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Dielectric spectroscopy, lattice structure, and thermal properties have revealed the relaxor dielectric response
of Ba-substituted lead zirconate/titan&RZT) having the compositiolPky 71Bag 29 (Zrg 71719 2903 and con-
taining 2 at. % Bi as an additive. The relaxor behavior is attributed to the compositional disorder introduced by
the substitution of B at the A site and Bi/>* at the B sitgland possibly A siteof the ABO; PZT host lattice.
Analysis of the results gives clear evidence for the nucleation of polar nanodomains at a temperature much
higher than the peakT,,,) in the dielectric susceptibility. These nanodomains grow in size as their correlation
length increases with decreasing temperature, and ultimately their dipolar fluctuations slow downThelow
leading to the formation of the relaxor state. The influences of hydrostatic pressure on the dielectric suscepti-
bility and the dynamics of the relaxation of the polar nanodomains were investigated and can be understood in
terms of the decrease in the size of the nanodomains with pressure. The influence of dc electrical bias on the
susceptibility was also investigated. Physical models of the relaxor response of this material are discussed.
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I. INTRODUCTION order, the close similarity of the two ions in terms of their

. . . valence and polarizabilities makes it possible for PZTs to
In ferroelectrics, relaxor behavior results from either frus- . ~ioi-i0 their ability to achieve long-range order. In PBZT-
tration or compositionally induced disordeThe latter type i there is a random distribution of Pb and Ba ions on the A
of disorder and related random fields are believed to be resjies as well random distribution of Zr and Ti ions on the B
sponsible for the relaxor properties of the most studied a”@ites(Fig. 1). Bi can take on a valence of 3+ or 5+ and can
most ”feng' relaxors, the mixed ABCperovskite oxides pe expected to favor the B site. However, it can also occupy
(Fig. 7).~ In addition to a broad, frequency-dependent peakpe A site, and, conceivably, some of the other cations in the
(Tm) in the susceptibilityor dielectric constant’), relaxors  material can also occupy antisites. Thus PBZT-Bi site disor-
are characterized by very small remanent polarization anger and point defects, which are necessarily introduced be-
the a_b_sence of macroscopic _phz&symmetry change atthe cause of the different valences of the Bi ion, can be expected
transition. However, there is symmetry breaking at theyy jmpart unto the material a degree of disorder that breaks
nanometer scale,leading to the formation of polar nan- the translational symmetry and disrupts the FE soft mode,
odomains that exist well abov&, and strongly affect the |eading to loss of correlations among of polar nanodomains
properties. Relaxors possess very large dielectric constantgsyiting in relaxor behavior. We find that this is indeed the
attractive for supercapacitors; exceptionally large electrosgage.

trictive coefficients, important for actuators and microposi- \\e have investigated the dielectric, lattice structure and
t@oners; and large electrooptic constants, useful for informatnhermal properties of this PBZT-Bi material over a broad
tion storage, shutters, and optical modulators. Because @fnge of temperatures. Additionally the influence of hydro-

these remarkable properties and their applications, relaxoigatic pressure and dc biasing fields on the dielectric response
are one of the most active current research areas of

ferroelectricity* Z) Pbn,T,)0,
The material studied in the present work is a mixed, hot-
pressed ceramic perovskite, namely a lead/barium-zirconate/ @ A=Pb**
titanate with 2 at. % bismuth, an additive that increases O 0=0
@ B=Zr'*orTi"

the degree of crystalline disorder. It has the chemical
composition

(Ply 71Bag 29 (Zr 71Ti 29 O5: 2 at. % Bi,

which henceforth will be referred to as PBZT-Bi. This mate-
rial can be viewed as a chemically modified PhZFi,O5

(or PZT) as for the case of La-modified PZ&r PLZT).1410

In the PZT system where the Zr and Ti ions are randomly
distributed over the B sites of the ABQattice (Fig. 1), both FIG. 1. The ideal cubic AB@perovskite structure showing the
FE and AFE phase transitions are observed depending on thg:ations and valences of the ions in PZT. In PBZT-Bi2Baub-
composition. Although the presence of both Zr and Ti ionsstitutes for PB" and Bf*>* substitutes for B* or possibly also A*
on the B sites does in principle introduce compositional dissites.
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were investigated. The results that are presented and dis-
cussed in what follows will provide a detailed view of the
static and dynamic dielectric response and show the material
to be a classic relaxor.

