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Abstract The temperature dependence of atomic pogi- .
tions, mean-square displacements and probability derjEF—"oduct'o“
ty functions in a synthetic specimen of berlinite was ana-
lyzed using X-ray single crystal data measured at fouFhe orthophosphates of some trivalent atoms such as Al,
teen values of temperature. The characteristic featuga and Fe crystallize in the structures homeotypic to one
and the temperature dependence of the structure of bermore of the crystalline forms of SiDwhere the triva-
linite were found to be quite similar to those of quartz, itent atoms and P atoms form tetrahedral units with O
detail. With increasing temperature, the equilibrium p@atoms. The structures are three-dimensional frame-
sition of an atom, if expressed in fractional coordinates,orks, in which the tetrahedral units link to one another
appears to move steadily toward figposition along a by shared corner-oxygen atoms, and their formulae are
straight line, and finally attain th& phase positions afterdesignated as T(1)T(2y@where T(1) represents the
abrupt displacements in a narrow temperature rangealentatomand T(2) is P. Of these, only AIREystal-
around 583C. The temperature dependence of the diizes as isostructured analogs to the silica polymorphs,
placements of atoms from the corresponding high-symuartz, tridymite and cristobalite (Kosten and Arnold
metry B-positions, ina-berlinite, is well fitted with a 1980). The structure of the mineral berlinite, AIR@s
classical Landau type expression of first-order phaderived from the structure of quartz by replacing the Si
transitions. atoms alternately with P and Al atoms, resulting in a
The highly anisotropic mean square displacementubling of the c-axis length. The structure at room tem-
(u?), of O atoms increase with increasing temperaturgerature is trigonal with space group,23 or P321, and
especially in a narrow range just below thep transi- has been well established at room temperature (Schwar-
tion, in the directions nearly perpendicular to the librazenbach 1966). Both Al and P atoms lie on t¥odd axes
ing Al-O-P bonds, attaining a local maximum of 0.115along(100, and two kinds of symmetrically independent
0.117 A& just above the transition point. With varyingO atoms, O(1) and O(2), occupy general positions. Fig-
temperature, the principal axes for the O atoms change 1 is a schematic drawing of the c-axis projection of
their directions smoothly toward those of the high tenberlinite in space group B31. This structure changes to
perature phase, while the axis with the larg@st of the a high temperature polymorph with space group226
Al or P thermal ellipsoid remains 100. These diffrac- (or P§22) at about 586C (Kosten and Arnold 1980). A
tion results are interpreted in terms of displacive struphase with an incommensurately modulated structure
ture transition involving both the orderedandp-forms. (abbreviated as inc) also has been found in a narrow
The Al-O and P-O bond distances are nearly constaahge of temperature between the lawy @nd high B)
around 1.73 and 1.53 Aespectively, through the experiforms of berlinite (Durand et al. 1983; Bachheimer

mental range of temperature. et al. 1984; Saint-Gigoire et al. 1984), as in quartz. A
unit-cell in eitherp or o AIPO, contains three formula
units.

The thermal vibrations of atoms are highly anisotrop-
. ic in the quartz structure (Young 1962; Ng and Calvo
Y. Muraoka ([ ]) - K. Kihara . o i
Department ogEarth Sciences, Faculty of Science, 1976; Baumgartner et al. 1984; Kihara 1990; Nakae et
Kanazawa University, Kakuma, Kanazawa 920, Japan al. 1995). In the present study, the principal axes of the
Present address: ellipsoids of thermal vibrations are represented by the
1 Japan Insulation Co., Ltd., Hozumimachi, Gifu Prefecture, numbers from 1 to 3 in the decreasing order of mean
Japan square displacements (abbreviated as m.s(af),
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(1) All atoms move to the average positionsogfand
o, So that the Al and P atoms are on special positions
with symmetry 222, and O(1) and O(2) become symmet-
rically equivalent and occupy a general position, in the
new space group, BB2 (or P§22). The potential energy
curve has a single minimum for the higher symmetry
configuration of the3-phase.

(2) The potential energy curve has a double minimum
corresponding to the; anda, configurations, and each
atom occupies either an or ano, position such that the
volume ratio of twinned domains is 1: 1.

(3) All the atoms are statistically distributed among
theo,; anda, positions, but have sufficient thermal ener-
gy to jump from one to the other.

