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Neutron diffraction and dielectric data have been collected from a polycrystalline sample gf PHiZO;
(x=0.035 to determine the temperature dependence of the two-order parameters associated with the oxygen
octahedral tilt and the P@r/Ti) displacement, respectively, through the sequence of phase transitions
Fri-Fru-Pc present in this mixed system. The weak coupling between tilt and polarizgigplacementsis
satisfactorily described within the framework of a two-order-parameters statistical theory in which the respec-
tive effective fields involve two higher-order terms in addition to a linear t¢80163-18207)01709-9

I. INTRODUCTION placements, which are directly related to the ferroelectric
character of the perovskites, have only a small effect on the
Perovskite structures, which are cubic at high temperalattice parameters and that, generally, the overall symmetries
tures, frequently display a rich variety of phase transitions afollow those of the tilts.
lower temperaturésthat usually involve cation shifts and/or Research has been done to describe the possible relations
oxygen octahedra tilts, with respect to the high-symmetrybetween the atomic displacements in these materials. Megaw
phase. These shifts and tilts are basically independent, in thend Darlingtofi described the perovskite structures in terms
sense that one can appear in the absence of the other, ftfour structural parameters, classifying them by their space
they can couple weakly to each other. The mixed perovskitgroups to allow comparisons. They found no correlation be-
system PbZzr_,Ti,O; (generally denoted PZTis especially tween the cation displacements and the octahedra tilts in the
interesting? not only because it can be prepared over thespace group&R3c and R3m, to which rhombohedral PZT
entire compositional rang@@<x<1), with a variety of dis- belongs. A study of such a correlation, if it exists, is impor-
torted structures at room temperature, e.g., tetragfgl  tant to determine which parameters are the cause of the de-
zero-tilt rhombohedral high-temperatutEg,,), nonzero-tit  formations and which parameters are only consequences.
rhombohedral low-temperaturd=g,), and antiferroelectric Nevertheless, even if displacement and tilt are independent,
orthorhombic(AF) phases, but also becads# its impor-  they may be coupled, mainly because of the shared-corner
tant technological applications. linkage between octahedra, which is required by the packing.
The basic features of the phase diagram of PZT solid We have recently reported some preliminary neutron dif-
solutions were established by Shirane, Suzuki, and Takedafraction measuremeriton a ceramic sample of PZT with
Barnetf pointed out the existence of an additional low- x=0.035 over a limited temperature region around the phase
temperature phase change for Zr-rich compositions, lateransition between the two ferroelectric rhombohedral
characterized as tHeg, -F gy, transition. Michelet al® deter-  phases, Fg, and Fgy which occurs at a temperature
mined the space groups of the two rhombohedral phases 8$,~323 K. This work allowed a detailed description of the
R3c (Fg) andR3m (Fgry) by means of x-ray and neutron structural parameters which characterize the transition,
powder diffraction at room temperature using two composi-namely, the cation displacements along [th&1] axis,s (Pb)
tions x=0.10 (Fg., with two formula units per unit cell, andt (Zr, Ti), the distortion of the oxygen octaheditaand
involving oxygen octahedra tiltsand x=0.42 (Fgy, with  a parametee, which describes the rotation of the oxygen
one formula unit per unit cell and zero jilin summary, the octahedra around the11] axis with a tilt angle,w, in the
sequence of phase transitions in Zr-rich PZTFijg (thom-  (111) plane such that tan=4v3e® We have also reported
bohedral R3c)—Fgy(rhombohedral R3m)—P(cubig). some measurements on the dielectric response of Zr-rich
Later, Glazer, Mabud, and Clafkenade a further neutron PZT (Ref. 10 in the temperature region around the
powder study on PZT witkx=0.10, characterizing thEg, ~ rhombohedral-cubic phase transitidtyy-P, which occurs
phase in terms of the tilting of oxygen octahédemd the at ~510 K and is shown to be first order.
expansion or contraction of the octahedra triangles neighbor- The weak coupling between tilt and displacements has
ing the shiftedB cation (Zr/Ti). been recently studied by Dai, Lie, and Viehldhih PZT
Glazef has also made a general classification of tilted(x=0.35 by means of dielectric constant, hysteresis loops,
octahedra in perovskites. He pointed out that the cation disand dilatometric and electron diffraction techniques. They
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proposed that the inability of the oxygen octahedra to rotate . : : . . . .

