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Order-disorder mechanism of the I-1l phase transition in CsZnPQ,
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The I-1l phase transition in CsZnRQvas studied by x-ray powder diffractometry with high-energy syn-
chrotron radiation and by differential scanning calorimé®gC). The Rietveld analysis of the diffraction data
and the electron density studies by the maximum entropy method showed substantial disorder at oxygen sites
in the highest-temperature phase |. From the DSC experiments, the enthalpy of the I-Il phase transition was
estimated as 715 J mol and the entropy of transition as 1.2 J mblK ~*, which should be comparable with
RIN2=5.76 J K *mol !. These results imply an order-disorder mechanism for the I-Il phase transition in
CszZnPQ. Phase Il is considered as so-called weak ferroelectrics, and the primary order parameter might be
given by the orientation ordering of Zn@Gnd PQ tetrahedra.
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. INTRODUCTION slowing down has been observEd?which implies a order-
disorder type of mechanism. On the other hand, Raman scat-
CsZnPQ (CZP), a member of the phosphate family hav- tering and far-infrared absorption measurements have shown
ing trydimite type structuréhas successive phase transitionsa soft modé?** which should be ascribed to a displacive
at 220, 533, and 583 K due to the phase sequence of IMype of phase transition. Similar behavior was observed in
— (P2, /a)—1l(Pn2;a)—I (ana).z‘5 Recently we another weak ferroelectrics
found an abnormally large thermal hysteresis for the lowest{CHsNHCH,COOH);CaCb.*>*" In order to clarify the
temperature phase transition I1I-f\2. The room-temperature mechanism of the weak ferroelectric transition, a micro-
phase lll is easily supercooled down to liquid helium tem-scopic study from the viewpoint of the electron density dis-
perature and the metastable phase Ill transforms to the stadigbution is strongly required. The I-lIl phase transition in
phase IV very slowly below the phase transition temperaturéZP is a candidate for the weak ferroelectric phase transi-
220 K: in fact it took more than 100 h at 195%in the tion. In the present study, the detailed structures were deter-
course of the studies on the properties of CZP, we found alsained by powder x-ray diffractometry with high-energy syn-
anomalous structural properties in the highest-temperaturéhrotron radiation. The Rietveld analysis of the diffraction
phase |, and thus we have extended the detailed studies @@ta and electron density studies by the maximum entropy
higher-temperature phases. method(MEM) showed substantial disorder at oxygen sites
Blum et al® have reported that the crystal structures ofin the highest-temperature phase I. The thermal properties
phases I, I, and Ill are very similar to those of NHSO, were also studied by differential scanning calorimetry
(ALS).5~8 The highest-temperature phase | of ALS is in dis-(DSC), and the transition enthalpy and entropy were esti-
ordered state with respect to oxygen sft@sand the |-l  mated.
phase transition is a type of ferroelectric phase transition.
The primary order parameter for the transition is the orien-
tation ordering of SQ tetrahedra®
On the analogy of structures of CZP and ALS, phase Il of The single crystals of CZP were synthesized by a flux
CZP should be ferroelectric, and the I-1l phase transition ismethod® The particles larger than 0.2 mm were separated
considered as a ferroelectric phase transition. A small humfrom the product, and they were used for the present experi-
was observed in the dielectric constant of CZP at the I-liments. The chemical composition of the sample was deter-
phase transition, but the temperature dependence of the penined by inductively coupled plasmdCP) analysis as
mittivity does not follow the Curie-Weiss lafAlthough the  Cs; oZNo o?Qy, and no impurity was detected. For the pow-
highest-temperature phase | of CZP has been reported as der x-ray diffraction with synchrotron radiation, a small
be in an ordered stafethe atomic displacement parameter of amount of sample was ground in an agate mortar into fine
oxygen atoms is abnormally large, which implies a large ampowder of about 1Qum. The fine powder was put into eth-
plitude of the thermal motion and/or existence of severahnol. After stirring, the supernatant part was sucked up with
stable sites for positional displacement in phase I. a syringe. Thus, by evaporating ethanol, a very fine powder
The related compounds AL$Ref. 10 and CsCoP® of CZP with uniform particle size was obtained. The fine
(Ref. 2, are so-called weak ferroelectrics. Although the ori-powder was put into a quartz capillary of 0.3 mm inside
gin of the weak ferroelectric phase transition is still underdiameter, which was used for the x-ray diffraction. The pow-
argument, it should be of intermediate nature between ordeder diffraction experiments were carried out with a large
disorder and displacive type. For example, in the case obebye-Sherrer caméfiinstalled at BLO2B2 in the synchro-
typical weak ferroelectrics LGeG,0,5, a dielectric critical  tron radiation facility SPring-8, Japan. High-energy x rays
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TABLE I. Results of the Rietveld analysis of phasédisordered modgl Pnma a=9.2335(3) A, b
=5.4603(2) A, ¢=9.3518(3) A, and T=613 K. The form of the anisotropic temperature factor is exp
[ —272(h?%a*2U 11+ k20* 2U 5o+ 12 ¢* 2U 55+ 2hka* b* U o+ 2hla* c* U 5+ 2kIb* c* U ).