The atom positions in the first model, i.e., thosi-
tions, may correspond to the mean positions obtained in
: a usual structure refinement. From above, Ng and Calvo

O (1976) favored an ordered arrangement of atomg-in
0 berlinite, as in model (1).
d Van Tendeloo et al. (1976) have observed triangular
columnar domains parallel to tleeaxis at thex— transi-
Fig. 1 C-axis projection of atoms in berlinite at room temperation of both quartz and berlinite in a transmission elec-
ture. Two sets of configurations, ando,, related by Dauphine tron microscope, and they concluded that fhghase is
ta"l"c')rr‘]'”%Oagi]'”‘ggg‘itr?d-tﬁguéﬂ (’iL“gF‘iﬁeT%éﬂ'ts[oegg]U”ig ac“&g‘e' a time-average of the, anda, orientations. Lang et al.
—O(lg)—P(JZG)p—O(1)9AI(O)—O?Z)—P(—AG)—O(’Z)—AI(;]/3)—0(1)— (1977) in an EPR study_ Qf Ré-doped AIPQ have re-
P(-1/2)-O(1)-Al(=23)-..., where some selected atoms arOrted that at the transition temperature of 381 the
shown withz-coordinates in fractions spin Hamiltonian acquires the,[{222) symmetry of the
B-phase. Kihara (1990), in an X-ray study of quartz, has
shown systematic changes of the mean positions, p.d.f.’s,

In a-berlinite, Dauphindwin positions of atoms can m.s.d.’s and the orientation of thermal-motion ellipsoids
be defined as imx-quartz. The two configurations areof the atoms with varying temperature, and then inter-
related to each other by a rotation of 2&bound [001] preted these results as support for the ordered model of
and are designated ag ando, (Fig. 1). A line connect- the g-phase. Tezuka et al. (1991) have indicated on the
ing corresponding sites for an atom in thganda, con- basis of their hyper-Raman scattering measurement of
figurations is denoted as]-o,], and its length ag,—o,|. the silent soft phonon if-quartz that thex{3 transition
Line [o,—0,] for an O atom is parallel with one of theis well described by a simple displacive-type phase tran-
{100} planes. In quartz, an atomic equilibrium positionsition and that th-quartz structure is not disordered.
as far as the fractional coordinates are concerned, djre displaciveness in the transition of quartz also has
pears to move along itsu]J-o,] at room temperature been affirmed by Salje et al. (1992) in their hard-mode
toward the corresponding position of the idealiZ&d spectroscopy study. On the other hand, Heaney and Ve-
phase structure Bf{position) with increasing tempe-blen (1991), in their electron diffraction study, have ob-
rature. The lengthlp,—o,|, for the O atoms at the transi-served diffuse satellite peaks alooyarising from the
tion temperature is estimated to be in the range 0.36itw phase that persist well above the temperature of the
0.38 Afor quartz (Young 1962; Kihara 1993), and shortnc—f transition, and they concluded that disordering
er than 0.1 Afor berlinite (Ng and Calvo 1976). Henceover the two configurations with transient short range
only small displacements are required for an atom twder is responsible for such behavior. Finally, Spearing
switch from its site ino; to that ino, andvice versalt et al. (1992) favored dynamical disorder faquartz
also has been shown that a probability density functitrased on theif°Si NMR observations.

(p.d.f.) of a modeled disorder for the O atomBirguartz Ng and Calvo (1976), who also examined the temper-
is unimodal (Kihara 1990). It is thus very difficult toature dependence of the structural parameters of berlin-
identify the real structure of thg-phase, not only for ite using X-ray diffraction intensities measured at seven
guartz but also for berlinite, in a conventional structuralifferent temperatures ranging from 25 to 6@
study. used only hkO and hh reflections for the refinement of

Ng and Calvo (1976) attempted to determine directly-berlinite, because of Dauphitwinning in their speci-
the atomic mechanism of the transition of berlinite bgnen. In comparing the X-ray studies for quartz and
examining diffraction intensities at just below and aboueerlinite, we found remarkable differences in the tem-
the transition, following Young'’s (1962) study of quartzperature dependence of the atomic parameters. For in-
They considered three structural models for fhghase stance, all the atomic positions i-quartz approach
of berlinite: linearly the high symmetr@-positions with increasing

[10]
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temperature, but the approach is non-linear for the 5040
O atoms in berlinite. The use of the data from a limited

part of the asymmetric unit of reciprocal space might

lead to some biased results, as noted by the authors 5035
themselves.

As reviewed above, th@-phase structures are still
controversial, and need to be fewed to preide firm
structural grounds to the studies of i€ phase transi-
tion. Our present purpose is to examine the structural
problem of thep-berlinite, using a technique of X-ray
single-crystal structure-analysis. We believe that fihe
phase structure involved is most effectively studied by
measuring the temperature dependence of the structural
data, along with those of ite-phase structure. In this 5.020
study, hence, the structure of berlinite was refined at
fourteen different temperatures, by employing initially 5040
the usual structure factor expression in the harmonic ap-
proximation and then a generalized structure factor ex-
pression involving coefficients from the first- to the gg35
fourth-order terms (mean, dispersion, skewness and kur-
tosis) in the Gram-Charlie expansion of a p.d.f. (Johnson
and Levy 1974). Intensity measurement for the inc phasez
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was not attempted in this study. E] Third cycle
A\ heating

