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Cationic-competition-induced monoclinic phase in high piezoelectric
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A global picture for the structural evolution in the relaxor-ferroelectric solid solution
(PbSc1/2Nb1/2O3)12x-(PbTiO3)x is proposed. Thanks to x-ray profile analysis and Rietveld neutron powder
refinement, a monoclinic phase has been evidenced in the morphotropic region~i.e., x'0.43). This lower-
symmetry phase ‘‘bridges’’ the rhombohedral Ti-poor phase (x<0.26) with the tetragonal Ti-rich phase (x
>0.55), in a similar way as in PbMg1/3Nb2/3O3-PbTiO3 or Pb(Zn1/3Nb2/3)O3-PbTiO3 . 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 along@001# 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 predictPmor 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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I. INTRODUCTION

One of the most interesting and studied groups of dis
dered compounds undergoing structural phase transition
the so-called relaxors.1 The main structural feature of relax
ors is the random occupation of equivalent positions by
ferent heterovalent ions. This chemical disorder results in
destruction of the normal ferroelectric phase transition a
the appearance of physical properties similar to those of
ordered magnets. The associated dielectric susceptibility
hibits an unusual response, strongly dependent on frequ
and with very high values over a broad range
temperatures.2 The relaxor state is then characterized by
frustration of local polarizations which can prevent lon
range ferroelectric order from developing completely. Mo
of the relaxors are lead oxides belonging to the class of
ovskites with either the general formula Pb(B8)1/3(B9)2/3O3

(B85Mg21, Zn21,...; B95Nb51, Ta51,...), i.e., 1:2-type
compounds or Pb(B8)1/2(B9)1/2O3 (B85Sc31, In31,...; B9
5Nb51, Ta51,...), i.e., 1:1-type compounds.

In the case of 1:2-type compounds such
PbMg1/3Nb2/3O3 ~PMN!, considered by most researchers
be the prototype of relaxors, the disorder results from
random occupation of theB site of the perovskite by two
cations of different valences, namely, Mg21 and Nb51.
Charge neutrality imposes the Mg:Nb stoichiometry of 1
while the mixed-valence character of theB site produces
random electric-field gradients and a locally broken trans
tional symmetry.3 Below a certain temperature, polar nan
metric regions take place and freeze out.4,5 No phase transi-
tion into a macroscopic ferroelectric phase occurs,
average structure remaining cubic down to 5 K.6,7 But an
0163-1829/2003/68~1!/014114~10!/$20.00 68 0141
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induced ferroelectric phase can be realized by means of
tial substitution,8,9 external electric field,10–12 or pressure.13

Therefore existence or absence of phase transition is n
necessary condition for the relaxation phenomenon. Inde
both 1:2- and 1:1-type ferroelectric relaxors such
Pb(Zn1/3Nb2/3)O3 ~PZN! ~Ref. 14! and Pb(Sc1/2Nb1/2)O3

~PSN!,15,16 respectively, undergo a spontaneous phase tra
tion from a cubic to a rhombohedral phase.

PSN is of a special interest because the degree of orde
of Sc31- and Nb51-type ions can be controlled by therm
treatment, due to a high-temperature order-disorder trans
mation, which influences the dielectric behavior.15–17 This
feature provides promising directions for future experimen
and theoretical research; indeed it has been shown fro
first-principles-derived approach18–21 that some specific ar
rangements between Sc31 and Nb51 ~i! greatly enhance the
electromechanical responses,~ii ! lead to currently unob-
served ground states of orthorhombic and monoclinic sy
metries~while the disordered material adopts a well-know
rhombohedral ground state!, and ~iii ! can considerably shift
the Curie temperature. In this heterovalent system, elec
static interactions among Sc31 and Nb51 ions are then found
to be very important. In addition, the stabilized structure
also conditioned by Pb21 ions forming short Pb-O bonds.18

Recently, relaxor-based single crystals such
(PbMg1/3Nb2/3O3)12x-(PbTiO3)x ~PMN-PT! and
(PbZn1/3Nb2/3O3)12x-(PbTiO3)x ~PZN-PT! have been re-
ported to exhibit excellent piezoelectric properties, mu
better than the well-known PbZrxTi12xO3 ~PZT! polycrystal-
line ceramics,22 and have attracted attention for their pote
tial in various applications.23–25 Though clearly promising
for transducers and actuators, their relatively low Curie te
©2003 The American Physical Society14-1
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perature of around 440 K~for x535% andx59%, respec-
tively, in PMN-PT and PZN-PT! may greatly limit their use-
fulness in many fields such as automotive and aerosp
sensors where a broad temperature range is required.
new relaxor-PT systems with both high transition tempe
tures and large piezoelectric coefficients are desired.

For this purpose the (PbSc1/2Nb1/2O3)12x-(PbTiO3)x

~PSN-PT! system can be an attractive candidate. Indeed T
nery, Hang, and Novak26 and Yamashita27 reported in this
system very high permittivity and an electomechanical c
pling factor kp which should make it the best relaxor-P
ceramic material for large-k applications. However, up to
now this system has attracted less attention than other l
based compounds.

