
1 © 2018 IOP Publishing Ltd  Printed in the UK

Summary

Switchable atomic displacements generate electric dipole 
moments in ferroelectric materials utilized in many con-
temporary devices. Lead titanate, a perovskite oxide with 
formula PbTiO3, has been referred to as a textbook example 
of a prototype displacive ferroelectric and is a testing platform 
of widely used models of piezoelectric response of complex 
solid-solutions. PbTiO3 has been addressed by experimental 
and computational studies, often with apparently conflicting 
conclusions. To date, hydrostatic pressure experiments have 
been interpreted in terms of a model in which the dipole 
moments gradually diminish with increasing pressure until a 
transition to a cubic phase, characterized by a zero average 
dipole moment, occurs. The model unrealistically assumes an 
even compression of the crystal. Here we show by high-pres
sure neutron powder diffraction measurements that a fast and 
slow shrinkage of 12-oxygen cages around Pb and octahedra 
around Ti, respectively, takes place. A phase diagram consoli-
dating earlier and present results is given.

Background

Ferroelectric ABO3 perovskite oxides are the cornerstone in 
electrical and micromechanical devices and remain pertinent 
in next generation applications [1, 2]. The perovskite structure 
consists of two types of polyhedra, the octahedron (volume 
VB) surrounding the B-cation, and the A-cation coordinated 
by 12 oxygen atoms forming a cuboctahedron (volume VA). 

PbTiO3 perovskite is a textbook example undergoing a dis-
placive ferroelectric phase transition [3]. Thereby, the cation 
displacements against the oxygen network result in an elec-
tric dipole moment p. At ambient pressure, p diminishes with 
increasing temperature and disappears at TC  =  766 K when a 
first-order transition to a cubic Pm3̄m phase takes place [4]. In 
practical PbTiO3-based solid solutions, A- and B-cations are 
substituted to introduce mixed-phase systems. Examples are 
Pb(ZrxTi1−x)O3 (PZT) [5], (1  −  x)BiScO3−xPbTiO3 [6] and 
Bi(Zn1/2Ti1/2)O3–La(Zn1/2Ti1/2)O3–PbTiO3 [7] solid solutions.

At room temperature the symmetry evolution of PZT,  
the substitute solid solution Pb(ZrxTi1−x)O3, as a function  

of composition is: P4mm(FE)x≈0.5→ Cm(FE) + R3m(FE)x≈0.55→
R3m(FE)x≈0.62→ R3c(FE)x≈0.94→ Pbam(AFE) [5, 8, 9]. FE and  

AFE indicate ferroelectric and antiferroelectric phases, 
respectively. The initial transition toward Cm represents the 
transition into morphotropic phase boundary (MPB) com-
positions [5], where ‘morphotropic’ is often used to mean 
temperature-independent transition composition. R3c is 
the only ferroelectric phase that allows an increase in VB/VA 
ratio and thus more efficient compression with increasing 
chemical or externally applied pressure. At the atomic scale, 
PZT is inhomogeneous and possesses structurally different 
regions [8, 10]. Furthermore, the MPB region has co-existing 
phases with different polarization directions (dominantly 
along the pseudo-cubic 1 1 1 and 0 0 1 directions) and magni-
tudes, thus requiring modelling beyond the standard crystal-
lographic techniques [11]. A rich variety of domain walls can 
be observed as these can form between any mechanically and 
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electrically compatible regions [12]. Domain walls are moved 
by E so that energetically favorable areas grow [13]. Domain 
wall motion corresponds to atomic displacements [14–16] 
causing a large change in net polarization. In disordered fer-
roic materials the domain wall motion is highly complex [17]. 
In MPB region the motion is facilitated by the similar bond 
lengths and angles of the co-existing phases, and also piezo
electric constants increase in the vicinity of the phase trans
ition [18]. Mixed systems are utterly complex, which obscures 
identifying structural features crucial for high piezoelectric 
performance. Computations predict that hydrostatic pressure 
induces similar changes to pure PbTiO3 as is observed via 
Zr-substitution [19]. This is clearly a highly promising testing 
platform.