. 5.025 O cooling

Experimental A
&

The specimens of berlinite AIPQused in this study are single £
crystals grown hydrothermally by Toyo Communications Appara- 5020 b—p—d1 L L L ' L L
tus & Co. The crystals are colorless and transparent, and they show 570 572 57, 576 578 580 582 584

remarkable growth of conical surfaces, lacking prism planes. A Temperature (°C)

crystal was crushed into fragments with irregular shapes. Some

fragments were examined with the X-ray Weissenberg and precggy 2 variation of a-axis length in repeated heating and cooling
sion methods, and some were ground into spheres by the BQ#t|es in the vicinity of thex—B transition in berliniteupperfor

method for the experiments with a four-circle automatic diffracqe first cycle andower for the third cycle. Each error bar indi-
tometer PW1100. The observed X-ray reflections on Weissenbgiges two-e.s.d

and precession photographs were consistent with trigonal space
group P321 or P321. X-ray diffraction data were obtained using
graphite-monochromated Mg, radiation. The same heating sys-
tem and calibration method as used by Kihara (1990) were eed until 580°C. In the third cycle, the hysteresis became smaller.
ployed. During the measurements, temperature at a thermocoMe concluded that thp-structure was already attained at 583
placed at approximately 1 mm from the specimen was controlléar the present specimen. After these heating and cooling experi-
to within £1°C of the given values. At the position of the speciments, the intensity measurements were resumed fop-fitease,
men, however, temperature was a little but systematically differemiit only for 584°C. The specimen was accidentally lost, and fur-
at the differenty-positions: it was approximately € lower at ther measurements for tifiephase were carried out using the sec-
x=+ 60 than aty=0°. All intensity measurements were carriedond specimen. Listed in Table 1 are the cell dimensienandc,
out within the range fromy=—-60 to +60°. With experimental determined by least-squares fitting of tb&values of about 22
difficulties, mainly originated from heating, we needed two specrieflections after completion of the intensity measurements at each
mens to complete the present measurements of intensities and atiperature. All the structural parameters given here are those
constants at the 14 points of temperature, one with diameteraltained from the measurements during the first heating runs of
0.34 and the other 0.22 mm. No impurities in the single crystailse specimens, except the case for 884
were detected by energy dispersive spectroscopy in a scanningThe o—20 scan mode was engyed using scan widths of
electron microscope. (2+0.3tane)° for the intensity measurements. The reflections were
The X-ray integrated intensities of reflections were first meamitted forl,,,—2)/1,,,<lpc Wherel,,, was peak intensity and
sured at 9 values of temperature below the transition using onelgf, was background. For thephase, about 2000 reflections with-
the specimens in its first heating run. The transition temperature the hemisphere of reciprocal space8<h=8, 0=k=8 and
was then examined with the change of thaxis length in repeated —18=/=18) were measured at each temperature, whereas, for the
heating and cooling experiments between 570 and°&8%he val- B-phase, about 750 reflections in the quarter of the sphere
ues were determined in least-squaregefalues of +h0O0 reflec- (—8=h=8, 0=k=8 and G= ~=18) were measured. The intensities
tions measured from the centroids of line profiles aloay were converted to structure amplitudes after correcting for
(Fig. 2). (In these runs, the inc phase could be involved, but th®rentz and polarization factors and absorptipn:@0 cn* for
data used for Fig. 2 are only from main reflections correspondifdo K_,). The standard deviations were estimated from counting
to the unit cell of thex- (or B) phase.) In the first heating run, thestatistics, and the structure amplitudes were averaged for equi-
cell dimension rapidly increased with increasing temperature wplent reflections. Intensity data at room temperature were also
to 5.038 Aat 583°C, and remained virtually constant in furthermeasured with CWK, radiation to determine the correct space
heating. In the succeeding cooling run, the cell dimension persigtoup.
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Table 1 Cell dimensions and volume of berlinite at different temthe room temperature refinement were taken from Ng

and Calvo (1976), who undertook the refinements in

P3,21. Positional parameters were also prepared for
P3,21 by transforming their values. The least-squares

refinements of the structural parameters were performed
by using reflections with amplitudes larger than twice
the e.s.d.’s. In berlinite, the intensities of reflections with
¢ odd, which are absent in quartz, are mainly contribut-
ed by difference of the scattering factors between Al and
P, and therefore such reflections have much weaker inten-
sities than others. However, most of the superstructure
reflections were included in the present refinements. The
refinement was first carried out with a conventional
structure factor expression (represented as a 2G refine-
ment), involving the positional parameters (first-order)
and anisotropic temperature factors (second-order) in
assuming harmonic p.d.f.’s. A more generalized expres-

sion including coefficients up to the fourth-order terms
(4G refinement) was then applied to estimate the devia-
tion from the Gaussian p.d.f..

peratures
Tempera- a (A c(A) Veen (A%)
ture €C)