The high electromechanical performance characteris
of the relaxor-PT solid solutions are found for compositio
at or near the morphotropic phase boundary~MPB! separat-
ing the rhombohedral and tetragonal phases, similar to th
PZT.28 The structure of these MPB’s was first considered
be a mixing of the two adjacent ferroelectric phases.28–31

However, the recent experimental discovery of a monocli
phase in PZT~Refs. 32–34! at the MPB has completely
changed this picture. A key feature of this structure is that
polarization vector is no longer constrained to lie along
symmetry axis, as in the rhombohedral and tetragonal st
tures, but instead can rotate within a monoclinic plane. T
presence of the monoclinic phase in PZT is not a peculia
of this system34–36and is also present in PMN-PT and PZN
PT, but instead of aCm phase as in PZT, aPm one37–40 is
observed in these relaxor-PT systems. Nevertheless, dep
ing on the history~temperature and pooling process! there is
still an ambiguity since an orthorhombic phase was also b
reported.40–42

These experimental results have received theoretical
port from a first-principles-derived approach which predi
stability and properties of MPB piezocrystals.43 Indeed in a
compositionally homogeneous approximation, only t
rhombohedral and tetragonal phases were predicted to
stable at the MPB, as conventionally believed. Howev
when an on-site alloying self-energy term~up to fourth
power! is considered in the free energy, a monoclinic state
stabilized and effectively bridges the rhombohedral and
tragonal states.44 It is important to emphasize that the allo
ing self-energy term is considered within a random-field
proximation and therefore should be significantly affecte45

when one deals with a relaxor of the 1:2 or 1:1 type. F
thermore, it was found that an eighth-order Devonshire
pansion generates monoclinic ferroelectric states and e
triclinic phases can be obtained from a 12th-order expan
of the free energy.46

In the present work the first experimental evidence o
monoclinic phase in a 1:1-type relaxor-PT system, nam
PSN-PT, is reported and a new phase diagram is obtai
Theoretical analysis based on first-principles calculati
have been performed also on the MPB region and bears
the existence of the monoclinic state in such a system. C
peting orderings of the polarization along multiple directio
on a mesoscale are found to play a key role and explain
01411
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crossing from rhombohedral to tetragonal phases thro
this monoclinic phase.

II. EXPERIMENTAL AND THEORETICAL METHODS

PSN-PT samples withx50.26, 0.37, 0.40, 0.43, 0.45
0.50, and 0.55 were prepared by conventional solid-state
action using high-purity~better than 99.9%! lead oxide,
scandium oxide, niobium oxide, and titanium oxide as sta
ing compounds. After mixing in stoichiometric proportion
without using any excess@Nb2O5,47,48 Fe2O3 ~Ref. 49!#,
powders were first calcined at 1250 °C for 2 h 30 min,
uniaxial cold pressed, and sintered at 1280 °C for 3 h. P
cautions~covered crucible and PbO-rich atmosphere! have
been taken to avoid PbO losses during the calcination
sintering processes. At the close of this procedure, we
tained a pure perovskite phase of PSN-PT free from the p
sitic pyrochlore phase. An investigation of the microstructu
using a scanning electron microscope@~SEM! FEG, LEO
1530# of the ceramics did not reveal the presence of an
tergranular second phase. The mean size of the grain is a
8 mm. In addition, energy dispersion scanning showed a
mogeneous cationic distribution from one grain to anoth
Ceramic samples were polished and cleaned, and sputte
gold electrodes were applied. To eliminate strains caused
polishing, samples were annealed in air at 700 °C for 1 h and
then slow cooled. The temperature dependence of the die
tric constant was measured at various frequencies in a t
perature range from 290 to 800 K using a Hewlett-Pack
4192A impedance analyzer and a furnace with an estima
precision of 2 K. X-ray-diffraction measurements were p
formed on a high accuracy, two-axis diffractometer in
Bragg-Brentano geometry using Cu-Kb wavelength issued
from a 18-kW rotating anode generator with diffraction ang
precision better than 0.002°~2u!. The data were collected in
two parts, first in a N2 flow cryostat from 90 to 295 K~pre-
cision better than 0.1 K! and then in a furnace from 295 t
800 K ~estimated precision of 2 K!. Selected regions of the
diffractogram, containing the~200!, ~220!, and ~222!
pseudocubic reflections, were recorded. Because of com
cated peak shapes, a very careful peak-fitting analysis
realized usingPROFILE software ~V1.30 Socabim! to take
into account factors such as asymmetry and mixing pha
For each selected region the peak positions were determ
and when it was possible, the lattice parameters were
tained from a fit of several reflections. The neutron powd
diffraction pattern was collected at 8 K on a 3T2 high-
resolution goniometer on a thermal source (l51.227 Å)
using the Orphe´e reactor facilities at Laboratoire Le´on Bril-
louin ~Saclay, France!. Structural Rietveld refinements o
both x-ray and neutron patterns were carried out withXND

software.50

Concerning the theoretical method, we used the comp
tional scheme proposed in Ref. 51 for th
@Pb(Sc0.5Nb0.5)O3#12x-(PbTiO3)x alloy. This scheme is a
generalization of the first-principles-derived alloy effecti
Hamiltonian approach of Refs. 43 and 52—which was dev
oped for solid solutions having two different kinds ofB at-
oms. Conceptually, the generalization to the study
4-2
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CATIONIC-COMPETITION-INDUCED MONOCLINIC . . . PHYSICAL REVIEW B 68, 014114 ~2003!
PSN-PT consists of including on-site and intersite alloy
effects via two perturbations over the five-atom Pb^B8&O3
system, in which thêB8& atom is a virtual atom involving a
kind of potential average among the Sc, Ti, and Nb atom53