The prevailing structural techniques investigating PbTiO3 
under hydrostatic pressure are Raman scattering and x-ray 
diffraction [20–25]. The resulting current understanding is 
thereby that the tetragonal PbTiO3 is symmetrized to a cubic 
phase via faster contraction of the c-axis than that of the a-
axis which diminishes p to zero. This is consistent with the 
reported disappearance of all Raman modes at 12.1 GPa at 
300 K in single crystals [20]. In contrast however, Raman scat-
tering was observed from powders in the same pressure range 
[25], implying a lower symmetry phase than the cubic phase. 
X-ray diffraction has not been able to settle the issues due to 
its limited capacity in accurately recording the oxygen posi-
tions which are essential for the full structure determination. 
Moreover, diffraction data were interpreted in terms of the 
underlying assumption of a constant VB/VA ratio, an assump-
tion much better tested via neutron diffraction techniques.

Neutrons are evidently a superior tool for probing the com-
pression in oxides for structural phase transformation, such 
as the perovskite-ilmenite transformation in CdTiO3 [26], due 
to their sensitivity to oxygen positions. Here we report on 
recent experiments conducted at the spallation neutrons and 
pressure (SNAP) diffractometer of the Oak Ridge National 
Laboratory’s Spallation Neutron Source, which show that the 
pressure-induced structural phase transformation in PbTiO3 
involves octahedra rotation already at room temperature. We 
also demonstrate that the earlier measurements are consistent 
with the octahedra rotation model.

Methods

Neutron powder diffraction experiments were conducted 
at Oak Ridge National Laboratory at the SNAP instrument. 
Data were collected at 300 K, 20 K and 5 K temperatures. For 
monitoring purposes, data were also collected during cooling 
and heating runs. Pressure points were 0, 0.5, 1.1, 3.9, 8.7, 
13.2, 19.1, and 25.0 GPa. The SNAP instruments consists of 
2 opposing area detector banks placed, for this experiment, 
at 75° and 105° to take full benefit of the diffraction aper-
ture of the neutron diamond anvil cell [27]. This configura-
tion, coupled with the available wavelength band (0.5–4.2 
Å) results in access to Bragg reflections within a d-spacing 
range of 0.5 Å to 4.2 Å. It should be noted that, as the inci-
dent beam travels through a thick (6 mm) section  of single 

crystal diamond before reaching the sample, it is significantly 
affected from pressure-derived strain. This phenomenon cre-
ates a strong pressure dependent background that is difficult to 
model. In any case, such aberrations on the data do not affect 
peak position only relative peak intensities. Thus space group 
assignment or pressure determination are easily possible, both 
of which are at the center of this work.

Single phase PbTiO3 powder, prepared through a solid-
state reaction technique, was placed inside a large volume 
diamond anvil cell [27, 28] for measurements between 0 and 
25 GPa at temperatures between 295 and 5 K. For the dia-
mond cell, 6  ×  6 mm CVD single crystal anvils with 2 mm 
culets were used. A pre-machined gasket with chamber 
dimension of ~1 mm diameter and 0.2 mm height was used. 
Structural parameters for PbTiO3 were fixed to a  =  3.905 Å 
and c  =  4.1524 Å and the atomic positions were Pb (0 0 0), Ti 
(1/2 1/2 0.540), OI(1/2 1/2 0.112) and OII(0 1/2 0.6112). The 
instrument parameter values were refined at ambient condi-
tions and then remained fixed for the other data sets collected 
at different pressures and temperatures. Peaks corresponding 
to the face-centered and body centered phases of the high-
strength steel gasket [29], diamond and multiple reflections of 
diamond peaks at large pressures were modelled in peak fit.

The primitive cell volumes beyond the first transition cor-
respond to the rhombohedral cells and are smaller than the 
cubic cell volumes. Correspondingly, pressures beyond the 
first transition were estimated using the pressure-load curve 
given in [27]. The curve gives pressure estimates at 300 K. 
For lower temperatures the estimates slightly exaggerate 
the pressure since they do not take into account the volume 
shrinkage that follows upon cooling. At ambient pressure the 
volume decreases by 0.15% when temperature decreases from 
298 K to 90 K [30]. Such a volume change thus corresponds 
to a minuscule pressure change. A slight pressure decrease 
occasionally took place at low-pressures. This is observed as 
a slightly larger unit cell volume at 5 and 20 K.

The phonon frequencies of the R3c and R3̄c phases at 
different pressures were computed using the ABINIT DFT 
code [31, 32]. The computations were carried out within the 
local-density approximation and a plane wave basis. Norm-
conserving pseudopotential for lead, titanium and oxygen 
was generated using the OPIUM pseudopotential generator 
package [33].

