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High-temperature crystal structures of NZP (Na, , . Zr,P; _ ,Si, O,,) have been determined
by x-ray measurements made on single crystals. Thermal expansion of NZP (x = 0.11)
parallel to the hexagonal ¢ axis is positive (about 22.4 X 107°°C~' between 25° and 700 °C),
whereas expansion perpendicular to c is slightly negative (about 5.4 X 107¢°C~"), resulting
in an average volume thermal expansion of 11.8 X 107°°C~". A proposed structural model to
interpret this anisotropic thermal expansion of NZP is tested to prove the model’s validity. In

this model the rotation of the phosphate tetrahedron is coupled to the rotation of the
zirconium octahedron. The observed thermal expansions of sodium, zirconium, and
phosphorus cation coordination polyhedra are 10.8, 0.00, and — 0.23 (all X 107°°C™"),
respectively. The large thermal expansion of the sodium site is offset by rotations in the Zr-P
polyhedral framework, thus yielding the low net expansion of NZP.

I. INTRODUCTION

The sodium zirconium phosphate NaZr,P,O,,
(NZP) structure, first determined 20 years ago by Hag-
man and Kierkegaard,' has several interesting features:
(i) high ionic conductivity,? (ii) low thermal expan-
sion,>~ and (iii) enormously varied ionic substitution in
the structure.® The structural framework is such that a
wide range of elements may be substituted at each of the
different lattice positions (Li, Cs, Ca, Ba, etc., for Na;
Ti, Ge, Hf for Zr, and Si, S for P). Sljukic ez al.” observed
that substitution of alkali for Na caused the cell param-
eters to change in an unusual way. Replacing Na with a
large cation caused the ¢ dimension of the rhombohe-
dral cell to increase but anomalously the a dimension
decreased. Alamo® noticed that the polyhedra are cou-
pled and was able to postulate a model that could ac-
count for this anomaly. The details of this model have
been described in the recent publication by Lenain et al.’
The stability of this structure for a wide range of chemi-
cal elements makes this a candidate for a universal
sponge for nuclear waste host material.'® Boilot ez al."!
noticed that the thermal expansion behavior of
Na, , .Zr,P;_,8i,0,, (NASICON) was similarly
anomalous.

Heating an alkali NZP material caused the ¢ dimen-
sion to increase and the @ dimension to decrease. Lenain
et al.'? examined all the alkali metal ions and found that
Li had a positive expansion in both directions while K,
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Rb, Cs all behaved in a fashion similar to NZP. Limaye
et al." found that CaZP was similar but in Sr and Ba
analogues the signs were reversed, i.e., the a axis ex-
panded and the ¢ axis contracted. Since all members of
the family should, in principle, form crystalline solu-
tions, a wide range of anisotropy and a near-zero ther-
mal expansion composition should be possible.

The electrical properties of these materials are of
considerable interest as well, since by replacing P with Si
in NASICON, a material is produced that rivals
[3-A1,0, as an ionic conductor? for industrial solid-state
electrolyte applications in high-temperature batteries.

In the [NZP] structure the P ion is located on a
horizontal twofold axis, and the tetrahedron is con-
strained to rotate about this axis. The Zr ion is located
on a threefold axis, and the octahedron is therefore con-
strained to rotate about a vertical axis. Lenain et al.’
have proposed that since the two different kinds of poly-
hedra are linked to each other at every corner, any rota-
tion of the octahedron about the threefold vertical axis is
accompanied by a similar rotation of the tetrahedron
about the twofold horizontal axis. This linkage causes
the cell dimensions to alter in response to the rotation of
the polyhedra, due to thermal energy. The rotation of
essentially rigid polyhedra also is accompanied by the
changes in the environment and opening of the Na site,
and consequently the conductivity path for the alkali
ion is modified considerably. The model of Lenain et al.’
does not explain the anomalous alteration of positive
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and negative thermal expansion as found in
Ca, ,Sr,Zr,P,O,,. Further studies will be necessary
to elucidate that.

