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A B S T R A C T   

The melting behavior of Ruddlesden-Popper type hybrid improper ferroelectric Sr3Zr2O7 phase in the ZrO2–SrO 
pseudo-binary system was investigated, and its single crystals were successfully grown. A series of the slow- 
cooling floating zone experiments revealed that Sr3Zr2O7 melts incongruently into SrZrO3 phase and a liquid 
and that the compositional range where Sr3Zr2O7 and a liquid coexist is located around 70 mol% SrO compo-
sition. Based on the results, we attempted to grow Sr3Zr2O7 single crystals by the traveling solvent floating zone 
method using SrO-excess solvent and feed. Consequently, many small single crystals of Sr3Zr2O7 phase with 
several millimeters in size were discovered in the as-grown boules covered with SrO phase. The phase transition 
behavior of the grown crystals was investigated by differential thermal analysis with polarizing optical micro-
scopy as well as by optical second harmonic generation measurements. We directly observed a reconstruction of 
orthorhombic twin domains in Sr3Zr2O7 single crystals accompanied by the first-order ferroelectric transition at 
about 410 ◦C.   

1. Introduction 

Ferroelectric perovskites have been studied owing to theoretical in-
terest and commercially important applications such as nonvolatile 
memory, actuators, and sensors [1–3]. In well-known ABO3 perovskite- 
type ferroelectrics like BaTiO3 and PbTiO3, polar cation displacements 
inducing fascinating physical properties including ferroelectricity and 
piezoelectricity are driven by a so-called second-order Jahn–Teller effect 
(SOJT) [4]. Electronic structures favoring polar distortions via the SOJT 
effect are usually achieved by introducing ions with nd0 or ns2 electron 
configuration into the A or B sites. In general, however, the vast majority 
of ABO3 perovskites are not ferroelectric because of the absence of such 
cations, for example, Ti4+, Nb5+, Pb2+, and Bi3+. As a result, a limited 
number of ABO3 perovskites are ferroelectrics. 

In layered perovskite oxides such as Ruddlesden-Popper (RP) phase 

An+1BnO3n+1, a new mechanism for creating a ferroelectric state through 
the combination of two or more non-ferroelectric structural distortions 
has been predicted from recent theoretical work [5–9]. Such a mecha-
nism is symmetry prohibited in simple perovskites, but is allowed in 
layered derivatives, where rotations and tilts of BO6 octahedra serve as 
the nominally non-polar structural distortions to generate the electric 
polarization. Since the rotational and tilting distortions are ubiquitous in 
perovskites, this new ferroelectric mechanism, named hybrid improper 
ferroelectricity (HIF) [6], offers a large compositional space for the 
creation of new ferroelectrics. Indeed, a number of layered perovskites 
have been experimentally shown to be hybrid improper ferroelectrics so 
far [5,10–13]. 

In the present work, we focus on an n = 2 RP compound, Sr3Zr2O7, in 
which the SrO rocksalt layer is sandwiched between (SrZrO3)2 perov-
skite layers. Sr3Zr2O7 was reported by Yoshida et al. [14] as a new hybrid 
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improper ferroelectric. Moreover, they demonstrated the room- 
temperature polarization switching and the ferroelectric phase transi-
tion around 420 ◦C. However, the measured polarization (0.3 μC cm−2) 
was one order of magnitude lower than the calculated polarization (6.75 
μC cm−2) [14]. The lower value is due to the polycrystalline nature. In 
the case of Ca3Ti2O7, another example of RP-type hybrid improper fer-
roelectrics, the polarization value (6.4 μC cm−2) of single crystals is 
larger than that of polycrystals (0.6 μC cm−2) [10,12]. For that reason, 
Sr3Zr2O7 single crystals are necessary to clarify the ferroelectric mech-
anism experimentally and also to stimulate further experimental in-
vestigations for discovering many novel classes of ferroelectrics. 

