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A global picture for the structural evolution in the relaxor-ferroelectric solid solution
(PbSg;sNby503) 1 - (PbTiO;), is proposed. Thanks to x-ray profile analysis and Rietveld neutron powder
refinement, a monoclinic phase has been evidenced in the morphotropic fegipr~0.43). This lower-
symmetry phase “bridges” the rhombohedral Ti-poor phase.26) with the tetragonal Ti-rich phase (
=0.55), in a similar way as in PbMgNb,:05-PbTiO; or Pb(ZnsNb,3) Os-PbTiO;. For weak titanium
concentration, we observe a macroscopic rhombohedral state with local monoclinic symmetry resulting from
the combination between Pb and Sc/Nb/Ti shifts al$6@l] and [111] directions, respectively. Cationic
competition with Ti doping increases the coherence length of this short-range monoclinic phase, which be-
comes long range in the morphotropic region. This intermediate monoclinic phase is in complete agreement
with our first-principles calculations which prediet or Cmspace groups. It has been shown that these ones
are very close to each other in the free-energy space, and a minor change of atomic distribution and/or a slight
modification in composition or in stoichiometry is enough to alter the space group of the monoclinic ground
state. Finally, in the Ti-rich region, the monoclinic ground state is destroyed in favor of a tetragonal phase.
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[. INTRODUCTION induced ferroelectric phase can be realized by means of par-
tial substitutior?® external electric field’~12or pressuré?

One of the most interesting and studied groups of disorTherefore existence or absence of phase transition is not a
dered compounds undergoing structural phase transitions anecessary condition for the relaxation phenomenon. Indeed,
the so-called relaxorsThe main structural feature of relax- both 1:2- and 1:1-type ferroelectric relaxors such as
ors is the random occupation of equivalent positions by dif-Pb(Zn3Nb,3)O; (PZN) (Ref. 14 and Pb(SgoNby) Os
ferent heterovalent ions. This chemical disorder results in théPSN,>®respectively, undergo a spontaneous phase transi-
destruction of the normal ferroelectric phase transition andion from a cubic to a rhombohedral phase.
the appearance of physical properties similar to those of dis- PSN is of a special interest because the degree of ordering
ordered magnets. The associated dielectric susceptibility exf SS*- and NB*-type ions can be controlled by thermal
hibits an unusual response, strongly dependent on frequentseatment, due to a high-temperature order-disorder transfor-
and with very high values over a broad range ofmation, which influences the dielectric behavidi’ This
temperature$.The relaxor state is then characterized by thefeature provides promising directions for future experimental
frustration of local polarizations which can prevent long-and theoretical research; indeed it has been shown from a
range ferroelectric order from developing completely. Mostfirst-principles-derived approatit?! that some specific ar-
of the relaxors are lead oxides belonging to the class of perangements between Scand NB* (i) greatly enhance the
ovskites with either the general formula B3§,3(B")»30;  electromechanical response@,) lead to currently unob-
(B'=Mg?", zZr?*,...; B"=Nb®", Tae*,...), i.e., 1:2-type  served ground states of orthorhombic and monoclinic sym-
compounds or PH’');(B")1,0; (B'=ScS™, In®*,...; B” metries(while the disordered material adopts a well-known
=Nb>*, Te",...),i.e., 1:1-type compounds. rhombohedral ground stateand (iii) can considerably shift