Tran Qui et al."* have studied high-temperature
structures of Na,Zr,Si;0,,, which is the other end mem-
ber of the Na, , , Zr,P; _, 8i, O, system, and observed
that with temperature little change occurred in bond
distances and polyhedra angles in the (Zr,Si,0,,) ™*
framework, whereas the Na-O polyhedra expand
dramatically. Recently, Oota and Yamai'> have studied
the thermal expansion of NZP compounds at
high temperature using powdered or sintered samples
of the material. They reported that in the system
Na, , ,Zr,P, _,Si,O,, the lattice parameter a de-
creases with temperatures up tox = 1 and then gradual-

ly increases while the ¢ axis always increases faster with
temperature for all x values.

Didisheim and Wuensch'® reported the high-tem-
perature structures of Na, , ,Zr.Si, P;_,0,, with
1.6 <x <2.2 based on neutron powder experiments.
Their results agree with those of Oota and Yamai."
They reported that the anisotropic coefficients of ther-
mal expansion for the composition x = 2 are 1.6 X 10~°
and 3.2X 107¢°C™", parallel to and normal to the ¢
axis, respectively.

The principal objective of these high-temperature
x-ray measurements on NZP is to determine the thermal
expansion mechanisms of the phosphorus end member
NaZr,P,0,, and to compare these results with the pre-
dictions of Lenain et al.®

TABLE I. Unit-cell parameters, refinement conditions, and refined atomic positions.

25°C 270°C 490°C 690 °C

4 (A) 8.8205(9) 8.809(1) 8.797(1) 8.7885(7)

C (A) 22.769(1) 22.929(2) 23.017(2) 23.116(1)

v (A%) 1534.1(3) 1540.8(4) 1524.4(4) 1546.2(3)

Number of observa-

tions (/> 20;) 201 211 202 206

R (%)* 0.9 1.4 1.7

WR (%)" 1.1 1.7 1.8

Extinction, ©

(X10%) 2.1(1) 1.8(2) 2.4(2) 2.3(2)

Nal x 0 0 0
y 0 0 0
z 0 0 : 0
B 3.72(5) 7.5(1) 11.6(5) 16.4(4)

Na2 Occupancy 0.017 1(10) 0.024(2) 0.029(2) 0.018(3)
x 0.035(6) 0.037(7) 0.051(9) 0.048(11)
y 0.335(10) 0.341(10) 0.354(11) 0.366(14)
z 0.091(3) 0.096(2) 0.096(3) 0.088(6)
B 0.2(8) 3.6(12) 6(2) 4(2)

Zr x 0 0 0
y 0 0 0
z 0.145 72(1) 0.146 20(2) 0.146 61(2) 0.146 88(2)
B 0.46(1) 0.76(2) 0.99(2) 1.30(2)

P Occupancy of Si 0.037 0.037 0.037 0.037
x 0.291 62(7) 0.290 73(10) 0.29006(13) 0.289 39(12)
y 0 0 0
z 1/4 1/4 1/4
B 0.60(3) 0.92(3) 1.18(4) 1.49(4)

o1 X 0.18422(17) 0.181 89(24) 0.179 8(3) 0.178 1(4)
y —0.01703(17) —0.021 23(24) —0.024 5(3) —0.027 3(4)
z 0.195 22(6) 0.195 73(8) 0.196 27(10) 0.196 53(11)
B 1.42(3) 2.24(4) 2.79(6) 3.48(6)

02 x 0.193 96(16) 0.195 20(22) 0.196 0(3) 0.196 7(3)
y 0.170 67(17) 0.171 03(24) 0.1712(3) 0.172 0(3)
z 0.087 17(6) 0.088 51(8) 0.089 70(10) 0.090 54(11)
B 1.77(4) 2.27(5) 2.90(5)

1.10(3)

2R =2[|Fy| — |F.|1/2F,. _
®Weighted R = [Zw(|F,| — |F.[)/2wF}]"2
¢ Parenthesized figures represent e.s.d.’s.
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Il. EXPERIMENTAL
A. Specimen description