Site g(o)  Atoms X (o) y (o) z(0) U (o) (1072 A%
4c 1.0 Cs 0.00271) 0.25 0.19751) 3.72

4c 1.0 Zn 0.17182) 0.25 0.5834(3) 2.22

4c 1.0 P —0.1924(5) 0.25 —0.4102(9) 3.32

4c 1.0 o1 —0.029(1) 0.25 —0.3971(9) 7.22

4c 1.0 02 —0.265(2) 0.25 —0.275(2) 12.72

8d 0.50(1) 031  —0.24952(5) —0.00340(2) —0.45225(1) 1.5(1)

8d 0.50 032 —0.24322(5)  0.07136(2)  —0.52755(1) =Uoa

®Equivalent isotropic thermal parameté,,.

with wavelengthh = 0.5 A were used as the incident x rays. €t al® The reliability factors—the weighted profile, Bragg
The wavelength of the incident x rays was confirmed usingntensity, and goodness-of-fit indicator-are R,,=3.15%,
standard Ce® (SRM674a. The diffraction patterns of the R;=3.00%, andS=1.43, respectively. The abnormally large
sample were recorded on an imaging plate in transmissiothermal displacement parameters are observed for oxygen
geometry. The measurements were carried out at 613 K faatoms, which were also reported by Blwnhal3
phase | and at 553 K for phase Il. The diffraction data were The residual electron density around3Patoms in the
analyzed by the Rietveld methtd with the program difference Fourier synthesis map of phase | showed clearly
RIETAN-2000%° In order to avoid local minima, the calcula- double peaks, which implied positional disorder. Thus fur-
tion was carried out with the conjugate direction methodther refinement was made by using the split-atom method for
through refinement. The contribution of the backgroundO(3) atoms; the @) atoms are split into & sites G31) and
caused by the quartz capillary was subtracted from the pri©(32), where the occupancy probabilitiég) of O(31) and
mary diffraction data. The split pseudo-Voigt function was O(32) should be 1 in total agos1)*+ Jo(sz=1.
used for the profile function. The difference Fourier synthesis Table | shows the results of the revised Rietveld analysis
and the MEM analysis were carried out using the programsf phase |, where the anisotoropic thermal displacement pa-
FOUSYN and MEED.?! rameters were applied for Cs, Zn, (1)) and G2) atoms,
The differential scanning calorimetiSC) was carried and the isotropic atomic displacement parameters with
out using Perkin-Elmer Pyris 1. The powder sample was pred o31)=U (32 were applied for @1) and 432). The re-
pared by grinding a piece of single crystal into a fine size offined anisotoropic thermal parameters are listed in Table II.
d=32 um. The amount of powder sample loaded into theFigure Xa) illustrates the profile fit and the difference pat-
aluminum pan was 14.29 mg. The DSC measurements weterns of the revised Rietveld analysis of phase I. The reliabil-
carried out in the temperature range from 300 K to 673 Kity factors areR,,,=2.86%, R,=2.03%, andS=1.29; they
with a scanning rate ot 5 K min~%. To obtain quantitative ~are much lower than those of the first analysis. Both of the
data from the DSC measurements, the calibration was pesplit atoms @31) and 32) are located with equal occu-

formed with the melting of indium and zinc. pancy on theb-c plane. The anisotropic thermal displace-
ment parameters show that thé1lPatom has largdJs; (c
Il RESULTS AND DISCUSSION direction and Q2) atom has larg&J,, (b direction andU;