Tetragonal region and the first phase transition

Although the focus was on the high-pressure region, we col-
lected room-temperature neutron powder diffraction (NPD) 
data below the first phase transition as it allows comparison 
with the earlier studies. At ambient conditions tetragonal 
PbTiO3 is characterized by the large c/a ratio. With increasing 
pressure the c-axis shortens much faster than the a-axis 
[20–24, 34]. This is also evident in our data as is seen in  
figures  1 and 3(a). Earlier NPD measurements up to 8 GPa 
using a toroidal anvil press showed that hydrostatic compres-
sion pushes the cations towards inversion center positions thus 
diminishing p [34].
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A symmetry change is expected to occur, since the com-
pressibility of the Ti-containing octahedron is, by geometrical 
consideration, much smaller than that of the Pb-containing 
cuboctahedron. Thus more efficient packing is obtained by 
giving up the constraint of equal rate compression of the poly-
hedra. The relationship between octahedra rotation and poly-
hedra volume ratio is given in [35]. In some perovskites the 
octahedra are more compressible than the cuboctahedra, and a 
general relationship between the symmetry, compression and 
octahedra tilting in perovskites in terms of the compressibility 
of cuboctahedra and octahedra is given in [36]. Computational 
models indicated that the octahedra are indeed rotated to com-
press the crystal efficiently [19]. The experimental reports are 
controversial: Raman active modes determined from the single 
crystal were reported to vanish abruptly [20], whereas a more 
recent measurement on powders showed that Raman active 
modes are detected in the nominally cubic phase [25]. Besides 
the commonly referred P4mm → Pm3̄m transition, x-ray dif-
fraction data have been interpreted in terms of a phase trans
ition sequence P4mm → Pm3̄m → I4cm → I4/mcm → I4cm  
[25]. It is noteworthy that the I4cm symmetry is compatible 
with ferroelectric behavior. An early observation of the dis-
crepancy from the cubic phase at elevated pressure was men-
tioned in [21].

Beyond the first phase transition

Figure 2(a) shows NPD patterns collected at 13.2 GPa at 
300 K. Panel (b) details the region where both cubic and 
tetragonal phases are distinguishable. The pattern was indexed 
by a rhombohedral R3c symmetry, which gave a good fit 
as shown in figure  2(b) and there was no need to consider 
lower symmetry structures, such as the subgroups R3 and 
Cc. Based on the computational predictions [19, 37] this 
would be expected at low-temperature. However, keeping in 
mind the earlier experimental studies it is surprising to find 

rhombohedral distortion already at 13.2 GPa pressure at room-
temperature. Appendix A addresses tetragonal models, which 
are inconsistent with the high-pressure data. Below we discuss 
probable reasons why earlier Raman and x-ray studies omitted 
the rhombohedral phase.

Figure 2(d) shows the diffraction profile collected under 
25 GPa pressure at 20 K and indexing based on R3c sym-
metry. As with lower pressure data, the rhombohedral model 
gave the best fit, figure 2(d). Data sets were collected up to 
25 GPa at 5, 20 and 300 K and were modelled by rhombohe-
dral structure. In the R3c phase the reflections 211, 018, 300, 
125, 119, and 217 have zero intensity when the octahedra tilt 
angle is zero. Zero tilt angle corresponds to the R3m phase, 
which thus could be ruled out by noting that the given reflec-
tions have a non-zero intensity, see figures  2(b) and (d). In 
addition, many peaks were asymmetric, consistently with the 
R3c symmetry, as exemplified in figure 2(c) (see region inside 
a dotted ellipsoid) and 2(d) (see inset). Figure 3 summarizes 
the lattice parameters as a function of temperature and pres
sure. Both hexagonal and rhombohedral (α  <  60°) parameters 
are given. Table 1 tabulates relative compressions of the hex-
agonal axes aH and cH, which are nearly the same. Besides 
isotropic deformation the lattice parameters do not indicate 
forthcoming structural changes in the pressure range given in 
table 1. Figure 4 illustrates the mechanism behind the efficient 
compression in the R3c phase.

Comparison with earlier experiments

Earlier high-pressure and room- or elevated temperature x-ray 
synchrotron powder diffraction experiments did not report the 
R3c phase, but interpreted the phase symmetries in terms of 
the P4mm phase (below the first phase transition pressure), 
and with the Pm3̄m, I4cm and I4/mcm space groups (above 
the transition pressure) [25]. The Raman modes were reported 
to disappear above the phase transition pressure [20] consis-
tent with Pm3̄m symmetry. A more recent study, conducted 
on a powder sample, indicated that Raman active modes—
inconsistent with a cubic symmetry - are present in the entire 
pressure range up to 44 GPa. Thus, the earlier results and the 
ones presented here imply that the phase diagram is more 
complex than so far believed, as is discussed below.