Crystals of synthetic Na, , , Zr,Si, P, _,O,, with
x = 0.11 were grown by the following technique. A mix-
ture of Na,CO,, ZrO,, and NH,H,PO, in molar ratio of
1:1:2 and small amount of SiO, were placed in a plati-
num crucible and fired at 170 °C for 4 h, at 900 °C for 4
h, at 1200 °C for 20 h, and finally at 1550 °C for 3 h—the
heating rate throughout the schedule being maintained
at 2°/min. After this the mixture was subjected to cool-
ing at the rate of 5 °C/min to room temperature. The
resultant material was washed in water to remove the
excess sodium and phosphorus oxides. The silicon-to-
phosphorus ratio was determined by electron micro-
probe analysis of the sample.

B. Data collection

An equant crystal of 100 #m diam was mounted in a
silica glass capillary as described by Hazen and Fin-
ger.'” A room-temperature study was performed on this
crystal in the same configuration used in high-tempera-
ture experiments. A resistance heater of the type de-
signed by Ohashi was employed to determine unit-cell
parameters and x-ray intensity data on a four-circle dif-
fractometer. Temperature was controlled and corrected
for x-axis “chimney effects” by an automated feedback
system. '8

TABLE IIA. Thermal vibration ellipsoids at 25 °C.

The unit-cell parameters at four temperatures (Ta-
ble I) were determined from the position of 18 reflec-
tions between 39° and 43° 2. Each reflection was mea-
sured in four equivalent positions with — 90°< Y<90°.
Unit-cell parameters were first refined without symme-
try constraints (i.e., as triclinic); all are consistent with
hexagonal symmetry. Final reported unit-cell param-
eters were refined with hexagonal constraints.

Intensities were collected on an automated, four-
circle diffractometer with Nb-filtered MoK, radiation
(A =0.7093 A). All accessible reflections in one quad-
rant with (sin 8)/4 <0.7 were collected at 298, 543,
763,and 963 K (all high temperatures + 10K ). Omega
step increments of 0.025° and 4 s/step counting times
were employed. Digitized data were converted to
graphical form and integrated peak intensities were de-
termined by the method of Lehmann and Larsen'® with
an option for manual intervention. Corrections were
made for Lorentz and polarization effects, as well as
crystal absorption. For each temperature, intensities of
symmetrically equivalent reflections were averaged to
yield from 201 to 211 independent observed reflections
(Table I). Conditions of refinement and final positional
parameters are also given in Table I. Refined anisotrop-
ic temperature parameters and the magnitudes and ori-
entation of thermal vibration ellipsoids at room condi-
tions appear in Table II. Observed and calculated

rms (A) Angle with respect to
Atom Parameter B x10* Axis displacement a b c

P B 22(1) r 0.078(2) 90 46(4) 126(4)
£ =28, 26(1) r, 0.079(3) 180 60 90
B 3.4(2) r 0.101(2) 90 59(4) 36(4)
Bis =18 L1(2)

Zr B =B =28, 21(1) iy 0.077(2) 90 90 0
B 1.9(1) r 0.079(2) 150 90 90
Bi= By=0

Nal B =B =28, 215(5) 1 0.122(5) 90 90 0
B3 5.6(5) r, 0.252(5) 120 120 90
Biz=pB=0

01 B 57(3) 2 0.105(4) 38(3) 121(4) 53(3)
B 64(3) r, 0.138(3) 101(6) 139(6) 88(6)
B 7.3(3) rs 0.154(3) 54(3) 115(6) 143(3)
Bis 34(2)
B —52(7N
Bos 1.4(7)

02 B 38(3) r 0.097(4) 57(5) 75(4) 124(80)
Bz 49(3) r, 0.117(3) 117(3) 94(6) 145(8)
Bas 4.7(3) ry 0.137(3) 135(5) 16(4) 85(5)
Bz 13(2)
Bis 2.0(6)
By 2.1(6)
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TABLE IIB. Thermal vibration ellipsoids at 270 °C.