(a direction, which might reflect the thermal motion of
The x-ray diffraction data of phase | were analyzed by theZznO, and PQ terahedra, which will be disscussed later.
Rietveld method, where the structure parameters with isotro- The results of the Rietveld analysis for phase Il are tabu-
pic atomic displacement reported by Bluehal® were used lated in Tables Ill and IV, and shown in Fig(H. In the
for the initial structure. The data up tW240°, which cor- analysis, the structure parameters with anisotropic atomic
responds to 0.73 A inl spacing, were used for the analysis. displacement reported by Bluet al2 were used for the ini-
The refined structure is in good agreement with that of Bluntial structure. In the case of phase II, theoordinate of Zn

TABLE Il. Anisotropic thermal displacement parameters’ A&f phase I(disordered modgl

Atoms Uy (o) Uz, (o) Uss (o) Ui, (o) Uiz (o) Uz (o)
Cs 0.0364(7) 0.0346(6) 0.0396(7) 0 —0.004(11) 0
Zn 0.021(2) 0.022(1) 0.023(1) 0 0.04(1) 0
P 0.020(3) 0.042(3) 0.035(3) 0 0.03(3) 0
o) 0.035(6) 0.041(9) 0.139(9) 0 ~0.014(8) 0
0(2) 0.16(1) 0.18(1) 0.04(1) 0 0.029(7) 0
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has been fixed to 0.25 through the refineméritke reliabil-  From the obtained electron density distribution, a three-

ity factors areR,,=2.99%, Rj=1.91%, andS=1.34 for  dimensional equidensity surface (6473 is drawn for
phase Il. The refined strucutre is in good agreement with thgthase I(Fig. 2). A relatively high electron density is seen on
of Blum et al.? and no anomalous feature was observed inP-O and Zn-O bonds, which means that the, R@d ZnQ
the difference Fourier synthesis m#p. tetrahedra are formed with covalent bonds. On the other
In order to study the the structure concerning the I-llhand, a very low electron density is around the Cs cation,
phase transition in detail, the maximum entropy meffiod which means the ionic-bonding nature. It has been reported
was applied for phases | and II. So far, the MEM analysis hashat the related compounds KZnP@Ref. 29 and TIZnPQ
been successfully applied for structural studies of high{Ref. 30 show relatively high ionic conduction. The alkali-
temperature  superconductdfs, fullerenes?® zeolites®®  metal ions in such a large cavity indicated by the present
ferroelectrics etc., as the accurate electron density distri-MEM analysis might be responsible for the high ionic con-
bution could be obtained from a limited imformation of dif- ductivity.
fraction datef® In the present study, the observed structure Figure 3 shows the MEM electron density distribution in
factor F s and its standard deviation of the final results of  phase | at 613 Ka) and phase Il at 553 ib) on the plane of
the Rietveld analysis were used, and the MEM analysis wag=0.75, which is indicated by the dotted line in Fig. 2. In
carried out with the unit cell divided into 905090 and  Fig. 3, the contour lines are drawn from 8A~3 to
90x 50%x 80 pixels for phase | and phase I, respectively.6.0e A~2 with 0.3e A~2 intervals. The split €81) and Q32
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TABLE Ill. Results of the Rietveld analysis of phase Bn2;a a=9.2500(4) A, b=5.4532(2) A, ¢
=0.3176(4) A, and T=553 K. The form of the anisotropic temperature factor is[expm?(h%a*?U,;
+k?b*2U 4 12c* 2U 35+ 2hka* b* U+ 2hla* c* U g+ 2kib* c* U,g)].