A plausible explanation for the absence of the rhombohe-
dral phase in previous x-ray studies is the fundamental differ-
ence between neutron and x-ray scattering, the latter being 
rather insensitive to oxygen positions. This is illustrated in 
figure  5: An x-ray powder diffraction (XPD) pattern of the 
R3c phase is very reminiscent of a pattern corresponding to 
a cubic symmetry. This is due to the fact that oxygen scat-
ters x-rays weakly and thus many reflections have practically  
zero intensity. This is in contrast to data shown in figures 2(b) 
and (d).

At elevated temperatures and pressures the cation displace-
ments from the center of the polyhedra (which results in nonzero 
p) may become vanishingly small. This will increase the sym-
metry to R3̄c. The R3c and R3̄c phases have thirteen and 
five Raman active modes transforming as the representations 

Figure 1.  NPD patterns collected at 300 K on PbTiO3. Dashed 
lines indicate the 200 and 0 0 2 reflections. The collection time of 
the two uppermost patterns was approximately 30 min, whereas the 
collection time of the two lowest patterns was 4 h. Labels BCC and 
FCC indicate peaks from the body and face centered cubic phases 
present in the high-strength steel gasket, respectively.
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4A1  +  9E and A1g  +  4Eg, respectively. Experimentally this 
can easily be seen by an apparent decrease in peak number. 
Figure 6(a) plots the computed Raman shifts as a function of 
pressure. The number of Raman active modes in the I4cm 
phase is 17, the Brillouin zone center modes transforming 
as the presentation A1(T)  +  E(T)  +  4A1(R,IR)  +  B1(R)  +   
4B2(R)  +  2A2  +  8E(IR,R). There, the T in brackets indicates 
translational modes, while IR and R stand for infrared and 
Raman active modes, respectively. The phonon dispersion 
curve is, to some extent, complicated by the oblique phonons, 
i.e. the phonon frequency depends on the propagation direc-
tion. In PZT and PbTiO3, the peak values observed in powders 
correspond well to the values of phonons propagating along 
the crystal axes [38]. In practice, a long-range electric field Ed 
connected to polar modes splits the mode frequencies, making 
the phonon frequency dependent on the phonon propagation 
direction. In high symmetry cases, such as tetragonal sym-
metries this results in the longitudinal-transversal, or LO-TO 
splitting. Similar phenomena also occur in other symmetries, 
although the atomic displacements are generally no longer 
parallel or perpendicular to the phonon propagation direction. 
Reference [25] shows clearly that Raman active modes are 

also present above the first phase transition, the three notable 
features being a band between 100 and 150 cm−1 and two 
peaks at 410 and 620 cm−1. This is in contrast with the ear-
lier single crystal study [20], but is consistent with the present 
neutron diffraction data. The neutron diffraction performed 
here thus clearly resolves inconsistencies in these previous 
studies that could not be resolved by x-ray diffraction.

Furthermore, density functional theory (DFT) computa-
tions produce accurate description of the phonon frequen-
cies and probe the phonon instabilities in the Brillouin zone. 
Studies on PbTiO3 showed that the phonon dispersion curves 
experimentally determined from single crystal are accu-
rately addressed by DFT (see table A2 in [39]). An LO-TO 
splitting was computed for selected pressures in order to 
see if it can explain the experimentally observed high-fre-
quency features. A full description of the spectra measured 
from powders should take the powder average into account. 
However, to estimate the impact of Ed on phonon frequen-
cies we computed the spectra for two cases, Ed  ∥  (aR  +  bR) 
and Ed  ∥  (aR  +  2bR  +  3cR). These features are expected to 
weaken when cations are displaced towards inversion sym-
metry positions. In the R3̄c phase no average dipole moments 