The first perturbation breaks the virtual^B8& atom into the
~true! Ti atom and a virtual̂ B9& atom, in which^B9& in-
volves a potential average between the Sc and Nb atoms.
second perturbation then leads to the existence of the tru
and Nb atoms from thiŝB9& atom. The parameters enterin
the analytical expression of the total energy for the al
effective Hamiltonian of @Pb(Sc0.5Nb0.5)O3#0.50-
(PbTiO3)0.50, i.e., for PSN-PT with 50% of Ti atoms occu
pying the B sites, are determined by performing firs
principles calculations54,55on small cells. In principle, all the
parameters in the alloy effective Hamiltonian should chan
when one varies the composition x in the
@Pb(Sc0.5Nb0.5)O3#12x-(PbTiO3)x solid solution. However,
we numerically found that only some parameters, nam
the ones denotedB1yy , B4yz , Qu j 2 i u , andRu j 2 i u in Ref. 56
significantly change betweenx50.50 and 0.40. The compo
sition dependence of these parameters is assumed to b
ear, and is determined by performing first-principles simu
tions on cells with two different compositions, namely,x
50.50 and 0.40. Such a linear composition-dependence
proach is only realistic when exploring a narrow range
compositions aroundx50.50. Consequently, theoretical re
sults can~most likely! ‘‘only’’ be compared with the presen
experimental data for the samples withx50.40, 0.43, 0.45,
0.50, and 0.55. Conversely, comparing our predictions res
ing from this numerical scheme with our measurements
the Ti-poorest grown samples—for whichx50.26 and
0.37—is ~very likely! inappropriate. That is the reason wh
we limit our calculations to Ti concentrations ranging b
tween 0.40 and 0.55.

Once our effective Hamiltonian is fully specified, its e
ergy is then used in Monte Carlo simulations on large~typi-
cally 12312312 or 16316316) supercells, mimicking the
disordered structures under investigation. The outputs
Monte Carlo procedure are the polar local soft modeu and
the homogeneous strain tensorh. Theu soft mode is directly
related to the electrical polarization, whileh provides infor-
mation about the crystallographic system.

III. EXPERIMENTAL AND THEORETICAL RESULTS

A. Dielectric study

Since the pioneering work of Tennery, Hang, a
Novak,26 no study of the dielectric and structural properti
of the whole phase diagram of the PSN-PT system has b
reported, to the best of our knowledge. Only a few artic
were focused around the concentration of PSN-PT of 43%
order to optimize the electromechanical properties by app
priate doping47–49 since the high piezoelectric response
associated with the MPB. From our samples we obtaine
‘‘bell’’ shape in the maximum of the dielectric constant as
function of PT concentration~Fig. 1! confirming the MPB is
localized near 43%. For each composition, only one anom
is observed and a deviation from a Curie-Weiss law is e
denced aboveTmax, the temperature of the maximum of th
01411
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dielectric constant, and a modified law, i.e., 1/«21/«max
5a(T2Tmax)

g is preferred to take this deviation into accoun
«max is the maximum of the dielectric constant at a giv
frequency andg is the critical exponent ranging betweeng
51 for conventional ferroelectrics andg52 for lead-based
relaxors.57 When g51 the constanta is equal to 1/C,
where C is the Curie constant andTmax5T0 is the Curie
temperature.

As expected,Tmax increases andg decreases with increas
ing PT content~inset, Fig. 1!. These variations can be fitte
by a linear lawTmax5Tmax

PSN1axPT and g5gPSN2bxPT (a
5384.1,b520.007), which reflects the progressive chan
from PSN relaxor to PT ferroelectric behavior.

B. Structural study

Figure 2 shows the experimental x-ray-diffraction patte
of the pseudocubic~200! Bragg reflection atT5300 K for
PSN-PT with 0.26<x<0.55. As x increases, the averag
symmetry gradually changes from rhombohedral to tetra
nal, indicated by a pronounced splitting. Forx50.26 and
0.55, the diffraction peaks are well defined and the symme
is unambiguously rhombohedral and tetragonal, respectiv
whereas the intermediate compositions give more com
cated diffraction patterns. Different scenarios can be use
describe this situation:~i! mixing phases between the rhom
bohedral Ti-poor concentration and the tetragonal Ti-r
concentration regions,~ii ! a phase coexistence between t
cubic high-temperature phase and the tetragonal l
temperature phase due to metastable states associated
first-order phase transition, and~iii ! appearance of a new
low-symmetry phase~orthorhombic, monoclinic, triclinic!.