Il. EXPERIMENTAL DETAILS

The response of a dielectric to an oscillating electric field
is expressed in terms of the complex dielectric function
e =e'-ie”. The in-phasdwith the field component of the
polarization determines the real pagt,, whereas the out-of-
phase component determines the imaginary part, €”
is directly related to the dielectric loss, tanwhich is in
turn directly related to the conductivity(w), where o is
the angular frequency of the ac field. The relationships are
e"=¢e'tand=4mo(w)/ w.

Measurements ok’ and tans were performed as func-
tions of temperature, T, (77-700 K, frequency, f,
(10°—1C Hz) and hydrostatic pressurp, (0—20 kbay. The
samples were hot-pressed ceramics cut in the shape of thin X . . h :
plates(~0.40 cn? x 0.08 cn), the large faces of which were 100 200 300 400 500 600
vapor coated with chromium followed by gold electrical con- T(K)
tacts. Some of these measurements also included the influ- N
ence of dc biasing fields. The pressure measurements were FIG',,Z' Temperature dependences of the feal) and imagi-

. - . nary(e”) parts of the dielectric constant of PBZT-Bi at 1 bar show-
perfo_rmed In two apparatus, one using helium and the Othenﬁg the strong frequency dispersion. Superimposed oneth@)
a mlxtyr_e of normal- and isopentanes as the pres"surerésponse is a typical ceramic PZT response showing a much re-
transmitting media. The former operates in tierange

4-400 K, and the latter in the range 290—-800 K. The broaéjucecI peak width.
ranges of the parameters available made it possible to obtai@mains cubic on going from the high side to the lowT
detailed characterization of the dynamics of the relaxationaside of the dielectric anomalies in Fig. 2. Thus, the x-ray
response. The dielectric results were complemented by difdiffraction data show that there is nmacroscopicphase
ferential scanning calorimetry and x-ray diffraction measuretransition in PBZT-Bi in the temperature range correspond-
ments at 1 bar. ing to the observed peaks ia’(T), as is expected for a
relaxor. This is confirmed by the DTA scan shown in the
Ill. RESULTS AND DISCUSSION inset in Fig. 3, where there is no indication of any endother-
mic or exothermic peaks on either cooling or heating.

Having established the relaxor nature of the dielectric re-

Figure 2 shows the temperature dependences ‘'ond  sponse of PBZT-Bi, we should comment briefly about the
e” at 1 bar measured at different frequencies. These arerigin of the €’(T) peak. It is now well established that
classic dipolar glass, or relaxor responses with strong frerelaxor behavior in the ABQ perovskites is attributed to
quency dispersion. The dispersion ultimately vanishes at sutompositional disorder and lattice defects which break trans-
ficiently low T where all dipolar motion freezes, and the |ational symmetry and long-range correlatidrfSOne mani-
dielectric response becomes simply determined by the laffestation of this disorder is the condensation of local dipolar
tice’s ionic vibrations, or infrared polarizabilities, and the nanodomains, or clusters, leading to local, randomly oriented
electronic polarizabilities of the ions. polarization at a temperatuféhe Burns temperaturd)31*

The very broade'(T) and €"(T) peak of PBZT-Bi are  much higher than the peak temperatifg,) in the ’(T)
other characteristic properties of a relaxor. To emphasize thigsponse. Evidence for the existence of these nanodomains in
feature, we superimpose on Fga typicale’ (T) response PBZT-Bi will be presented in Sec. Il B below.
of a PTZ ceramic, which exhibits a normal FE transition. Above T4 the local dipolar regions are dynamically disor-
Whereas the width at half max of the latter response is aboutered by strong thermal fluctuations. On cooling belGyy
40 K, the comparable width for the PBZT-Bi sample is aboutthe polar nanodomains increase in size as the polarizability
200 K. of the host perovskite lattice increases, and ultimately corre-