In the case of 1:2-type compounds such asthe Curie temperature. In this heterovalent system, electro-
PbMg;,sNb,s05 (PMN), considered by most researchers tostatic interactions among $tand NB™ ions are then found
be the prototype of relaxors, the disorder results from thdo be very important. In addition, the stabilized structure is
random occupation of th& site of the perovskite by two also conditioned by PB ions forming short Pb-O bonds.
cations of different valences, namely, Kigand N&™. Recently, relaxor-based single crystals such as
Charge neutrality imposes the Mg:Nb stoichiometry of 1:2,(PbMgysND,/303) 1 -4 (PbTIO;), (PMN-PT) and
while the mixed-valence character of tie site produces (PbZnsNby303)1 - (PbTiO;), (PZN-PT) have been re-
random electric-field gradients and a locally broken translaported to exhibit excellent piezoelectric properties, much
tional symmetry’ Below a certain temperature, polar nano- better than the well-known PbZri, _,O5 (PZT) polycrystal-
metric regions take place and freeze dttNo phase transi- line ceramic$? and have attracted attention for their poten-
tion into a macroscopic ferroelectric phase occurs, thdial in various application$®>~?® Though clearly promising
average structure remaining cubic down to ¥KBut an  for transducers and actuators, their relatively low Curie tem-
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perature of around 440 Kor x=35% andx=9%, respec- crossing from rhombohedral to tetragonal phases through
tively, in PMN-PT and PZN-PTmay greatly limit their use- this monoclinic phase.
fulness in many fields such as automotive and aerospace
sensors where a broad temperature range is required. Thus
new relaxor-PT systems with both high transition tempera-
tures and large piezoelectric coefficients are desired. PSN-PT samples witlx=0.26, 0.37, 0.40, 0.43, 0.45,
For this purpose the (Pbgi\b;03); - (PbTiO;),  0.50, and 0.55 were prepared by conventional solid-state re-
(PSN-PT system can be an attractive candidate. Indeed Teraction using high-purity(better than 99.9%lead oxide,
nery, Hang, and NovaR and Yamashitd reported in this scandium oxide, niobium oxide, and titanium oxide as start-
system very high permittivity and an electomechanical couing compounds. After mixing in stoichiometric proportions
pling factor k, which should make it the best relaxor-PT Without using any excespNb,0s,**® Fe,05 (Ref. 49],
ceramic material for largk-applications. However, up to Powders were first calcined at 1250°Crfa h 30 min,
now this system has attracted less attention than other leaffniaxial cold pressed, and sintered at 1280 °C for 3 h. Pre-
based compounds. cautions(covered c_rumble and PbO-r_lch atmospl?elna_ve
The high electromechanical performance characteristic@€n taken to avoid PbO losses during the calcination and
of the relaxor-PT solid solutions are found for composi'fionss’"_n|terlng processes. At the close of this procedure, we ob-
at or near the morphotropic phase bounddPB) separat- te_uned a pure perovskite phase O.f PSN'PT free f.rom the para-
ing the rhombohedral and tetragonal phases, similar to that i?l'tl.c pyrochlore.phase. An |nve'st|gat|on of the microstructure
28 ; : ) using a scanning electron microscodSEM) FEG, LEO
PZT7° The structure of these MPB’s was first considered t01530] of the ceramics did not reveal the presence of an in-
be a mixing of the two adjacent ferroelectric pha&es? '© P o
) ) .. tergranular second phase. The mean size of the grain is about
Howevz_ar, the recent experimental discovery of a monoclmlg3 »m. In addition, energy dispersion scanning showed a ho-
phase in PZT(Refs. 32-34 at the MPB has completely yqgeneous cationic distribution from one grain to another.
changed.thls plcturg. A key feature of th|s_ structur(_e is that the>eramic samples were polished and cleaned, and sputtered-
polarization vector is no longer constrained to lie along ayo|d electrodes were applied. To eliminate strains caused by
symmetry axis, as in the rhombohedral and tetragonal strugolishing, samples were annealed in air at 700 °Clfb and
tures, but instead can rotate within a monoclinic plane. Thehen slow cooled. The temperature dependence of the dielec-
presence of the monoclinic phase in PZT is not a peculiarityric constant was measured at various frequencies in a tem-
of this syster*~*®and is also present in PMN-PT and PZN- perature range from 290 to 800 K using a Hewlett-Packard
PT, but instead of £m phase as in PZT, Bmone’~*°is  4192A impedance analyzer and a furnace with an estimated
observed in these relaxor-PT systems. Nevertheless, deperatecision of 2 K. X-ray-diffraction measurements were per-
ing on the history(temperature and pooling proceéssere is formed on a high accuracy, two-axis diffractometer in a
still an ambiguity since an orthorhombic phase was also beeBragg-Brentano geometry using &; wavelength issued
reported*®=42 from a 18-kW rotating anode generator with diffraction angle
These experimental results have received theoretical sugprecision better than 0.00226). The data were collected in
port from a first-principles-derived approach which predictstwo parts, first in a N flow cryostat from 90 to 295 Kpre-
stability and properties of MPB piezocrystifsindeed in a  cision better than 0.1 Kand then in a furnace from 295 to
compositionally homogeneous approximation, only the800 K (estimated precision of 2 K Selected regions of the
rhombohedral and tetragonal phases were predicted to hbiffractogram, containing the(200, (220, and (222
stable at the MPB, as conventionally believed. Howeverpseudocubic reflections, were recorded. Because of compli-
when an on-site alloying self-energy terfop to fourth  cated peak shapes, a very careful peak-fitting analysis was
powel is considered in the free energy, a monoclinic state igealized usingPROFILE software (V1.30 Socabim to take
stabilized and effectively bridges the rhombohedral and teinto account factors such as asymmetry and mixing phases.
tragonal state®! It is important to emphasize that the alloy- For each selected region the peak positions were determined
ing self-energy term is considered within a random-field ap-and when it was possible, the lattice parameters were ob-
proximation and therefore should be significantly affetted tained from a fit of several reflections. The neutron powder-
when one deals with a relaxor of the 1:2 or 1:1 type. Fur-diffraction pattern was collectedt 8 K on a 3T2 high-
thermore, it was found that an eighth-order Devonshire exresolution goniometer on a thermal source=(1.227 A)
pansion generates monoclinic ferroelectric states and evarsing the Orphe reactor facilities at Laboratoire” be Bril-
triclinic phases can be obtained from a 12th-order expansiolouin (Saclay, France Structural Rietveld refinements on
of the free energ§? both x-ray and neutron patterns were carried out witip
In the present work the first experimental evidence of asoftware®®
monoclinic phase in a 1:1-type relaxor-PT system, namely, Concerning the theoretical method, we used the computa-
PSN-PT, is reported and a new phase diagram is obtainetional scheme proposed in Ref. 51 for the
Theoretical analysis based on first-principles calculation$ Pb(Sg sNbg 5)Os]1 - (PbTiO;), alloy. This scheme is a
have been performed also on the MPB region and bears ogeneralization of the first-principles-derived alloy effective
the existence of the monoclinic state in such a system. ConHamiltonian approach of Refs. 43 and 52—which was devel-
peting orderings of the polarization along multiple directionsoped for solid solutions having two different kinds Bfat-
on a mesoscale are found to play a key role and explain thems. Conceptually, the generalization to the study of