1. Rhombohedral phase for xÏ0.26

For x<0.26, a rhombohedral phase is stable as charac
ized by the singlet (200)r for x50.26~Fig. 2!. The results of

FIG. 1. «max8 /relative density vs PT concentration~data for f
510 kHz). The dielectric constant has been divided by the rela
density of the ceramic to rule out this extrinsic effect on the diel
tric value. Inset:Tmax vs PT andg vs PT, respectively, obtained
from a modified Curie-Weiss law fit; for pure PSN we used our d
from Ref. 16.
4-3
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FIG. 2. X-ray-diffraction patterns of the
pseudocubic~200! Bragg reflection atT5300 K
for PSN-PT with 0.26<x<0.55.
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the temperature-dependence studies forx50.26 are pre-
sented in Fig. 3. The structural phase transition from cubi
rhombohedral occurs atTc5480(5) K with no detectable
discontinuity. The observed diffraction peaks showed no e
dence of any additional phase transitions and/or phase c
istence, and the structure remains rhombohedral down to
lower temperature.

At T5295 K, a detailed structural investigation by mea
of an x-ray Rietveld analysis~Table I! confirmed the rhom-
bohedral phase with anR3m space group, since quite goo
reliability factors (Rwp58.94%, RB53.06%, GOF51.33)
were obtained. Because of the weaker contribution of li
atoms compared to heavy ones, such as Pb or Nb, to
x-ray-diffraction pattern, the large temperature factors
oxygen were fixed in the refinement to the value classic
obtained from neutron diffraction in lead-based perovskit
The cell parameters atT5295 K arear54.0403 Å anda
589.85°, and atoms are found to be displaced from the
bic special positions in the same way as pure PSN:Pb
Sc/Nb/Ti ions are shifted by 0.30 and 0.15 Å from their ide
position, respectively, along the@111# polar axis, giving rise

FIG. 3. Cell parameter evolution as a function of temperature
x50.26. Inset:Rwp as a function of Pb shift along the@21 21 2#
direction perpendicular to the@111# polar axis at room temperature
01411
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to a polarizationP547mC/cm2, which is higher than the
polarization of pure PSN~Ref. 16! (P533mC/cm2).

The lead thermal parameter was found as large~1.92 Å2!
as usual in the lead perovskite and is a strong indication
possible disorder.58 In addition to the cooperative shift o
0.30 Å for the Pb atom along the polar@111# axis, we have
tested disordered shifts with directions perpendicular to
polar axis, accordingly to the procedure now classically u
in these compounds:9,16 The Pb atom shifts from its position
which improves the refinement (Rwp58.78%) when Pb is
displaced about 0.2-Å perpendicular to the polar axis~inset,
Fig. 3!. In this minimum, theBPb thermal factor recovers to
a normal value ofBPb50.86 Å2. The composition of coop-
erative shifts along the@111# polar direction with disordered
~short-range! shifts along@2121 2# gives the local position
of the lead atom inside the rhombohedral cell, which is ve
close to the@001# pseudocubic direction.

2. Tetragonal phase for xÐ0.55

The evolution of the lattice parameters with temperat
is illustrated on Fig. 4. With decreasing temperature, the
tragonal phase appears through a weak first-order trans
at Tc5590(5) K and the tetragonal distortion can be o
served increasing the ratioct /at until 1.035 atT590 K with-
out the appearance of any other phase. The effects
Sc31/Nb51 substitution on the tetragonal phase compared
pure PbTiO3 include a decrease of the tetragonal ratioct /at

and a softening of the cubic-tetragonal order phase transit
The results of the detailed x-ray Rietveld analysis of t
295-K tetragonal structure are summarized in Table I. T
space group used in this refinement is that of PbTiO3 , i.e.,
P4mm (Rwp57.76%,RB52.61%, Gof51.55). Pb and Sc/
Nb/Ti ions are shifted of 0.37 and 0.24 Å, respectively, alo
the @001# polar axis giving rise to a polarization ofP
567mC/cm2, which is smaller than the PbTiO3 one59 (P
590mC/cm2). Tests of additional disorder of the Pb ato
did not improve the refinement, supporting the observat
of a normal value for the Pb thermal parameterBPb

n

4-4
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TABLE I. Rietveld analysis results using x-ray patterns at room temperature forx50.26 and 0.55 com-
pared to pure PSN~Ref. 16! and pure PbTiO3 .59

PSNa

(x50)
300 K
R3m

PSN0.74-PT0.26

(x50.26)
295 K
R3m

PSN0.45-PT0.55

(x50.55)
295 K
P4mm

PTb

(x51)
300 K
P4mm

Neutrons RX RX Neutrons

Lattice parameters a ~Å! 4.0704~1! 4.0403~1! 3.9773~1! 3.902~3!

c ~Å! 4.0835~1! 4.156~3!

a ~°! 89.94~5! 89.854~3! 90 90
Position of Pb x x x 0 0 0 0
Beq(Pb) ~Å2! 2.25~7! 1.92 0.95
Position of O x 0.5427~11! 0.5406~16! 0.5 0.5

y 0.5427~11! 0.5406~16! 0 0
z 0.0358~11! 0.0478~23! 0.5947~17! 0.6174~3!