The conclusion that the above features in the dielectridations develop as the thermal disordering effects decrease.
response point to the relaxor nature of PBZT-Bi is supportedHowever, because of the high degree of random site disorder
by the absence of a structural transitionTgi as demon- (which implies short correlation lengththe correlations are
strated by differential scanning calorimetSC), differen-  weak and unable to drive the system to long-range ferroelec-
tial thermal analysi§DTA), and x-ray diffraction measure- tric order belowT,,. Instead, the polar nanodomains exhibit
ments. Figure 3 shows x-ray diffraction patterns at 296 andlowing down of their polarization fluctuations, resulting in a
373 K. The patterns are identical indicating that the structurglasslike, relaxor state with short-range order belBy?

A. Atmospheric pressure properties
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The €'(T) peak then reflects the competition between theright-hand side of Eq(1). Figure 4a) shows thats(T) for
developing correlations and slowing down of the dipolarPBZT-Bi is highly nonlinear over the range of the measure-
fluctuations on cooling. These latter effects become domiments, but the data (solid line) suggest an asymptotic ap-
nant belowT,, leading to the maximum in='(T). The re- proach to a lineatdashed lingresponse above 625 K. The
laxor state is characterized by a distribution of relaxationslope of the dashed line is=1x 107° K, a value common to
times that is reflected in the observed frequency dispersion imany cubic perovskites at high Thus the thermal expan-
the dielectric response. sion of PBZT-Bi is anomalous; specifically, the rate of ther-
mal contraction decreases continuously on cooling below
~625 K. This anomalous response, i.e., the additional ther-
mal expansion denoted by the shaded region in Fig). ié
There is considerable evidence that polar nanodomains
exist in relaxor ferroelectrics at temperatures much higher

B. Evidence for the existence of polar nanodomains abovEg,,

thanT,,. At these high temperatures, there is randénand AT =T T et
— fluctuations of the polarization of these domains resulting ®F  pBzTBI (@) -
in zero average polarizatiolt,P4=0, i.e., there is no mea- 12 L ]
surable spontaneous or remanent polarization. However, @ 1
SPi#0, and we then expect the existence of these polar £ ]
domains to be manifested in properties which depen®%n 4 S
e.g., electrostriction and the quadratic electro-optic effect ok ]
which is reflected in the refractive index, or birefringence. 4 ]
Indeed, both of these properties have provided quantitative 16 v
measures of these polarization for a number of relakdis. [ pBZT-BI (b) 7
particular, Burnset al!* demonstrated the manifestation of 12k . i
polar nanodomains in the temperature dependence of the re- g | 10" Hz

fractive index for several optically transparent relaxors in- o 8} 4
cluding PLZTs. Because of lack of optical transparency, it is :

difficult to do electro-optic measurements on PBZT-Bi; how- 41 -
ever, thermal expansion data give clear evidence for the elec- . ) 2 y ’1 L

trostrictive influence of polar nanodomains in this material.
Evidence also comes from our high temperatuzé6T) data.

In the presence of electrostriction, the thermal straijn, T (K)
for a cubic perovskite at highi is given by-?