Site g Atoms x (o) y (o) z (o) Ueq (1072 A?)
4c 1.0 Cs 0.00282) 0.250(2) 0.1971(1) 3.3
4c 1.0 Zn 0.1714(2) 0.25 0.58423) 1.9
4c 1.0 P —0.1935(5) 0.233(3) —0.4104(8) 2.0
4c 1.0 o1 —0.030(2) 0.26(1) —0.3957(9) 7.3
4c 1.0 02 —0.264(1) 0.184(4) ~0.278(2) 6.9
4c 1.0 03 0.2501) 0.007(3) 0.457(2) 2.7
4c 1.0 04 —0.238(1) 0.080(3) —0.528(2) 4.0

atoms are clearly seen in Fig(a3, which are indicated by P-O(32), respectively. Such a covalent-bonding nature of
the arrows. The electron density maxima are observed at the-Q(2), including Zn-G2), should be related to the large
positions of the split oxygen atoms, and the maximam valueghermal displacement of the(2) atom perpendicular to the
are 5.4£A 73 for O(31) and 5.& A3 for O(32). From the  covalent bond.
MEM electron density map, we conclude that the oxygen The thermal properties of CZP were studied by DSC be-
atoms are disordered with equal occupancy &XDand  tween 300 K and 673 K with a scanning rate 6f5 K
O(32) sites in phase |. N _min~'. The DSC traces are shown in Fig. 4, where two
The mechanism of the I-Il phase transition can be considanomalies are clearly seen due to the phase transitions of I-Il
ered from Fig. 3. Assuming rigid tetrahedra of P@nd 54 .11, A substantial supercooling is seen for the II-Ill
Zn0,, two disordered sites are possible with respect to theyhase transition, which indicates that the II-11l phase transi-
orientations of the tetrahedra in ph_ase |. The,Dd ZnQ tion is of first order. The II-ll phase transition is attributed to
tetrahedra are olrdered at one site in phase II, where (B O the so-called ferroelastic phase transitfdn.the case of the
and Q4) atoms in phase Il correspond td¥2) and (32 -1l oh o : )
phase transition, no supercooling phenomenon was ob

atoms in phase 1, respectively. served. The phase transition temperatures were determined
The relatively low electron density is observed fo : ; "
y y G from the heating run: 531 K for the II-1ll phase transition and

atoms: about 4®A 3 at the maximam. This corresponds to i :

the large thermal displacements indicated by the larggb 204 K for the I-ll phase transition are in good agreement
direction andU; (a direction values, as given in Table 1l With @ previous report.The transition enthalpy and entropy
The largeU,, value of the @2) atom is attributed to the @€ 105 Jmol™ and 0.2 JK*mol ffr th_elll—lll phase
reorientation motion of the tetrahedra between tif@lpand ~ transition and 715 J mof and 1.2 J K=mol* for the I-Il
0(32) sites. The largeJ ,; value of the @2) atom in phase | Phase transition, respectively.

also implies other thermal motions. Taking into account the The structure of the highest-temperature phase | is a pro-
largeU 53 (c direction value of the @1) atom, the librational ~ totype of phase II. A group theoretical analysis suggests that
motions of the PQand ZnQ tetrahera along with the @1)-  the averaged tilt angle of tetrahedra can be taken as the pri-
O(32) axis is a canditate for thermal motions. A similar li- mary order parameter for the I-1l phase transition, according
brational thermal motion is observed also in phase II: tho the irreducible representatidn, of Pnma®" Since the
large U3 value of the @1) atom and theJ,; value of the irreducible representatidn, does not allow the construction
O(2) atom, as given in Table IV. The slightly higher electron of a Landau third-order invariant and a Lifshitz invariant, the
density distribution is observed along the P2Dbond com-  order parameter should vary continuously at the transition
pared with the other P-O bond in phases | and Il. The bondemperature. In other words, a second-order phase transition
length of P-@2) is about 6% shorter than the others: 1.51 A, is possible for the I-lIl phase transition. In the case of second-
1.43 A, 1.53 A, and 1.54 A for P-Q), P-Q(2), P-O(31), and  order phase transitions, the order parameter may vary

TABLE IV. Anisotropic thermal displacement parameters’ Af phase II.

