)dz. Thus, the internal elastic energy distributionst®
1S _ Using the boundary conditiondP/dz=0 atz=0 and
Fu(2)=3(01X1+ 09Xy) z=L corresponding to charge compensation at the
_ ferroelectric/electrode interfaces, we plot the normalized po-
=C{Q:dP%(2)—(P)?]+(z— L/2)«}?, (3)  larization with respect to average polarizati@ as a func-

using the mechanical boundary conditiong= o, and o4 tion of position for three different temperature gradients for
— 0,=05=05=0, whereo, are the components of the in- BST 75/25in Fig. 2Ty is fixed at 35°C ifT/T,>1; or T,
ternal stress tensor, a@:(clﬁ Cyip 20%2/011), where s fixed at 35°C ifT,/T,;<1). P(z) is numerically obtained

C;; are the elastic constants at constant polarization. from Egs.(4) and(5) using a finite difference method ha7ving
The minimization of the free energy with respect to the@ accuracy ofsuccessive iterationsapproximately 10°.
polarization yields the Euler—Lagrange equation As can be seen from Fig. 2, the normalized polarization var-
) ies monotonically along thedirection. The polarization gra-
Ad P =EP+EP3+ yP5 (4) dient diminishes close to the surfaces because of the bound-
dZ ' ary conditions. The magnitude and the direction of the

where Eza+4EQli(z—L/2)K—Q12<P)2] and E:,B polarization gradient depend on the temperature gradient im-

+4CQ?%, Assuming that steady-state heat transfer is estag20Sed on the ferroelectric. W,/T,>1, that is, if there is a
lished, the normalized coefficieat in Eq. (4) becomes positive temperature gradient along taelirection, a con-
tinuously declining polarization profile is obtained. The po-
— L(T1=To)+2(T,—Ty) L 4COf (- L) larization profile becom_es steeper if temperature g_radient is
LeoC increased fromT,/T,;=1.3 (solid line to T,/T;=1.6
5 (dashed ling The dash-dotted line in Fig. 2 corresponds to
—QuiAP)7]. (5) the case in which a negative temperature gradié@pt/ T,
The most extensive and systematic experimental study 0.6) is imposed on the ferroelectric bar. In this case, the
of the charge offset for temperature graded ferroelectrics wagolarization profile is inverted in comparison to the positive
carried out by Fellbergt al® In their experiment, a 0.1-cm- temperature gradient.
thick Ba, 75505 »5TI05 (BST 75/25 ceramic was sandwiched The polarization profile then can be used to calculate the
between cold and hot temperature sinks. The cold sink tencharge offset per unit areAQ from the one-dimensional
peratureT, was fixed and hot sink temperatufg was var-  Poisson equationAQ= 1/Lf'52(d P/dz)dz! which results
ied. Experimentally, the susceptibility and the remnant polarin ~ an  internal (or  built-in)  field E;(z)=
ization as a function of the temperature were mapped out for-[z/ge,(z) |dP/dz. To evaluate the effect of the tempera-

a homogeneous temperature distributidn,=T,. Subse- ture gradient on the charge offset, we fix the temperaiyre
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.4 oretical and experimental results may be explained by con-
T E 1 sidering the clamping effect of the electrodes by the heat
T sinks. In the experimental measurement, the whole sample
was under compression so as to maintain good thermal con-
] tact between the heat sinks. Consequently, as temperature
} 1 gradients were established across the sample through heat-
0.00- ;I T 1 ing, the sample exp.ande'd, resulting |n an increase in the
| 1 1 f E thermal stress, which in turn diminished the overall
] polarization'? The corresponding charge offset is, therefore,
1 E : suppressed for very small temperature gradient. As it is quite
-0.02+ } ] difficult to accurately model the combined electromechanical
] ] setup without introducing a number of adjustable free param-
{ ] eters, we have not tried to directly account for this effect.
e — In conclusion, we have developed a Landau—Ginzburg
-40 -20 0 20 40 thermodynamic model to analyze temperature-graded ferro-
AT (OC) electrics. Polarization gradients with attendant charge offsets
are predicted. Remarkable quantitative agreement between
FIG. 3. Calculated charge offset as a function of the temperature differencthe theoretical calculations and the experimental data re-

AT between hot and cold sinks for temperature-graded £ ,sTiOs  ported in the literature was found, validating the theoretical
(solid lineg. Solid squares correspond to the experimental data taken fronformalism

Ref. 5.
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