300 400 500 600 700 800

FIG. 4. (a) The linear expansion of PBZT-Bi plotted as frac-
s=Aalay= a(T - )+ (Qu+ 2Q12)p§’ (1) tional change in length, vs temperature at 1 bar. The dashed line
. represents the expected linear high temperature limit. Deviation
whereay is lattice constant at the reference temperaflite  from the dashed line below600 K is attributed to electrostriction.
a is the coefficient of linear thermal expansion, and @&  (b) Temperature dependence ofd’/ showing that Curie-Weiss be-
are electrostrictive constants. The normal behati@r, in  havior obtains only above 600 K. The shaded bar denotes the region
the absence of electrostrictioaf a solid at sufficiently high  (the Burns temperaturdy) for the onset of polar nanodomain for-
T is for s to vary linearly withT, i.e., the first term on the mation in PBZT-Bi.
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0 ——— — Pored _The polarization at 20 kV/cm in Fig. 5 falls well below
- PBZT-8i oz r \\ VP? (T) and has the unusual convex shape shown. This elec-
& - al ™ \\ tric field is roughly twice the coercive field, but is clearly
< L ”“'”'“’T . insufficient to align all of the nanodomains at the high tem-
30 : perature end of the data, i.e., abov@50 K in Fig. 5. Cool-
" ing below 250 K, the critically slowed down polar nan-
25 ..40;7,‘8,“ , - odomains become harder and harder to align at 20 kV/cm,
< | 0 T and consequentl? decreases with decreasiiigas shown.
E 20l i Also shown in Fig. 5 is th& dependence of the remanent
o polarization, P measured at zero applied field from high
o sl i (saturation field hysteresis loops. Note that above,
. (~325 K in Fig. 5 Pgis relatively small(~3 xC/cn¥) and
10 \ _ nearly T independent, but below,, it increases quite rapidly
i with decreasing temperature achieving a quite substantial
[ value(~18 uC/cnv) at the lowest temperatufe-170 K) of
5t A\ T the data. Strictly speakingpg should be zero at all tempera-
. ' ' ' . \‘ l tures for a dipolar glass consisting of noninteracting dipoles

or dipolar clusters. The measured finite valuePgfin Fig. 5
aboveT,, could be due either to some finite conductivity in
the sample used or to weak correlations among the nan-

FIG. 5. Temperature dependence of the local dipolar polariza-OdomainS' We believe it is the latter because the dielectric

tion of nano-size domainé/P?) in PBZT-Bi calculated from the !osses of -the sample are very Idtan 6<<0.01). The Iarge
anomalous thermal expansion due to electrostriction. Shown folcrease inPg with decreasing temperature beloy, is,
comparison are polarization data on PBZT-Bi: specifically, the temhowever, direct evidence of significant correlatiofend
perature dependences of the remanent polariz&iprand of the ~ growth in siz¢ among the critically slowed down domains
polarization at 20 and 40 kV/cm over the ranges of the availablgesulting in their orienting one another in the presence of the
data. The inset shows the temperature dependences of the remanbigh poling field and retaining some of this orientation upon
polarization(Pg) and of the polarizatioiP) of samples initially in ~ removing the field. This finding is also a manifestation of the
the poled and unpoled states of a relaxor deduced from Monte Carlobservation thatP achieves essentially full saturation at
simulations(adapted from Guét al. Ref. 18. T; is the dipole freez- 40 kV/cm.
ing temperature. Evidence for the existence of polar nanodomains in
PBZT-Bi aboveT,, also comes from the dielectric response.
herease’(T) of a normal ferroelectric obeys the Curie-

The results in Fig. @) would allow determination of the VVeiSS law,e’=C/(T-To), aboveT,, the '(T) response of
T dependence dPﬁ if the values of theQ's in Eq. (2) were @ relaxor exhibits strong deV|at|o_n from this law over a broad
known.Q,; andQ,, are not known for PBZT-Bi, but they are ange of temperatures aboVg. Itis now well establ!shét_dlo
known for some perovskites, and we can use these to gues#iat this deviation sets in when polar nanodomains first be-
timate P4 (T) for PBZT-Bi. Assuming that the value of come discernible, i.e., fof <Tq. Figure 4b) shows that the
(Q11+ 2Q12) for PBZT-Bi is Comparab|e to the known value deviation for PBZT-Bi sets in at-600 K, i.e., at nearly the
for PMN (=0.39x 102 c.g.s) yields the results in Fig. 5, sameT where the deviation from linear thermal expansion
plotted (solid line through thex pointy as \Fg vs T. Al- sets in[Fig. 4@)]. This finding e_stab_lishes this temperature
though this assumption may lead to considerable uncertaintys theT where polar nanodomains first form. _
in the absolute values d?, it is certain that the general ~ The €'(T) response of PBZT-Bi betweefy and Ty, is
behavior of\P3 (T) in Fig. 5 is correct. The results indicate Shown in more detaifas 1/’ vsT) for two frequencies in
that \Fg vanishes al =625 K which is, of course, the tem- Fig. 6. The data can be fairly well fit by the generalized
perature where deviation from linear thermal expansion segXPression
in [Fig. 4@)]. (T=625 K is Tgyms below which nanodomains
make their presence knowrAbove 625 K thermal fluctua- e w(T-Ty? 2)
tions are so large that there are no well-defined dipoles.

