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Structural study of the intermediate phase of the ferroelastic PR(PO,), crystal
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Mechanical measurements showed that the structural anomalous regiog(BOPh exists in the range
between 175 and 195 °C. It was shown that the intermediate phase has a different mechanical behavior from
both the paraelastic and ferroelastic phases, and has a strong bias-stress dependence. In this region, no domain
structure could be observed by using a polarizing microscope, but it had a still switching behavior according
to mechanical measurements. This suggests that there microdomains of a smaller size than several hundred nm
still exist in the rhombohedral paraelastic phase.
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[. INTRODUCTION lead phosphate. They had reported that the symmetry of lead
phosphate is in fad€2.3 But contradictory results also exist
The precursor phenomena have attracted considerable aegarding the structure. Bleset al. reported the the real
tention in the recent years, particularly in connection withsymmetry isC2/c and theC2 structure could be induced by
martensitic transformations in metals. The incompleteness dhe defect* So up to now the structural situation is not clear.
the lattice instability leads to the first-order nature of theThis study reveals the existence of monoclinic microdomains
phase transition. Various kinds of pretransitional phenomenaf Pls(PO,), aboveT. in rhombohedral structure through a
around the martensitic transformation have been repdrted. mechanical measurement and neutron diffraction experiment.
One of the precursor phenomena is the appearance of
anomalous satellite reflections at noncommensurate positions
as observed in diffraction experiments. Salamon, Meichle,
and Wayman observed satellites at the commensurate recip- Figure Xa) is a schematic diagram of the thermomechani-
rocal lattice points of the low-temperature phase in the highcal analysis system for the measurement of the strain under
temperature phase of TiNi, and they called this reciprocaktresy TMA/SS). The lead phosphate samples were prepared
lattice a “ghost lattice.® Fuchizaki and Yamada discussed in the form of a rod parallel to thel00) plane, and both ends
the anomalous instability in the diffraction pattern observedof the samples were fixed inside the temperature-controlled
as a precursor of first-order phase transitions on a phenonghamber with a temperature precision of 10 mK in the
enological basis and reported that the anomaly is characteTMMA/SS system. To measure the temperature of the sample,
ized by the incommensurability that is dependent on the refthe Pt-Rh thermocouple was located as close to the sample as
erence Brillouin zoné. possible. The sample geometry for the mechanical measure-
Lead phosphate, BEPOy),, was first observed to be fer- ment is presented in Fig(l) and the dimension of the speci-
roelastic by Brixneret al.” This material was considered a men is 15 mnx3.5 mmx1 mm. The lead phosphate crystal
prototype of ferroelastics and much research concentrated dtas three permissible orientation states, but the samples gen-
elucidation of the physical origin of its ferroelasticity. This erally included domains of two orientation staté#ccord-
crystal undergoes a first-order ferroelastic phase transition at
T.,=180°C. Saljeetal. had discussed the intermediate T —
phase between 180.4°C and 300 °C for the first fifhénd
Salje and co-workers suggested that the low-temperaturt
monoclinic phase of RYPQO,), coexists with a high-
temperature rhombohedral phase between 180 an
300°C1-12 And they had studied the critical exponents of
specific heat for pure BRbPQO,), and the isostructural mixed
crystals PR(P;_,As,0,),.2° In their result, they have re-
ported not only the pure crystal but also shows the anomal
near 257 °C, from a slight change in the slope of the specifi
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Kiat et al. reported such an effect as a precursor effectin - FIG. 1. (a) The schematic diagram of the thermomechanical
the nonmetallic material lead phosph&teTheir investiga-  analysis system for the measurement of the strain under stbss.
tion provided the observation of an anomalous incommensuFhe sample geometry of the thermal expansion and hysteresis loop
rability in the temperature range between 180 and 300 °C ofeasurements.