coherently within a rigid lattice generates random internal 0. .
stresses which constrain the polarization. They found \?\\‘\\*
doubled hysteresis loops for this composition, which appear 08 | L 1
to be relaxed with La and Nb doping. 5 ‘\“‘\

To analyze in depth the coupling between tilt and dis- 06 | .
placements, it is very convenient to use neutron diffraction |
data, especially to measure the tilt angle, which is difficult to o4l 1
determine by other techniques. In the present work, we in- i R
vestigate the temperature dependence of the two-order pa- o2} i T 4
rameters associated with the octahedral tilting and the cation l ’ .
displacements over a wide temperature range spanning both 4, L L PR L L L
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the Fg -Fry andFgy— P transitions, with special emphasis
on the weak coupling between polarization, directly associ-

ated with the cation shifts, and tilt in a Nb-doped FIG. 1. Tilt ord btained f
PbZr,_, Ti,O, ceramic sample witlk=0.035. Nb doping is 5. 1. Tilt order parameter vs temperature obtained from neu-
1=x" x>3 ' : tron diffraction measurements on a ceramic sample of Nb-doped

important, among other things, to reduce the electrical Conl':>bZrl,xTiXO3 with x=0.035. The tilt order parameter is defined as

ductivity and to facilitate dielectric constant and polarization 7e=[1 oL (T)/1r(0)]Y2 Wherel 5, corresponds to the integrated in-

TEK)

measurements. , tensity of the first superstructure peatk()=3311) of the rhom-
The squared structure factor of the first superstructur@gnedral unit cell. Dashed line indicates calculated metastable re-
peak,(311), which can be expressed as gion between low-temperature and high-temperature phases. The
theoretical curve¢full and dashed lingsare calculated from Eq7)
|F|?=8[sir?(4e) ][ 1+ cog 247d)]~16 sirf(4me), with x=0.

is, in practice, directly proportional to the squared rotation . . .
P Y Prop d composition Pp_»(Zr, _,Tiy); - Nb, O3, with x=0.035 and

parameteg?”. This allows us to define the temperature depen- 3 : . .
dence of the tilt order parameter as y=0.039, confirmed by chemical analysis. The constituent

12 oxides were ground, pressed into pellets, and fired at
7s(T)=[1r(T)/1RL(0)]7, 1350 °C for 2 h. Cylinders of about 1 cm in height and 1 cm

where I, is the integrated intensity of the superstructureln diameter were sintered and hot pressed for the neutron

1(311) Bragg reflection. We have accurately measungd) diffraction runs, and thin plates of about 1 mm in thickness
between 20 and 375 K by neutron diffraction. and 1 cm in diameter were used for the dielectric measure-

Dielectric constant data, which show a small anomaly afnents. Data were collected with neutrons of 14.7 meV en-
T.4, and pyroelectric charge measurements throligh, ~ ©roy for several low angle peaks, including the superstruc-

1 ) .
were used to characterize the small decrease in spontanedyée Peak 3(311) (Ref. 9 at one of the triple-axis
polarization which accompanies thEg,-Fgy transition. diffractometers at the Brookhaven Natlo_nal Lgboratory
Measurements of hysteresis loops, which were previouslyFBR between 20 K and’ ;=323 K. The dielectric con-
used to characterize the behavior of the polarization ordestant data,_ capacitance and dissipation factor, were measu_red
parameter py(T)=P(T)/P{(O) at the FryPc (ferro- at regular intervals of about 0.1 K by means of an automatic

electric-paraelectrictransition, were attempted a@<T,,,, Hewlett-Packard Precision LCR Metévlodel 42844 with
but were unsuccessful because of the high values of the c& field amplitude of 8.3 V/cm to an accuracy better than 1
ercive field for the sample in this temperature range. partin 10 at a frequency of 1 KHz. The rate of temperature

The combined neutron diffraction and dielectric data werefhange was-20 K/h for both heating and cooling runs. The
used for a theoretical analysis of the weak tilt-polarizationPyroelectric charge released through thg -Fgy transition
coupling. Prior work by Halemanet al*2!3 made use of WasS measured with a Keithley Electrometdtodel 6100,
Landau’s theory to describe the simultaneous temperatur@d measurements of hysteresis loops data were made with a
dependence of tilt and polarization in PZT with a different Modified Diamant-Pepinsky-Drenck circuit with a Nicolet
composition, x=0.10, but no detailed information on the Digital Scope (Model NIC-310. The temperature for the
temperature dependence of the tilt order parameter was avafflectrical measurements was measured in all cases by a
able at this time. We describe below an analysis of our dat§hromel-alumel thermocouple with a Keithley Digital Multi-
for PZT with x=0.035 by means of a simple two-order- Meter(Model 196.
parameters statistical theory, in which the effective fiélds
for both tilt and polarization involve linear, cubic, and fifth IIl. RESULTS
power terms in the conjugate variable. In spite of its simplic-