II. EXPERIMENTAL AND THEORETICAL METHODS
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PSN-PT consists of including on-site and intersite alloying
effects via two perturbations over the five-atom(BbO;
system, in which théB’) atom is a virtual atom involving a
kind of potential average among the Sc, Ti, and Nb atdins.
The first perturbation breaks the virtugd’) atom into the
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(true) Ti atom and a virtuakB”) atom, in which(B") in-
volves a potential average between the Sc and Nb atoms. Theg T T T
second perturbation then leads to the existence of the true Sce 15000 -
and Nb atoms from thiéB”) atom. The parameters entering
the analytical expression of the total energy for the alloy
effective Hamiltonian of  [Pb(SgsNbgys)Os]osc
(PbTiOG3)g 50, i-€., for PSN-PT with 50% of Ti atoms occu-
pying the B sites, are determined by performing first-
principles calculatior®d>®*on small cells. In principle, all the
parameters in the alloy effective Hamiltonian should change
when one varies the compositionx in the
[Pb(Sg.sNbg5)O3]1 - «-(PbTiO;), solid solution. However,
we numerically found that only some parameters, namely,
the ones denoteB,y,, Byy,, Qjj—ij, andR);_; in Ref. 56
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FIG. 1. g/ /relative density vs PT concentratiqdata for f

- =10 kHz). The dielectric constant has been divided by the relative
significanty change between=0.50 and 0.40. The compo- density of the ceramic to rule out this extrinsic effect on the dielec-

sition dependence_ of these param_eter'_s IS a_ssu_med t(_) be Ill!ﬁ'c value. Inset:T .« vS PT andy vs PT, respectively, obtained
ear, and is determlned by.performmg flrst-.p.rlnuples SImUIa'from a modified Curie-Weiss law fit; for pure PSN we used our data
tions on cells with two different compositions, namely,  {om Ref. 16.

=0.50 and 0.40. Such a linear composition-dependence ap-

proach is only realistic when exploring a narrow range ofdielectric constant, and a modified law, i.e.g3/1/epay
compositions around=0.50. Consequently, theoretical re- =a(T—T,50" is preferred to take this deviation into account.
sults can(most likely) “only” be compared with the present ey iS the maximum of the dielectric constant at a given
experimental data for the samples witk0.40, 0.43, 0.45, frequency andy is the critical exponent ranging between
0.50, and 0.55. Conversely, comparing our predictions result="1 for conventional ferroelectrics ang=2 for lead-based
ing from this numerical scheme with our measurements forelaxors?’ When y=1 the constanta is equal to 1T,
the Ti-poorest grown samples—for whick=0.26 and Where C is the Curie constant an@iy.=To is the Curie
0.37—is(very likely) inappropriate. That is the reason why t€mperature.

we limit our calculations to Ti concentrations ranging be- AS expectedT ., increases ang decreases with increas-
tween 0.40 and 0.55. ing PT contentinset, Fig. 1. These variations can be fitted

. . . . e . H _T1PSN — A PSN_
Once our effective Hamiltonian is fully specified, its en- BY @ linear [awT g =T o+ axpr and y=y bxer (a

ergy is then used in Monte Carlo simulations on laftygi- =384.1,b=—0.007), which reerct; the progressive change
cally 12x 12X 12 or 16x 16x 16) supercells, mimicking the from PSN relaxor to PT ferroelectric behavior.

disordered structures under investigation. The outputs of
Monte Carlo procedure are the polar local soft madand
the homogeneous strain tensprTheu soft mode is directly
related to the electrical polarization, whitgprovides infor-
mation about the crystallographic system.

B. Structural study

Figure 2 shows the experimental x-ray-diffraction patterns
of the pseudocubi€200 Bragg reflection aff =300 K for
PSN-PT with 0.26x<0.55. As x increases, the average
symmetry gradually changes from rhombohedral to tetrago-
nal, indicated by a pronounced splitting. Fo=0.26 and
0.55, the diffraction peaks are well defined and the symmetry
is unambiguously rhombohedral and tetragonal, respectively,

