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PbZr1-xTixO3 exhibits an antiferroelectric-ferroelectric phase boundary at the composition x ~ 0.06. Around 

this boundary, several questions need to be answered, such as the stabilizations of different phases with a 

small amount of compositional difference, the sequence of phase transitions, the coexistence of crystal 

structures, and potential applications. In this work, we have carried out systematic structural investigations 

of single crystals and ceramics with several compositions across the phase boundary. The phase diagram for 

x ≤ 0.07 has been established. A complex phase coexistence is found near the phase boundary, which leads 

to an unusual transition sequence. It is confirmed that Pbam and R3c structures maintain a subtle balance at 

the phase boundary, which may be perturbed by a slight change in the concentration or external stimuli. 

These findings provide new insights into understanding the antiferroelectric-ferroelectric competition and, 

hence, into designing new materials for energy storage and conversion.

I. INTRODUCTION 

Compositional phase boundaries in solid-solution systems 

of perovskites are of particular interest for applications. The 

free energy can be relatively flat between the minima for 

structures on both sides, and this structural instability may 

lead to enhanced physical properties [1]. In the PbZr1-xTixO3 

solid solution system, the morphotropic phase boundary 

(MPB) at x ~ 0.48 separating P4mm and R3c phases is one 

such boundary. Because of the high piezoelectric properties 

at the MPB, PZT ceramics are to this day the most widely 

used piezoelectric materials and have received much 

attention in fundamental studies [2,3]. On the other hand, 

another boundary at x ~ 0.06 separates the antiferroelectric 

(AFE) and ferroelectric (FE) phases. PZT and other PZ-

based solid solutions have become one of the most promising 

AFE materials for energy storage and conversion [4]. 

However, the origin of these properties is poorly understood, 

especially the structural change under external stimuli and, 

more fundamentally, a description of the crystal-structure 

change from the AFE Pbam phase (x < 0.06) to its 

neighboring FE R3c phase (x > 0.06). In the following, the 

“FE phase” will always refer to the low-temperature R3c 
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ferroelectric phase, whereas AFE will always mean the 

Pbam phase. 

In the orthorhombic Pbam structure, antiparallel cation 

displacements along <110>pc (subscript pc denotes the 

pseudocubic coordinate system throughout this paper) form 

a superstructure [5,6], and the long-range order of oxygen 

octahedral a-a-c0 tilts (Glazer's notation [7]) are considered 

to be important in the stabilization of the AFE  phase [8–10]. 

The rhombohedral R3c structure is featured by ordered 

cation displacements along <111>pc and a-a-a- tilts [11]. In 

ceramics near the boundary, a mixture of Pbam and R3c 

structures has been observed at room temperature (RT), and 

the phase fractions depend on the thermal history [12,13]. 

With increasing temperature, before entering the paraelectric 

(PE) 𝑃𝑚3̅𝑚 phase, both the AFE and FE phases transform 

into an intermediate (IM) state, in which the shape of the unit 

cell is similar to that of the rhombohedral structure, and 

complex superstructure reflections appear in diffuse-

scattering patterns [14–17]. The distinct existence of the IM 

state provides an opportunity to observe and analyze the 

interplay of different structural components during the 

stabilization processes of the AFE and FE phases. However, 

there is still a lack of direct experimental investigations of 

the temperature-induced phase transition on both sides of the 



phase boundary from the IM state. Therefore, the balance 

and transition mechanisms among the IM, Pbam, and R3c 

phases are still unclear. 

In this work, we have investigated PbZr1-xTixO3 (0.04 ≤ x 

≤ 0.07) single crystals and ceramics to reveal their local and 

average structures and the process of transformation with 

temperature. Optical experiments and x-ray and neutron 

scattering results show that, near the phase boundary, the 

AFE and FE structures coexist with a continuously changing 

ratio as a function of x. The AFE components tend to appear 

as smaller domains with increasing x and finally become a 

local-structural component upon entering the FE side. An 

unusual transition path Pbam 
heating

→    IM 
cooling

→    R3c 
resting

→    

Pbam has been discovered near the phase boundary, which 

is explained by the energy estimation from density functional 

theory based calculation and thermodynamic analysis.  

II. EXPERIMENTAL DETAILS 

A. Crystal growth  

Zr-rich PZT single crystals were grown using the flux-

growth method, and the detailed growth conditions are 

described elsewhere [17]. The Ti concentrations in the as-

grown crystals were determined to be between 2% and 8%, 

which will be discussed in detail in the Results section. One 

of the crystals in this batch was selected for careful study, 

and it was polished parallel to the {001}pc planes with a 

thickness of 0.045 mm and in-plane dimensions of 

approximately 0.3×0.3 mm2. 

B. Optical measurements  

The optical measurements were performed using a 

polarizing light microscope (PLM, BX51, Olympus). The 

light passed through the crystal sample after being 

transmitted through a polarizer and was then focused by an 

objective lens before passing through an analyzer 

perpendicular to the polarizer. In the high-temperature 

experiments, the crystals were heated in a Linkam 

(THMS600E) heating stage.  