rms (A) Angle with respect to
Atom Parameter B x10* Axis displacement a b c

P By 36(1) r 0.093(2) 90 53(9) 136(3)
B2 =282 43(2) 7, 0.100(3) 180 60 90
Bas 4.6(2) ry 0.127(2) 90 51(4) 46(3)
Bin=14Bx 2.11(2)

Zr B =Br»n=2Pn 35(1) 2% 0.090(2) 90 90 0
B 3.1 r, 0.102(1) 150 90 90
Bis=PF»=0

Nal B =PB»=28 444(12) m 0.146(7) 90 90 0
B 8.1(8) " 0.362(4) 120 120 90
Bl} =P3=0

01 B 92(4) 7 0.124(4) 41(3) 118(3) 50(2)
By 108(4) r 0.178(3) 101(6) 139(6) 86(7)
P 111 3 0.195(3) 51(3) 118(7) 139(2)
B2 56(3)

Bis —10(D)
Bss 2(1)

02 By 62(4) r 0.111(5) 61(3) 74(3) 129(4)
Baz 79(4) 7 0.155(3) 123(6) 92(7) 139(4)
B3 7.3(4) ry 0.175(3) 133(6) 16(3) 81(6)
Bz 20(3)

Bis 5.8(9)
B 5.9(9)
TABLE IIC. Thermal vibration ellipsoids at 490 °C.
rms (A) Angle with respect to
Atom Parameter B x10* Axis displacement a b [

P B 43(2) 7 0.106 0 120 90
By =28 54(3) r 0.106 90 49 130
B3 6.6(3) ry 0.148 90 56 40
Bis=1Ps 2.8(3)

Zr B =Bn=20 44(1) rn 0.109 90 90 0
Bis 4.4(2) 7 0.112 150 90 90
Bls =pPy=0

Nal B =B =2P» 694(27) m 0.187 90 90 0
Bis 13(1) 7 0.449 90 150 90
Bis=B,;=0

Ol B 122(6) 7 0.129(5) 45(3) 116(2) 46(2)
Baa 147(6) r 0.208(4) 97(20) 143(19) 91(20)
B3 12(1) rs 0.215(4) 46(6) 114(24) 136(3)
B 79(4)

Bis —13(D
Bas 2(1)

02 B 65(5) r 0.118(6) 50(3) 77(3) 116(3)
Baz 94(5) r, 0.184(4) 101(12) 105(15) 153(5)
Pas 11(1) r3 0.195(4) 138(5) 20(11) 98(14)
B, 17(4)

Bis 9(1)
B2 6(1)
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TABLE IID. Thermal vibration ellipsoids at 690 °C.

rms (;\) Angle with respect to
Atom Parameter B <10 Axis displacement a b ¢

P B 56(2) r 0.121(2) 90 52(3) 135(2)
B =201 71(3) r 0.123(3) 180 60 90
Bis 7.7(3) 73 0.163(2) 90 52(3) 45(2)
513 =%st 3.4(3)

Zr Bii=P50n=208, 59(1) o 0.122(2) 90 90 0
Bis 5.5(2) r 0.131(1) 90 150 90
B13 =Bz3 =0

Nal B =P =28 983(35) ry 0.216(10) 90 90 0
Bss 17(2) r 0.537(6) 90 150 90
BIS =Bz3 =0

01 B 150(6) r 0.143(5) 42(2) 118(2) 49(2)
Bz 190(6) r 0.234(4) 64(17) 142(20) 128(17)
Bis 15(1) rs 0.239(4) 60(16) 66(27) 116(21)
Bz 106(5)
Bis —16(1)
s 2(1)

02 B 90(5) r 0.132(5) 55(2) 73(2) 118(2)
Bss 114(5) r 0.211(4) 99(13) 109(15) 150(5)
Bis 14(1) s 0.221(4) 144(5) 26(11) 99(14)
B 21(4)
B 12(1)
Bas 9(1)

structure factors at four temperatures are available from
the authors on request.

lIl. RESULTS
A. Room-temperature refinement

The NZP is rhombohedral and belongs to space
group R 3c (Z =6). Refined atomic coordinates of
Na, , ,Zr,P;_,Si,O;, (x=0.11) are in close agree-
ment with those of Hagman and Kierkegaard' and
Hong® for end member NaZr,P,0,,. The four P-O
bonds in the near-regular tetrahedron (point symmetry
2) range from 1.524-1.525 A, with O-P-O angles devi-
ating by no more than 1.5° from the ideal 109.5° tetrahe-
dral angle (Table III). Our observed mean P-O bond
length of 1.525 A (for a sample with some Si in the
tetrahedral position ) is slightly longer than the 1.522 A
value of Hong.?® .