Since the pioneering work of Tennery, Hang, andwhereas the intermediate compositions give more compli-
Novak?® no study of the dielectric and structural propertiescated diffraction patterns. Different scenarios can be used to
of the whole phase diagram of the PSN-PT system has beetescribe this situatior(i) mixing phases between the rhom-
reported, to the best of our knowledge. Only a few articlesbohedral Ti-poor concentration and the tetragonal Ti-rich
were focused around the concentration of PSN-PT of 43% ilconcentration regiongji) a phase coexistence between the
order to optimize the electromechanical properties by approcubic high-temperature phase and the tetragonal low-
priate dopin§’~*° since the high piezoelectric response istemperature phase due to metastable states associated to
associated with the MPB. From our samples we obtained first-order phase transition, andi) appearance of a new
“bell” shape in the maximum of the dielectric constant as alow-symmetry phaséorthorhombic, monoclinic, triclinic
function of PT concentratiofiFig. 1) confirming the MPB is
localized near 43%. For each composition, only one anomaly
is observed and a deviation from a Curie-Weiss law is evi- Forx<0.26, a rhombohedral phase is stable as character-
denced abové ., the temperature of the maximum of the ized by the singlet (20Q)for x=0.26(Fig. 2). The results of

Ill. EXPERIMENTAL AND THEORETICAL RESULTS
A. Dielectric study

1. Rhombohedral phase fors<0.26
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FIG. 2. X-ray-diffraction patterns of the
pseudocubid200 Bragg reflection aff =300 K
for PSN-PT with 0.26<x=<0.55.
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the temperature-dependence studies Xer0.26 are pre- to a polarizationP=47 uC/cn?, which is higher than the
sented in Fig. 3. The structural phase transition from cubic t¢olarization of pure PSNRef. 16 (P=33 xClcn?).
rhombohedral occurs af,=480(5) K with no detectable The lead thermal parameter was found as l4ig@2 A%
discontinuity. The observed diffraction peaks showed no eving ysual in the lead perovskite and is a strong indication of
dence of any additional phase transitions and/or phase CoeXpssible disorde In addition to the cooperative shift of

istence, and the structure remains rhombohedral down to tl*@_30 A for the Pb atom along the polErl1] axis, we have

lower temperature. tested disordered shifts with directions perpendicular to the

At T=295 K, a detailed structural investigation by means : : :
! _ _ polar axis, accordingly to the procedure now classically used
of an x-ray Rietveld analysi€Table ) confirmed the rhom- in these compound®® The Pb atom shifts from its position,

bohedral phase with aR3m space group, since quite good which improves the refinemenR(,,=8.78%) when Pb is

reliability factors R,,=8.94%), Rg=3.06%, GOF1.33) : . .
were obtained. Because of the weaker contribution of Iighlﬁ'_SpIaCEd about 0.2-A perpendicular to the polar diset,

atoms compared to heavy ones, such as Pb or Nb, to t a9 3). In this minimum, theszbthermaI fact(?r_ recovers to
x-ray-diffraction pattern, the large temperature factors for® normal value oBp,=0.86 A, The composition of coop-
oxygen were fixed in the refinement to the value classicallyerative shifts along thg111] polar direction with disordered
obtained from neutron diffraction in lead-based perovskites(Short-rangg shifts alongl —1 —12] gives the local position
The cell parameters af=295 K area,=4.0403 A anda of the lead atom inside the rhombohedral cell, which is very
=89.85°, and atoms are found to be displaced from the cuclose to the001] pseudocubic direction.

bic special positions in the same way as pure PSN:Pb and

Sc/Nb/Ti ions are shifted by 0.30 and 0.15 A from their ideal 2. Tetragonal phase for ®0.55

position, respectively, along tH&11] polar axis, giving rise

The evolution of the lattice parameters with temperature
89.70 4.08 is illustrated on Fig. 4. With decreasing temperature, the te-

U tragonal phase appears through a weak first-order transition
8075 - aadhaadd o Aoa-addT L aos at T,=590(5) K and the tetragonal distortion can be ob-
"'\\ ' served increasing the rat@/a; until 1.035 afT =90 K with-
89.80 - «—— ‘\.‘ out the appearance of any other phase. The effects of
_ ‘\ 1402 SA*/Nb®* substitution on the tetragonal phase compared to
& goss - 1:; pure PbTiQ include a decrease of the tetragonal ratida,
s i\;\ daco and a softening of the cubic-tetragonal order phase transition.
8880 - n i \\\ The results of the detailed x-ray Rietveld analysis of the
B, ‘ \\ 295-K tetragonal structure are summarized in Table I. The
89,95 | o "-.\. g,.*' \q 38 space group used in this refinement is that of PRTiCe.,
o - » P4mm (R,,=7.76%,Rg=2.61%, Gof=1.55). Pb and Sc/
0000 b Tmen T T '=¢ o6 o 306 Nb/Ti ions are shifted of 0.37 and 0.24 A, respectively, along
¢ 100 200 300 400 500 €00 700 the [001] polar axis giving rise to a polarization oP

=67 uClen?, which is smaller than the PbTiCone® (P
FIG. 3. Cell parameter evolution as a function of temperature in=90 MC/CVT’F)- Tests of _additional diSOI’d?r of the Pb atom

x=0.26. InsetR,, as a function of Pb shift along tfe-1—-12]  did not improve the refinement, supporting the observation

direction perpendicular to the11] polar axis at room temperature. of a normal value for the Pb thermal paramet®p,
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TABLE |. Rietveld analysis results using x-ray patterns at room temperature=f@r26 and 0.55 com-
pared to pure PSKRef. 16 and pure PbTiQ.%°

