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Scaling and metastable behavior in uniaxial ferroelectrics

J. R. Fernadez del Castillo, B. Noheda, N. Cereceda, and J. A. Gonzalo
Department of Material Physics, C-1V, Autonomous University of Madrid, 28049, Madrid, Spain

T. Iglesias
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973

J. Przeslawski
Institute of Experimental Physics, University of Wroclaw, Max Born Sr., 9, 50-205, Poland
(Received 15 July 1997

Improved experimental resolution and computer aided data analysis of hysteresis [@ep§ain uniaxial
ferroelectrics triglycene sulfaterdinary critical point, and triglycine selenat@uasitricritical point show that
scaling holds in a wide range of scaled fields spanning many orders of magnitude, well beyond the asymptotic
region (T—T¢|—0), and that the behavior of metastalebeperimentalpoints E<0,P>0) approaches the
theoretical branch of the respective scaling equatiol-asl - . [S0163-18208)05102-9

[. INTRODUCTION to investigate the evolution of scaled data away from the
close vicinity of T, where asymptotic scaling was previ-
As it is well known, the revival of experimental and the- ously detected, and allow us to explore the metastable branch
oretical interestin cooperative phenomena and continuous(E<0,P>0) of theP vsE data, not previously investigated.
phase transitions, especially in liquid-vapor, order-disorder
alloys, and magnetic systems, has stimulat.ed a va;t amount Il. EXPERIMENT
of work during the last three decades. This work includes
more accurate sets of measurements close to the transitions Samples of different thickness and areas were cut from
than in previous papers, as well as the development of ne@ood optical quality single crystals of TGS and TGSe grown
theoretical concepts, such as scaling, multicritical points, anffom water solution. Symmetric and easily saturated loops
the renormalization-group theory. Ferroelectric phasevere obtained with plates cleaved perpendicular to the ferro-
transitions? and, in particular, transitions in uniaxial order- electricb axis and electrodes with goldleaf at the main sur-
disorder ferroelectrics like triglycine sulfatefGS), have faces, which were about 0.5 énn surface and 1 mm in
been showhmany years ago to present classical exponentthickness. The measurements were performed on a TGS
(B=%, 6=3, y=1, a=0) and to obey a classicdmean- sample 0.500 cAx0.140cm and a TGSe sample of
field) equation of state. A prominent characteristic of this0.105 cn$x0.044 cm (electrode areathickness, respec-
kind of transition is the role long-range dipolar interactionstively). The temperature of the sample was controlled using a
play in them. temperature controlletUnipan 680 capable of producing
More recently® another uniaxial ferroelectric of the TGS very slow linear heating and cooling ramps 1 K/h in our
family, triglycine selenatéTGSe, was found to exhibit clas- case. Hysteresis loops were obtained using a
sical tricritical exponentdB=3, =5, y=1, a=1%) and to  Diament-Drench-Pepinsky(DDP) circuit, with phase com-
follow a quasitricritical equation of state in which the tric- pensation only through change of auxiliary resistance. The
ritical exponents were used instead of the former classicdbops were recorded in a relatively wide temperature interval
critical exponents. encompassing Tc for both crystals [Tc(TGY
In this work we undertake, under substantially =(321.473-0.005 K, Tc(TGSe=(294.683-0.005 K]
improved* experimental conditionéautomated data acqui- (calculated from the fit to the scaling equation of stasing
sition and analysjs digital resolution inP, E, andT, a study a digital oscilloscope(Nicolet NIC-31Q. For each loop,
of the equation of state of both uniaxial ferroelectrics, TGS4000 points were recorded at each temperature, which in-
(ordinary critical point and TGSe(quasitricritical point. sured high resolution of thB vs E, hysteresis loops below
This have been done in order (a) elucidate possible sys- Tc and nonlinear curves abovig. .
tematic deviations from asymptotic scalindp) investigate It may be noted that special precautions must be taken to
the metastability region atT<T., and (c) to detect the get good quality, symmetric, hysteresis loops. Phase com-
presence, or lack of it, of logarithmic correctiSnsf pure  pensation, achieved by varying the auxiliary external resis-
scaling in the pattern displayed by the data. tance in the DDP circuit, must be performed as close as
In this work we present data which are substantially im-possible toT., because the resistivity of the crystal is
proved with respect to those given in previously publishedemperature-dependent through the transition. In this way,
work34 The improvements include higher accuracy, athe undesirable effects oRg(T) and E,(T) due to under-
broader temperature range examined, and a much closer sgimpensation or overcompensation can be minimized. The
of points giving theP vs E behavior afT very close toT ¢, small asymmetry present in most loops, resulting from the
both above and below it. These improvements are importargmall bias due to inhomogeneous distribution of charged im-
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FIG. 1. (a) Digital hysteresis loop for TGS just below the tran- o . .
sition. Thicker line shows the points from each loop that are shown _FlG' 2_‘ @ D!gltal hystereS|s_ loop for_TGSe just below the tran-