Figure 2.  (a) A NPD pattern measured at 13.2 GPa and 300 K. The regions around 1.3 and 1.7 Å are the clearest indications that the pattern 
cannot be properly modelled by cubic or tetragonal symmetries. (b) A curve fit to the pattern in the range between 1.3 and 2.15 Å with 
reflection positions corresponding to R3c phase. Panel (c) shows a NPD pattern (blue line) collected at 25 GPa at 20 K. The bottom curve 
(black line) shows the diffraction pattern corresponding to the R3c phase. Panel (d) shows the curve fit with indexing based on R3c phase. 
Inset shows the enlarged doublet peak centered at 1.3 Å. Corresponding range is closed by a dotted ellipse in panel (c). The hump centered 
at 1.5 Å (dotted line), is due to the secondary scatter and reflections (label S) from the diamond anvils hitting cell material. Labels D, 
BCC and FCC indicate peaks from the diamond anvils and body and face centered cubic phases present in the high-strength steel gasket, 
respectively.
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are present. The computations show that the effect of long-
range electric field offers an explanation for the highest fre-
quency features reported in [25]. The clearest effect of taking 
LO-TO splitting into account are modes introduced above 
700 cm−1 region, exemplified in figure 6(a). The LO-TO split-
ting was not large in R3̄c phase and thus the spectral features 
become weaker when a transition to R3̄c phase occurs. We 

illustrate in figure A1 in appendix A that R3c → R3̄c model 
gives a good description of the spectral features.

Pressure-induced compression

In this section  we will bring the earlier and present exper
imental findings together to determine a new sensible phase 

Table 1.  Pressure induced changes in lattice parameters.

[cH(13.2 GPa, 300 K)  −  cH(25.0 GPa, 300 K)]/cH(13.2 GPa, 300 K) = 2.6%
[aH(13.2 GPa, 300 K)  −  aH(25.0 GPa, 300 K)]/aH(13.2 GPa, 300 K) = 2.6%
[cH(19.1 GPa, 5 K)  −  cH(25.0 GPa, 5 K)]/cH(19.1 GPa, 5 K) = 2.5%
[aH(19.1 GPa,5 K)  −  aH(25.0 GPa, 5 K)]/aH(19.1 GPa, 5 K) = 2.3%

Figure 3.  Panel (a) shows the tetragonal and rhombohedral lattice parameters as a function of pressure and temperature. Tetragonal aT 
and cT and aR/

√
2 (equal to the pseudocubic lattice parameter) values are read from left-hand and aR from right-hand axis, respectively. 

Empty black circles are data points from [21] shown for comparison. Panel (b) shows the rhombohedral angle α and panel (c) the 
equivalent hexagonal lattice parameters aH and cH. Red, green and blue marks in panels (a)–(c) correspond to 300, 20 and 5 K temperatures, 
respectively.

AQ8
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diagram. At first, the most surprising experimental result 
revealed by neutron diffraction is the rhombohedral distortion 
observed at room temperature. We note that partial explana-
tion for the scatter found in literature, mainly concerning the 
different numerical values of the transition pressures at con-
stant temperature (see, e.g. discussion in [21]), can be offered 
by different samples and pressure transmitting conditions 
used in the experiments, see table 2. However, many discrep-
ancies are so large that they require more fundamental expla-
nation. For instance, pressure transmitting media were used in  
[20, 25] yet the results are distinctly different.

As a function of temperature at ambient pressure, PbTiO3 
transforms from the P4mm symmetry to the Pm3̄m symmetry 
at Tc(P  =  0)  =  763 K [4]. The transition is described by a 
softening of a Brillouin zone center mode, or A1(1TO) mode  
[4, 41, 42]. As reasoned in [43], hydrostatic pressure increases 
the short-range interactions over the long-range interac-
tions, which implies that the transition temperature is shifted 
downwards with increasing pressure, dTc/dP  <  0. This is in 
contrast to the case in which a transition at ambient pressure 
corresponds to a Brillouin zone boundary mode. Experiments 
show that this pressure dependence is found in PbTiO3  
[24, 44]. In this sense, it is reasonable to assume that PbTiO3 
transforms to a cubic phase at room temperature, and distorts 
to R3c phase at higher pressure. The Pm3̄m → R3c transition 
temperature is expected to increase with increasing pressure, 
dTc/dP  >  0, since TiO6 are less compressible than PbO12 
cuboctahedra [36], or in terms of [43], the short-range interac-
tions get stronger with decreasing atomic distances resulting 
in a decrease in Tc.