Phase diagrams give us valuable information for crystal growth. 
Although several phase diagrams were reported for the ZrO2–SrO sys-
tem, information necessary for the crystal growth of Sr3Zr2O7 from the 
melt remains unclear [15–18]. In the phase diagrams reported by Tilloca 
et al. and Noguchi et al., Sr3Zr2O7 phase decomposes into Sr4Zr3O10 and 
SrO phases or Sr4Zr3O10 and Sr2ZrO4 phases at an upper stability limit of 
about 1650 ̊C [15,16]. This means that melt growth is not available for 
Sr3Zr2O7 because Sr3Zr2O7 does not coexist with a liquid phase. On the 
other hand, Traverse et al. [17] and Yokokawa et al. [18] have reported 
that Sr3Zr2O7 melts incongruently to SrZrO3 or Sr4Zr3O10 phase and a 
liquid. This melting behavior suggests that Sr3Zr2O7 single crystals can 
be grown by solution growth such as the self-flux, top-seeded solution 
growth, and traveling solvent floating zone (TSFZ) methods [19,20]. 
These contradictory results are mainly due to the very high melting 
point of zirconate compounds. In order to grow Sr3Zr2O7 crystals, it is 
first important to clarify its melting behavior. 

In this paper, the slow cooling floating zone (SCFZ) method was 
utilized to investigate the melting behavior of n = 2 RP Sr3Zr2O7 phase 
in the ZrO2-SrO system, and the growth of its single crystals was carried 
out by the TSFZ method based on the results of the SCFZ method. The 
SCFZ method, a modified version of the floating zone growth technique, 
is a convenient way to observe the melting behavior of compounds with 
a high melting point above 1700 ◦C, including Sr3Zr2O7, without using a 
crucible. The SCFZ technique has been employed for the investigation of 
the phase diagram of the MgO-TiO2 system, and also of the phase rela-
tion of the LixLa(1−x)/3NbO3 phase [21,22]. Of solution growth tech-
niques, the TSFZ method, an FZ method using a solvent, is a powerful 
technique requiring no crucible for growing single crystals of 
incongruent-melting compounds and solid solutions with a high melting 
point. Here, we optimized the growth conditions such as feed compo-
sition, atmosphere, and growth rate, and successfully grew the single 
crystals of Sr3Zr2O7 by the TSFZ method for the first time. Additionally, 
we obtained single crystals of n = 1 RP Sr2ZrO4 by changing the feed 
composition. The phase transition of the grown Sr3Zr2O7 crystals was 
characterized by differential thermal analysis (DTA) with a polarizing 
optical microscope and also by temperature-dependent optical second 
harmonic generation (SHG) measurements. 

2. Experimental Details 

SrCO3 (99.99%) and ZrO2 (99.9%) powders were used as starting 
materials and mixed in the Sr3Zr2O7 stoichiometric composition. The 
mixture was calcined at 1000 ◦C for 6 h and then at 1500 ◦C for 18 h in 
air using a Pt crucible with a lid. The calcined powder was put into a 
rubber tube and pressed to form a cylindrical rod under a hydrostatic 
pressure of 300 MPa. Then the rod was sintered at 1600 ◦C for 6 h in air. 
SrO-excess feeds and solvents were prepared by adding SrCO3 powder 
into a calcinated powder with a desired composition of Sr3Zr2O7 and 
then pressing into a disc or cylindrical shape. They were used for the 
SCFZ and TSFZ experiments without sintering. 

A four-mirror-type infrared-heating furnace (Crystal Systems Cor-
poration, model FZ-T-12000-X-IC-VM-PC-YS) equipped with four 3.0 
kW xenon lamps as heat sources was used for the SCFZ and TSFZ ex-
periments. The SCFZ experiments were performed according to the 
following process. The edges of the sintered rods mounted on the upper 

and lower shafts were melted to form a molten zone in an argon atmo-
sphere with counter rotation at 20 rpm. The molten zone was then 
separated into two parts at a speed of 5 mm/h by decreasing the lamp 
power. When using a SrO-excess feed, the disc of the feed was sand-
wiched between SrZrO3 sintered rods mounted on the lower and upper 
shafts, and then the melt-solidification experiments were performed 
according to the same SCFZ process described above. Since the melting 
point of SrZrO3 is about 500 ◦C higher than that of Sr3Zr2O7, the SrZrO3 
sintered rods were used to hold the molten zone during the melt- 
solidification experiments, resulting in complete melting of the feed 
with no contamination from impurities. The solidified samples were cut 
parallel to the solidified direction and mirror-polished. The texture and 
composition of the samples were characterized by scanning electron 
microscopy with energy-dispersive X-ray spectroscopy (SEM/EDS; 
Hitachi High-Tech, model TM3030 with Min-SVE2107). The phase 
relation between solid phases and melt was determined on the basis of 
the textures and compositions of the precipitated phases. 