Figure 5 compares the calculated response of PBZT-Bi . ] . .
with polarization measurements at an applied field of(insetFig. &b)). This expression witly=2 was thought to be
40 kV/cm (solid circle. The fact that theP(T) data at this @ general result for relaxot§;however, a closer examination
itous (given the above assumptioner the electrostrictive ~¥=2 does not provide a very accurate fit. More generally, it
Constants[more Speciﬁca”y the quantitYQ]_l+ 2Q12)] for haS been Obse'rVédhat no Slngle value 0’5/ is found which
PBZT-Bi are comparable to those for PMN. In the latter caseUniquely describes the '(T) dependence of relaxors. Rather
the results would imply that all the polarization of the polar different y's can be found for given relaxors depending on
nanodomains in PBZT-Bi is aligned with the field at the width of the temperature window aboVg and on the
40 kV/cm. frequency of the measurement.

0 2
100 200 300 400 500 600 700
T(K)

due to electrostriction, or the second term on the right-han
side of Eq.(2).

224108-4



RELAXOR PROPERTIES OF COMPOSITIONALLY. PHYSICAL REVIEW B 71, 224108(2005

T T T ' ¥ ' 1 v 17 T T T T T T T T T T T T T
PBZT-Bi
1ok PBZT-Bi i
——10% Hz
I ----10"Hz
<)
31 T 10°Hz -
8T 1 s ] u
? 6 -
. =)
6 s 109Hz T -
w e
é 4T 't’, I ;
L L 1bar L -
et S T e 4 20 kbar
2 sl .. 20 kbar
1 h [ [ L ]
300 350 400 450 500 550 600
FIG. 6. Temperature dependence ofel/of PBZT-Bi at two 2 -
frequencies and different pressures showing the strong deviation
from Curie-Weiss behavior. The inset (b) shows the data plotted | I - L A
as 1/e' vs (T-T,) 2 The inset in(a) shows the evolution of the 300 350 400 450 500 550 600
local order parameteg on cooling. T (K)

FIG. 7. Temperature and pressure dependences of the dielectric
constant(e’) of PBZT-Bi measured at different frequencies and
pressures above ambient temperature.

Deviation from Curie-Weiss behavior ef’(T) aboveT,,
can be likened unto similar deviation of thedependence of
the magnetic susceptibilityy, of spin glasses above the
freezing temperature of spin fluctuationg, For an ideal
superparamagnet, i.e., for noninteracting paramagnetic pagulate the temperature dependencecofThe results are
ticles or clustersy(T) exhibits Curie-Weiss behavior. This Shown in the inset in Fig. (6). As expected,g—0 at
behavior is achieved in spin glasses for temperaten®s At ~600 K and increases with decreagmg temperature below
lower temperatures deviation from the Curie-Weiss law is600 K because of increased correlations.
attributed to strong local magnetic correlatibfsand the
onset of local(spin-glas$ order belowT;. Sherrington and

. . i C. Effects of pressure and dc bias
Kirkpatrick!* developed a model, which relatg$T) below

T; to the local order parameter The expression is Hydrostatic pressure suppresség, <’, and tans of
PBZT-Bi. Some results are shown in Figs. 6 and 7. These
_ C[1-q(Mm] 3 pressure effects are manifestations of the influence of pres-