25 4.9438(3) 10.9498(8) 231.78(4)
92 4.949(1) 10.955(3) 232.4(1)
183 4.9580 (4) 10.967(2) 233.48(5)
275 4.9688(5) 10.979(3) 234.75(7)

366 4.9799(9) 10.992(3) 236.1(1)
458 4.9939(9) 11.010(3) 237.8(1)
486 5.000(2) 11.016(4) 238.5(2)
523 5.0017(5) 11.019(2) 238.72(6)
568 5.017(5) 11.038(2) 240.61(6)
585 5.0387 (7) 11.061(2) 243.2(2)
589 5.040 (1) 11.063(2) 243.3(1)
598 5.040(2) 11.061(3) 243.3(2)
612 5.0401(7) 11.063(2) 243.40(8)
631 5.0402(9) 11.063(2) 243.4(1)
640 5.040(1) 11.063(2) 243.4(1)
Refinements

In the 2G refinements, 28 and 15 atomic parameters
for theo- andp-forms, respectively, were refined togeth-

The least-squares program LSGC (Kihara et al. 1986 with a scale factor and an extinction factor. The space
was used to estimate coefficients from the first to thgroup was determined to be 23 from a comparison of
fourth order terms in the Gram-Charlier expansioobserved (with CiK, radiation) and calculated structure
(Johnson and Levy 1974). Spherical atomic scatterimagnplitudes of five Bijvoet pairs. The following calcula-
factors for neutral atoms, and real and imaginary compimens were all undertaken in BAL. The data obtained
nents of the anomalous dispersion were taken fromith the Mo K, radiation were used in the final stages
Cromer and Waber (1974) and Cromer (1974), respeaf- the calculations. The quantity minimized was
tively. The initial values of the positional parameters fatw(F,—k|F.|)?> with w=1/c2, wherek was a scale factor.

Table 2 Numbers of reflections and parameters, and R-factors, R and Rw, in final cycles of harmonic and anharmonic refinements

o-berlinite
Temperature®C) 25 92 183 275 366 458 486 523 568
N, 906 645 618 640 630 623 627 494 481
Harmonic refinements
Np 30 30 30 30 30 30 30 30 30
R 0.021 0.019 0.02 0.027 0.025 0.028 0.033 0.04 0.045
R, 0.032 0.027 0.028 0.038 0.033 0.038 0.044 0.034 0.036
Anharmonic refinements
Np 75 67 75 65 66 76 72 65 65
R 0.02 0.018 0.018 0.025 0.022 0.024 0.027 0.032 0.033
R, 0.029 0.024 0.024 0.033 0.026 0.029 0.033 0.026 0.024
B-berlinite
Temperature®C) 585 589 598 612 631
N, 241 227 238 180 237
Harmonic refinements
Np 17 17 17 17 17
R 0.056 0.049 0.049 0.049 0.052
Np: Number of parameters varied in refine-R, 0.041 0.039 0.039 0.038 0.039
ments Anh ic refi ¢
N,: Number of reflections used in refine- nharmonic refinements
ments o 39 46 41 46 42
R: YRR/ I R 0.037 0.033 0.036 0.031 0.035
’ ol Te ° R, 0.025 0.023 0.026 0.02 0.025

Ry {Xw(F-IRD*/ X w32
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Refinements involving third- and fourth-order terms 051

were initiated with the 2G parameters from the preced- [

ing harmonic refinements and null values of 76 and 39050 s

higher-order coefficients for the- andp-structures, re- sk

spectively. Some of the third- and fourth-order coeffi- ~"f P(x]

cients converged to magnitudes smaller than the correy ;|- __E

sponding e.s.d.’s, and were set as null in the final stage of | /g/g,é/é/m(x)

the refinements. The degree of parameter correlatiory 7} g—— 88—

was not serious. -
In Dauphirietwinning, an hk reflection of theo,- 0.30F

configuration is superimposed on an/kreflection of 028k 5"*@\9.\9?\

the a,-configuration. Assuming a volume fractionin T F Q\O;W)