For crystal growth, we utilized the TSFZ method using a solvent of 
70 mol% SrO with reference to the results of the SCFZ experiments. The 
SrO concentration in the feed composition was varied between 60 and 
75 mol%, where 60 mol% SrO corresponds to the stoichiometric 
composition of Sr3Zr2O7. Feed rods with excess SrO were used to 
compensate for the strontium component evaporating considerably from 
the molten zone during the growth. As for the seed, the sintered poly-
crystalline rod of Sr3Zr2O7 was used. The solvent was put on the top edge 
of the seed and melted, and then the molten zone was formed by con-
necting the feed rod to the molten solvent. After that, TSFZ growth was 
performed in the atmosphere of Ar or O2 at the growth rates of 2 and 5 
mm/h. 

The grown crystals were characterized as follows. The texture and 
composition of the grown crystals were analyzed by an electron probe 
microanalysis (EPMA; JEOL Ltd., model JXA-8200) and SEM with EDS. 
Two-dimensional X-ray diffraction analysis (2D-XRD; Bruker Corpora-
tion, model Discover D8 with VANTEC-500) was used to identify the 
crystalline phases and assign Miller indices to the cleavage plane found 
in the crystals. The crystallinity of the grown crystals was identified by 
back-reflection Laue X-ray photography. Domain structure and homo-
geneity in the grown crystals were examined by polarized optical mi-
croscopy. Phase transition in the grown crystals was investigated in air 

Fig. 1. Cross-sectional SEM images of samples solidified using the feeds of (a) 
60 mol% SrO, (b) 70 mol% SrO, (c) 75 mol% SrO and (d) 80 mol% SrO. 
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by a simultaneous thermogravimetric analyzer with a polarizing mi-
croscope (Hitachi High-Tech Science, STA7200RV) at the temperature 
range between room temperature and 800 ◦C with the heating and 
cooling rates of 10 ◦C/min. Optical SHG measurements were performed 
in reflection geometry at the temperature range between room tem-
perature and 500 ◦C using a modified WITec alpha 300S confocal Raman 
microscope and a LINKAM stage. A pulsed fundamental beam generated 
by Ti: Sapphire system (λ = 800 nm, repetition rate of 80 MHz, chopped 
at 1 kHz) was focused on the sample using a microscope objective. 

3. Results and discussion 

3.1. Confirmation of phase diagram in the ZrO2-SrO system by the SCFZ 
method 

Melting-solidification experiments by the SCFZ method were per-
formed for the samples with varied SrO compositions. Fig. 1 shows cross- 
section SEM images of the solidified samples. Some solid phases were 
observed obviously, although the texture was not a typical zonal struc-
ture observed for samples obtained by the SCFZ method. 

For the stoichiometric composition (Sr3Zr2O7) of 60 mol% SrO, 

SrZrO3 phase precipitated as a primary phase, and then Sr3Zr2O7 phase 
precipitated as shown in Fig. 1a. This result indicates that Sr3Zr2O7 melts 
incongruently to SrZrO3 and a liquid phase, supporting the phase dia-
gram reported by Traverse et al. and Yokokawa et al. [17–18]. For 70 
mol% SrO composition, the target Sr3Zr2O7 phase precipitated as a 
primary phase, and then Sr2ZrO4 phase precipitated as seen in Fig. 1b. 
No precipitation of Sr4Zr3O10 phase was observed, which is also 
consistent with the phase diagram reported by Traverse et al. This result 
reveals that Sr3Zr2O7 phase coexists with the liquid phase near 70 mol% 
SrO composition. As for 75 and 80 mol% SrO compositions, Sr2ZrO4 
phase precipitated as a primary phase, and SrO phase was included in 
the Sr2ZrO4 phase as shown in Fig. 1c and 1d. These results suggest that 
Sr2ZrO4 phase is in equilibrium with the liquid phase with a composition 
close to 75 mol% of SrO, ruling out the possibility of Sr3Zr2O7 phase 
being precipitated from the melt of 75 mol% SrO or more. Therefore, we 
anticipate that single crystals of Sr3Zr2O7 can be obtained by solution 
growth using SrO-rich solution, for example, self-flux and TSFZ methods 
using a solvent of about 70 mol% SrO. 