C. Diffuse scattering experiment and data 

processing details 

Diffuse scattering experiments were carried out at 

Beamline X-Ray Diffraction I at the Elettra Sincrotrone 

Trieste, Italy. The x-ray energy was set to be 12.8 keV 

(0.9686 Å), just below the "L3" absorption edge of Pb 13.035 

keV [18]. The x-ray beam size was 50×50 μm2. Even though 

there are composition segregations in this crystal, each 

measured region is small enough to be regarded as 

homogeneous. Scattering data were accumulated by rotating 

the crystals around the ω axis with △ω = 0.2° steps. The 

exposure time was 5 seconds per frame. The intensity was 

collected by a PILATUS 2M pixel area detector (DECTRIS, 

Switzerland). The distance between the detector and the 

crystal was 150 mm. The measurements were carried out at 

a series of temperatures above RT and below 300 °C with an 

interval of 5-10 °C. The data were processed with the SNBL 

Toolbox [19], while reciprocal-space planes were 

reconstructed with the program CRYSALIS and self-

developed MATLAB scripts.  

D. Ceramic preparation, x-ray powder diffraction, 

and high-resolution neutron diffraction 

Ceramic samples PbZr0.96Ti0.04O3, PbZr0.95Ti0.05O3, 

PbZr0.94Ti0.06O3, and PbZr0.93Ti0.07O3 were used in this study, 

and the preparation conditions are described in Yokota et al. 

[11].  

X-ray powder diffraction experiments were also carried 

out at Beamline X-Ray Diffraction I at the Elettra 

Sincrotrone Trieste, Italy. The ceramic samples were held in 

glass capillaries. To avoid the preferred orientation, 

scattering data of 10 frames were collected and integrated 

with the capillary being rotated △ω = 6° for each frame. The 

exposure time was 10 seconds per frame. The intensity was 

collected by a PILATUS 2M pixel area detector, and the 

integration to a 1D profile was carried out with Fit2D.   

Room-temperature and high-temperature neutron time-of-

flight experiments were performed at HRPD, ISIS 

(Rutherford Appleton Laboratory, UK). Data collected from 

the back-scattering detector bank were selected for structural 

refinement, with the highest resolution Δd∕d ≈ 6 × 10−4. Data 

were collected in the 31 - 125 ms time-of-flight windows 

covering the 0.65 - 2.59 Å d-spacing range. 

Rietveld refinement was carried out using TOPAS 

Academic [20]. The scale factor, background parameters, 

peak-shape function parameters, and absorption correction 

coefficient were refined. 

E. Differential scanning calorimetry (DSC) 

The DSC measurements were performed on DSC 250 (TA 

Instruments), with PbZr0.95Ti0.05O3 ceramic powder (~7 mg) 

held in a sealed aluminum crucible. The heating and cooling 

rates were set as 5 K min–1. The heat flow dQ/dT was 

measured as a function of temperature. After removing the 

baseline measured with an empty crucible, we obtained the 

heat-flow data. 

III. EXPERIMENTAL RESULTS 

A. Room-temperature average structures as a 

function of compositions 

Ceramic samples with compositions near the Pbam-R3c 

boundary (x = 0.04 - 0.07) were studied by high-resolution 

neutron powder diffraction at room temperature. As shown 

in Fig. 1(a)-(c), from x = 0.04 to 0.07, Bragg reflections and 

superstructure reflections (quarter and R-point reflections) 

change continuously. 002pc peaks are split at x ≤ 0.06 and 



change into an almost single peak at x = 0.07 [Fig. 1(a)], 

indicating a change from orthorhombic to rhombohedral 

symmetry. The intensities of quarter reflections, with qAFE = 

{h±1/4 k±1/4 l}pc, decrease from x = 0.04 to x = 0.07 [Fig. 

1(b)]. Since quarter-reflection intensities are signatures of 

antiparallel cation displacements in the Pbam structure [5], 

it can be confirmed that the Pbam fraction decreases with 

increasing x. R-point reflections, {h+1/2 k+1/2 l+1/2}pc, also 

change from being split at x ≤ 0.04 to be a single peak at x = 

0.07 [Fig. 1(c)]. Since R-point intensities originate from a-a-

c0 oxygen tilts in the Pbam structure and a-a-a- tilts in the R3c 

structure [7], the change in the shape of the R-point reflection 

is caused by the difference in phase fractions at different 

values of x. From these peaks, it is estimated that x = 0.04 

and 0.05 mainly consist of the Pbam structure, x = 0.06 is a 

mixture of Pbam and R3c, and x = 0.07 has mainly the R3c 

phase.  

The structural transition as a function of x has been further 

studied by Rietveld refinements [21]. These were carried out 

with a single Pbam phase, a single R3c phase, and a mixture 

of Pbam + R3c phases for each composition, and the mixed 

model gives the best fit (Table S1 and Fig. S1 of the 

Supplemental Material). As shown in Fig. 1(d), in ceramics 

with x = 0.04 and 0.05, the fractions of Pbam structure are 

88.8(6)% and 79.9(5)%, respectively. With increasing x, the 

R3c fraction increases monotonously at the expense of 

decreasing Pbam fraction. At x = 0.06, the R3c fraction 

exceeds its Pbam counterpart, which decreases to 30.9(5)%. 