ity, this theoretical approach produces a simple relationship Figure 1 depicts the tilt order parametgy(T) obtained
between tilt and polarization which is borne out quantita-directly from the neutron diffraction data. It can be seen that

tively by the experimental data. 1ns(T) decreases gradually with increasing temperature,

reaches a value ofy(T 4)=0.59, and then drops fairly

abruptly to nearly zero fof > T, =323 K. As shown below,

a good fit of the data fomg(T) between 20 KT<T, 4 is
The samples were high quality polycrystalline ceramicsobtained with an extrapolated Curie temperatligg=178.2

prepared at the Shanghai Institute of Ceramics, with nominaK, much lower than the transition temperatdrg, , and in-

Il. EXPERIMENT
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FIG. 2. (a) Inverse dielectric constant vs tem-
perature (heating and cooling for Nb-doped
PbZI‘l,XTiXOS (XZOOSS ShOWing thd:RLfFRH
1.0x10° transition associated with the ;Qilt and the
Fry—Pc transition to the cubic paraelectric
phase.(b) Spontaneous polarization vs tempera-
ture for Nb-doped PbZr,Ti,O; (x=0.035.
Since hysteresis loops data show an increasingly
large coercive field asT decreases and ap-
proachesT,,;, making measurements near this
temperature impossible, pyroelectric charge mea-
surements were made. It may be noted that in
ceramic rhombohedral perovskites, the saturation
polarization is substantially lower than in single
crystals, the ratio beinds (s.0~1.15xXPg (ce-
ramic) (see text Dashed line indicates calculated
metastable region. The theoretical curv@sll
and dashed lingsare calculated from Ed4) with
e=0.

- -3
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dicative of the pronounced first-order character of the transitowards lower temperatures. This may be due to the fact that
tion. The fit is done by varying the tilt saturation value, in the measurements of the hysteresis loops, extra heating of
1ns(0)= 74, and the effective Curie temperatufg,, from  the sample under the relatively high driving field is known to
estimated initial values to optimize the agreement betweetake place. The thermocouple, which is not in good thermal
available experimental data and the equation of state arrivecbntact with the sample, may register a temperature closer to
at in Sec. IV. It may be noted that, in our casg(0)~7(20  that within the furnace than that of the sample. The data, read
K) is well defined beforehand, whilE,<T, ;=323 K (tran-  automatically from the digital scope, include extra polariza-
sition temperatureis not, because it is inaccessible experi-tion just above the true transition temperature. As is well
mentally. In Sec. V the fitting process is described in moreknown, at first-order discontinuous transitions in ferroelectric
detail. perovskites, the single hysteresis loops evolve towards

Figure 2a) shows the inverse dielectric constant as adouble loops which, when imperfectly compensated due to
function of temperature over a wide range, from slightly be-the high conductivity of the sample, may give rise to tails in
low T, 4=323 K to well above Tgp=509.6 K, the the apparent spontaneous polarization above the transition
ferroelectric-paraelectric transition temperature. In this casdemperature, whose precise value may become blurred. It
the extrapolated Curie temperaturg,=489.9 K, is rela- should be pointed out that the estimated ratio between the
tively close to the transition temperature. A small anomaly intrue (single-crystal polarization and the apparefterami¢
€ XT) at T=T,,, marks the onset of the tilting of the oxy- polarization is about 1.1%, which has been used to correct
gen octahedra. the data shown in Fig.(B).