Beq(O) ~Å2! 1.80~7! 1.70 1.70~0!

Position of O x 0.5 0.5
y 0.5 0.5
z 0.0858~24! 0.1118~3!

Beq(O) ~Å2! 1.70~0!

Position of Sc/Nb/Ti x x 0.5310~5! 0.5218~3! 0.5 0.5
z 0.5310~5! 0.5218~3! 0.5324~6! 0.5377~4!

Beq(Sc/Nb/Ti) ~Å2! 0.63~5! 0.27~0! 0.27~0!

dPb-O ~Å! 0.28~4! 0.30~4! 0.37~5! 0.49~4!

dSc/Nb/Ti-O ~Å! 0.07~6! 0.15~3! 0.24~4! 0.31~5!

PolarizationP ~mC/cm2! 33 47 67 90
Rwp ~%! 5.49 8.94 7.76 2.50
Rexp ~%! 3.35 6.72 5.00

Gof 1.64 1.33 1.55
RBragg ~%! 3.18 3.06 2.61

aReference 16.
bReference 59.
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50.97 Å2, which is comparable to the value obtained in t
rhombohedral PSN-PT by 26% when the Pb shift was ad
(BPb50.86 Å2) ~see above!.

3. Monoclinic phase for0.26ËxË0.55

Due to the complicated diffraction patterns of the inte
mediate composition 0.26,x,0.55 ~Fig. 2!, we have fo-
cused the description of our results on the concentratiox
50.43 because of its optimized piezoelectric responses.
this composition, a supplementary peak is clearly obser
between (200)t and (002)t tetragonal peaks@Figs. 2 and
5~a!#. These three peaks are somewhat broader but other
well resolved and their 2u positions as a function of tempera
ture are plotted in Fig. 5~b!. When decreasing temperatu
from ;680 K, the splitting of the (200)c cubic Bragg peak
occurs atTc15540(5) K into (200)t and (002)t reflections,
unambiguously indicating a tetragonal symmetry. The tetr
onal strainct /at increases when temperature decreases f
Tc1 to a value of 1.010 atTc25440(5) K, below which a
third peak appears@peak(2) in Fig. 5~a!#. As the temperature
continues to decrease, the full width at half maximu
~FWHM! @Fig. 5~c!# and the intensity of this supplementa
01411
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d

ise

-
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FIG. 4. Cell parameter evolution as a function of temperat
for x50.55.
4-5



;

R. HAUMONT et al. PHYSICAL REVIEW B 68, 014114 ~2003!
FIG. 5. ~a! Selected pattern
area around the~200! pseudocubic
reflection for x50.43 at T
5120 K; ~b! 2u position of ~200!
pseudocubic reflections;~c! tem-
perature dependence of FWHM
~d! intensities of~200! pseudocu-
bic reflections.
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peak increase@Fig. 5~d!#. Such work had also been done~but
results are not given in this paper! for all other peaks, in
particular,~220! and ~222! pseudocubic reflections.

Analysis of these temperature evolutions allows to
clude two of the three scenarios mentioned above: firs
mixing between the tetragonal phase and a rhombohe
phase cannot be considered because the FWHM of the
(2) increases when the temperature decreases@Fig. 5~d!#, in-
stead of being constant or diminishing when temperature
creases, as expected if this peak was associated with a
temperature rhombohedral phase; second, a mixing of
residual trapped cubic phase with the tetragonal phase ca
be considered either since a strong increase of the inten
of the peak(2) with decreasing temperature is observe
which rules out its possible association with the hig
temperature cubic phase.

The broadening and increase of intensity of the third p
can only be explained by the appearance of a new ph
different from a rhombohedral one. This new phase appe
to the detriment of the tetragonal phase but there is coe
ence of both those phases down to the lowest tempera
Indeed, a sole phase is not enough to take into accoun
set of all diffraction patterns@~200!, ~220!, and ~222!
pseudocubic reflections#.

The same type of x-ray patterns such as those in Fig.~a!
have been found in PZN-PT~Ref. 42!, which the authors
conclude to be an orthorhombic phase~mixed with a small
amount of residual tetragonal one! from consideration of the
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splitting and relative intensities of the diffraction profiles a
given temperature. However, thanks to the complete te
perature evolution the hypothesis of an orthorhombic ph
mixed with a tetragonal phase cannot be considered from
result. Indeed in this hypothesis, the high~2! peak, i.e., peak
(3), includes both the (020)o orthorhombic reflection and the
(200)t tetragonal one, whereas peak(2) contains the (202)o
orthorhombic one. Then when temperature is decreased,
should expect a broadening for peak(3) whereas peak(2)
should have its FWHM constant, which is not what it
observed experimentally@Fig. 5~c!#. Our results indicate a
lower symmetry, and a phase with at least a monoclinic sy
metry is needed to account for our data.