The results of the melt-solidification experiments demonstrated that 
SrZrO3, Sr3Zr2O7, Sr2ZrO4, and SrO phases precipitate from the liquid 
phase of 60 mol% SrO or more. Of the four compounds, Sr3Zr2O7 and 
Sr2ZrO4 melt incongruently. These facts suggest that the phase diagram 
reported by Traverse et al. shown in Fig. 2 is the most reliable of the 
previously known phase diagrams [15–18]. According to Traverse’s 
report, the peritectic temperature of the Sr3Zr2O7 phase is quite high, 

Fig. 2. The phase diagram in the ZrO2-SrO system reported by Traverse 
et al. [16]. 

Table 1 
Growth conditions and as-grown crystals.  

Run No. Atmos-phere Feed comp. [mol% SrO] Solvent [mol% SrO] Growth rate [mm/h] As-grown crystal 

1 Ar 60 (Sr3Zr2O7) 70 5 

2 Ar 66 70 5 

3 Ar 68 70 5 

4 Ar 75 – 5 

5 O2 66 70 5 

6 O2 66 70 2 

Fig. 3. X-ray intensity distributions of Sr Kα and Zr Kα in the longitudinal 
section of the crystal grown by the TSFZ method using Sr3Zr2O7 stoichiometric 
feed (Run 1). 
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about 2250 ◦C, and the eutectic temperature of Sr2ZrO4 and SrO is 
2215 ◦C. In addition, the temperature and composition ranges where 
Sr3Zr2O7 phase coexists with a liquid phase are narrow: 40 ◦C and about 
5 mol% SrO, respectively. Due to the above reasons, the growth of 
Sr3Zr2O7 single crystals seems to be very challenging. 

3.2. Crystal growth of Sr3Zr2O7 by the TSFZ method 

Based on the results of the SCFZ experiment, we attempted to grow 
single crystals of Sr3Zr2O7 by the TSFZ method using the solvent of 70 
mol% SrO composition. The TSFZ growth was carried out under various 
growth conditions summarized in Table 1. Details of each growth pro-
cess are described below. 

For TSFZ growth using stoichiometric composition feed (Run 1 in 
Table 1), SrO phase evaporated from the molten zone during growth, 
and it was difficult to maintain the molten zone throughout the growth 
process. The EPMA results in Fig. 3 show the spatial distributions of Sr 
and Zr along the grown direction in the longitudinal cross section. The 
precipitation of Sr3Zr2O7 phase was detected in regions formed at the 

initial stage of the growth, suggesting that the solvent of 70 mol% SrO is 
effective in the crystal growth of Sr3Zr2O7. As crystal growth proceeded, 
however, the SrZrO3 phase precipitated as is evident from Fig. 3. This is 
probably because of a decrease in SrO concentration in the melt caused 
by its vaporization during crystal growth. From this result, we concluded 
that charging an excess amount of SrO into the feeds is necessary so that 
the evaporation of SrO during the crystal growth will be compensated. 
[23–24]. 