PSN' PSN74PTo2s  PSNo4sPToss PT®
(x=0) (x=0.26) (x=0.55) (x=1)
300 K 295 K 295 K 300 K
R3m R3m P4mm P4mm
Neutrons RX RX Neutrons
Lattice parameters a(A) 4.07041) 4.04031) 3.97731) 3.9043)
c(A) 4.083%1) 4.1583)
a(®) 89.945) 89.8543) 90 90
Position of Pb X X X 0 0 0 0
Beqpy (A9 2.257) 1.92 0.95
Position of O X 0.542711) 0.540616) 0.5 0.5
y 0.542711) 0.540616) 0 0
z 0.035811) 0.047823) 0.594717) 0.61743)
Beqo) (A% 1.807) 1.70 1.700)
Position of O X 0.5 0.5
y 0.5 0.5
z 0.085824) 0.11183)
Beqo) (A% 1.700)
Position of Sc/Nb/Ti X X 0.531@5) 0.52183) 0.5 0.5
z 0.53135) 0.52183) 0.53246) 0.53774)
Begscmom (A%) 0.635) 0.270) 0.270)
Spbo (A) 0.284) 0.304) 0.375) 0.494)
Sseibrmi-o (A) 0.076) 0.153) 0.244) 0.315)
PolarizationP (uClcnf) 33 47 67 90
Ruyp (%) 5.49 8.94 7.76 2.50
Rexp (%) 3.35 6.72 5.00
Gof 1.64 1.33 1.55
Reragg (%) 3.18 3.06 2.61
aReference 16.
bReference 59.
=0.97 A2, which is comparable to the value obtained in the 415
rhombohedral PSN-PT by 26% when the Pb shift was added '
(Bp,=0.86 A?) (see above
*o_
3. Monoclinic phase for0.26<x<0.55 410 * :‘ *e ..
Due to the complicated diffraction patterns of the inter- _ * .
mediate composition 0.26x<0.55 (Fig. 2), we have fo- < 405 - "
- ! o 4
cused the description of our results on the concentration .,
=0.43 because of its optimized piezoelectric responses. ForﬁE'i PO
this composition, a supplementary peak is clearly observed @ «*”
between (20Q) and (002) tetragonal peak§Figs. 2 and & 400 [ a -
5(a)]. These three peaks are somewhat broader but otherwiseg P o °°®
well resolved and their 2positions as a function of tempera-
ture are plotted in Fig. ®). When decreasing temperature 3.95 -
from ~680 K, the splitting of the (20Q)cubic Bragg peak
occurs aftlT;;=540(5) K into (200) and (002) reflections,
unambiguously indicating a tetragonal symmetry. The tetrag- 3.90 I | ! I \ ! I

100 200 300 400 500 600 700 800
T(K)

onal strainc,/a; increases when temperature decreases from 0
T.1 to a value of 1.010 aT.,=440(5) K, below which a