0163-1829/2002/68.8)/1841035)/$20.00 66 184103-1 ©2002 The American Physical Society



CHO, LEE, PARK, CHO, AND JEONG PHYSICAL REVIEW B6, 184103 (2002

ing to the preparation conditions, a sample could be mainly
oriented to theb axis orc axis, and it can be switched to the
other orientation under external stré&2? In the thermal ex-
pansion coefficient measurements, static stress was used. B
for a hysteresis loop measurement, periodic sinusoidal stres
whose frequency and amplitude are 0.02 Hz and 0.6 MPa
respectively, was used in all measurements. The stress we
applied to probe connected with the end of sample by stain:
less steel chucks. The other end of sample was fixed in th
cylinder also by a stainless chuck. As shown Figh)la
tensile stress corresponds to the positive direction and a con  -0.008
pressive corresponds to the negative one. The resolution ¢ [
stress and strain is 0.01 gf and 0,28, respectively. It is -0.012 |
possible to obtain typical ferroelastic hysteresis loops di- -
rectly because the sinusoidal stress could make domains fu g6 [
switching by tensilgpositive stress and compressiyeega- i
tive) stress. For the switching by only a stress, it is important
to minimize the effect of thermal strain attributed by any
temperature difference between the start and stop points i
the loops. In hysteresis loop measurements, the heating rai
was 0.3°C/min and the temperature during per one cycle

Strain

-0.020

-0.024

-0.028 }s

was 0.24 °C. This difference did not affect the total change
of strain during one stress cycle; we could obtain typical e T T T
stress-strain hysteresis loops in the result. Temperature[° C]

To investigate the structural details of the anomalous re- (b)

gion aboveT,. of lead phosphate, a high-resolution powder
diffractometer(HRPD) by neutron scattering in HANARO FIG. 2. (a) Photograph of the grown Pb3(R)Q. (b) The ther-
(High-Flux Advanced Neutron Application Reactomt mal expansion in the function of the temperature under zero,
KAERI (Korea Atomic Energy Research Instituteas used. (B) 0.8 MPa, andC) —0.8 MPa external bias stress and the polar-
The measurements were carried out at 12 different temperd&ing microscope images of sample at several temperatures.
tures using a thermal neutron beam of wavelength 1.8347 A
obtained from 90° reflection of a @81) monochrometer. by the x-ray diffraction(XRD) measuremerit On the other
Thirty-two ;He multidetectors were used in 12 ranges for thehand, curveC) shows that the sample was switched to ¢he
detection. From the neutron scattering, more informationaxis, and the positive thermal expansion of thaxis was
could be obtained about the relatively small atoms such as Bompared with the XRD results. The anomaly at 175 °C cor-
and O in comparison with Pb than through x-ray diffractionresponds to the known ferroelastic phase transition tempera-
measurements. ture T, and is observed at temperatures lower than 180 °C,
which was investigated by other measurements such as the
polarizing microscope and differential scanning calorimetery
(DSO). The temperature difference was caused by the struc-
ture of the measurement system. The nonlinear behavior of
The lead phosphate crystals were grown by the by théhe thermal expansions beloWy is due to the switching of
Czochralski method. The photograph of crystal was shown ithe ferroelastic domains. Compared to cuf®e, curve (B)
Fig. 2@).1%1" The crystal growing process was repeated withshows the larger strain change and is analogous to the tem-
a new seed crystal of improved quality. Figure 2 presents thperature dependence of the lattice paramieteith the nega-
strain change of samples as a function of the temperaturéive thermal expansion coefficiett® Curve (C) shows the
Curve (A) shows the thermal expansion under zero bias exsame positive thermal expansion as the lattice paranceter
ternal stress. CurveB) and (C) show the changes in the meaning that the domains of cur{®) are oriented more to
thermal expansion through the switching under externathe b axis by the positive bias stress and those of cuye
stresses of 0.8 MPa and0.8 MPa, respectively. To obtain are oriented more to the axis by the negative bias stress.
curve (B), the sample was cooled by applying the positiveThe thermal expansions above 195 °C showed exactly linear
bias external stress of 0.8 MPa at 300°C and, at room behaviors and it was shown that the sample had a high-
temperature, removing the bias stress and then continuoustgmperature rhombohedral phase above 195°C. In the tem-
measuring curvéB). Curve(C) was also measured after un- perature range between. and 195°C, anomalous thermal
dergoing the process of cooling under applying a negativexpansion behavior could be observed. The magnitudes of
bias stress of-0.8 MPa at 300 °C and removing it at room the thermal expansions were reduced distinctly, but still
temperature. CurvéB) shows that the sample was more dis- showed nonlinear and different temperature dependences
tinctively switched to theb axis than at curvéA), and the than those below .. To reveal the details of this anomalous
negative thermal expansion of theaxis was also presented region, the mechanical measurements and optical observa-

A. mechanical study using a thermomechanical
analysis system
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tions were conducted using a polarizing microscope. The
best way to prove the existence of a domain is to measure the
stress dependence of the sample because domains must have
a certain stress dependence such as domain switching.