At the temperature T  =  0 K, DFT computations indi-
cated a pressure-induced phase transformation sequence 

P4mm9 GPa→ R3c27 GPa→ R3̄c, based on the minimum enthalpy 
path [19], while Pm3̄m was not stable at any pressure. 
Hydrostatic pressure transforms tetragonal P4mm phase to a 
weakly distorted (or pseudocubic) R3c phase, the transition 
being weakly first order. In the first region, the compression 
occurs by decreasing c/a ratio and displacing the cations 
towards centrosymmetric positions. The transition pressure 
between P4mm and R3c phases was predicted to increase 
with increasing temperature [34] and thus the results can be 
summarized as in figure 7. The transition line between P4mm 
and Pm3̄m phases matches well with the corresponding line 
given in figure 2 in [40]. The point at which the lines sepa-
rating P4mm and R3c, P4mm and Pm3̄m and R3c and Pm3̄m 
phases is (PA,TA). Below TA the pressure-induced transition is 
predicted to occur directly from P4mm to R3c, whereas above 
TA would occur via Pm3̄m phase. This is a probable explana-
tion for the different results reported in [20, 25].

The essential feature of the two rhombohedral phases is 
that they allow the antiparallel rotation of octahedra about 
the hexagonal c-axis. When the crystal adopts the rhombohe-
dral symmetry the crystal shrinks more around the lead atom 
which results in a large decrease in enthalpy [19]. This is 

Figure 4.  The mechanism behind the efficient compression. 
Oxygen octahedra, alternating along the cH-axis rotate about the 
cH-axis in opposite sense (white arrows), squeeze the cuboctahedra. 
Wide arrows indicate cation displacements, which are coupled with 
the octahedra rotation.

Figure 5.  Experimental x-ray synchrotron powder diffraction 
pattern, adapted from [23], collected on PbTiO3 powder at 14 GPa 
pressure at 300 K and assigned to Pm3̄m symmetry. Red line 
shows a simulated x-ray diffraction pattern corresponding to R3c 
symmetry. The same structure was used in simulations of the 
red curve (x-ray powder diffraction (XPD)) and the blue curve 
(neutron powder diffraction (NPD)), with the arrows indicating the 
reflections now easily visible. All reflections indicated by arrows 
are due to the oxygen octahedra rotation revealed by neutrons and 
would have zero intensity when there is no rotation, in which case 
the true symmetry would be R3m.
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understandable since the Madelung, or electrostatic term favors 
more closely packed anion-cation network and the reason why 
symmetries allowing octahedral rotation are favored over the 
symmetries forcing the two types of polyhedra to compress at 
equal rates. Octahedral tilting in the I4cm phase does not give a 
similar advantage for compression as it does for the R3c phase, 
as was found by computational modelling, (figure 1 in [19]), 
and the enthalpy is significantly lower for the R3c and R3̄c 
phases than for the tetragonal phases. R3̄c phase involves a 
displacement of cations into centrosymmetric positions, p  =  0 
and was predicted to be stable at elevated pressures [19]. It is 
reasonable to assume a coupling between octahedral rotation 
and cation displacements. A convenient tool for understanding 
the coupling is provided by the bond-valence-sum method 
[45]: when the cation is coordinated by a large polyhedron the 
cation is displaced so that the bonding requirement is satis-
fied. With shrinking polyhedral volume the cation is displaced 
towards symmetric position to avoid overbonding.

A recent study on Pb0.99(Nb0.02Zr0.65Sn0.28Ti0.05)O3 showed 
a clear coupling between Pb2+ displacements and octahedra 

rotation: At room-temperature the compound underwent an 
electric-field-induced phase transformation from an incom-
mensurate antiferroelectric tetragonal phase characterized by 
an antiferrodistortive octahedron rotation to ferroelectric R3̄c 
phase described above [46]: The type of octahedra rotation 
and cation displacement were coupled. The cation displace-
ment and octahedra rotation dependence is clearly observed 
in figure 6(b). Figure 4 illustrates the displacements and octa-
hedra rotation.

The net change of p of a ferroelectric material as a func-
tion of stress and electric field involves a domain boundary 
motion, which is affected by the domain boundary struc-
ture and thus is also a function of lattice parameters. A link 
between the structural properties and domain wall motion in 
tetragonal perovskites as a function of chemical and exter-
nally applied pressure is given in appendix B. Figure  B1 
illustrates how the 90°-domain wall boundary, practically 
immobile for large c/a ratio, becomes mobile with decreasing 
c/a ratio via stress relief. This is required for a good piezo
electric response.