In order to go further, we have performed a detailed R
etveld analysis of the structure from the full pattern obtain
by neutron diffraction, at low temperature (T58 K). In this
study anisotropic profiles were introduced as in the studie
PZN-PT ~Refs. 33 and 37! and of PMN-PT,37 which are
probably originated from the anisotropic shape of the fer
electric domains observed by optical measurements
PZN-PT~Ref. 35! and/or the coexistence with the tetragon
phase~size effects and internal stress fields!. We have pro-
ceeded in several steps in order to test many possible s
tural models. At first, we have considered the existence o
sole low-symmetry phase~monoclinicPm andCm, triclinic
P1) but poor agreement was obtained (Rwp'15%). A te-
tragonal phase was then added to improve the refinem
From these refinements, we have definitively excluded
4-6
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existence of the mixing of rhombohedral, orthorhombic, a
triclinic phases (Rwp.5%). Clearly the best refinement i
obtained with a monoclinic phase~Table II!.

Nevertheless it is not possible to assign a space grou
this new phase, i.e., to distinguish betweenCmandPmspace
groups, since both structural models give very close ag
ment factors. In both solutions there is a strong amoun
tetragonal phase:;39% with Cm and ;15% with Pm, as

TABLE II. Result of the Rietveld neutron-diffraction refine
ments onx50.43 atT58 K.

SolutionX1P4mm Cm1P4mm Pm1P4mm

Rwp 4.92 4.84
RBragg 3.47 3.37
GoF 1.42 1.39
% phaseX 61 85
% phaseP4mm 39 15

X phase

Lattice parameters a ~Å! 5.7534~10! 4.0370~6!

b ~Å! 5.7085~10! 4.0100~6!

c ~Å! 4.0152~9! 4.0677~6!

a ~°! 90.00 90.00
b ~°! 90.26~2! 90.38~1!

g ~°! 90.00 90.00
Position of Pb x x x 0 0 0 0 0 0

Beq ~Å2! 1.25~5! 1.60~5!

Position of O x 0.4101~12! 0.5687~24!

y 0 0
z 0.0416~30! 0.4099~25!

Beq ~Å2! 0.10~3! 0.92~12!

Position of O x 0.1905~21! 0.0546~16!

y 0.2469~11! 0.5
z 0.5010~28! 0.4192~22!

Beq ~Å2! 0.64~5! 0.14~11!

Position of O x 0.5611~24!

y 0.5
z 20.067~17!

Beq ~Å2! 1.15~14!

Position of Sc/Nb/Ti x 0.4538~9! 0.5277~21!

y 0 0.5
z 0.5215~27! 0.4418~14!

Beq ~Å2! 0.32~8! 0.12~10!

P4mm phase

Lattice parameters a ~Å! 4.0047~4! 4.0027~3!

c ~Å! 4.0960~6! 4.1009~5!

Position of Pb x x x 0 0 0 0 0 0
Position of O x 0.5 0.5

y 0 0
z 0.4720~4! 0.4650~4!

Position of O x y 0.5 0.5
z 0.0853~14! 0.0866~11!

Position of Sc/Nb/Ti x x 0.5 0.5
z 0.5327~16! 0.5319~10!
01411
d
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e-
f

deduced from the scale factor ratio of the fitting. To set
betweenPm and Cm space groups, one should manage
eliminate or at least significantly diminish this tetragon
phase in order to reduce the parameters to be refined. M
probably a small grain size and/or internal microstrains40 in-
duce a change in the competition and modify the grou
state. In particular, these effects probably explain
strong amount of tetragonal phase that we obtained in
refinement. Nevertheless, a composition fluctuation is not
cluded and can be superimposed to the grain-size effect.
ther analysis to conclude on the type of monoclinic spa
group is now in progress, but nevertheless we can put
ward that the ground state of PSN-PT~43%! is of a mono-
clinic symmetry.

C. Theoretical study

In order to gain further insight into the structural prope
ties of PSN-PT near its morphotropic phase boundary,
performed some finite-temperature simulations for samp
with Ti compositions ranging between 0.40 and 0.55. O
alloy effective Hamiltonian approach predicts that disorde
PSN-PT withx50.50 exhibits a paraelectric cubic state
high temperature and a low-temperature ferroelectric 4mm
tetragonal phase for which the total polarization lies alo
the ^001& pseudocubic direction. These findings are cons
tent with the experimental results displayed in Fig. 6. T
theoretical paraelectric-ferroelectric phase transition occ
around 660 K, which compares rather well with the pres
experimental value'585 K.

Another direct comparison between our predictions a
our measurements can be made for the PSN-PT solid s
tions exhibiting 55% of Ti atoms among theirB sites. The
calculations yield a tetragonal system with an axial ra
ct /at of 1.030 at room temperature, which is in excelle
agreement with the measured value around 1.027~see Table

FIG. 6. Structural phase diagram of PSN-PT system.
4-7
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I!. For this temperature and for this alloy, the theoreti
ferroelectric-induced internal atomic displacements with
spect to the ideal cubic positions are 0.093160.0008,
0.072360.0007, and 0.032160.0003 for the two kinds of
oxygen atom and the averaged B atom, respectively, w
adopting the convention that the Pb displacement is equa
zero. These three predicated values agree very well with
corresponding experimental results of 0.094760.0017,
0.085860.0024, and 0.032460.0006 displayed in Table I.