The zirconium octahedron (point symmetry 3)
contains three Zr-O1 bonds of 2.041 A and three Zr-02
bonds of 2.094 A (Table III). The adjacent O-Zr-O
angles range from 84°-93° at room temperature, reflect-
ing the moderate distortion of this cation polyhedron.
The observed polyhedral distortions (Table IV) justify

the assumption in the angular distortion model of Len-
ain et al.® that ZrO octahedra are more distorted than
PO, tetrahedra.

The sodium Nal site (point symmetry 3) is a very
distorted octahedron, elongated parallel to the ¢ axis.
Six symmetrically equivalent Na—O2 bonds are 2.556 A
long; six adjacent 02-Nal-02 angles are 66° and six are
114°, compared to the ideal 90° values of a regular octa-
hedron.

The small excess of sodium (0.11 atoms per formu-
la unit) is located in the Na2 site, which is a poorly
constrained, irregular site at a general position. This site
has five Na2-O bonds of about 2.4-2.6 A and five addi-
tional Na2-O distances from 2.9-3.2 A. Note that the
Na2 site is fully occupied in the phosphorus-free end
member Na,Zr,Si,0,,.

The O1 oxygen is coordinated to one P and one Zr
with a P-O1-Zr angle of about 157°. The O2 is three
coordinated to one each of P, Zr, and Nal. The four
atoms in the O2 cluster are almost coplanar.

Thermal vibration ellipsoids of NZP atoms (Table
ITA) reveal significant vibration anisotropies for Nal
and the two oxygen atoms. The Nal vibration may be
described by a flattened ellipsoid with rms displace-
ments parallel to ¢, only half of those in the (001) plane.
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TABLE III. Selected bond distances and angles.

Bond/Angle 25°C 270°C 490°C 690°C

P tetrahedron

P-0O1 [2)® 1.528(1)® 1.524(2) 1.519(2) 1.519(3)
P-02 [2] 1.525(1) 1.522(2) 1.521(2) 1.519(2)
Mean P-O 1.525 1.522 1.520 1.519
01-01 2.503(2) 2.507(4) 2.501(5) 2.507(5)
01-02 [2] 2.465(2) 2.459(3) 2.457(3) 2.454(4)
01-02 [2] 2.507(2) 2.502(3) 2.495(3) 2.494(3)
02-02 2.490(3) 2.487(4) 2.488(5) 2.478(5)
01-P-0O1 110.3(1) 110.8(2) 110.8(2) 111.2(2)
01-P-02 [2] 107.9(1) 107.7(1) 107.8(1) 107.8(1)
01-P-02 [2] 110.6(1) 110.5(1) 110.3(1) 110.4(1)
02-P-02 109.5(1) 109.6(2) 109.7(2) 109.4(2)

Zr octahedron

Zr-01 2.044(1) 2.047(2) 2.048(2) 2.048(2)
Zr-02 2.096(1) 2.093(2) 2.088(2) 2.087(2)
Mean Zr-O 2.067 2.070 2.068 2.068
01-01 [3] 2.951(2) 2.950(3) 2.944(4) 2.942(4)
01-02 [3] 2.937 (2) 2.952(3) 2.958(4) 2.968(4)
01-02 [3] 2.991(2) 2.982(3) 2.968(4) 2.957(4)
02-02 [3] 2.800(3) 2.811(3) 2.816(4) 2.825(4)
01-Zr-01 [3] 92.6(1) 92.2(1) 91.9(1) 91.7(1)
01-Zr-02 [3] 90.5(1) 91.0(1) 91.3(1) 91.2(1)
01-Zr-02 [3] 92.7(1) 92.2(1) 91.7(1) 91.7(1)
02-Zr-02 [3] 83.9(1) 84.4(1) 84.9(1) 85.2(1)