The sample with x = 0.07 mainly consists of the R3c phase, 

with only 8.3(6)% AFE phase. Detailed structural models are 

shown in Table S2 in the Supplemental Material. 

The average structure and phase transitions in single 

crystals were studied using PLM. The morphology and 

domain structures (Fig. 2) show a significant variation 

among different areas across the crystal, indicating an 

inhomogeneous Ti-concentration distribution, which is 

common in lead-based perovskite crystals. The Curie 

temperatures TC, assigned to each region when it turns into 

complete optical extinction, show a gradient across the 

crystal (Table 1), ranging from 247 °C at the top 

continuously to 260 °C at the bottom. Based on the 

individual behaviors of different regions and transition 

temperatures into the IM state (TIM, shown in Table 1), we 

roughly divide this crystal into three regions, namely regions 

A, B, and C [Fig. 2(a)]. By comparing with the phase diagram 

by Cordero et al. [22], the compositions, x, are found to be 

around 0.04 in region A, 0.05 in region B, and 0.06-0.07 in 

region C [Fig. 2(i)]. Therefore, the composition range of this 

crystal corresponds to that of the ceramic samples. 

The crystal symmetries of the single crystal at RT agree 

well with the average structures determined by powder 

diffraction. As shown in Fig. 2(b), the extinction angle for 

most areas is 45°, consistent with 

orthorhombic/rhombohedral symmetry. For orthorhombic 

regions, domains with 0°/90° extinction are rarely observed 

because most crystals are naturally grown to be plate-shaped, 

and their thickness directions coincide with the 

crystallographic c-axes. Region A is mainly composed of 

ferroelastic domains larger than 100 μm2. Some smaller 

domains are also observed, as shown in Fig. 2(b) and the 

region marked by the dashed ellipse in Fig. 2(c), which differ 

slightly from PZT single crystals with even smaller Ti 

concentrations [23]. Most small domains are surrounded by 

regular and straight domain walls, i.e., along [100]pc or 

[010]pc. Upon entering region B, the amount and density of 

domain walls become significantly larger. These 

micrometer-sized domains display irregular shapes, which 

indicates that in the compositions close to the Pbam-R3c 

boundary, the microstructures on the AFE side are as 

complex as the crystal structures. On approaching the 

boundary between regions B and C, the small domains 

become increasingly more sparse and almost disappear in 

region C. Based on the structural refinements, especially the 

fact that the major phase in x = 0.04 and 0.05 samples is 

orthorhombic Pbam, we presume that the small domains are 

AFE domains, while the large domains in region C are of the 

FE structure. 

B. Average structure and domain structure changing 

with temperature 

With increasing temperature, all regions transform into the 

IM state at different temperatures TIM. This heating process 

is shown in Supplemental Movie 1. A summary of all 

transition temperatures upon heating and cooling is listed in 

Table 1. At any position of the crystal, the abrupt change of 

birefringence color reflects the occurrence of phase 

transitions. If we choose a vertical line across the crystal, the 

color change and the corresponding temperature vary from 

the top to the bottom depending on the transition sequence. 

We plotted this birefringence color change at the black 

dashed line in Fig. 2(b) at a series of temperatures in Fig. 

2(d)-(f). These could serve as phase diagrams of the crystal 

since the vertical axis is the composition and the horizontal 

axis is the temperature. On heating [Fig. 2(d)], the transition 

happens first in region C (R3c → IM) at temperatures close 

to RT, as indicated by the solid line I in Fig. 2(d). This phase 

transition does not cause a change in the domain pattern 

since the unit cell of the IM state has a pseudo-rhombohedral 

shape [17]. Therefore, one may assume that there are not 

many active domain-wall movements during this phase 

transition. Ferroelastic domain boundaries along [100]pc and 

[010]pc can be observed in region C of both phases, which 

agrees well with our previous quantitative analysis of the 

domain-wall geometry [23]. The AFE regions B and A 

transform into the IM state at higher temperatures with an 

upward moving trend [solid line II in Fig. 2(d)], 

accompanied by intense domain-wall movements. All 

micro-domains are "melted", and the interference colors are 

significantly changed, corresponding to an abrupt decrease 

in the overall optical retardation. It is interesting to note that 

regions A, B, and C behave differently at RT and become 



homogeneous under the optical microscope in the IM state 

(Fig. S2 in the Supplemental Material). This indicates that 

compositions with completely different RT structures are 

connected by the same IM structure.  

Subsequently, this sample was heated through the Curie 

temperature. A thermal hysteresis of less than 2 °C is 

observed in region A, and the interference color 

discontinuously changes to complete extinction on crossing 

TC [Fig. S2(b)]. These facts indicate the first-order nature of 

this phase transition. In region B, the Curie temperatures 

upon heating and cooling have a slight difference (Table 1), 

indicating that it is still a first-order phase transition, 

consistent with the observations on PbZr0.952Ti0.048O3 single 

crystal reported by Whatmore et al.[24]. The thermal 

hysteresis in region C is not detectable anymore, which may 

indicate a second-order transition and confirms the existence 

of a tricritical point at x ~ 0.06, as first suggested by 

Whatmore et al.[24]. 