The photographs of domains in each phase are shown in
Fig. 2(b). In our direct observation using the polarizing mi-
croscope, no domains could be found in the temperature
range of the anomalous region, meaning that the size of do-
mains must be smaller than several hundred nm in the phase.
The high-temperature normal phase should not show any
stress dependence by domain switching under applied stress.
In other words, if one observes no stress dependence of the
domain, the phase must be a paraelastic phase. All responses
found by several mechanical measurements were linear, and
no stress dependence was found above 195°C. In contrast,
the stress dependence in the range betwieeand 195°C
differed in some ways from that in the ferroelastic phase.

To prove the existence and behavior of the microdomains
in the region betweeth, and 195 °C, the temperature depen-
dence of thermal expansion coefficientss de/d T, was in-
vestigated under various bias stresses. Hei® strain. Fig-
ure Ja) shows the results of thermal expansion coefficients
under various levels of positive bias stress. The temperature
dependence of the thermal expansion coefficient under 0 Pa
is the same as the temperature derivative of the thermal ex-
pansion. As shown in Fig.(8), the peaks at 177 and 195°C
correspond to the anomalies Bt and 195°C in Fig. 2, re-
spectively. The extrapolated line from the curve above
195 °C can be assume as a zero basis. The deviation from the
extrapolated line denotes the nonlinear behavior of the ther-
mal expansion. Under O Pa of the bias stress, the spreading
of the curve in the ferroelastic phase beldwis somewhat
larger than that of the paraelastic phase above 195 °C, indi-
cating that continuous domain growth exists through domain
switching in the ferroelastic phase.

The data points in the outlying area of the main curve are
assumed to be due to an abrupt strain change caused by
discontinuous domain switching. The curve in the tempera-
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ture range between, and 195 °C also shows a spread, but it

FIG. 3. (a) The temperature dependence of the thermal expan-

is somewhat smaller than that of the ferroelastic phase, sugion coefficients under various positive bias stresses on heéing.
gesting that a domainlike behavior also exists in this rangeThe temperature dependence of the mechanical loss efexger-

With increasing bias stress, the spread of the curve in thgvelastic stress-strain hysteresis loops at several temperatures.
ferroelastic phase became larger, and the spread of the curve

increase proportionally to the bias stress. From these result
it can be seen that the bias stress promotes domain grow
and discontinuous domain switching.

{ e curve. Under a bias stress of 1.2 MPa, the spread of the
curve become very large in the temperature range between

With increasing bias stress, the curve in the ferroelastid /> @nd 182 °C. This suggests that in the temperature range
phase deviates much more from the extrapolated line in thB€tweenTc and Ty, the domains existing in this region
high-temperature rhombohedral phase, and the nonlinear bBave a bias stress-sensitive switching mechanism and, at
havior of the thermal expansion in the ferroelastic phase inTpin, the domains seem to be pinned. Approaching 195°C

creases distinctly with increasing bias stress.

The most striking feature in REGPOy), is the bias stress
dependence of the thermal expansion coefficient aligue
Under zero bias stress, a small anomaly, could be ob-
served around 180°C, just aboVWg. With increasing bias
stress, the anomaly dt,, increased distinctly and shifted to

a higher temperature.

In the temperature range betwe€pand 195°C, it was

from T,,, the nonlinear behavior decreases. In this tempera-
ture range, the growth and switchings of the domains are
strongly reduced and the domains are assumed to be con-
stricted by the stabilization of the high-temperature rhombo-
hedral structure with increasing temperature. Finally, the
nonlinear behavior disappears at 195 °C. The disappearance
of the nonlinear behavior indicates the disappearance of the
domains and that the phase above 195°C has a completely

found that the higher the bias stress, the larger the spread bfgh-temperature rhombohedral structure.
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195°C. The several hysteresis loops are also shown in Fig. 7000F
3(c). The loop at 157 °C showed the typical shape of a fer- so0o0l
roelastic phase and that of 250°C showed the line shape )
which means a paraelastic phase. The amplitude and area of 3000F
hysteresis loops gradually decrease in the range betigen 1000k NN W ;
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codomain having switching properties similar with domain -1000¢ <R>

MWWWWMMWM,«“M~M&MM«MMAM
15 24 33 42 51 60 69 78 87 96 105
26 [degree]

of the ferroelastic phase in this region. But in the range be-
tweenT, and 195°C, the temperature dependences of the
hysteresis loops were different from that beldw.