Figure 2Zb) presents the behavior of the spontaneous po-
larization (displacement order parametét; as a function of
temperature over the same wide range as in Fig). Data of
the hysteresis loops fof =T in the region of Tgp are To analyze the phase transition sequence
combined with pyroelectric charge measurements made
aroundT, . They indicate, as expected, a small change in
spontaneous polarization at the onset of the tilting transition.
It may be noted that the numerical values Torand T are
not identical to those in Fig.(3) but appear slightly shifted —Pc(ns=ps=Aps=0),

IV. THEORETICAL ANALYSIS

Fri(7s>0;ps>0;Aps>0)—Fry(7s=0;ps>0;Aps=0)
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08 - : s . FIG. 3. Calculated temperature dependence of
! , the tilt and polarization order parameters for PZT
E :' (x=0.039 indicating that the extra polarization
L 06 i Theoretical ! - associated with the tilA pg is_vlvell deszcribed, be-
:.\ 100 ey | »  Experimenty i 1 low Ty by ps=(1+psns) (1-ps)7s, EQ.
o7 :"‘- ) Vo (9). [See text for details on the fitting procedure
04 - woogl ! N - L 1 for 75(T) and ps(T)]. Dashed lines indicate cal-
] . i) | culated metastable region between low-
1 By, I .
096 ' L’ - ¥ temperature and high-temperature phases. The
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we first examine separately the polarization order parametavhich specifies completely the temperature dependence of
(ps) and the tilt order parametér) using a common order- the spontaneou@=0) order parametep(0)=p. (This di-
disorder statistical approach, and then we investigate thmensionless fielé should not be confused, obviously, with
weak coupling between both order parameters, which givethe structural parametes which describes the {rotation)

rise to the increase in the polarization order parametgr.) The temperature dependence of the inverse dielectric con-
apparent al <T, [see Fig. 2)]. stant can also be obtained easily from the equation of state,
Eq. (4), ase }(T)=(T./C)(de/dp).

A. Polarization

If there areN interacting elementary dipoles per unit vol-
ume in the solid, of whiclN, are pointing one way an, in Similarly, we can try to describe the temperature depen-

the opposite way,N;+N,)=N, in thermal equilibrium we dence of the tilt order parameter in the, ferroelectric an-

have tiferrodistortive phase, in which the unit cell is doubled, us-
gy Ik T o Bk T ing a statistical approach as follows. If there akg

Na(kg®p/h)e” 7T e meitte interactive unit cells per unit volume, consistingf with

=Ny (kg®p /h)e #a/keTgEefin/ksT (1) the two oxygen octahedra within the unit cell tilted in the

sequencé+w,—w), andN; with the two oxygen octahedra

where kg®p/h)e”#¢/*eT is the jump probability per unit filed in the opposite sequende-w,+w), the net “stag-

time per unit dipoleu, for an effective fieldE=0, and ¢y ered” tilt per unit volume#d, of the pseudocubic three-

is the height of the energy barrier between the two potentiajimensional arrangement of cells is

minima corresponding to the two possible orientations

(Ee¢=0). The net dipolar polarizatiopractically identical 6;=(N',—N’1)2|w|=N’"2|o|tani( | X 2| w|/KgT),

to the total polarizationP) would then be (5)

B. Tilt

Pg=(N,—Np)u=Nu tani E¢nu/kgT), (2)  where

wh”ere,u, as before, is the elementary dipole moment per unit |Xetl =X+ B’ O+ y' 63+ 68 67+ (6)
cell.
The effective field may be expanded in powers of theis the generalizedtorsiona) field and|w| is the absolute
polarization, taking into account that, for an external fieldvalue of the rotation angle of a single oxygen octahedron in
E=0, E¢i(Pg) = —Eer(—Pg). Thus, the unit cell(the other oxygen octahedron within the unit cell
will have, automatically, a rotation angle with the same value
Eer=E+ BPy+ yP3+ 6P5+ -+, (3)  inthe opposite directionBecause th&;, phase presents an
where 8,7,8 are constanfi.e., temperature independgmb- antiferrodistortive deformation with respgct to the higher
' h e temperature rhombohedral phasgy,, X is an effective

efficients. . . ) . . .
. . . . _ staggered fieldtorsional field in our cage conjugate with
_UPS';]'% _g]fN dlmen(;slonlesbs it \t{arlatzll_es_, el_\IElgtl“’ the staggered tilt strain.
S;(;/ﬁﬁN_ZMZ #;(57,8n)N4/_LS4U VSeI Lcj)tl)?a%n tﬁ; gqlﬁbatioEr;],of The equation of state in dimensionless variables is
state

tanh - p(1+g?+hep'+--2), (7

X: —_—
e=(T/T)tanh *p—p(1+gp’+hp+---), (4 (Tct
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C. Polarization-tilt coupling