the a,-configuration, the observed intensities were cor- 0.26F

rected for such twinning, using the following relations: ¢, B

“F 02(y) See
I = +Y( i~ lien ) 0221
len, =lien, =Y (e, —kn,)s 0.20F S

wherel” andl are, respectively, the observed and correct- 018 |-
ed intensities ang=x/(1—2x). Dauphirietwinning was -
tested in the least-squares refinements and the best fit
was obtained withx=0.005 for the data at 25-528, 0.27F
and with 0.03 at 568C. This result is almost exactly the
same as that for the quartz specimen used by Kihard.26
(1990) and we believe that the specimens used in both
studies are originally free from Dauphinsvinning.
Grinding may cause the small volume fractions at the
surfaces to switch their atoms to tlg positions and
subsequent heating to increase the twin fraction. The fi- |
nal stage of the least-squares refinements was performed
with the twin-corrected fdata. Data relevant to the re- 0.79
finements are shown in Table 2.
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The transition to the3-phase in the present specimen ' | | @lbo
takes place around 58€, which falls in the range of'3 o75blo. Lo e b b Lo o
from two previous measurements: 58D in the mea- 0 100 200 Teriozm,[u:f?oc) 500 6o 700
surements of the cell dimensions with X-rays (Kosten P
and Arnold 1980), and 58%, which is the temperatureFig. 3 Temperature dependence ®mfcoordinates of P and Al
of the a-inc transformation in calorimetric and neutroratoms, and/ andz for both O(1) and O(2) atoms. Two-e.s.d.’s are
intensity measurements of satellite reflections (Bacw_dlcated but confined within symbolkinesare just for guide for
heimer et al. 1984). A birefringence measurement B5y°S
Saint-Grgoire et al. (1984) has shown a much higher
transition temperature of 59€. . _Thermal expansions in AIPand the related quartz
Positional and thermal parameters, and atomic digyyctures of GaPand SiQ
tances and angles, obtained from the 2G refinements, for
all the fourteen temperatures are given in Tables 3 andihe thermal expansion behavior of berlinite appears to
respectively. The tables of the structural data obtainedbe rather similar to that of quartz, but not GgP®he
the 4G refinements, the anisotropic temperature factmdume expansion coefficient of berlinite rapidly in-
in the 2G refinements and the observed and calculate@ases from 3.9710 > (deg ') at 25°C to 18.5x10°
structure factors for both the 2G and 4G refinements aae577°C, which are comparable with those of quartz,
not given here, but are available from KK on request. Ti87x10° at 25°C and 2310 ° at 565°C, calculated
room temperature values of the atomic coordinates ardiiom the table of Kihara (1990). The thermal expansion
good agreement with those of Schwarzenbach (1966defficient of isostructural GaP@s always smaller than
Thex coordinates of Aland P, and ty@ndz coordinates that of berlinite or quartz in the present experimental
of O(1) and O(2) are plotted against temperature mange:the values for GaR@re calculated from Nakae et
Fig. 3. al. (1995) as 3.810 ®° at 20°C and 4.7 10 ° at 580°C.
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The thermal expansion of these structures is mostly dwas obtained from the variables,¥584.6°C, |o,—0.,|/2
to the rotations of the TQunits around the twdeld sym- =0.232 Aat T, and a correlation factor of 0.995, where
metry axes. In GaPQsuch tetrahedral rotations are alsd, is the temperature, at which tle andp-phases have
systematic with varying temperature, but very small ithe same free energy. The present value fpsTatherin
comparison with berlinite and quartz, resulting in muchood agreement with the reported temperatures from
smaller thermal expansion coefficients. 580t0 583 C, above which th@-phase is stable, whereas
the inc phase, which may exist in a narrow temperature
range between the- andp-phases, is ignored.
Positions and mean square displacements of atoms The characteristic features observed in the m.s.d.’s
and their temperature dependence and the directions of their principal axes appear to be
identical with those for quartz. The thermal vibrations
The change in the-coordinates of O(1) and O(2) withmight arise largely from the librational motions of the
temperature is insignificant both in the andp-phases. Al-O-P bonds around the Al-P axes and from correlated
In a-berlinite, the equilibrium position of an O atom, if ittranslational motions of both the Al and P atoms along
is expressed in fractional coordinates, appears to be dis80. The librational thermal vibrations for the O atoms
placed with increasing temperature toward faposi- are illustrated in p.d.f. contour maps (Fig. 6), which are
tion along its fi;—o,] line at room temperature (Fig. 4). Inall unimodal. The values gf/?) for axes 1, 2 and 3 of the
other words, §,—0.,] lines for atoms appear not to changéhermal ellipsoid of O(1) are shown in Fig. 7 to demon-
their orientations at every temperature. According to Ngijrate the strong temperature dependence. The values in
and Calvo (1976), the separation betweendhéor a,) axis 1 for the O atoms steeply rise when temperature
and thep position for the O atoms decreases to valuepproaches the transition point from below, but do not
smaller than 0.05 Aust below theo— transition. Our change above it. Although the measured points in the
data apparently show much larger values, as seenpiesent study are limited to rather low temperatures in
Fig. 5. the B-phase, this temperature dependence appears to be
The displacements of atoms along,fo,]'s in o- similar to that of quartz, which shows a cusp-shaped
quartz can be interpreted to be resulted from rotationarve near the transition temperature (Kihara 1990).
and translations of the TQetrahedra around and along Systematic changes in ellipsoid orientations with in-
(100, respectively. The temperature dependence of theeasing temperature also are observed. The thermal el-
rotation angle¢, from thep-orientation or of second- lipsoids for Al and P are oriented with their axes 1 paral-
harmonic-generation coefficient were well fitted with aifel to the twofold axes along100 at all temperatures.
analytical equation derived from a classical Landau tyfgen the other hand, axes 1 and 2 of the O ellipsoids rotate
expression for first order transitions (Grimm and Dorneround axis 3, which stays within a small angular range
1975; Bachheimer and Dolino 1975). Saint-Go&e et from room temperature to above the transition point. Fig-
al. (1984) was also successful to fit the relation betweene 8 shows the stereographic projections of the principal
their birefringence data of-berlinite and temperatureaxes of the thermal ellipsoid and,fo,] for O(1). We
with the same expression. We found that the changeradte three points as follows: (1) the principal axes for the
atomic displacements from thefrpositions with tem-
perature ina-berlinite were also well fitted with the
same expression. The best fitted curve, shown in Fig. 5, gs5g
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Fig. 4 Projections of O(1) at different temperaturesifberlinite Fig. 5 Temperature dependence|ef—o.,|/2 (A), half of the sepa-
along [210]. The mean positions in tiflephase at different tem- ration betweem, ando, sites, for O(1). A curve is a fitted one with
peratures are also indicated a classical Landau expression for first-order phase transitions