third peak appeargpeak(2) in Fig. 5a)]. As the temperature

continues to decrease, the full width at half maximum FIG. 4. Cell parameter evolution as a function of temperature
(FWHM) [Fig. 5(c)] and the intensity of this supplementary for x=0.55.
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peak increasfFig. 5(d)]. Such work had also been doftmut  splitting and relative intensities of the diffraction profiles at a
results are not given in this papefor all other peaks, in given temperature. However, thanks to the complete tem-
particular,(220 and (222 pseudocubic reflections. perature evolution the hypothesis of an orthorhombic phase
Analysis of these temperature evolutions allows to ex-mixed with a tetragonal phase cannot be considered from our
clude two of the three scenarios mentioned above: first, aesult. Indeed in this hypothesis, the hig) peak, i.e., peak
mixing between the tetragonal phase and a rhombohedr#B), includes both the (02Q)orthorhombic reflection and the
phase cannot be considered because the FWHM of the peéR00), tetragonal one, whereas pegh contains the (202)
(2) increases when the temperature decrefSigs 5(d)], in-  orthorhombic one. Then when temperature is decreased, one
stead of being constant or diminishing when temperature deshould expect a broadening for peé® whereas peak2)
creases, as expected if this peak was associated with a lowhould have its FWHM constant, which is not what it is
temperature rhombohedral phase; second, a mixing of thebserved experimentalljfFig. 5(c)]. Our results indicate a
residual trapped cubic phase with the tetragonal phase cannlotver symmetry, and a phase with at least a monoclinic sym-
be considered either since a strong increase of the intensityietry is needed to account for our data.
of the peak(2) with decreasing temperature is observed, In order to go further, we have performed a detailed Ri-
which rules out its possible association with the high-etveld analysis of the structure from the full pattern obtained
temperature cubic phase. by neutron diffraction, at low temperaturé& € 8 K). In this
The broadening and increase of intensity of the third pealstudy anisotropic profiles were introduced as in the studies of
can only be explained by the appearance of a new phagezZN-PT (Refs. 33 and 37and of PMN-PT’ which are
different from a rhombohedral one. This new phase appearsrobably originated from the anisotropic shape of the ferro-
to the detriment of the tetragonal phase but there is coexistlectric domains observed by optical measurements in
ence of both those phases down to the lowest temperaturPZN-PT(Ref. 35 and/or the coexistence with the tetragonal
Indeed, a sole phase is not enough to take into account thghase(size effects and internal stress figldé/e have pro-
set of all diffraction patterng(200), (220, and (222 ceeded in several steps in order to test many possible struc-
pseudocubic reflectiofs tural models. At first, we have considered the existence of a
The same type of x-ray patterns such as those in k&. 5 sole low-symmetry phasgnonoclinic Pm and Cm, triclinic
have been found in PZN-PTRef. 42, which the authors P1) but poor agreement was obtaine,f~15%). A te-
conclude to be an orthorhombic phageixed with a small  tragonal phase was then added to improve the refinement.
amount of residual tetragonal gnfeom consideration of the From these refinements, we have definitively excluded the
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TABLE I1l. Result of the Rietveld neutron-diffraction refine- 880
ments onx=0.43 atT=8 K.
: 800 - o This work
Solution X+ P4mm Cm+P4mm Pm+P4mm ® Ref. 26 &
Rup 4.92 4.84 720 -
Reragg 3.47 3.37 C
GoF 1.42 1.39 640 |- L
% phaseX 61 85 e
% phaseP4mm 39 15 € o0 - i
[ ~
X phase 5ot
_ 480 [ AT
Lattice parameters a(h) 5.753410) 4.037@6) ot Y
b(A) 5708510  4.010Q6) o ;N
c(A) 401529  4.06776) 400 g A
a () 90.00 90.00 R ‘M T
B(°) 90.262) 90.381) 320 17
v (°) 90.00 90.00
Position of Pb X X X 000 000 240 ‘ ' ‘ '
Beq (AZ) 1235) 16((5) 0 0.2 0.4 0.6 0.8 1
Position of O X 0410112  0.568724) xPT
y 0 0 FIG. 6. Structural phase diagram of PSN-PT system.
z 0.041630) 0.409925)
Beq (A?) 0.103) 0.9212) deduced from the scale factor ratio of the fitting. To settle
Position of O X 0.190821) 0.054616) betweenPm and Cm space groups, one should manage to
y 0.246911) 05 eliminate or at least significantly diminish this tetragonal
z 0.501G28) 0.419222) phase in order to reduce the parameters to be refined. Most
Beg (A2 0.64(5) 0.1411) probably a small grain size and/or internal microstréiis-
Position of O X 0.561124) duce a change in the competition and modify the ground
y 0.5 state. In particular, these effects probably explain the
z —0.06717) strong amount of tetragonal phase that we obtained in our
Beg (A?) 1.1514) refinement. Nevertheless, a composition fluctuation is not ex-
Position of Sc/Nb/Ti X 0.45389) 0.527721) cluded and can be superimposed to the grain-size effect. Fur-
y 0 05 ther analysis to conclude on the type of monoclinic space
7 0.521527) 0.441814) group is now in progress, but nevertheless we can put for-
Beq (A? 0.329) 0.1210) wgr.d that the ground state of PSN-PA3%) is of a mono-
clinic symmetry.
P4mm phase
Lattice parameters a(A) 4.00474) 4.00273) C. Theoretical study
. c(A) 4.09606) 4.10095) In order to gain further insight into the structural proper-
Position of Pb XXX 000 000 ties of PSN-PT near its morphotropic phase boundary, we
Position of O X 0.5 0.5 performed some finite-temperature simulations for samples
y 0 0 with Ti compositions ranging between 0.40 and 0.55. Our
z 0.472Q4) 0.465Q4) alloy effective Hamiltonian approach predicts that disordered
Position of O Xy 0.5 0.5 PSN-PT withx=0.50 exhibits a paraelectric cubic state at
z 0.085314) 0.086611) high temperature and a low-temperature ferroelectricna
Position of Sc/Nb/Ti X X 0.5 05 tetragonal phase for which the total polarization lies along
z 0.532716) 0.531910) the (001 pseudocubic direction. These findings are consis-

tent with the experimental results displayed in Fig. 6. The
theoretical paraelectric-ferroelectric phase transition occurs

existence of the mixing of rhombohedral, orthorhombic, andaround 660 K, which compares rather well with the present

triclinic phases R,,,>5%). Clearly the best refinement is experimental value=585 K.