a) 8 ' T Tt ' - Let us assume that there is a weak coupling between tilt
. and polarization, or, in other words, that a unit cell tilted in
4- i one specific direction favors atomic displacements in one of
| the two opposite directions perpendicular to the plane of the
tilt. In this case, the total interaction energy to be substituted
> 0 into Eq. (2) is Wy+W,=Egu+X420, instead of Wy
1 =Eu only, and we therefore have
-4 ® g, from experimental data of n(T). Eq.[10] ]
linear fit:. g'=5.1-5.8 nsz tan Wy +tan W,
_8— - p +Ap —tan}{ Wd Wt :| kBT kBT
' I ' 1 ' 1 N I ' I S S
0.0 0.2 04 06 0.8 1.0 T Ko 1+tam‘{ Wa tam—{ Wi }
Ne kgT kgT
®
b 07 T T T T T T T T T 1
) Taking into account that fde =0, tanh[Wy/kgT] = ps and
06 i tanh[W,/kgT] = 5., we obtain directly from Eq(8)
Aps=(1+psns) (1= p32) 75, C)

gl

which relates the increase in polarization to the tilt in a very
simple way. The prefactor (#pg7,) ' varies smoothly
from 0.5 atT=0 K to 1.0 atT=T,,. The second factor

(d
3 -\t‘\."\

® ¢ from experimental data of p(T). Eq.[11]

04 linear fit: g'= 0.63 - 0.15p,* (1—p?2) is zero afT=0 K and is still much less than unity at
T=T_4 if Ty is substantially lower thamgs as in the
0.3: —  — — present case.
0.2 0.3 0.4 0.5 0.6 0.7 0.8 Figure 3 shows the temperature dependence of the spon-

p.2 taneous polarization and the tilt, in excellent agreement with
s the observed behavior.

FIG. 4. (a) Plot of (g{)expzft[T/Tcms] vs 72, where T, and
Iz (0) are adjusted by a least-squares fit to get the best linear de-
pendence ofy; vs 72. 1g(T) are the actual measured values of
temperature and integrated intensity. It may be noted[that0)]"/?
comes out very close to[lg (20 K)]¥2 (b) Plot of
(9)exp=T(T/T¢,p5=P4/Pso) vs p2, whereT. and Py, are simi-
larly adjusted. In this casdg, is still somewhat larger than
Ps(T~450 K) which is the maximum value actually measured.
Points corresponding t®> Tgp (transition temperatujehave been
omitted.

V. DISCUSSION AND CONCLUSIONS

As mentioned above, the temperature dependence of the
tilt order parametery(T), and the polarization order param-
eter,p4(T), are well described by Eqé7) and(4) with x=0
ande=0, respectively. In Figs. 1,(B), and 3, which display
Egs.(7) and (4), full line indicates equilibrium stateéheat-
ing) and dashed line corresponds to ideal metastable behav-
ior (cooling. The fitting procedure was the following: the
experimental values for 74(T) =[Ir(T)/1r (0]*? and
ps(T)=Py(T)/P4(0), with initial values forlg (0), T and
P.(0), T. chosen as discussed below, were substituted, re-
spectively, into

( T
Tot

where x=X/B'N'2|w|; n=6/N'2|w|, which can also be
interpreted ase(T))/{e(0 K)), due to the fact thag=tan w/
A3~0wlaV3; To=B'N'(2|0]) kg, 9:=(7'I8')N'%(2] ])?
andh,=(8"/B8")N'"*(2|w|)*. Here T4<T 4 is the effective

Curie temperature for the transition involvings @ilting,

which is different fromT <Tgp, the Curie temperature for g,
the ferroparaelectric transition involving Pb and Zr/Ti dis-
placement or order-disorder orientations.

The spontaneous(x=0) tilt order parameter 7(0) (
=y.=e/e,, is therefore given by Eq(7) with x=0. Note g’
thate can be interpreted, in general, as a common tilt for all
unit cells(displacive transitiopat any given temperature, or
as an average tilte) for a statistical distribution of the tilts Here the experimental values fof , defined by the actual
through the lattice(order-disorder transition Very often, ~ value of the tilt at a given temperature, are plottedné
transitions have a mixed displacive/order-disorder charactetsing as normalized parametdg (0) and T,. If Egs. (7)
which should, to some extent, be taken into account by @and (4) descrlbe correctly the observed behavig,vs 732
generalized effective field which includes terms with higherandg’ vs p2 should result in linear plots, giving automati-
order powers, as in Ed6). cally (g;,h;) and @,h). The quality of these least-square-

tanh™ 19(T)/ 7y(T) -1

n2(T)

g = ~0it hm§ (10

-
—|tanh py(T)/ps(T)—1
C

p(T)