Fig. 6a—c Contour maps of probability density functions for O(1).

Sections perpendicular to axis 3 of thermal ellipsoids in 4G refine- 12

ments are indicated. X and Y axes are in axes 1 and 2, respectively, 4g

and their directions are given by angles from [210], [010] and

[001]. Contour values are multiplied by 18366°C. Angles from

the three directions: X (37 69, 61°) and Y (126, 51°, 60). 6

b 568°C. X (74,54, 4C) and Y (164, 83, 76°). c585°C. X (89,

47, A%) and Y (172, 9€°, 97) A
2
0

B-phase ellipsoid remain in virtually the same orienta- »
tion at all five temperatures; (2) asberlinite is heated
to the transition point, all of the principal axes move to-

ward the correspondingyorientations on smooth curves; -4

and (3) the §,—o,] line is fixed at 49 from c in thea,— -6 |-

plane at all the experimental temperatures for the
phase, as a single point in Fig. 8. The axes of the O(2)
ellipsoid (not shown) also progress toward flherienta-
tions with increasing temperature. In Fig. 8, the direc- _-12
tions of three vectorg, p andr defining the orientation

of an AI-O-P plane are also projected. As in quartz, axes
1 and 2 are not parallel withandp, respectively; that is

to say, the corresponding two directions separately move 10
along different curves toward the respectprrienta- 8
tions. These points indicate that the discussions given for
quartz (Young 1962; Kihara 1990, 1993) are also appli-
cable for berlinite. The characteristic featuresi@ in

the - and pB-phases of both the minerals are identical,
indicating that no extra factor other than the abrupt rise

of vibrational amplitude in axis 1 is gained by thdorm >
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Fig. 7 Temperature dependence of mean square displacements
(A?) of selected atoms, O(1) and Al, in their principal axes of
thermal ellipsoids. Two e.s.d.’s are indicatddnes are just for
guide for eyes
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dered, might be oriented much closer tg-e.,]’s than
the observed directions on the ends of the smooth curves
from room temperature (Fig. 8). In other words, the ob-
served continuity of the changing orientations of axis 1
from room temperature to tifephase is compatible with
the interpretation thgty,—o,|~ 0 in the-phase.

The thermal vibrational amplitudes for the tetrahedral
Al and P atoms are practically equal each other at every
temperature (Table 3). It may also be noted that, in the
quartz form of GaPQ Ga and P show nearly equal
m.s.d.’s (Baumgartner et al. 1984; Nakae et al. 1995).
This may arise from strong T—O bonding in the two kinds
- of tetrahedra, that makes the effects of the different
axis 3 g masses less important in the librations.

13 [e]