The results of the crystal growth using feeds with excess SrO are 
described below. The Sr concentration in the feed was increased to 6 and 
8 mol% SrO excess from the stoichiometric composition of 60 mol% SrO; 
the growth processes are denoted as Runs 2 and 3, respectively. For 6 
mol% SrO excess feed (Run 2), the molten zone was unstable and SrZrO3 
phase mainly precipitated in the grown crystals. The situation is similar 
to that of Run 1 where SrO evaporated extensively. In the case of 8 mol% 
SrO excess feed (Run 3), on the contrary, the molten zone and lamp 
output could be kept stable for a longer time. Eventually, Run 3 with 8 
mol% SrO excess feed resulted in a grown crystal with a length of 32 
mm. SrO, which had evaporated from the molten zone during the crystal 
growth, was deposited on the surface of the grown crystal. Although the 
grown crystal looked polycrystalline, colorless and transparent crystals 
were discovered in the central part as shown in Fig. 4. The obtained 
crystals are thin flakes with a maximum size of 2 mm square, implying 
their strong cleavage properties. 2D-XRD data collected for the plate-like 
crystals display the 00 l peaks of the Sr3Zr2O7 structure (see Fig. 5a). The 
appearance of 00 l diffraction peaks indicates that the ab-plane is well- 
developed. As shown in Fig. 6, the single-crystal nature of the plate- 
like crystals was also confirmed by the back-reflection Laue X-ray 
photograph. However, a combination of XRD, SEM, and optical micro-
scopy revealed that the plate-like crystals contain needle-like crystals of 
the Sr2ZrO4 phase. The emergence of Sr2ZrO4 phase in the Sr3Zr2O7 
matrix is considered due to fluctuation of SrO concentration in the 
molten zone caused by the supply of SrO from SrO-excess feed and also 
due to vaporization of SrO from the molten zone. We also grew crystals 
using the 15 mol% SrO excess feed (75 mol% SrO), which is near the 
peritectic composition of Sr3Zr2O7 (see Run 4 in Table 1). The as-grown 
crystal had a polycrystalline-like shape as shown in Table 1, but some 
cleaved crystals up to about 1 mm square were obtained from the 
sample. They were confirmed to be single crystals of Sr2ZrO4 by the 2D- 
XRD pattern displayed in Fig. 5d. This result indicates that Sr2ZrO4 

Fig. 4. Photograph of the cross-section of crystal (vertical to the growth di-
rection) grown by the TSFZ method using 8 mol% SrO excess feed (Run 3). 

Fig. 5. X-ray diffraction patterns of cleavage planes of crystals grown by 
various growth conditions shown in Table 1. (a) 68 mol% in Ar (Run 3), (b) 66 
mol% in O2 (Run 5), (c) 66 mol% in O2 at 2 mm/h (Run 6), (d) 75 mol% in Ar 
(Run 4). 

Fig. 6. Back-reflection Laue photograph of Sr3Zr2O7 crystals containing 
Sr2ZrO4 phase grown using 68 mol% SrO feed in Ar atmosphere at 5 mm/h rate. 
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phase easily precipitates from the melt when the SrO concentration in 
the feed is more than the stoichiometric composition of Sr2ZrO4(66.7 
mol% SrO). Therefore, it was determined that the use of 6 mol% SrO 
excess feed (66 mol% SrO) is optimal for the crystal growth of Sr3Zr2O7. 
Using such a feed, however, the growth is difficult because of the un-
stable melting zone and SrO evaporation as exemplified by Run 2. 

We next performed crystal growths (Runs 5 and 6 in Table 1) under 
oxygen instead of an Ar atmosphere with the optimal 6 mol% SrO excess 
feed. This is because the presence of O2 would be effective in stabilizing 
the molten zone as well as suppressing the SrO evaporation. As expected, 
the molten zones and lamp outputs at Runs 5 and 6 were stable for a long 
time as compared with Run 2 under an Ar atmosphere. For growth at 5 
mm/h (Run 5), however, some cleaved crystal pieces obtained from the 
as-grown crystals still contained Sr2ZrO4 phase as shown in Fig. 5b. 
When the growth rate was decreased from 5 to 2 mm/h, an as-grown 
crystal of 6 mm in diameter and 23 mm long was obtained (see Run 6 
in Table 1), from which colorless and transparent crystals were found. 
Fig. 7(a) illustrates a polarizing microscope image of the crystals, having 
a typical size of several millimeters and being highly cleavable. We 
confirmed by the 2D-XRD (Fig. 5c) that the crystals were composed only 
of Sr3Zr2O7 without any secondary phases and that the planes of easy 
cleavage are perpendicular to the c axis, i.e., (001) planes. Moreover, 
the composition of the crystals was determined to be stoichiometric by 
qualitative analysis using EDS. We have successfully grown sizable 
single crystals of Sr3Zr2O7 by finely tuning the growth conditions such as 
the feed and solvent compositions, growth atmosphere, and growth rate. 

3.3. Observation of phase transition and domain structure in Sr3Zr2O7 
crystals 

As shown in Fig. 7b, twin domains were clearly seen in the cleaved 
(001) plane of the Sr3Zr2O7 single crystals. HIF-related materials like 

Fig. 7. Single crystals of Sr3Zr2O7 grown under optimized growth conditions. 
(a) Stereo microphotograph of the overall and (b) Polarized microphotographs 
of domain structure in the cleaved plane. 