~g+hp. (1
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fitted linear plots was assessed througix|Ag,/g;|> and effective field expressions as multipolar expansions. These
R=|Ag’/g’|? respectively, summing up over all data expansions include successive dipolelfkeng-range, qua-
points, wherdAg;| and|Ag’| are the differences between drupolelike(short-rangg octupolelike(shorter-rangeterms,
experimental and calculated values. The valuekpf0 K), summing up the contr_|but|0ns over the_ whole lattice. How-
T, needed to obtain(T) and T/T, and P.,, T, to get ever, detailed calqu!auons of this kind in rhombohedral per-
P4(T) andT/T in Egs.(10) and(11), are not known experi- ovskr;tes are nontrivial. f th K T
mentally, so the fitting procedure is carried out by changin NT e temperature dgpendenqe of the wea pegd( h at
them to get the best linear fit. The initial values are chose .NTLH can be de_scrlbed only in a semiquantitative manner
from the experimental data knowing tht (0 K)~I g (20 within the theoretical approach used here to desqpilfd)

<T .— > <T..— at theFg -Fgy transition. The presently available informa-
E)’ Te<Tui=323 K, Peo=P; (430 K andTe=<Tep=5010 ;701 e frend ofAp4(T, ) With composition &) for

x=0.035? x=0.10% and x=0.40 (Ref. 16 indicates a ten-

dency to smooth out the discontinuity with increasind his

behavior might also be masked by the increasing composi-

tional inhomogeneity of the samples. It would be interesting

to be able to predict theoretically the composition depen-
ence of T y(x) and Apg(T x(x)) in terms of g,(x) and
1(x), but this is not possible at present.

Then, varyingT andl g, (0 K) [fixed in practice because
the neutron data include points fig, (20 K)~I g, (0 K) with
very small statistical errdr we proceed to minimize the
least-square error of the fit to get a fingl, [see Fig. 4a)].
Likewise, experimental values fa’, defined by the actual
value of the spgntaneous polarization at a given temperatur
are plotted v9 £, using as normalized parameters initial es- .
timates forPg, f:nch. Varying again(within narrow limitg In summary, the temperature dependence of_the t'lt. order
T, and P, and optimizing the linear fit, we get final values parameter of PZ'Iéwnlx=0.035, prewously.lnvesugated ina
for P, and T, [see Fig. 4)]. narrow range ne rT_LH, has been determined by means of

This procedure leads tB=<10"* for Ig (20 K)/I g, (0 K) neutron diffraction in the whole temperature range from

~0.985 andr,=178.2 K(with estimated uncertainties of the |-~ 20 K 10T,y =323 K. The associated polarization change

- _ P4(T) at T~T, 4 has been determined.
order of 1%, and to R<10 3 for P,,=33.0 uClcn?, s LH .
T.=480.0 K (with estimated uncertainties of the order of It may be concluded that the simple two-order-parameters

5%). These fits resulted in linear plots giviryg=5.1+0.1, statlslycalbtht\(/avory c;!fttllnedd Inl S.ec.t_lv gctcoun_ts :;Vi” for ihe
h,=—5.8=0.2 for the tilt order parameter, ang=0.62 g%ypl?g € de%n II ?r) polarization te erminec ”y neutron
i0.25,h=—(0.15f(1);}g) for the polarization order parameter. firaction and dielectric measurements, especially in view

It should be noted that the set of experimental dataytgiT) oflthetz)fa(;t that the d_ata Werle obtained not from single crys-
covered the range 0.86T/T,;=<1.00, while the available set tals, but from ceramic samples.

for ps(T) covered only 0.85T/Tgp<1.00. This is the main
reason for the larger uncertainties in the latter.

The occurrence of nonvanishing valugs>3, h,<0, and Financial support from CICyT(Grant No. PB93-1253/
g>3, h<0 in the expressions fop,(T) andpg(T) implies a  94), Iberdrola(Grant No. INDES 94/9% and Comunidad de
first-order (discontinuous character for the transitions, in Madrid (Grant No. AE00138-94 is gratefully acknowl-
agreement with the observed behavior. Physical meaning catdged. Work at Brookhaven is supported by the U.S. Depart-
be attributed to the effective field coefficieng, y,(g9;),  ment of Energy, Division of Materials Sciences, under Con-
éi(h,) and B, ¥(g), 8(h) in Egs.(6) and(3), considering the tract No. DE-AC02-76CH00016.
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