in (b) and are used as raw data in what followsb) P (polariza- sition. Thicker line shows again the points from each loop that are

tion) vs E (field) at various temperatures closeTg, for triglycine ~ Snown in (b) and are used as raw data in what followsb) P
sulfate (TGS) at 307 K< T<323 K. Only 10% the experimental (po_larlzatlorj vs E (field) at various temperatures closeTg, trig-
points at each temperature are shown. Only one fourth of the réycme selenatdTGSe), at 284 KST<298 K. Only 10% of the ex-

corded temperatures are shown for clarity of presentation. Verticaf€'IMental points at each temperature are shown. Only one fourth
lines indicate intervening regions in which the data are little af-Of the recorded temperatures are shown for clarity of presentation.

Vertical lines indicate intervening regions in which data are little
affected either by rounding effects or imperfect phase compensation
(see text

fected either by rounding effects or imperfect phase compensatio
(see text

purities, should be taken care of, first, by annealing the
sample for 20 h aT=70 °C, well abovel -, and second, by
shifting the center of the loop to the true center of symmetry.
This was achieved with a simple iterative computer progra
to ensure that+ E¢|=|—E|, |+ Pg=|—P, with P¢ and
E. the spontaneous polarization and the coercive field, ret’ i
spectively. Also important is the choice of frequency for theF 19 2b), which show the set dP(E) below and abov&c,
driving field, which should be lowto approach equilibrium for TGS and TGSe, respectively. TH&E) values forE
conditiong but not too low in order to avoid excess ionic <0, down to the inflection point if® vs E correspond to
conduction. We have used a frequency around 50 Hz fofmetastable states. The curves corresponding~dc were
most measurements. The final, but very important factor, igletermined, as shown belofigs. 3 and % from P3(E) for

the unavoidable thermal gradient from the lower to uppeTGS, andP>(E) for TGSe. This allowed us to identify the
surface of the sample that must be minimized. The estimaeritical and the tricritical isotherm, respectively, through the
tion of this gradient for our experimental setup gave theobservation of the straight lines which passes through the
value of ~0.01 K/cm. origin (E=0, P=0). In our opinion such plots are important

lll. RESULTS

Figures 1a) and Za) show typical hysteresis loops for
mI'GS and TGSe in the vicinity of the transition. Thicker lines
point which part from each loop is taken to plot Figbjland
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FIG. 3. Normalized polarization up to the third powear®) vs
field (E) at various temperaturéfor 321 K€ T<322.1 K) close to
Tc, defining the ordinary critical isotherml & T=321.470 K). . L
The actual temperature corresponding to the experimental(Rata C) behavior. Nevertheless the exact determinationT of
vs E) closest toT. is indicated. Vertical lines show the range of P€comes somewhat more problematic in this case, because

fields used for the linear fit of the critical isotherm. deviation from linear behavior due to the lack of perfect
phase compensation in the loops.

since they give a direct, unmanipulated experimental hyster-

FIG. 5. Squared spontaneous poIarizati@i)(vsT for TGS.