Nal octahedron

Nal-02 [6] 2.556(1) 2.597(2) 2.629(2) 2.653(2)
02-02 [6] 2.800(2) 2.811(3) 2.816(4) 2.825(4)
02-02 [6] 4.287(3) 4.137(4) 4.440(6) 4.492(6)
02-Nal-0O2 [6] 66.4(1) 65.5(1) 64.8(1) 64.3(1)
02-Nal-02 [6] 113.6(1) 114.5(1) 115.2(1) 115.7(1)

01 coordination

O1-P 1.525(1) 1.523(2) 1.519(2) 1.519(2)
Ol1-Zr 2.041(1) 2.047(2) 2.048(2) 2.050(2)
Zr-O1-P 156.9(1) 156.2(1) 155.7(2) ‘ 155.0(2)

02 coordination

02-P 1.524(1) 1.522(2) 1.521(2) 1.519(2)
02-Zr 2.094(1) 2.093(2) 2.087(2) 2.087(2)
02-Nal 2.556(1) 2.597(2) 2.629(2) 2.653(2)
P-02-Zr 143.8(1) 145.3(1) 146.7(2) 147.7(2)
P-02-Nal 126.0(1) 124.2(1) 122.6(1) 121.6(1)
Zr-02-Nal 90.2(1) 90.5(1) 90.6(1) 90.7(1)

* Bracketed figures represent bond or angle multiplicities.
b Parenthesized figures represent e.s.d.’s.
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TABLE IV. Polyhedral volumes and distortion indices,

Atom 25°C 270°C 490°C 690°C

P Vol (A%) 1.824(1) 1.812(3) 1.802(4) 1.796(5)
QE? 1.000(2) 1.001(2) 1.000(2) 1.001(3)
AV® 1.93 222 1.97 2.32

Zr Vol (A%) 11.76(1) 11.78(1) 11.74(2) 11.76(2)
QE 1.0041(5) 1.0034(7) 1.0027(8) 1.0024(10)
AV 14.1 11.6 9.5 8.3

Nal Vol (A%) 18.00(1) 18.53(2) 18.92(3) 19.29(4)
QE 1.1566(4) 1.1685(5) 1.1793(6) 1.1859(7)
AV 610 655 694 719

*QE = Quadratic elongation = 37 [ ( L/L)/n].
"AV = Angle variance = 3_, [(6, —8,)/(n—1)].

The Ol oxygen (coordinated to one P and one Zr) has
maximum vibrations in the plane perpendicular to the
P-O1-Zr axis, whereas the 02 oxygen has maximum
vibration in the direction perpendicular to the plane
containing the P-02, Zr-02, and Na1-02 bonds.

B. Thermal expansion

Unit-cell parameters at four temperatures (Table
I) are in close agreement with the linear thermal expan-
sion and temperature-volume data of Oota and Ya-
mai.'” The ¢ axis undergoes an average positive expan-
sion of 22.4Xx1075°C~! between 25° and 690 °C,
whereas the a axes contract by about 5.4 10~6°C~!
over the same temperature range. The net volume ex-
pansion is about 11.8 X 107 ¢°C~!,

C. High-temperature crystal structure of NZP

In spite of the small thermal expansion of NZP,
there are several significant changes in the sizes and ori-
entations of structural elements, with changing tem-
perature. The largest change in cation—anion distances
occurs in the sodium site; Nal-O2 bonds expand from
2.556 A at room temperature to 2.653 A at 690 °C, cor-
responding to a linear bond expansion  of
5.7X107°°C~". This value is comparable to Na-O ex-
pansion in alkali feldspars!?? and the zeolite natrolite?
and in agreement with the data of Tran Qui et al.' on
Na,Zr,8i,0,,. In contrast, the Zr-O distance does not
change with temperature, and the P-O distance appears
to decrease from 1.525t0 1.519 A over this temperature
range. The actual expansion of Zr-O and P-O bonds
may be slightly positive if corrections for correlated vi-
brational motion are taken into account.?*

Changes in cation-anion-cation angles are particu-
larly dramatic in NZP and are important in understand-
ing the mechanisms of near-zero net thermal expansion
in a compound with a rapidly expanding sodium site.
All three P-O—cation angles (P-O1-Zr, P-02-Zr, and

P-02-Nal) vary rapidly with increasing temperature.