The phase transition process of the entire crystal upon 

cooling is shown in Supplemental Movie 2. When cooled to 

around 86 °C, the top area of region A begins to transform 

back to the Pbam phase, as indicated by the solid line III in 

Fig. 2(e). It is interesting to note that some of the micro-

domains do not re-emerge exactly at the transition 

temperature, but appear upon further cooling, as shown in 

another crystal in Fig. S3. Also, there is a large thermal 

hysteresis of around 100 °C between the Pbam phase and the 

IM state. This transition process continues until the sample 

is cooled to RT, where the phase-transition frontier reaches 

the boundary between region A and region B. Curiously, this 

transition stops here without turning region B into the virgin 

AFE state as before heating.  

In region C, on the other hand, the phase transition from 

the IM state to R3c begins at around 65 °C from the bottom 

area [solid line IV in Fig. 2(e)]. At around 40 °C, the phase-

transition frontier arrives at the boundary of regions B and C. 

It continues moving upwards upon further cooling, 

indicating that the IM → R3c transition continues in region 

B. When cooled to RT (27 °C), most of the area in region B 

has finished the transition. If we reheat the sample 

immediately after it is cooled to RT, most of region B 

transforms into the IM state at 27 °C-40 °C [(Fig. 2(f) and 

Supplemental Movie 3 in the Supplemental Material], which 

also confirms that this region is in the R3c structure upon 

cooling. Therefore, region B passes through totally different 

transition processes, depending on whether it is heated from 

a virgin state (Pbam) or a cooled state (R3c). This history-

dependent transition can be clearly seen by comparing the 

positions of white dashed transition lines in Fig. 2(d)-(f). Fig. 

2(i) is the phase diagram summarizing the transition 

behavior across the crystal upon heating and cooling. It is 

also worth noting that the AFE micro-domains begin to 

slowly re-emerge in some areas with smaller x in region B 

by letting it rest for around 15 minutes after cooling [Fig. 

2(h) and Supplemental Movie 2]. It takes a much longer time 

(differs from sample to sample) to completely transform 

back to its virgin state. On another crystal sample with a 

similar composition as in region B, a more complete process 

from the IM state to the re-emergence of micro-domains has 

been recorded after cooling to RT, as shown in Supplemental 

Movie 4.  

C. Change of local-structural components upon 

heating 

X-ray Diffuse Scattering (DS) experiments were carried 

out on the same crystal piece. Four small regions, namely P1, 

P2, P3, and P4, were selected to measure [Fig. 3(a)-(d)], and 

they correspond to four distinct compositions: approximately 

x = 0.04, 0.05, 0.06 and 0.07, respectively. The DS patterns 

on the (hk0) plane at different temperatures are shown in Fig. 

3(e)-(t), and the integrated intensity changes of the 

characteristic superstructure reflections as a function of 

temperature are plotted in Fig. 4.   

At P1, quarter-reflection intensities are strong and its 

phase-transition behavior upon heating and cooling is in 

accordance with classic AFE PZT with less Ti [17], as shown 

in the first row of Fig. 3 and Fig. 4. The Pbam ↔ IM 

transition happens at TIM, manifested by the intensity 

exchanging among the quarter reflections, the M points, 

{h+1/2 k+1/2 l}pc, and the R points. P2 undergoes the same 

Pbam → IM transition as in P1 upon heating with slightly 

lower TIM. It is worth noting that at P1 and P2 around TIM, the 

intensity weakening at R points follows a similar trend as for 

quarter reflections, and the strengthening of M-point 

intensities happens almost simultaneously [Fig. 4(a)(b)]. 

This indicates that, at P1 and P2, which are mainly formed by 

the AFE structure, the intensities at R points come purely 

from a-a-c0 oxygen octahedral tilts.   

P3 (x ~ 0.06) has a completely different behavior compared 

with P1 and P2. At this position, both the Pbam → IM and 

R3c → IM transitions are observed. At RT, the intensity 

of the quarter reflection [Fig. 4(c)] is around 30% of that at 

P1 and P2, indicating that the Pbam/R3c ratio is close to 3:7 

at P3, which agrees with the refined phase fractions in the 

ceramics [Fig. 1(d)]. When the sample is heated from RT, 

M-point intensity starts to rise immediately; on the other 

hand, the abrupt decrease of quarter-reflection intensity does 

not happen until above 60 °C [(Fig. 4(c)]. Therefore, the first 

appearance of M-point intensity must originate from the R3c 

→ IM transition, which is consistent with the PLM 

observation of a lower R3c-IM transition temperature [Fig. 

2(i)]. After that, the Pbam → IM transition happens, marked 

by the disappearance of quarter reflections. This also 

explains that the steep decrease in R-point intensity does not 

happen simultaneously with the weakening of the quarter 

reflections, but right above RT, as part of the R3c (a-a-a-) → 

IM transition. Details of the R-point change are better 

demonstrated in neutron powder diffraction data. As shown 

in Fig. 6, R-point intensities coming from a-a-a- in the R3c 

phase and a-a-c0 in the Pbam phase are both observed at RT. 