esis loop. IV. EQUATION OF STATE
In Figs. 3 and 4 we preseR(E) for TGS andP>(E) for _ o , _
TGSe, respectively, which result in straight lines Bwval- The equation of state for an uniaxial ferroelectric, which

ues higher than certain temperature-dependent threshold, afigould follow a classical Landau behavior asympt(_)tic%tlly,
allow the identification of the critical and tricritical iso- Can be extended using a generalized effective *ielx-
therms, respectively, which pass through the origin0, panded in terms of odd powers of the polarization
P=0). 3 5

In Figs. 5 and 6 plot oP2 vs T for TGS andP? vs T for Ee=E+ BP+yP + 5P+, (1)
TGSe, respectively, gave a linear dependence, as it is to

; . e o lWhereE is the external fieldP the polarization, ang;, s,
expected for ordinary critical and tricriticébr quasitricriti- P the p B, i

6; are constant coefficients depending only on the geometry
of the crystal lattice and the charge distribution within a unit

0.12 — . - o
;GSezg“ 683 K cell* For a ferroelectric crystal withN unit dipoles(u) sta-
4IiICcC= . . s . . . .
- tistically oriented along the ferroelectric axis, with in the
0.10 |
] 300
0.08 294,604 K A TGSe
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FIG. 4. Normalized polarization up to the fifth poweP) vs e B o A a S
field (E) at various temperatures (283.2K <298 K) close to 285 290 295 300
Tc, defining the tricritical isothermT=T.=294.683 K). The ac- T (K)

tual temperature corresponding to the experimental ¢(Rtas E)
closest toT. is indicated. Vertical lines show again the range of  FIG. 6. Fourth power of the spontaneous poIarizatiBé)(vsT
fields used for the linear fit of the critical isotherm. for TGSe.
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direction of the field andN, in the opposite directionN;

O (1(T-Te| [[1 \[T-T.
+N,=N), the polarization is givehby Pl (T=To)/Te.PI= 5 | ||| 77K =
[ C
Eeﬁu) 1(T-T,
P=(Ny—Np)u=Ngt , 2 = pZ+-
(N2—=Ny)u=Nu an?‘( kaT ) S e el L ®

wherekg is the Boltzmann’s constant affdthe temperature.

From this relationship it is straightforward to get the equa- Note that scaled variables anBl,[(T—T.)/T.,p] are

tion of state in terms of reduced variablés=E/Es,Esy  now defined differently. Again, in Eq7) the = signs corre-

=pNpu; p=P/Pg,Pxx=Nu) as spond to theT>T, branch andT<T, branch, respectively,
and @ [(T—T.)/T¢,p], which also becomes important

T 9 2 4 _YE o o only for T<T, and towards the low-temperature region, goes
e= g anh (p)—(1+gp rhp®-)p, g=5 N5 g [01]0 at T~T,, to Dy (—1),p]—const atT
~0, always fore<1.
8 4 4 Figure 7 gives Ip vs Ine for TGS, together with the
h= B N (3 asymptotic equation of state corresponding to an ordinary

critical point
and, expanding tantt p in powers ofp, which is especially
useful for a subsequent investigation of the asymptotic equa-

tion (e<1, p<1, (T—T.)/T.<1), we get e=+p+(3—-9)p3 (g=0.24+0.05. 9)
T-T. (1T , (1T : _
e= p+|lz+=—9g|p°+|z=—h|p>- (¥ It can be seen that foF<T. and away fromT,, scaling
T, 3T, 5T,

still holds well, i.e., the data for different temperatures con-
iaItinue to collapse on a single curve, but the coefficienpdf
f changes gradually as it should, towards one, marked as a
0dashed line in the figure, becau$e-0, p—1 (Ps—Pg),

This is the general equation of state for a dipolar uniax
ferroelectric, valid at the vicinity of ordinary as well as o
quasitricritical points. It is analogous to the equation derive - . : -y
from Landau’s theory,but not identical because it contains andp goes to unity, which results in |p going to zero. For

specific temperature dependences of the coefficients of th >Tchtf:e fit to j[he aS)llmptoticlEqQ) its), almosdt ;?]erfeﬁt in f
successive powers of the polarization. the whole experimental range. It may be noted that the set o