X= T-Tol-qM]’ (3 sure on the soft mode frequency of the host latti€eThis

frequency is determined by a delicate balance between short-
where it is seen thal is a function of temperature. Cleartly range and |0ng-rang@ou|0mb forces, and these forces ex-
and its temperature dependence can be evaluated ¥t®n  hibit markedly different dependences on interatomic separa-
data and the values & and T, determined from the high tions, or pressure. Specifically, pressure increases the soft
temperaturey(T) response abové; which follows a Curie-  mode frequency at constant temperature, which reduces the
Weiss law. In this high temperature limit—0 and Eq.(3)  polarizability of the PZT host lattice, thereby reducing the
simply reduces a Curie-Weiss form. Equatit® can be correlation length for dipolar interactions and correlations
thought of as a modified Curie-Weiss law, where bGtand ~ among nanodomairist® The result is a shift off,, to lower
Ty are functions of temperature. temperatures and a suppression of #fe(T) response. Fig-

If we presume, as we believe to be the case, that thare 8 shows the pressure dependencd,pft different fre-
deviation from Curie-Weiss behavior in PBZT and other re-quencies. The responses are linear over the pressure range
laxors is due to correlations among local polar nanodomainsgovered, the sloped T,/dP varying from —2.6 K/kbar at
then we can invoke foe'(T) an expression similar to that in 107 Hz to -2.9 K/kbar at 1®Hz indicating a weak decrease
Eqg. (3), where the local order parameter due to correlatiorin the frequency dispersion oF,, with pressure. Figure 6
between neighboring polar regions of polarizati®hendP;  shows that although pressure has a significant influence on
is =(P;P))*’2. Such an expression has been shown to prothe magnitude ofe’ (T), the functional form ofe’ (T) re-
vide a satisfactory description of the’(T) response of the mains essentially unchanged.
relaxor PMN° and we find it to be also satisfactory for ~ The application of a dc biasing electric field can provide
PBZT-Bi. We have used the data in Figgajand 6 to cal- useful information about the kinetics and energetics of do-
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Tn (K)

100 150 200 250 300 350 400
T(K)

25 FIG. 9. Temperature dependences of the dielectric constant
(e') and dielectric losgtané) of PBZT-Bi measured at 1 bar and
different frequencie$10°—1C from left to righd providing a de-

FIG. 8. Pressure dependences of the dynamic glass transitiotrélllled view of the dynamics of the dipolar freezing process. The

temperaturdT, ) of PBZT-Bi showing the frequency dispersion in inset shows the non-Arrhenius character of the relaxation frequency
. e at 1 bar and 10 kbar.
T, which corresponds to the peak &' (T).

P (kbar)

Since relaxation processes are usually thermally activated,
is natural to present relaxation data as Arrehenius plots of
n o vs 1/T,,. Such plots for the present data at 1 bar and at
the higher pressures reveal the non-Arrehenius character of
the response as shown in the inset in Fig. 9 and has also been
observed for other relaxotsThis departure from Arrehenius
Mhehavior can be satisfactorily describemblid lineg by the
A/ogel-Fulcher(V-F) equation

main reorientation in relaxors. We have therefore investi—i
gated the effects of dc bias on the dielectric response oi
PBZT-Bi. A bias field of 5 kV/cm has essentially no effect
on the €’ (T) response in Fig. 2. This is not surprising in
view of the high fields(~40 kV/cm) required to align do-
mains and achieve saturation of the polarization. A5 kV/c
field is simply not enough to align domains, especially belo
T,, where it is more energetically difficult to do $see Fig.
5). Fields in the 10—15 kV/cm range cause 25%—40% sup-

pression in the amplitude of the’ (T) peak!? an effect 1

attributed largely to the alignment of some domains thereby 7= 0= wgexi- Ek(Tn-To)l, (4)
clamping the small signal ac polarizability.