Upon heating to 60 °C, after the R3c → IM transition, the 



intensity at the R point corresponding to a-a-a- tilts 

disappears, while the remaining parts from a-a-c0 survive 

until higher temperatures. In this two-step transition process, 

only the first step is observed in region C under PLM. This 

indicates that the Pbam structure appears as local-structural 

components, which are not observable by optical methods. 

One may picture the model as AFE components forming 

small islands in the FE R3c matrix.  

When it comes to P4 (x ~ 0.07), the very weak quarter 

reflections [Fig. 3(h)] indicate the negligible AFE proportion 

and a stabilized FE R3c structure, with the intensities at R 

points mainly coming from a-a-a- tilts. The R3c → IM 

transition happens upon slight heating above RT [Fig. 4(d)]. 

The transition process on cooling [Fig. 4(h)] is a pure inverse 

of that on heating. When cooled to RT, intensities at the R 

points are completely recovered [Fig. 4(h) and Fig. S4(l) in 

the Supplemental Material], and M-point intensities almost 

disappear completely [Fig. 3(p)]. 

When heated up to the IM state for all four measured 

positions, the M-point intensities strengthen with the 

appearance of satellite superstructure reflections [Fig. 3(i)-

(l)]. These features have been well observed in PZT with a 

smaller amount of Ti [17,25]. However, the incommensurate 

spots near the {h±1/6 k±1/6 l}pc position [17] were not 

observed in this composition range. Similar to the average 

structures observed by PLM, the IM state displays the same 

local-structural features across the entire composition range, 

even though the samples show different structures at room 

temperature.  

D. Change of local-structural components upon 

cooling 

The sample was cooled from 300 °C subsequently after 

heating. The measured positions go through a sequence of 

cubic, IM, and room-temperature phases in general. Details 

of the complicated IM → RT phase transition are discussed 

for each distinct composition.  

An unusual IM → R3c → Pbam transition was 

observed at P2 upon cooling. At P2, when cooled to RT, M-

point intensities were still quite strong, and quarter 

reflections only recovered to ~40% of their initial values 

[Fig. 3(n) and Fig. 4(f)]. A ceramic powder sample with a 

composition similar to P2 (x = 0.05) was also measured by 

synchrotron x-ray diffraction [Fig. 5(a)-(c)]. When the 

ceramic sample was cooled to RT, negligible quarter-

reflection intensity showed up in the powder-diffraction 

pattern [Fig. 4(f) and Fig. 5(b)]. We subsequently cooled it 

to even lower temperatures. The M-point intensity decreased 

significantly at around 15 °C, while the quarter-reflection 

intensity still did not come back to the value in its virgin AFE 

state, even when cooled to -73 °C [Fig. 5(b)]. In the 

meantime, the R-point intensity was strengthened to be 

comparable to its virgin state. These indicate that the IM state 

transforms to the R3c structure on cooling instead of to Pbam 

[Fig. 4(f)]. This IM → R3c transition is consistent with the 

observation in region B under PLM. In addition, similar to 

the return of micro-domains under PLM, in the single-crystal 

DS experiment reperformed at P2 after resting for 7 hours at 

RT, the intensities of the quarter reflections are found to be 

strengthened [Fig. 3(r)]. Therefore, it is confirmed that the 

micro-domains in region B are indeed of AFE nature. For 

this composition, we can conclude that upon cooling from 

the IM state, the R3c structure becomes dominant first, 

although it is metastable. On the contrary, the AFE state is 

more stable, but the formation of a long-range phase takes a 

longer time.  

Similarly, P3 also undergoes the IM → R3c and the slow 

R3c → Pbam transitions upon cooling. While for this 

composition, the AFE phase becomes more difficult to re-

form. As shown in Fig. 3(s), after resting for 7 hours at RT, 

the quarter reflections are still only partially recovered in DS. 

The ceramic at x = 0.06 undergoes the IM → R3c transition 

process [Fig. 5(d) and (e)], and there is a single peak at the R 

point (Fig. 6) in the diffraction pattern when cooled to RT. 

This transition process is relatively simple in powder 

diffraction and PLM, while the slow appearance of the AFE  

phase – because of its short correlation length – is hard to be 

observed in the average structure. 

  

IV. THEORETICAL CALCULATIONS 

AND THERMODYNAMICS OF THE 

PHASE TRANSITION  

To gain further insight into the mechanism of the 

experimentally observed phase transitions, we have 

performed structural optimizations for three non-cubic 

phases of Zr-rich PbZr1-xTixO3 using density functional 

theory-based calculations. These were done with the 

program Siesta [26] using the same setting as in Ref. [17]. 