IV. DISCUSSION

The rotation of the polyhedra of the structure can
be described with reference to the angles defined in the
structure model paper of Lenain e ¢/° In Fig. 1 the
projections of ZrQ, octahedron and PO, tetrahedron
are shown; the angles of rotation 8 and @ have also been
defined. In Zr octahedron the plane formed by the three

o

®) 0

FIG. 1. (a) Projection of a ZrO, octahedron in the plane perpendicu-
lar to the threefold axis (¢ axis). (b) Projection of a PO, tetrahedron
in the plane perpendicular to the twofold axis (a axis).
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TABLE V. Rotations of polyhedra of [NZP] structure.

Bond distances Tetrahedron Octahedron
Temp. P-O1 P-02 Zr-01 Zr-02 g, (6, —6)) &, &, (b, — &)
25 1.528 1.525 2.044 2.096 — 6.0 —4.0 1.9 —4.4 —6.31 —24
270 1.524 1.522 2.047 2.094 —74 -~ 5.5 1.9 —54 —6.52 —19
490 1.519 1.521 2.048 2.088 — 8.6 — 6.8 1.8 —6.2 — 6.67 — 1.7
690 1.519 1.519 2.049 2.087 —-9.5 —17.7 1.8 —6.9 — 6.62 —1.3

O(1) will rotate faster than the O(2) plane, causing the
angle O(1)~Zr-O(2) not to be equal to 60 degrees
(shearing action). In P tetrahedron, the line O(1)-P-
O(1) will rotate faster than the line O(2)-P-0O(2),
causing the angle between them to be different from 90
degrees.

The zero rotation position for the O1 oxygen is cho-
sen when the y coordinate is zero. In the room-tempera-
ture structure, this atom has a p coordinate of

(@] JoX)
czn
m'ﬂ

AL: 0
BE=-65
GA= 11

S

NS

(b)

FIG. 2. Part of the NZP unit cell at (a) 25°C, (b) 690 °C.

— 0.017 03, which corresponds to a negative rotation of
— 6.0 degrees (see Table V). This position leads to a
rotation of the zirconium octahedron of — 4.4 degrees.
The calculated values for these rotations are presented
in Table V. The rotation continues in the negative sense
as the temperature increases. The angular distortion of
the polyhedra decreases with increasing temperature.
Thus it has been demonstrated that the anomalous ther-
mal expansion behavior of NZP structure is correlated
with rotations of polyhedra in the Zr-P framework. A
part of the unit cell of NZP lattice at 25° and 690 °C has
been generated by a computer program based on the
data listed in Table III; this has been shown in Fig. 2. A
careful examination of these diagrams reveals that there
is a slight change in the angles of rotation of two poly-
hedra at 690 °C.

Most low thermal expansion materials are also
characterized by unusually low compressibility; the
same rigid structural elements that restrict expansion in
zircon and silica glass, for example, also restrict com-
pression. Materials with the NZP structure, however,
may depart from this intuitively reasonable trend. Ha-
zen and Finger'” described bond compression and bond
angle bending as two important compression mecha-
nisms in ceramic-type materials. The NZP-type com-
pounds have the potential for cooperative interaction of
these two mechanisms, which could lead to large com-
pressibilities ( > 10~ *kbar~!). The expected structural
distortions of rhombohedral NZP, furthermore, could
lead to a high-pressure phase transition to the mono-
clinic form exhibited by intermediate members of the
Na, , , Zr,Si, P; _,O,, series.'! High-pressure investi-
gation of NZP is now in preparation to test these predic-
tions.
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