Such a mechanical anqmalous ,reg'on iny(F10,), was FIG. 5. The results of the refinement of the neutron diffraction
found in qther ferroelastic materials such as ,Rb'\’é”(?' pattern of(a) the ferroelastic monoclinic phase at 20 °®) the
KMnCl3, LiCsSQ,, and KZnCl,, even though their physi-  pigh temperature rhombohedral phase at 310°C, éndthe
cal behavior and structure are not exactly the s&M@A  anomalous region at 190 °€The observed intensity data are plot-
new dielectric anomaly was also found at 250 °C above theed in the upper field. The calculated patterns shown in the same
ferroelastic phase transition at 145 K in,Z1Cl, and was field as a solid-line curve. The difference observed minus the cal-
distinguished from other new dielectric anomali®s at  culation, is shown in the low field. The short vertical bars in the
around 280 °C in the commensurate phase caused by a staiddle field indicate the possible Bragg positions of monocligi¢
bilization process of discommensuratidfis. rhombohedralb), and both monoclinic and rhombohedta).]

B. Neutron scattering study of lead phosphate single crystal  are the Bragg positions shown in the low field, and the curve

Figure 4 presents the neutron diffraction pattern measure@t the bottom denotes the difference between the observed
at various temperatures, and the figure shows a distinct diffata and the calculated value. The results at 20Fig. 5@)]
ference in the anomalous region, not only from the low-show that the crystal has a monoclinic structure with lattice
temperature ferroelastic phase, but also from the highparameters ofa=13.8069 A, b=5.6944 A, c=9.4276 A,
temperature rhombohedral phase. The diffraction patternand 8=102.36°, and the observed data agree well with the
between 175 and 195°C correspond to the mechanicalalculated Bragg positions. The phase at 31QF{g. 5b)]
anomalous region. The peak of the marked position is theorresponds to the high-temperature rhombohedral structure
ghost peak, which is possible only in a monoclinic structurewith lattice parameters af=5.5535 A and3=102.36°, and
persisted up to nearly 200°C. the observed data also agree well with the calculated values.

Figure 5 shows the results obtained by the Rietvelt refineHowever, the results at 190 °[Fig. 5(c)] did not fit well
ment method for the ferroelastic monoclinic phase at 20 °Cwith any single phase of the high- or low-temperature phase,
the high-temperature rhombohedral phase at 310 °C, and thrut fitted only with both structures of the high- and low-
structural anomalous region at 190 °C. The dotted line is théemperature phases. This suggests that the structure in the
observed data, the solid line is the calculated value, the ba@nomalous region is neither the monoclinic single phase nor
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the rhombohedral single phase, but a mixture of the monoprecursor peaks prepare the low-temperature structure and
clinic and rhombohedral phases. are sitting at the commensurate position of the low-
No distinct domain structure could be observed throughemperature lattice, whereas the fundamental Bragg reflec-
the polarizing microscope in this region, but in the mechanitions construct the high-temperature reciprocal lattice. This
cal measurements, the anomalous region still showed febehavior of the diffraction pattern is a ghost lattice effect and
roelasticity, meaning that the region betwekenand 195°C is considered to be a signature of the premartensitic regime.
can have domains of invisible size. The results of neutrorThis results indicate that the ghost lattice distorts strongly the
scattering revealed the coexistence of the monoclinic anchombohedral matrix and the structural deformation is due to
rhombohedral phases, supporting strongly the belief that imonoclinic precursor effecf:*®
this region, the monoclinic structure exists in the form of Based on the results of an observation using a polarizing
microdomains with a size below a few hundred nm in themicroscope, mechanical measurements, and a structural
rhombohedral phase. study using neutron scattering, we suggest the possibility that
in the structural and mechanical anomalous regions, the
IIl. CONCLUSION monoclinic microdomains with smaller sizes than several
) ) ) hundred nm exist within the rhombohedral high-temperature
This study investigated the temperature dependence of ﬂlﬁhase and disappear with increasing temperature from
mechanical properties of BPO,),. It was found that the 1g5°c.
region have both monoclinic microdomain and rhombohe-
dral structures coexist in the temperature range between 175
gnd 195°C. The n.onlinear behavior of the thermal expansion ACKNOWLEDGMENTS
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