We took into account 4×4×4 pseudocubic supercells with 

different Ti concentrations in the solid solution (N = 0, 1, 2, 

3, 4, and 5). B cations were quasi-randomly (avoiding 

nearest-neighbor and next-nearest-neighbor positions) 

selected from 64 sites to be substituted with Ti4+. The 

resulting compositions are around 0, 0.016, 0.031, 0.047, 

0.063, and 0.078. We started with the atomic positions of 

Pbam, R3c, and Pc structures, but already the Zr to Ti 

substitution breaks the symmetry and in the following 

conjugate-gradient optimization atoms were not bound to the 

Wyckoff positions of the original space groups. The overall 

distortion patterns of the three phases are nonetheless 

preserved and we keep the space-group labels in the 

following description.  

The energy differences between the studied compositions 

agree very well with the experimental observations. As 

shown in Table II, the energies of Pbam and R3c structures 

are quite close, with a difference of 2.8 meV/fu (formula 

unit) for PZ, and become even closer with increasing x. 

The Pbam structure is the most stable one for x ≤ 0.047. At 

x ~ 0.05-0.06, Pbam and R3c structures have close energies, 



which suggests possible phase coexistence and competition. 

At x > 0.06, the R3c structure becomes the most stable, 

consistent with the fact that this structure becomes the major 

phase. From the evolution of energy as a function of x, it can 

be seen that with more and more Ti doping, the AFE 

structure is gradually and continuously destabilized, while 

the R3c structure is more and more favorable. Unlike for 

rhombohedral-to-tetragonal MPB [27], the overall degree of 

octahedral tilt does not change much with Ti content. 

However, the Ti-based octahedra are smaller (2.01 Å for Ti-

O bond vs 2.11 Å for Zr-O bond) and rotate with a slightly 

smaller angle. For Pbam structures the presence of Ti atoms 

also adds a small z-axis component to off-center 

displacements of Pb ions.  

The estimated energies for the Pc-derived structures, 

which are the main components of the IM state [17], are high 

for all compositions, and so the IM state should be stabilized 

in a different way from the Pbam and R3c structures. We 

performed DSC measurements with PbZr0.95Ti0.05O3 ceramic 

powder (Fig. 7), to understand these phase transitions from a 

thermodynamic point of view. From the observed heat flow 

φ(T), it is concluded that both Pbam-IM and R3c-IM 

transitions are endothermic. The Helmholtz free energy is 

given by 

                            F(T) = U – TS(T)                       (1) 

where U and S(T) correspond to the internal energy and 

entropy. Upon a phase transition, the free energies F(T) of 

both phases should be equivalent. The endothermic process 

indicates an increase in internal energy during the transition, 

and so the entropy is increased from the Pbam/R3c structures 

to the IM state. The larger entropy of the IM state is 

consistent with its complex local structure [17,28].  

We demonstrate the transition of x = 0.05 by the schematic 

energy landscapes shown in Fig. 8. At a low temperature 

(T1), both Pbam and R3c structures can be stabilized, 

depending on the thermal history. Upon heating, the free 

energies F(T) of all three phases decrease, mainly caused by 

the entropic contribution -TS. The larger entropy of the IM 

state causes a larger slope |∂F/∂T| than those of Pbam and 

R3c structures. Above TIM, the IM structure has a lower FIM 

than that of the other phases and becomes more favorable, 

which should be the driving force for the Pbam-IM (red 

arrow I) and R3c-IM (red arrow II) transitions. Moreover, 

with increasing x in AFE compositions, the internal energy 

of the IM structure decreases (Table II) and so stabilizing the 

IM state requires less entropic contribution, which explains 

the decreasing TOIM with the growing Ti concentration.  

As for the unusual transition at x = 0.05 upon cooling, the 

energy barrier between high- and low-temperature phases 

determines the phase-transition pace and temperature. As 

shown in optical and x-ray scattering experiments, the 

crystal structure changes discontinuously between the Pbam 

and IM structures, indicating a large energy barrier on the 

transition path. In contrast, the transitions between R3c and 

IM structures are continuous and smooth, indicating a much-

smaller energy barrier. During first-principle optimization 

relaxed from the IM structure with a0a0c+ tilts, after ~50 

steps, we arrived at an energy plateau of the Pc space group, 

which was observed as a major phase in the IM structure [17] 

(Fig. S6 in the Supplemental Materials). Then the a-a-a- tilts 

start to develop slowly and smoothly, and we finally 

obtained the R3c structure. This process of optimization is 

similar to the IM-R3c transition process upon cooling, during 

which there may not be an energy barrier to overcome. At 

around T2 on cooling, although the free energy of the Pbam 

phase is much lower than that of the IM phase, the thermal 

fluctuation around this relatively-low temperature cannot 

help overcome the large barrier to jump from the IM state to 

the Pbam phase. Instead, there is a higher possibility that the 

IM state jumps into the R3c phase which has similar free 

energy to the Pbam structure, passing through a shallow 

saddle (or no barrier at all), as marked by the blue arrow III. 

The stabilization of the slightly-more-stable Pbam structure 

requires a long time, as marked by the blue arrow IV.  