Figure 6.  (a) Computed Raman shifts in the R3c and R3̄c phases as a function of hydrostatic pressure. LO-TO-type splitting was estimated 
at a pressure of 9 GPa (for clarity, points are shown at 5 GPa) for all modes assuming Ed  ∥  (aR  +  bR). Two Raman modes above 700 cm−1 
(inside a parallelogram) are found when the effect of Ed  ∥  (aR  +  bR) (higher frequency) and Ed  ∥  (aR  +  2bR  +  3cR) (lower frequency) on 
the highest frequency Eg modes is taken into account. Panel (b) plots the computed Pb and Ti displacements as a function of octahedra tilt 
angle ω in the R3c phase. Corresponding pressure and polyhedral volumes are also given.

Table 2.  A summary of sample loading conditions found in literature.

Reference Sample

[20] PbTiO3 single crystal, 16:3:1 methanol–ethanol–water mixture applied as a pressure transmitting medium
[21] PbTiO3 powder, NaCl applied as a pressure marker
[22] PbTiO3 powder, methanol–ethanol (4:1) solution up to 7 GPa, and N2 from 1.4 to 37 GPa applied as pressure 

transmitting media
[23] PbTiO3 powder, silicon oil applied as a pressure transmitting medium
[24] PbTiO3 powder, NaCl applied as a pressure marker
[25] PbTiO3 powder and single crystal, hydrogen or argon were used as pressure transmitting media
[34] PbTiO3 powder, NaCl applied as a pressure marker
[40] PbTiO3 powder, NaCl applied as a pressure marker

J. Phys.: Condens. Matter 00 (2018) 000000
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Conclusions

Low-temperature and high-pressure neutron powder dif-
fraction and density-functional-theory study was conducted 
to revisit the phase diagram of lead titanate. A compression 
mechanism, based on a fast and slow shrinkage of 12-oxygen 
cages around Pb and octahedra around Ti, respectively, was 
identified. Results were summarized by a phase diagram con-
solidating earlier and present results.
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Appendix A 

Notes on tetragonal models

It is apparent that the NPD patterns, figure 2, cannot be indexed 
by cubic or tetragonal phases, such as I4cm phase. The char-
acteristic feature of I4cm symmetry is that it allows tilting 
of the octahedra about the c-axis. Pseudocubic 0 0 2 reflection 
was found to be symmetric, indicating that the tetragonal c/a 
ratio should be close to 1. This in turn sets limits to the peak 
split between 1.3 and 1.4 Å range, highlighted in figure 2(c). 
A model based on I4cm symmetry gave a doubled at 1.37 Å, 
with practically indistinguishable peaks with a separation of 
less than 0.01 Å, and practically zero intensity reflections at 
around 1.30 and 1.31 Å even for large octahedra tilting. This 
is inconsistent with the pattern shown in figures 2(a) and (b). 
Also the shoulder at 1.38 Å, figure 2(b), cannot be explained 
by I4cm phase. At higher pressures the discrepancy was even 
larger. Finally, P4mm and I4/mcm are supergroups of I4cm 

AQ5

Figure A1.  Raman spectra, collected at ambient temperature, 
adapted from [25]. The computed frequencies as a function of 
pressure are shown on top of the spectra. Pressure values for 
computed frequencies are given on the left. Green marks, labelling 
the peak positions of the expected 5 Raman active modes of the 
R3̄c phase, show an excellent match with the experiments. Red 
empty squares and filled circles are the E and A1 symmetry modes 
of R3c phase, and empty green spheres and green crosses are the 
A1g and Eg modes of R3̄c phase. The R3c → R3̄c transition is at 
27 GPa at 0 K, and expectably shifts towards lower pressures at 
elevated temperatures.

Figure 7.  A P-T phase diagram based on the earlier and present experimental and computational results. Symbols T, R1, R2 and C refer to 
P4mm, R3c, R3̄c and Pm3̄m symmetries, respectively. Symmetries for data point adapted from [40] were reassigned. See appendix A for 
further details.
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symmetry and thus cannot model the pattern. This is in line 
with a computational study according to which tetragonal 
phases do not allow efficient compression [19].

Comparison of the literature Raman spectra  
and computed peak positions

Figure A1 compares computed and experimentally determined 
[25] Raman modes frequencies. Also the range at which the 
R3c → R3̄c high-pressure transition is expected to occur is 
given.