obtained with a monoclinic phag@&able ).
Nevertheless it is not possible to assign a space group tour measurements can be made for the PSN-PT solid solu-

this new phase, i.e., to distinguish betwé&amandPmspace

Another direct comparison between our predictions and

tions exhibiting 55% of Ti atoms among thddr sites. The

groups, since both structural models give very close agreeszalculations yield a tetragonal system with an axial ratio
ment factors. In both solutions there is a strong amount o€,/a; of 1.030 at room temperature, which is in excellent

tetragonal phase=39% with Cm and ~15% with Pm, as

agreement with the measured value around 1(@2€& Table
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). For this temperature and for this alloy, the theoreticalfrom the pseudocubi¢001] direction to the pseudocubic
ferroelectric-induced internal atomic displacements with re{111] direction as the Ti composition decreases in the MPB
spect to the ideal cubic positions are 0.09310008, area of PSN-PT, or equivalently, that the monoclinic phases
0.0723+0.0007, and 0.03210.0003 for the two kinds of indeed act as a structural bridge between the tetragonal and
oxygen atom and the averaged B atom, respectively, whefhombohedral structures delimiting the MPB. Our theoretical
adopting the convention that the Pb displacement is equal t@€sults thus point out thdf) there are intermediate mono-
zero. These three predicated values agree very well with thelinic phases in the MPB of PSN-PTii) the monoclinic
corresponding experimental results of 0.08470017, phases associated withm and Cm space groups are very
0.0858+0.0024, and 0.03240.0006 displayed in Table I.  close to each other in the free-energy space,(aind minor

Our simulations further predict that the mimicked solid change of atomic distribution and/or a slight modification in
solution exhibiting the smallest Ti composition, namely, composition is enough to alter the space group of the mono-
PSN-PT with 40% of Ti, is rhombohedral at low temperatureclinic ground state. Furthermore, the nonstoichiometry, or
as well as at room temperature. This result is consistent wit€quivalently, the short-range order, may affect the range of
the experimental finding that the phases bordering the MPEhe monoclinic phase. Featurég—(iii) are all consistent
in PSN-PT are rhombohedral for small Ti compositions andwith the present experimental findings. Furthermore, features
tetragonal for larger Ti concentrations. However, the exacfii) and (i) make the MPB of PSN-PT rather unique.
compositions delimiting this MPB are very likely strongly
dependent on the Helf parameters as emphasized in Ref. 56.
As a result, it is possible that the “true” PSN-PT with 40%
of Ti is slightly inside the MPB—as the experimental results  The true origin of the relaxor behavior as observed in the
depicted in Fig. 2 tend to indicate—rather than slightly out-PSN-PT system remains open. Recently, Bletcal. have
side the MPB, as our calculation predicts. Furthermoreproposed to explain relaxor features with the use of a spheri-
room-temperature calculations for a Ti concentration of 40%al random bond random-field mod&®*which incorporates
yield a rhombohedral angle of 89.79°. They also yieldthe previous models, the dipole glaGandom bonyl one?
ferroelectric-induced internal displacements of 0.0403and the random-fieldor pinning oné€’ in a self-consistent
*0.0049 and 0.03180.0038 for the Cartesian components manner. In this hybrid model, the dynamics of the polariza-
of the oxygen atoms and of 0.013®.0017 for the averaged tion is controlled by the random/spherical bond characteris-
B atom, when imposing, once again, that the Pb displacetics, which are induced by random fields. Multiple compet-
ment is null. These predicted rhombohedral angle and atomigg orderings of the polarization along multiple directions
displacements are thus rather consistent with an extrapolare allowed. Such an approach allows sophisticated under-
tion (up to a Ti concentration of 40pwf the experimental standing of competing interactions on the mesoscale. Very
data of PSN-PT, with 26% Ti, that are displayed in Table I.recently®®> density-functional theory calculations performed

We now focus on compositions lying inside the “theoret- on PZT have shown that the distortions of the material away
ical” MPB. More precisely, we first generate a large (16 from the parent perovskite structure can be predicted from
X16X16) alloy configuration mimicking a disordered the local arrangement of the Zr and Ti cations. The Pb shifts
PSN-PT solid solution with a Ti composition of 41.6%. Per-in directions are sensitive to thB-cation environment. Pb
forming simulations at 50 K for this configuration yields a shifts are toward Ti neighbors and away from Zr neighbors.
polar local soft modeu whose Cartesian components, in  We believe that our structural study of PSN-PT is helpful
atomic units, are (0.0680.003, 0.014-0.003, and 0.0732 for understanding relaxor behavior by obtaining an atomic
+0.001) (note that we use the convention that iy, andz  level picture of competing interactions. In particular, our
axes are chosen along the pseudocyli@O], [010], and  study of the structural evolution of PSN-PT allows us to
[001] directions, respectively In other words, the corre- propose a phase diagraffig. 6) that is very similar to the
sponding polarization can be statistically considered to ligghase diagrams of 1:2 compounds PMN-PT and PZN-PT.
along a(Ouv) direction, with 0<u<wv. The resulting phase The analysis performed on PSN-PT of 26% has shown
is thus a monoclinic symmetry with Bm space group. In- that the stable ground state is similar to that of pure PSN,
terestingly, generatinganother 16X 16x16 random alloy i.e., the structure is of a rhombohedral symmetry with a mac-
configuration with thesameTi composition of 41.6% also roscopic polar axis oriented along thElL1] direction. In this
leads to a monoclinic phase at 50 K. However, this phase hastructure, Pb and O are locally displaced from their ideal
a Cm space group since its polarization lies alonguai ) positions in the perovskite unit cell along the polddl]
direction, with O<u<wv. The corresponding polar soft direction. Moreover analysis of tH&thermal parameters re-
modeu is predicted to have the following Cartesian compo-veals similar features already reported in pure FRBEfs. 16
nents, in atomic units: (0.0860.002, 0.006-0.002, 0.0741 and 58 or PbSg,Ta;,,05,% but also in mixed systems such
+0.001). Similarly, we found that some PSN-PT alloy con-as PZT(Refs. 64 and 65and in PMN-PT*" In particular,
figurations associated with a slightly smaller Ti composition,we have observed additional disordered displacement for
namely, 41.4%, adopt a monoclinicm space group. The lead atoms inside the rhombohedral phase along @bé]
corresponding local polar mode (8.030, 0.030, 0.062i.e.,  local tetragonal distortion, in agreement with Ref. 62, which
it has Cartesian coordinates that are closer to each other thahows tha{100), (211), or (110 Pb shifts are preferred over
those associated with the local polar modes at a Ti concerfd11), even in rhombohedral phase where the overall polar-
tration of 41.6%. This indicates that the polarization rotatedzation is along/111].