In compositions with smaller x, the energy barrier between 

Pbam and IM structures should be similar to that of x = 0.05, 

while the thermal hysteresis of the PbamIM transitions 

decreases, and this should be related to the increased TIM of 

the PbamIM transition. At a higher TIM, with larger 

entropy, the contribution from the term -TS to the free energy 

becomes more significant than at lower temperatures, so that 

the energy landscape changes more violently upon changing 

temperature. Moreover, at higher temperatures, the thermal 

fluctuation is larger than that at a lower temperature. Thus 

the jump from one phase to another happens more easily and 

faster during this first-order transition, which enables the 

AFE structures to be stabilized within a shorter time.  

V. CONCLUSION 

We have clarified the complex phase transitions near the 

Pbam-R3c boundary of PZT using multiple experimental 

methods and DFT calculation. On both the AFE and FE sides 

far from the phase boundary, the crystal structures are stable 

at RT, with simple transition processes at reproducible 

transition temperatures. As x increases from 0.04 to near the 

Pbam-R3c phase boundary, the AFE component becomes 

continuously less stable, reflected in the way that the AFE 

domains shrink, becoming abnormal micro-sized domains 

and eventually appearing as local components only. At x = 

0.04, we observe the coexistence of large and micro-sized 

AFE domains before heating. On cooling, the micro-

domains appear after the IM → Pbam transition finishes, and 

this domain activity is also observed from DS. At certain 

temperatures, the quarter-reflection intensity from one type 

of domain is strengthened while another is weakened at the 

same time. This temperature may coincide with that of the 

appearance of micro-sized AFE domains, similar to what is 

shown in Fig. S3 in the Supplemental Material. At x = 0.05, 

all the AFE domains are small, coexisting with a small 

amount of R3c structure at RT before heating, while they 

only appear from prolonged phase transitions after cooling. 



The FE structure becomes more favored at x ≥ 0.06 in which 

a small proportion of AFE structure (if there is any) exists as 

local-structural components invisible under an optical 

microscope. The observed phase transitions are caused by 

the combination of internal energies and entropic 

contributions of different phases in competition. The 

decreased energy difference between the room-temperature 

AFE phase and the IM state leads to a lower transition 

temperature in the x = 0.05 sample. At the same time, the 

smaller thermal fluctuation and milder entropy change at 

lower temperatures make it take a longer time for the system 

to overcome the large energy barrier between the Pbam and 

IM/R3c structures upon cooling. The unusual transition at x 

= 0.05 provides us with the opportunity to study the slow 

nucleation and growth of AFE domains, which usually 

happens too quickly to be observed. 

Based on this unusual transition path Pbam 
heating

→    IM 
cooling

→    

R3c 
resting

→    Pbam at the Pbam-R3c phase boundary, we see a 

subtle balance between Pbam and R3c structures when 

cooled down from the IM state, which may be perturbed by 

a slight change in the concentration or other external stimuli 

[10,29,30]. The direct observation of the transition between 

such different crystal structures, FE R3c and AFE Pbam, 

gives us a clear direction for the potential of controlling the 

physical property change during the phase transition, which 

opens up a broad range of future applications.  
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Tables, figures and figure captions 
 

TABLE I. Average-structure phase-transition temperature determined using PLM.

 

 

 

TABLE II. The energies in meV/fu (formula units) of structures optimized with ab-initio calculations for different x (number 

of Ti atoms per 64 B-site positions in the 4×4×4 pseudocubic supercell). Energies of the Pc-derived structures are estimated as 

explained in Fig. S6 of the Supplemental Material. 
 

 

  

 TIM on heating TIM on cooling 
TC on 

heating 

TC on 

cooling 

Region A 130 °C (bottom) to 163 °C (top) 
30 °C (bottom) to 86 °C 

(top) 

247 °C 

(top) to 

249 °C 

(bottom) 

245 °C 

(top) to 

247 °C 

(bottom) 

Region B 

Heated from the virgin 

state: Pbam → IM state 

70 °C (bottom) to 

130 °C (top) 
Two-step transition: 

(1) IM → R3c: 27 °C (top) 

to 34 °C (bottom) 

(2) R3c → Pbam: slow 

regrowth of Pbam domains 

248.5 °C 

(top) to 

251.5 °C 

(bottom) 

247.5 °C 

(top) to 

251 °C 

(bottom) 

Heated immediately 

after cooled to RT: 

R3c → IM state 

27 °C (top) to 

40 °C (bottom) 

Region C 40 °C (top) to 65 °C (bottom) 
34 °C (top) to 64 °C 

(bottom) 

251 °C (top) to 260 °C 

(bottom) 

x 
Structure       

0/64 (0) 1/64 (0.016) 2/64 (0.031) 3/64 (0.047) 4/64 (0.063) 5/64 (0.078) 

Pbam 0 0 0 0 0.5 1.2 

R3c 2.8  1.9 1.0 0.8 0 0 

Pc (IM) 61 [17] 58.9 56.3 53.5 51.2 - 



 

FIG. 1. Neutron powder diffraction results of PbZr1-xTixO3 ceramics (x = 0.04, 0.05, 0.06 and 0.07) with (a) change in {002}pc, 

(b) quarter reflections, (c) R points and (d) phase fractions obtained from Rietveld refinements. The dashed lines in (d) are 

guides for the eyes. 