Fig. 8. Temperature dependence of SHG intensity for Sr3Zr2O7 single crystal on 
heating and cooling. 

Fig. 9. DTA curves of Sr3Zr2O7 single crystal on heating and cooling between 
room temperature and 800 ̊C (a), and between 360 ̊C and 440̊C (b). 
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single-crystal (Ca, Sr)3Ti2O7 grown by the FZ method also exhibit such 
orthorhombic twin boundaries, which are also called ferroelastic 
domain walls [10]. According to the previous report [14], Sr3Zr2O7 
adopts four polymorphs depending on the temperature: HIF A21am 
phase at 27–447 ̊C, paraelectric Pnab phase at 367–627 ̊C, Amam phase 
at 627–767 ̊C, and I4/mmm phase above 767 ̊C. Here, the ferroelectric 
phase transition in Sr3Zr2O7 single crystal was investigated by SHG 
measurements. Fig. 8 shows that the SHG intensity recorded from a 
Sr3Zr2O7 single crystal gradually decreased with increasing temperature 
and steeply dropped to zero at about 430 ◦C on heating. This result is 
consistent with those reported for polycrystalline Sr3Zr2O7, indicating 
that the HIF A21am phase transforms into a centrosymmetric phase at 
about 430 ◦C. On cooling, on the other hand, a finite SHG signal 
appeared at about 420 ◦C, a slightly lower temperature than the tran-
sition temperature on heating. The thermal hysteresis behavior can be 
explained by the first-order nature of the ferroelectric transition, which 
has already been demonstrated for the polycrystalline sample [14]. We 
also examined the relationship between the domain structure and the 
phase transition in Sr3Zr2O7 single crystals utilizing DTA with a polar-
izing optical microscope. Fig. 9 (a) and (b) show DTA curves recorded 
for a Sr3Zr2O7 single crystal on heating and cooling. A clear endothermic 
(exothermic) peak was observed on heating (cooling) at 407 (404) ◦C 
that can be assigned to the ferroelectric transition identified by the SHG 
measurements. The thermal hysteresis and the finite latent heat further 
corroborate the first-order nature of this phase transition. No other 
phase transitions were apparent from the ferroelectric phase transition 
temperature up to 800 ◦C. Fig. 10 shows polarized microphotographs 
excerpted from the movie available as Supporting Information. We 
observed that the colors of neighboring domains instantly switched like 
blind shutters at about 407 ◦C and the switching was reversible upon 
heating and cooling. The thermal evolution of the domain structure is 
due to the phase transition between the ferroelectric A21am and para-
electric Pnab phases. The twin domains still remained above the ferro-
electric transition temperature and disappeared completely above about 
735 ◦C accompanied by the phase transition between the orthorhombic 
Amam and tetragonal I4/mmm phases. The phase transition between the 
Pnab and Amam phases, which is expected to occur at around 640 ◦C 
[14], was not detectable by direct observation with a polarizing mi-
croscope as well as by the DTA results. The Pnab-to-Amam phase tran-
sition only involves the disappearance of the ZrO6 octahedral rotation 
and keeps the ZrO6 octahedral tilt unchanged. The twin domains can be 
created solely by the octahedral tilting, and the loss of the octahedral 
rotation vanishes merely structural domains within each orthorhombic 
twin [25]. The resolution of our observation was probably not enough to 
visualize such a small domain structure and its evolution. 

4. Conclusion 

The layered perovskite oxide Sr3Zr2O7 with the Ruddlesden-Popper 
structure is very interesting since it is a novel hybrid improper ferro-
electric material whose ferroelectricity is caused by the combination of 
rotation and tilt of ZrO6 octahedra. By referring to the melting behavior 
of Sr3Zr2O7, we demonstrated the successful growth of its single crystals 
for the first time by the TSFZ method. The grown crystals are plate-like 
with a typical size of several millimeters square. Furthermore, we 
confirmed the ferroelectric phase transition of single crystal Sr3Zr2O7 by 
temperature-dependent SHG measurements and thermal analysis as well 
as by direct observation of the domain structures. We anticipate that 
Sr3Zr2O7 single crystals will pave the way to further studies including 
the precise characterization of the domain structures and properties and 
polarized Raman scattering measurements shedding light on the unusual 
lattice dynamics across the ferroelectric transition. 
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