In relaxors that are close in chemical composition to the | , , ,
normal FE-to-relaxor crossover, the application of a dc biadVhich is found to be applicable to many relaxational
can often transform a relaxor to ferroelectric for sufficiently phenomend.E is the energy barrier between equivalent di-
large fields. We have seen such effects, for example, in stud0le directions, andy is a reference temperature Whe,re all
ies of La-modified PZTgor PLZT9.115 The field enhances relaxatlon_t|r_ne_s divergéand where th_e distribution o_fs
the growth of macroscopic polar domains on lowering theP€comes infinitely brogd The PBZT-Bi data can be fit by
temperature, resulting in the FE state. For PBZT-Bi fields orfiS expression; however, it is difficult to obtain a unique

the order of 40 kV/cm are needed to induce such a transiit Over & relatively small range of frequency. Reasonable
tion. fitting parameters areE=0.170.15 eV, T;=250230 K,

and wy=10.04.4) X 10'3 Hz for the 1 bar(10 kbay data, re-
spectively. The decrease B is a manifestation of the de-
crease in the size of the polar nanodomains with pressure, as
Figure 9 shows a more detailed view of the relaxationalwill be discussed later. Simply statefljs proportional to the
dielectric response. These results, which are highly reproduarolume and smaller domains are easier to reorient than larger
ible and reflect the high quality of the material, provide adomains, hence, a lowé&t. The decrease iy, with pressure
detailed view of the dynamics of the dipolar freezing pro-is the expected response for a perovskileis satisfying to
cess. They define relaxation frequencies;orresponding to  note that the V-F fit yields a value @Ty/dp that is very
the peak temperaturesl,, and characteristic relaxation comparable to the observed shifts of the dynamic glass tran-
times, 7=1/w, wherew=2=f is the angular frequency. sition temperatureT,, in Fig. 8.

D. Dynamics of dipolar freezing
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E. Physical model for the relaxor behavior of PBZT-Bi v Y ' Y v Y '

The relaxor behavior of PBZT-Bi is undoubtedly brought 5 \ PBZT-Bi
about by the substitutions of Baand BF*/Bi®* ions into the
parent PZT lattice. These ions, with sizes, polarizabilities and
valenceq(in the case of Bidifferent from those of the host [ N
lattice, introduce lattice disordgincluding oxygen vacan- AN 1 bar
cies and off-center positionghat breaks the translational
symmetry and long-range order leading to the relaxor state.
The situation here is somewhat akin to that in the more stud-
ied La-substituted PZTs, or PLZ¥S° For these latter relax-
ors, it has been pointed out th@j, coincides with the FE
transition temperaturd, of the parent PZT having the same
Zr/Ti ratio We find that this is also true for PBZT-Bi I 20 kbar
where Ty (Fig. 4) is essentially T, (=610 K) of
PbZiy 71Tig 05 (PZT 71/29. Equating Ty with T, of the 2L 4
host PZT highlights the physical meaning Tf, namely the
temperature where polar nanodomains become discernible.

For PBZT-BI, as for PLZT, one can picture the formation
of two types of local order belowy. In one, groups of unit 1 \ . , . \ . ,
cells (clusters exist that do not contain substituent ions and 300 400 500 600
thus retain the character of the parent PZT, forming ordered T(K)
polar nanodomains. The high degree of compositional disor-
der, which breaks the translational symmetry, keeps these FIG. 10. Effects of temperature and pressure on the correlation
nanodomains small, and prevents them from forming a longlength,r, for dipolar interactions in PBZT-Bi.
range-ordered, normal FE state. For the relatively high con- o _
centrations of Ba and Bi in our present sample, we do nofouple to the polarization via terms of thgP, P, setting up
expect many clusters of this type. In the second type, dipola®dditional random fields or enhancing their presence. The
entities introduced by substituents polarize small region$implest approach to treating the physics has been to employ
around them in the highly polarizable host also forming ran-n Ising pseudospin model in random fiétdWhile this
domly oriented polar nanodomains. These nanodomainglodel provides a qualitative picture, it has serious deficien-
grow in size with decreasing T as the polarizability of the Cies in treating the rel'axor problem. Since the ba§|c reorient-
host lattice, and thereby the correlation lengthfor dipolar ~ @ble polar nanodomains, or “pseudospins,” vary in both size
interactions(which is inversely proportional to the FE soft @nd orientation, relaxors cannot be described by an ordering
mode frequencyws)l increases(Fig_ 1@ However’ here f|e|d of fixed |ength This issue was one Of the main motiva-
again the high degree of compositional disorder prevents thions for the development of the spherical random bond/
formation of a FE state, and ultimately slowing down of therandom field model for relaxors. This model has been
dipolar fluctuations sets in & <T,, for both types of do- Shown to provide a reasonable description of the properties
mains, leading to the formation of a relaxor state. of several ABQ relaxors, including PLZTs and the pressure

The decrease of,, and the suppression of the dielectric dependence of their phase behavfot! It should be appli-
anomaly with pressuréigs. 7 and 8are characteristics of Ccable to PBZT-Bi as well.