Bond distances

The atomic distances of AI-O and P-0O, and the angle
Al-O—-P calculated from the positional parameters in the
2G-refinements, decrease and increase, respectively,
while temperature is elevated, as in quartz (Table 4).
There are small but clear changes in such distances and
angles at the transition fromto B berlinite. Grimm and
Fig. 8 Stereographic projections of the principal axes of the thePorner (1975) have suggested for quartz that the de-
mal ellipsoid and the directions of the lines joiningande, sites crease of the Si—O bond length in association with the
D e o e o o emts e e Siopincrease of the Si-O-Si angle s attrbuted to increasing
to the Al-O(1)-P bond?ﬁgplane is shownpatjtmper’right corner n-bo_nd Order; HOW_ever' we can p0|r_1t out that strong I_"
O: Principal axes 1, 2 and M: [o,—o,], and A: g, p andr brational motions, if they are approximated by harmonic
p.d.f.’s, may cause underestimation of the T-O bond
lengths and accordingly overestimation of the T-O-T
at the transition. In addition, if-berlinite, axes 1 of the angles, because the apparent mean positions of the
oxygen thermal ellipsoids are closely oriented with th@&oms, represented by the centroids of the p.d.f.’s, are
correspondingd,—o.,]’s, but their differences, ca.°6or shifted inwards towards the centers of librations (Willis
guartz and 7for berlinite, are clearly fall outside exper-and Pryor 1975). Such distances might be corrected for
imental errors (Fig. 8). In this regard, we may refer to thiae thermal vibrations. In the present case, the modes and
case fo-quartz that such differences are almost exactiyeans of p.d.f.’s for the O atoms are differently located,
reproduced in lattice dynamical calculations of the idend the former is expected to be better in evaluation of
alized hexagonal symmetry configuration, i.e. model (1he bond lengths than the latter. In the study of applying
using the force constants prepared in fitting the normalgeneralized structure factor expression for analyzing
mode frequencies to the observed ones (Kihara 1998hharmonic thermal vibrations of atoms, Johnson (1970)
The calculated directions of the principal axes agreé&és shown that intermode separations tend to give more
with the X-ray results to within 1 reasonable bond lengths than intermean distances when
If the B-phase is a disordered form of thephase, axis large thermal libration effects are present. Figure 9
1 for an O atom, in th@-phase, at eithew,- or o,-site shows the temperature dependence of the two kinds of
might be oriented close to the correspondingf:,] line, distances for Al-O and P-O. The intermode separations
as observed at the highest experimental temperatureni@re obtained from the coordinates of the mode posi-
the a-phase, and its m.s.d. in axis I?);, might be ap- tions indicated by the p.d.f. maps. The intermode dis-

proximated as: tances are seen to be longer than the corresponding inter-

mean distances at the most temperatures, especially at

W), ~ () +<|0ﬂ1—0tz|>2 higher temperatures. The intermode distances, however,
LT/t 2 ; show peculiar changes for both Al-O and P-O: Al-O

steeply rises in th@-phase and P-O increases in the
where(u?), is the m.s.d. in axis 1 of thermal vibrations at-phase, but decreases in fphases. The changes are
the a;- (0Or a,-) site. In this expression, we have used apparently too large for temperature dependence of such
nature of ellipsoids that the m.s.d. of an atom alonghend distances. It is our present opinion that our higher
radius of its ellipsoid changes smoothly with changingrder coefficients are accurately determined for estab-
directions. The above relation suggests that the steréishing the essential feature of the p.d.f. contours of
graphic projections ofu?), of O atoms, if they are disor- the librational motions, but not enough for obtaining the
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Table 4 Intermean distances and angles in berlinite at different temperatures

(a) a-berlinite

Temp. ¢C) 25 92 183 275 366 458 486 523 568

Distance (°A)

Al—0(1)1x2 1.7302(9) 1.729(1) 1.727(2) 1.726(2) 1.724(1) 1.720(2) 1.719(3) 1.722(4) 1.718(4)
Al-0(2)2%x2 1.7395(7) 1.739(1) 1.737(2) 1.739(2) 1.735(1) 1.733(3) 1.733(2) 1.725(3) 1.721(3)
Average 1.7349 1.734 1.732 1.733 1.73 1.727 1.726 1.724 1.72
P-O(1)1x2 1.526(2) 1.524(2) 1.524(3) 1.526(2) 1.519(1) 1.518(2) 1.517(2) 1.510(3) 1.504(3)
P-0(2)3«2 1.521(3) 1.518(3) 1.518(4) 1.516(2) 1.511(1) 1.507(7) 1.505(3) 1.507(49) 1.504(5)
Average (A 1.523 1.521 1.521 1.521 1.515 1.513 1.511 1.509 1.504
0(1)1-0(1)6 2.867(4) 2.863(4) 2.857(5) 2.846(2) 2.850(5) 2.839(8) 2.833(10) 2.839(12) 2.833(5)
0(1)1-0(2) %2 2.829(1) 2.827(2) 2.823(2) 2.829(3) 2.812(2) 2.807(10) 2.805(4) 2.799(5) 2.794(6)
0(1)1-0(2)52 2.795(2) 2.796(2) 2.795(3) 2.801(3) 2.798(2) 2.798(4) 2.798(4) 2.797(6) 2.793(7)
0(2)2-Q(2)5 2.882(1) 2.880(1) 2.877(2) 2.870(2) 2.878(2) 2.871(10) 2.869(3) 2.857(4) 2.842(5)
Average (A 2.833 2.832 2.828 2.829 2.825 2.82 2.818 2.815 2.808
0(1)1-0(1)4 2.486(2) 2.481(1) 2.481(2) 2.473(2) 2.475(2) 2.470(3) 2.466(3) 2.456(4) 2.439(5)
0(1)1-0(2)x2 2.507(1) 2.504(1) 2.503(2) 2.510(2) 2.490(2) 2.487(5) 2.486(3) 2.483(4) 2.477(4)
0(1)1-0(2)5%x2 2.480(1) 2.478(2) 2.478(3) 2.481(2) 2.471(2) 2.470(3) 2.468(3) 2.462(5) 2.458(6)
0(2)3-Q(2)5 2.466(2) 2.460(2) 2.458(3) 2.446(3) 2.448(2) 2.436(16) 2.430(4) 2.437(6) 2.426(7)
Average (A 2.488 2.484 2.484 2.484 2.474 2.47 2.467 2.464 2.456
Angle (deg.)