IV. DISCUSSION AND CONCLUSION
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Therefore the global physical picture of PSN-PT appeargnce length of this monoclinic short-range region increases
to be similar to that observed in PMN-PT and PZT, in whichup to a long-range monoclinic state fe=43%. When the
competition between rhombohedral and tetragonal orders od+ content continues to increase, the monoclinic ground state
curs. In the Ti-poor region of the phase diagram the rhomis destroyed in favor of a tetragonal phase such as in PSN-PT
bohedral phase is the ground state but local monoclinic ordesf 55%, similar to that of pure PT. These results show that
is detected mainly due to the lead atoms. Indeed, lone pathe relative amount of Sc/Nb/Ti influences the ground state
electrons in Pb results in formation of short Pb-O bondsand especially the local structure in which Pb atoms are dis-
comparable to those obtained in FRef. 59 or PbO(Refs.  ordered, in agreement with Ref. 62, which demonstrates that
65 and 66 and gives rise to strong Pb polarizability. In the the Pb local directions are very sensitive to the local envi-
Ti-rich region the microscopic physics underlying the low- ronment imposed by thB-cation neighborhoods.
temperature phase of the end-point PT is well known. Indeed Our results have shown that in this 1:1-type relaxor-based
the ground-state structure has shifts alpd@l] with a strong  compound a monoclinic ground state exists in the MPB re-
lattice strain that stabilizes this direction. A rhombohedralgion. In particular, like in PZN-PT and PMN-PT, it is prob-
ferroelectric phase with111] shifts is not favored and does able that a strong enough electric fiélda small grain size,
not occur because of the large electronic hybridization beand/or internal microstraifi$ should induce change in the
tween Pb and O, as may be seen by comparison witlkompetition and significantly modify the direction of polar-
BaTiO;, which has a rhombohedral ferroelectric groundization and ground states.
state. As a result both Ti and Pb are strongly displaced, giv- The monoclinic phase is not a direct consequence of a
ing rise to strong ferroelectricity in PT. The consequence ofmixing between any relaxor and PT as in the case of
Ti substitution by Sc/Nb from pure PT is a destabilization of PbFe;W;,305-PbTiO;,%° where the possibility of such a
the Ti[001] direction against a Sc/N[11] direction. phase has been definitely rejected. Instead, a monoclinic

Between the two regions, the Ti-poor and the Ti-rich onesstate can be stabilized if a peculiar arrangement between dif-
an intermediate monoclinic ground state is stabilized anderent heterovalent ions is obtained. The random fields due to
“pridges” the rhnombohedral and the tetragonal phases in toSE&* and NIB* arrangements in disordered pure PSN are not
tal agreement with our theoretical simulations. The mono-enough to stabilize the monoclinic stafehut modifications
clinic phase has been evidenced on PSN-PT of 43% fronof these random fields by i substitution induce such a
two different analyses, i.e., X-ray profile analysis and Ri-symmetry. The random fields in the case of the PSN relaxor
etveld neutron powder refinement. Nevertheless, it is vergan also be modified by appropriate thermal treatment, as
difficult to identify any space group. Indeed, theoretical re-ordering or disordering of Sc/Nb cations can be induced.
sults indicate thaPm and Cm monoclinic space groups are Preliminary results on PSN-PT of 43% have already been
very close to each other in free-energy space so a minasbtained showing the implication of the order degiee
change of atomic distribution and/or modification of compo-random field$ on the electrical properties and on the struc-
sition is enough to alter the space group of the monoclinicural ground state, and a complete study, both experimental

ground state. and theoretical, is under investigation.
Besides, our results suggest that the “bridge” through the
monoclinic state is not a narrow concentration range: a ACKNOWLEDGMENTS
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