ABO; relaxors and can be understood in terms of soft mode Considering PBZT-Bi to be made up of order(d polay
theory! Specifically, pressure stiffens,, reducingr, and  hanoregions embedded in a disordered matrix, it is possible
leading to the observed effects in Figs. 7 and 8. Figure 10 Simulate its polarization response using a Monte Carlo
shows the large influence of pressure mnfor PBZT-Bi. ~ @pproach. The material can be pictured as consisting of
Thus, e.g., at 350 Ki, decreases by 30% in 20 kbar, and !sing-like dipoles on a regular lattice with randomly distrib-
thereby the decrease in correlation voluwsize of nan- ~ uted exchange energy parameters.

odomain is very large. These results were obtained from the Using this approach Guét al!® simulated a 1616
dielectric data, since.=\'e’. (This simply comes from the X 16 simple cubic lattice with periodic boundary conditions.
fact that r,oc1/ws, the soft mode frequency, an@’e’ The inset in Fig. 5 shows the calculated temperature depen-
=constany. This procedure yields relative, not absolute, val-dence of the remnant polarizatioR, Where temperature is

ues ofr,, and, thusy, in Fig. 10 is given in arbitrary units. N units of (AJ/k). Freezing of dipoles occurs al;
=1.5AJ/k, wherelJ is an effective exchange energy aks

Boltzmann’s constant. Note the collapse R near the di-
pole freezing temperaturé;, and the close qualitative simi-
Since relaxors are materials with random site lattice dislarity of these results to the experimental data on PBZT-Bi in
order, it is natural to resort to models that investigate the rolé-ig. 5. The inset in Fig. 5 also shows the simulated change of
of random fields. In the AB@ relaxors the polar nan- the polarization with increasing temperature under the influ-
odomains create random electric fields in the host latticesence of a dc-biasing fieltE=0.6AJ/ 1) for samples initially
The lattice strainsx;;, associated with these domains alsoin the poled and unpoled statég is the maximum projec-

rc (arb. units)
7/

w
)
1

F. Model theories
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tion of the dipole moment on the main axi¥hese simulated La content In both systems the relaxor state results from the
results also manifest the main features of the experimentdligh degree of compositionally induced lattice disorder that
results on PBZT-Bi shown in Fig. 5. Specifically, for breaks down dipolar correlations effectively reducing the ob-
PBZT-Bi an external field of 20 kV/cm is not sufficient to served pressure-induced ferroelectric-to-relaxor crossover in
reorient the polarization at low temperatures, and tA0E)  a wide variety of compositionally disordered perovskites,
exhibits a maximum, as shown in Fig. 5. This corresponds t@lemonstrating that the relaxor state is the ground state of
the unpoled case in the inset. On the other hand, if we werthese materials under pressuier at reduced volume®

to saturate the polarization of PBZT-Bi at low temperaturesConsistent with this view, we have shown in the present
e.g., as obtains for the 40 kV/cm data in Fig. 5, and therwork thatr, of PBZT-Bi is strongly reduced by pressure,
lower the bias field to something less than a saturation fieldeffectively resulting in smaller nanodomains and strengthen-
say 20 kV/cm, and then heat, we would expect behavioing the glasslike character of the response. The observed
similar to that for the poled case in the inset in Fig. 5. Spe-decrease in the activation energy for dipole reorientation sup-
cifically, very rapid decrease iR with increasing tempera- ports this view.

ture at low temperatures because a 20 kV/cm field is not

able to keep the domains aligned at these temperatures. At a ACKNOWLEDGMENTS
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