For TGS (ordinary critical point,g<1) Eq. (4) can be expt_arimental points further up in the graph corresponds to a
written in the scaling form as particular temperaturg extremely close.TfQ, and that t'he
nearest sets at both sides are substantially away 1qrnin
comparison. A sequence of sets at more closely spaced tem-
+ CI)C[(T—TC)/Tc , f)]] ps, (5 peratures would have closed the gap between neighboring set

e=if>+{

3Te of isothermal points in the graph. A A A
where é=e/|(T—To)/T¥2 p=p/|(T—T)/T|*? are the Likewise, Fig. 8 gives, for TGSe, Ip vs Ine, wherep
scaled variables, and ande are now defined in the way appropriate for tricritical

point behavior, and shows the asymptotic equation of state
A 1(T-T, 1 T-T, corresponding to a tricritical point.
— ={ — -+ R
1/(T-T\]. e=+p+(z—h)p°, (h=0.14+0.05. (10
+ ANE ) +-.- (6)
[

Also in this case the agreement between theory and ex-
periment is good and scaling holds very well for all our data
obtained forT>T,.. For the data obtained beloWw, the de-
viation from the asymptotic equation is smaller than in the
previous case, as expected. Note that experimental data in
both case$TGS and TGSgcollapse on the asymptotic equa-
tion of state in a wide rangemore that six orders of magni-
tude. The coefficient o® changes again gradually towards
one asp goes to unity withT — 0.

In Eq. (5) the = signs correspond to thE> T, branch and
the T<T. branch, respectively, and[(T—T.)/T.,p],
which becomes important only far below and away from
T., changes from ®J0p]—0 at T~T, to &,
[—1,1]—const atT~0, always fore<1. It may be noted
that Eq;= BNy is in practice much larger than the break-
down field, and therefore the behavioreat 1 is not relevant
experimentally.

For TGSe(quasitricritical pointg~ %), on the other hand,
the term inp® disappears, and E@4) should be written in

scaling form as V. METASTABLE BEHAVIOR
R . 17T < | as Figures 7(TGS) and 8(TGSe also include points corre-
e=xp+iig T, hi+ @ [(T=Te)/Tc.p](P> (7)) sponding to the metastable behaviBi 0, P>0) showed in

the loops(see Figs. 1 and)2It is well known that, due to the
whereé=e/|(T—T.)/T % p=p/|(T—T.)/T¢¥* and forward and sidewise motion of domain wéflthe ferroelec-
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FIG. 7. Scaled data Ip In g, at T<T., including metastable FIG. 8. Scaled data lpvs Ing, atT<Tc, including metastable

data(E<O0, P>0) and atT>T, for TGS (307 KK T<323K), data(E<0, P>0) and atT>T. for TGSe (284 KsT<298 K),
where é=e/|(T—T.)/T ¥ and p=p/|[(T—-T)/TJY? are the wereé=e/|(T—T.)/T,|** andp=p/|(T—T)/T,"* are the corre-
scaled field and the scaled polarization, respectively. The continusponding scaled field and scaled polarization. The continuous curve
ous curve is the asymptotic equation of stge. (9)] for an ordi- s the asymptotic equation of stdtéq. (10)] for a tricritical point.

nary critical point. The dashed line shows the expected asymptotithe dashed line shows the expected asymptotic behavior as
behavior asT—0 K. Note that experimental data collapse on the T—0 K. Again, the asymptotic equation is valid in a wide range of
asymptotic equation of state in a wide rar(geore than ten orders field and polarization.

of magnitude in scaled field and four orders in scaled polarization
VI. DISCUSSION

tric coercive field, which determines the metastability region, We may conclude that scaling holds in uniaxial ferroelec-
is orders of magnitude lower than the idédiermodynamip  tric TGS (TGS at points substantially further away from
coercive field. It may therefore be expected thatTasis  critical (tricritical) point than previous investigatiorig. De-
approached from below, the “contrast” between domainsYiations from asymptotic scaling fof <T. take place,
decreases, the effective field at the domain boundaries agfadually, towards the expected behavior when Tc, in
proaches asymptotically to the ide@ulk) effective field —accordance with analytic expression, given by Hg$.and
value. If this is so, we may expect that the scaled data corm’ obtained within a generalized effective field approach.