Our simulations further predict that the mimicked so
solution exhibiting the smallest Ti composition, name
PSN-PT with 40% of Ti, is rhombohedral at low temperatu
as well as at room temperature. This result is consistent w
the experimental finding that the phases bordering the M
in PSN-PT are rhombohedral for small Ti compositions a
tetragonal for larger Ti concentrations. However, the ex
compositions delimiting this MPB are very likely strong
dependent on the Helf parameters as emphasized in Ref
As a result, it is possible that the ‘‘true’’ PSN-PT with 40%
of Ti is slightly inside the MPB—as the experimental resu
depicted in Fig. 2 tend to indicate—rather than slightly o
side the MPB, as our calculation predicts. Furthermo
room-temperature calculations for a Ti concentration of 4
yield a rhombohedral angle of 89.79°. They also yie
ferroelectric-induced internal displacements of 0.04
60.0049 and 0.031360.0038 for the Cartesian componen
of the oxygen atoms and of 0.013960.0017 for the averaged
B atom, when imposing, once again, that the Pb displa
ment is null. These predicted rhombohedral angle and ato
displacements are thus rather consistent with an extrap
tion ~up to a Ti concentration of 40%! of the experimental
data of PSN-PT, with 26% Ti, that are displayed in Table

We now focus on compositions lying inside the ‘‘theore
ical’’ MPB. More precisely, we first generate a large (1
316316) alloy configuration mimicking a disordere
PSN-PT solid solution with a Ti composition of 41.6%. Pe
forming simulations at 50 K for this configuration yields
polar local soft modeu whose Cartesian components,
atomic units, are (0.00360.003, 0.01460.003, and 0.0732
60.001) ~note that we use the convention that thex, y, andz
axes are chosen along the pseudocubic@100#, @010#, and
@001# directions, respectively!. In other words, the corre
sponding polarization can be statistically considered to
along a^0uv& direction, with 0,u,v. The resulting phase
is thus a monoclinic symmetry with aPm space group. In-
terestingly, generatinganother 16316316 random alloy
configuration with thesameTi composition of 41.6% also
leads to a monoclinic phase at 50 K. However, this phase
a Cm space group since its polarization lies along a^uuv&
direction, with 0,u,v. The corresponding polar so
modeu is predicted to have the following Cartesian comp
nents, in atomic units: (0.00660.002, 0.00660.002, 0.0741
60.001). Similarly, we found that some PSN-PT alloy co
figurations associated with a slightly smaller Ti compositio
namely, 41.4%, adopt a monoclinicCm space group. The
corresponding local polar mode is~0.030, 0.030, 0.062!, i.e.,
it has Cartesian coordinates that are closer to each other
those associated with the local polar modes at a Ti conc
tration of 41.6%. This indicates that the polarization rota
01411
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from the pseudocubic@001# direction to the pseudocubi
@111# direction as the Ti composition decreases in the M
area of PSN-PT, or equivalently, that the monoclinic pha
indeed act as a structural bridge between the tetragonal
rhombohedral structures delimiting the MPB. Our theoreti
results thus point out that~i! there are intermediate mono
clinic phases in the MPB of PSN-PT,~ii ! the monoclinic
phases associated withPm and Cm space groups are ver
close to each other in the free-energy space, and~iii ! a minor
change of atomic distribution and/or a slight modification
composition is enough to alter the space group of the mo
clinic ground state. Furthermore, the nonstoichiometry,
equivalently, the short-range order, may affect the range
the monoclinic phase. Features~i!–~iii ! are all consistent
with the present experimental findings. Furthermore, featu
~ii ! and ~iii ! make the MPB of PSN-PT rather unique.

IV. DISCUSSION AND CONCLUSION

The true origin of the relaxor behavior as observed in
PSN-PT system remains open. Recently, Blincet al. have
proposed to explain relaxor features with the use of a sph
cal random bond random-field model,60,61which incorporates
the previous models, the dipole glass~random bond! one,4

and the random-field~or pinning! one3 in a self-consistent
manner. In this hybrid model, the dynamics of the polariz
tion is controlled by the random/spherical bond characte
tics, which are induced by random fields. Multiple comp
ing orderings of the polarization along multiple directio
are allowed. Such an approach allows sophisticated un
standing of competing interactions on the mesoscale. V
recently,62 density-functional theory calculations performe
on PZT have shown that the distortions of the material aw
from the parent perovskite structure can be predicted fr
the local arrangement of the Zr and Ti cations. The Pb sh
in directions are sensitive to theB-cation environment. Pb
shifts are toward Ti neighbors and away from Zr neighbo