0O(1)-Al-0(1)6 111.9(1) 111.8(1) 111.7(2) 111.1(1) 111.5(1) 111.2(2) 111.0(3) 111.0(3) 114.7(3)

0(1)1-Al-0(2)5¢2 107.3(1) 107.5(1) 107.6(6) 107.9(1) 107.9(1) 108.2(1) 108.3(1) 108.4(2) 108.6(2)
0(1)1-Al-02)2  109.2(1) 109.2(1) 109.2(1) 109.4(1) 108.7(1) 108.7(7) 108.7(1) 108.6(2) 108.7(2)
0(2)2-Al-0(2)5  111.9(1) 111.8(1) 111.8(1) 111.2(1) 112.1(1) 111.8(5) 111.7(2) 111.8(2) 111.4(3)
0(1)1-P-0(1)4 109.1(2) 108.9(2) 109.0(2) 108.3(1) 109.1(5) 109.0(1) 108.7(1) 108.8(2) 108.4(2)
0(1)1-P-0(2)%2  110.7(3) 110.8(1) 110.7(3) 111.2(1) 110.5(7) 110.6(7) 110.7(2) 110.7(3) 110.9(3)
0(1)1-P-0(2)5<2 109.0(1) 109.1(1) 109.1(2) 109.3(1) 109.3(6) 109.4(1) 109.5(1) 109.4(2) 109.6(2)
0(2)3-P-0(2)5 108.3(2) 108.3(1) 108.2(2) 107.6(1) 108.2(5) 107.8(7) 107.7(2) 107.9(2) 107.5(2)

Al-O(1)-P 142.6(2) 143.1(2) 143.7(2) 144.2(2) 1455(1) 146.9(2) 147.4(2) 147.9(3) 149.9(3)
P-0(2)-Al 142.3(1) 142.9(2) 143.6(2) 144.2(2) 145.7(1) 147.0(2) 147.7(2) 148.4(3) 150.3(3)

(b) B-berlinite

Temp. (C) 585 589 598 612 631
Distance (°A)

Al-0 (1)x2 1.710(4) 1.710(5) 1.709(4) 1.709(5) 1.710(4)
P-O(1)x2 1.490(3) 1.490(4) 1.491(4) 1.491(4) 1.490(4)
O(1)1-0(1)6¢2 2.805(4) 2.804(5) 2.804(4) 2.801(5) 2.804(5)
0(1)1-0(2) %2 2.781(5) 2.778(6) 2.779(5) 2.773(6) 2.778(6)
0(1)1-Q(2)%2 2.790(2) 2.794(7) 2.790(7) 2.797(7) 2.795(7)
Average (A 2.792 2.792 2.791 2.79 2.792
0(1)1-0(1) 42 2.394(5) 2.397(6) 2.396(5) 2.401(6) 2.397(6)
0(1)1-0(2)x2 2.464(4) 2.466(5) 2.466(4) 2.470(5) 2.467(5)
0(1)1-Q(2)5x2 2.440(6) 2.436(6) 2.441(6) 2.433(6) 2.435(6)
Average (A 2.433 2.433 2.434 2.435 2.433
Angle (deg.)

O(1)-Al-O(1)6x2  110.2(2) 110.2(2) 110.2(2) 110.1(2) 110.2(2)
0(1)1-Al-0(2)5¢2 109.3(2) 109.6(2) 109.4(2) 109.9(2) 109.7(2)
O(1)1-Al-0(2)22 108.9(2) 108.7(2) 108.8(2) 108.5(2) 108.6(2)
0(1)1-P-O(1)%2  106.9(2) 107.1(2) 107.0(2) 107.2(2) 107.1(2)
0(1)1-P-0(2)%2  111.6(3) 111.7(3) 111.6(3) 111.8(3) 111.8(3)
0(1)1-P-0(2)5<2 110.0(2) 109.7(2) 109.9(2) 109.4(2) 109.6(2)

Al-O(1)-P 154.6(3) 154.7(4) 154.7(4) 154.7(4) 154.8(4)

accurate mode positions. In this case, therefore, ye .

only note that the sum of the intermode distances for bc\ﬁ({ﬂ“d“d'"g remarks

the Al-O and P—-O bonds is seen to be independentTdfe temperature dependence of the positional and ther-
temperature or increase slightly with increasing tempanal vibration parameters of each atom, studied by using
atur. X-ray single crystal data, are strikingly similar to those
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