Atoms Uy (o) Uz (o) Uss (o) Uz (o) Uiz (o) Uz (o)
Cs 0.0316(6) 0.0320(6) 0.0371(8) —0.002(6) 0.001(2) —0.0003(30)
Zn 0.018(1) 0.014(2) 0.025(1) —0.012(4) —0.002(2) 0.015(4)

P 0.014(3) 0.024(3) 0.023(3) 0.003(6) —0.0007(27) 0.010(6)
o(1) 0.022(7) 0.06 (1) 012(1)  —0.01(2) 0.012(9) ~0.09(1)
02 0.12(2) 0.08(2) 0.01(2) —0.03(1) —0.003(7) —-0.02(1)
o) 004(2)  0.0003(61)  004(1)  —0.001(8) 0.025(7) ~0.009(9)
O(4) 0.05(2) 0.006(8) 0.05(1) —0.008(6) 0.009(9) —0.003(9)
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FIG. 2. Three-dimensional equidensity surface é#6°3) of

phase | at 613 K obtained by the MEM analysis. Although a clear disorder nature was observed {BXD

) ] ) o and Q32 atoms, large anisotoropic thermal motion was
smoothly without a discontinuous change. This might be thg, ;nq only in Q1) and G2) atoms. If the mechanism is an

reason for the small entropy of the phase transition obtainedjer_gisorder type of second-order phase transition, the heat
by DSC, comparing with the value 81In 2 expected for the capacity anomaly should be well explained by mean field

order-disorder type of phase transition. theory (Bragg-Williams approximatior™ However, the

From the. viewpoint of the symmetry change at the I-Il DSC trace showed a very sharp thermal anomaly at the |-
phase transition, phase Il can be classified as a proper ferrg-

electric Aizu speciesnmmFn2m,® and the spontaneous phase transition. Therefore a short-range interaction may be

polarization parallel to thé axis is a candidate for the pri- also responsible for the mechanism. Therefore, the I-1l phase

mary order parameter. However, the temperature dependenEﬁ?nS't',on has the nature of not only order-disorder type, but
also displacive type, and the intermediate nature between

of the permittivity does not follow the Curie-Weiss |&Whe - - ) -
similar compound ALS is so-called weak ferroelectrics and grder-disorder type and displacive type should be considered.

pseudoproper ferroelectric transition is considéfeth the ~ According to the rigid ZnQ, PO, model, disordering of
case of CZP, phase Il may be weak ferroelectrics and the 1-IP(2) atoms should be observed. However, no disorder site
phase transition may be so-called weak ferroelectric transiwas observed in the @) atom and a short bond length and
tions with the primary order parameter given by the orienta-high electron density distribution are observed in the @O
tion ordering of ZnQ and PQ tetrahedra and the spontane- bond. Such an anomalous nature in the @)®ond may be
ous polarization may be result from the coupling with theresponsible for the order nature in(2) atoms of phase | in
primary order parameter. CZP. Such an intermediate nature between order-disorder
type and displacive may be an intrinsic feature of I-1l phase
transitions.

IV. CONCLUSION

The I-1l phase transition in CsZnBas studied by x-ray
powder diffractometry with high-energy synchrotron radia-
tion and by DSC. The Rietveld analysis of the diffraction
data and the electron density studies by the MEM showed
substantial disorder at oxygen sites in the highest-
temperature phase |. From the DSC, the transition enthalpy
and entropy were estimated as 715 J noland 1.2
Jmol 1K1, respectively. The transition entropy is compa-
rable withRIn 2 expected for the order-disorder mechanism.
It is concluded that phase | is in a disordered state with
respect to the orientation ordering of P@&nd ZnQ tetrahe-
dra. Phase Il might be a weak ferroelectrics and the I-II

FIG. 3. The MEM electron density distribution in phase | at 613 Phase transition is so-called weak ferroelectric transitions
K (a) and phase Il at 553 Kb) on the plane ofx=0.75. The  With the primary order parameter of orientation ordering of
contour lines are drawn from @A 3to 6.6 A3 with 0. A=3  ZnO, and PQ tetrahedra and the mechanism should be of an
intervals. The split oxygen atoms(81) and (32 are indicated by  intermediate nature between order-disorder type and displa-
arrows. cive type.
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