; ; For points in metastable regiorfE<0, P>0) the data
responding to the metastable portions of the !OODS approacsthow a clear tendency, both for TGS and TGSe, to approach
the metastable branches of the scaling equations,

the metastable branches of the corresponding scaling equa-
tions (solid line in Figs. 7 and B
No logarithmic correctiorfs are clearly visible in our
scaled data. Such correctiofsedicted a long time adpare
important for uniaxial ferroelectrics but have not yet been
fully elucidated experimentally by hysteresis loop measure-
—e=—p+(:—h)p® for TGSe, (12 ments. This might be taken to imply that the role of fluctua-
tions is less important in uniaxial ferroelectrics Bt=Tc
] o than that of other nonlinear electric or elastic interactions in
which are represented asiphvs Infé| in Figs. 7 and 8, re-  the crystals. Around =+ 1 K the estimated error of polariza-
turning from the left and going down. It can be seen that thejon for a driving field amplitude is less than 3%, which sets
shapes of the curves defined by the data are similar to thosg upper limit for possible logarithmic corrections. Never-
defined by Egs(11) and(12), and that there is a clear ten- theless as it was previously mentioned it is quite difficult to
dency in both sets of data to move towards the metastablgchieve perfect phase compensated loopE~al . To the
branches of respective scaling equations. best of our knowledge this is the first experimental work

—e=—p+(3—9)p° for TGS, 11

TABLE I. Scaling constant for uniaxial ferroelectrics TGS and TGSe.

Pso Eso 47T
Crystal T (K) C (K) (uClent) (10° V/icm) Eso/Pso C g h

TGS 321.47 3650 4.2 441 1.16 1.10 0.24
TGSe 294.68 4050 4.5 2.89 0.76 091 ~3 0.14




810 J. R. FERNANDEZ DEL CASTILLO et al. 57

exploring the metastable behavior BT in uniaxial fer- ACKNOWLEDGMENTS
roelectrics.

Table | summarizes scaling data for TGS and for TGSe. We acknowledge the financial support of CICyGrant
The respective Curie constants are from previous dielectridlo. PB93-1258 and the Comunidad de Madrid, Project No.
constant measuremerit?>!! The consistency betweeg  AE00138/94. One of us).P) thanks DGICyT for financial
=E¢ /Py and 8=(4nTc)/C is much better than in the support for a sabbaticdlSAB94-0084 at the Ferroelectric
previous works:* Materials Laboratory, UAM.

1see, for example, H. E. Stanleltroduction to Phase Transi- %See, for example, L. D. Landau and E. M. LifshiGtatistical
tions and Critical Phenomené&Oxford University Press, New Physics 3rd. ed.(Pergamon, Oxford, 1980

York, 197J). “A. Aharony and M. E. Fisher, Phys. Rev.& 3342(1973.
2See, for example, N. Goldenfeldectures on Phases Transitions 8H. Diamant, K. Drenck, and R. Pepinsky, Rev. Sci. Instr@8).
and the Renormalization GrougAddison-Wesley, Reading, 30 (1957).
MA, 1992 %M. J. Cabezuelo, J. E. Lorenzo, and J. A. Gonzalo, Ferroelectrics
%See, for example, F. Jona and G. ShirdPerroelectric Crystals 87, 353(1988.
. (Pergamon, New York, 1962 10A. 1. Larkin and D. E. Khmelnitskii, Zh. Eksp. Teor. Fig6, 2087
J. A. Gonzalo, Phys. Rev. B, 3125(1970. (1969 [Sov. Phys. JETR9, 1123(1969].

5T. Iglesias, B. Noheda, B. Gallego, J. R. Ferdez del Castillo,
G. Lifante, and J. A. Gonzalo, Europhys. Le28, 91 (19949,
and references therein.

117 |glesias, B. Noheda, G. Lifante, and J. A. Gonzalo, Phys. Rev.
B 50, 10 307(1994.