We believe that our structural study of PSN-PT is help
for understanding relaxor behavior by obtaining an atom
level picture of competing interactions. In particular, o
study of the structural evolution of PSN-PT allows us
propose a phase diagram~Fig. 6! that is very similar to the
phase diagrams of 1:2 compounds PMN-PT and PZN-PT

The analysis performed on PSN-PT of 26% has sho
that the stable ground state is similar to that of pure PSN16

i.e., the structure is of a rhombohedral symmetry with a m
roscopic polar axis oriented along the@111# direction. In this
structure, Pb and O are locally displaced from their id
positions in the perovskite unit cell along the polar@111#
direction. Moreover analysis of theB thermal parameters re
veals similar features already reported in pure PSN~Refs. 16
and 58! or PbSc1/2Ta1/2O3 ,63 but also in mixed systems suc
as PZT~Refs. 64 and 65! and in PMN-PT.9,37 In particular,
we have observed additional disordered displacement
lead atoms inside the rhombohedral phase along the@001#
local tetragonal distortion, in agreement with Ref. 62, whi
shows that̂100&, ^211&, or ^110& Pb shifts are preferred ove
^111&, even in rhombohedral phase where the overall po
ization is along@111#.
4-8
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Therefore the global physical picture of PSN-PT appe
to be similar to that observed in PMN-PT and PZT, in whi
competition between rhombohedral and tetragonal orders
curs. In the Ti-poor region of the phase diagram the rho
bohedral phase is the ground state but local monoclinic o
is detected mainly due to the lead atoms. Indeed, lone
electrons in Pb results in formation of short Pb-O bon
comparable to those obtained in PT~Ref. 59! or PbO~Refs.
65 and 66! and gives rise to strong Pb polarizability. In th
Ti-rich region the microscopic physics underlying the lo
temperature phase of the end-point PT is well known. Ind
the ground-state structure has shifts along@001# with a strong
lattice strain that stabilizes this direction. A rhombohed
ferroelectric phase with@111# shifts is not favored and doe
not occur because of the large electronic hybridization
tween Pb and O, as may be seen by comparison w
BaTiO3 , which has a rhombohedral ferroelectric grou
state. As a result both Ti and Pb are strongly displaced,
ing rise to strong ferroelectricity in PT. The consequence
Ti substitution by Sc/Nb from pure PT is a destabilization
the Ti @001# direction against a Sc/Nb@111# direction.

Between the two regions, the Ti-poor and the Ti-rich on
an intermediate monoclinic ground state is stabilized a
‘‘bridges’’ the rhombohedral and the tetragonal phases in
tal agreement with our theoretical simulations. The mo
clinic phase has been evidenced on PSN-PT of 43% f
two different analyses, i.e., X-ray profile analysis and R
etveld neutron powder refinement. Nevertheless, it is v
difficult to identify any space group. Indeed, theoretical
sults indicate thatPm and Cm monoclinic space groups ar
very close to each other in free-energy space so a m
change of atomic distribution and/or modification of comp
sition is enough to alter the space group of the monocl
ground state.

Besides, our results suggest that the ‘‘bridge’’ through
monoclinic state is not a narrow concentration range
gradual transformation from the rhombohedral to the tetr
onal state takes place. Indeed inside the rhombohedral p
lead atoms are locally shifted along@001# direction, whereas
B cations are shifted along@111#, which reconstructs a loca
monoclinic symmetry within the macroscopic rhombohed
state of PSN-PTx<26%. When doping with Ti, the coher
.
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ence length of this monoclinic short-range region increa
up to a long-range monoclinic state forx543%. When the
Ti content continues to increase, the monoclinic ground s
is destroyed in favor of a tetragonal phase such as in PSN
of 55%, similar to that of pure PT. These results show t
the relative amount of Sc/Nb/Ti influences the ground st
and especially the local structure in which Pb atoms are
ordered, in agreement with Ref. 62, which demonstrates
the Pb local directions are very sensitive to the local en
ronment imposed by theB-cation neighborhoods.

Our results have shown that in this 1:1-type relaxor-ba
compound a monoclinic ground state exists in the MPB
gion. In particular, like in PZN-PT and PMN-PT, it is prob
able that a strong enough electric field,67 a small grain size,
and/or internal microstrains68 should induce change in th
competition and significantly modify the direction of pola
ization and ground states.

The monoclinic phase is not a direct consequence o
mixing between any relaxor and PT as in the case
PbFe2/3W1/3O3-PbTiO3 ,69 where the possibility of such a
phase has been definitely rejected. Instead, a monoc
state can be stabilized if a peculiar arrangement between
ferent heterovalent ions is obtained. The random fields du
Sc31 and Nb51 arrangements in disordered pure PSN are
enough to stabilize the monoclinic state,52 but modifications
of these random fields by Ti41 substitution induce such a
symmetry. The random fields in the case of the PSN rela
can also be modified by appropriate thermal treatment
ordering or disordering of Sc/Nb cations can be induc
Preliminary results on PSN-PT of 43% have already be
obtained showing the implication of the order degree~or
random fields! on the electrical properties and on the stru
tural ground state, and a complete study, both experime
and theoretical, is under investigation.
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