Appendix B 

The role of c/a ratio in the structural relaxation of the 
90°-domain-wall boundary in tetragonal perovskites. There 

has been considerable interest towards the poling, or the 
motion of a domain-wall-boundary (DWB), in piezoelectric 
ceramics, such as Pb(ZrxTi1−x)O3, PZT. An explanation of 
the poling process in PZT with electron microscope pictures 
showing the fraction of different domains reversed during 
poling is given in [47]. Here a summary of the atomic scale 
structure as a function of composition in tetragonal and more 
recently discovered monoclinic (a pseudo-tetragonal phase) 
is given. In tetragonal PZT, only 90° and 180°-DWBs exists. 
In simplest terms the 180°-DWB motion does not correspond 
to a structural distortion, in contrast to the 90°-DWB motion 
illustrated in figure  B1. PbTiO3 is not a particularly good 
piezoelectric material. However, the piezoelectric response 
is significantly improved by substituting Zr for Ti [5]. An 
apparent way to ease the DWB motion is to make the DWB 

Figure B1.  Panel (a) shows the tetragonal perovskite PbTiO3 and 1 0 1 plane (plotted by blue). A 90°-DWB is shown in panel (b). AB 
indicates 1 0 1 plane, which is perpendicular to the plane of the paper. The plane separates two unrelaxed domains. In 90°-DWB the 
structure, illustrated in the inset at the top left-side in panel (b), is distorted. Panels (c) and (d) give the lattice parameters (open circles) 
and the three angles (filled triangles) characterizing the DWB distortion as a function of P in PbTiO3 and x in PZT. Structural data shown 
in (d) were taken from [9, 49]. Blue circles give the aR/

√
2 values (R3c phase). Panel (e) gives the atomic scale structure above and below 

the DWB. A DWB motion corresponds to a sweep of atomic displacements in a layer-by-layer manner. When the DWB moves through 
the entire volume, net polarization gradually changes until the electric-field induced atomic displacements give a 90°-change in the net 
polarization direction. Note that there is no atomic scale polarization rotation involved. Panel (f) illustrates a 180°-DWB. The blue and red 
arrows in panels (d) and (e) show the projection of Ti and oxygen displacements on the 1 0 1 plane.
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structure pseudo-cubic. Figure  B1(d) shows that the lat-
tice parameters approach pseudo-cubic values, analogously 
to the pressure induced changes (figure B1(c)), and the sig-
nificant angular distortion, parametrized by angles γ1, γ2 and 
γ3, approach 90° with increasing pressure P and x. Thus, the 
experimentally found increase in piezoelectric response in 
PZT goes parallel to the ease of 90°-DWB motion. During the 
piezoelectric device operation lattice parameters are changed 
as a function of external pressure also in PZT, and it is specifi-
cally the c-axis which is more compressible than the a-axis, 
thus resulting in an enhanced piezoresponse in the vicinity of 
the MPB. We note that in Cm phase, corresponding to data 
points x  =  0.53 and 0.54 in figure  B1(d), angle γ2 slightly 
opens above 90°. A monoclinic Cm phase was reported in 
Pb(Fe0.5Nb0.5)O3 [48] perovskite oxide, and Cm phase has 
been reported in other ferroelectric perovskites. Structural 
parameters of PZT with x  ≈  0.53 and 0.54 in figure  B1(d) 
correspond to co-existing Cm and R3c phases.

The role of Cm phase in solid-solutions can be related to 
its slightly better capability to match the domains. In line with 
this we note that the diffraction line widths of Cm phase were 
significantly larger than the widths of R3c phase [49]. In the 
vicinity of the MPB also more complex interfaces exists, due 
to the co-existence of rhombohedral and pseudo-tetragonal 
phases a plane can join phases with different symmetries. 
The structural differences between different phases are at 
minimum in the MPB region. Geometrical consideration indi-
cates that small atomic displacements can convert the rhom-
bohedral phase to the tetragonal phase, and vice versa. In the 
rhombohedral R3m structure there are three mirror planes m 
and the polarization points towards the pseudo-cubic diag-
onal. By a proper choice of axes the mirror plane shown in 
figure B1(a) can also be taken to schematically present m of 
the R3m structure. Two other mirror planes are obtained by 
rotating the mirror plane by  ±120° about the threefold axis. In 
the R3c phase the mirror planes become glide planes c. In the 
vicinity of the MPB the plane can separate different phases.

The co-existence is characteristic to the first-order phase 
transitions. The relationship between ferroelectric domains 
(crystallographic twins) and the symmetry operations lost in 
the paraelectric-ferroelectric phase transition is given in [8]. 
For instance, planes AB and CD were mirror planes in the 
paraelectric cubic phase.
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