  

  



FIG. 2. Optical measurements with the single-crystal sample using PLM. (a) Morphology, positions, and estimated 

compositions of regions A, B, and C. (b) Domain configurations of the virgin state at 27 °C. (c) Enlarged region of (b) showing 

micro-sized domains. The change of birefringence colors of the section marked by the dashed black line in (b) is plotted as a 

function of temperature upon heating from the virgin state (d), cooling from the cubic phase (e), and reheating after it is cooled 

to RT (f). (g) The same region as in (c) right after being cooled to RT. (h) After resting for 15 minutes at RT. The boundaries 

of regions A, B, and C are marked by the dashed lines in (a)-(h), and the phase transitions in (d)-(f) are marked by the solid 

white lines. (i) The phase diagram summarizing TIM changing with x obtained by PLM. The dashed lines are reproduced from 

the phase diagram of Cordero et al. [22]. The compositions of several selected regions on the single crystal are estimated by 

positioning our transition temperatures TIM upon heating on the phase diagram (marked by triangles pointing upward). TIM of 

the single-crystal sample upon cooling are also marked, by triangles pointing down.   



 

FIG. 3. X-ray diffuse scattering experiment results on the same crystal piece used for PLM studies. (a-d) The measured 

positions, P1-P4, and (e-t) DS intensities on the (h k 0)pc plane during the phase transition of the single crystal. (e-h) Data 

collected from the virgin-state single crystal at (e) 61 °C and (f-h) RT. (i-l) Data collected from the crystal heated into the stable 

IM state at 150 °C. (m-p) Data collected from the crystal right after being cooled to RT. (q-t) Data collected from the crystal 

after resting for 7 hours at RT. The arrows in (e) and (h) point to typical quarter reflections, and the triangles in (i) and (l) 

indicate a typical M point. From quarter reflections qAFE = (h±1/4 k±1/4 0)pc, one can identify two ferroelastic domain states, 

which can be denoted as q1AFE = (h+1/4 k+1/4 0)pc or (h-1/4 k-1/4 0)pc, and q2AFE = (h-1/4 k+1/4 0)pc or (h+1/4 k-1/4 0)pc, as a 

result of the coexistence of [1-10] and [110] AFE domains [6]. The squares and circles in (m) indicate the selected quarter 

reflections q1AFE (1/4 -3/4 0pc, 1/4 -7/4 0pc, -1/4 -5/4 0pc) and q2AFE (-1/4 -3/4 0pc, -1/4 -7/4 0pc, 5/4 -1/4 0pc), respectively.  

 

 

  



 

FIG. 4. Integrated DS intensities of superstructure reflections as a function of temperature at all measured positions, namely 

P1, P2, P3, and P4, during heating (a-d) and cooling (e-h). DS intensities at quarter reflections, M point (1/2 -1/2 0)pc, and R point 

1/2(-3 1 -1)pc were integrated. Quarter-reflection intensity was averaged over six selected reflections, namely 1/4 -3/4 0pc, 1/4 

-7/4 0pc, -1/4 -5/4 0pc (q1AFE), and -1/4 -3/4 0pc, -1/4 -7/4 0pc, 5/4 -1/4 0pc (q2AFE). The dashed lines are guides for the eyes. For 

comparison, the integrated quarter reflection 3/4 3/4 0pc (gray cross), M point 3/2 1/2 0pc (gray dot) and R point 1/2(3 1 3)pc 

(gray triangle) intensities were calculated from x-ray powder-diffraction patterns (see Fig.5 for full patterns on heating and 

cooling) of ceramics x = 0.05 (b and f) and x = 0.06 (c and g).  



 
FIG. 5. Variation with temperature of Bragg and superstructure reflections [quarter reflections (Q), M points (M) and R points 

(R)] of ceramic powders with (a-c) x = 0.05 and (d-f) x = 0.06. For both compositions, the sample was heated from the virgin 

state at RT to 300 °C (a, d), then cooled to -73 °C (b, e) before a subsequent reheating process (c, f). 

  



 

FIG. 6. Neutron diffraction intensities at R points at different temperatures for ceramic (x = 0.06). The sample was heated 

from the virgin state at RT to 230 °C before being cooled to RT. 

  

 

  



 

FIG. 7. Heat flow φ(T) measured by DSC on PbZr0.95Ti0.05O3 ceramic powder for heating (Heating 1, red curve), cooling 

(blue curve), and reheating (Heating 2, black curve) processes. Two endothermic peaks on heating 1 correspond to the Pbam-

IM and IM-cubic transitions, respectively. Upon cooling, two exothermal peaks indicate the cubic-IM and the IM-R3c 

transition. Upon further cooling, the Pbam structure does not reappear. On heating 2, the R3c-IM and IM-cubic transitions are 

observed. 

  



 

FIG. 8. A schematic plot of the energy landscapes at different temperatures. The arrows indicate the phase-transition 

processes upon heating (red arrows) and cooling (blue arrows). The dashed blue line suggests that the IMPbam is a slow 

transition. The solid circle and the crosses indicate the stable phase and unstable phases, respectively. The open circles indicate 

the phases which can be stabilized depending on the thermal history. 

 

 

 


