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The crystal structure of ferroelectric NaTh)POy); has
been determined using X-ray diffraction techniques.
The crystals are monoclinic with dimensions a =
17.37(2), b =6.81(1), ¢ = 8.13(1) A, B = 101.03-
(10)° and belong to the space group Cc. The density
calculated for Z = 4 is 5.435 g . cm™3; that determined
by a picnometer is 5.41 g. cm™. The structure was
solvend from 913 observed, independent reflections.
The atomic coordinates and temperature factors were
refined by full-matrix least squares. The discrepancy
indices had final values of 7.1% (including unobser-
ved reflections) and 6.2% (omitting unobserved re-
flections). The compound may be designated as so-
dium trisphosphatodithorate. The thorium atom is
nine coordinated and thorium-oxygen distances are
from 2.27 to 2.58 A, and phosphorus-oxygen distances
vary from 1.52 to 1.59 A. The atomic arrangement
is isostructural with that of KThi{POs)s;. The main
difference in the structures of NaThyPO.); and KTh;-
(POy); is the position of the alkali metal atom. The
potassium atom in KThA{PQOy); is on the special posi-
tion 0, y, 14 on the twofold axis in the space group
C2/c, and the sodium atom in NaThyPO,); is out of
twofold axis for 0.8 A.

Introduction

X-ray diffraction data,' the preparation of single
crystals and crystallographic data of NaThx(PO,);?
have been published already. Crystallographic data for
other alkaline metal salts of thorium phosphates have
been also reported.’ These compounds are monoclinic,
space groups C2/c or Cc, Z = 4. Similar values of
lattice constants and the same space group extinctions
between all alkaline metal salts of thorium phosphates
suggest close structural relationship among them. The
crystal structure of KThy(PQOs); has been solved in
centrosymmetric space group C2/c and published re-
cently.* NaThy(PQO,);° and NaUxPO4);® are piezo-
electric, ferroelectric and therefore noncentrosymme-
tric, space group Cc.

(**) The paper was presented at the 8th International Congress of
Crystallography, Stony Brook, U.S.A., August 1969.
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Experimental Section

To obtain single crystals of NaThz(PQ,)s previously
described preparations were followed.?**

The crystals are monoclinic, space group Cc (No 9),
with unit cell dimensions:

a=1737x.024

b= 681x.01

c= 8.13+.01

B8 =101°3 %10

Dm = 5.41; Dx = 5435 g/cm®
Z=4

The unit cell parameters were determined from oscil-
lation and Weissenberg photographs with CuKe ra-
diation. The density (Dm) was determined by a pic-
nometer with decalin as liquid.

The three-dimensional intensity data were collec-
ted on multiple equi-inclination Weissenberg photo-
graphs using CuKea radiation. Three crystals were
made spherical by grinding for absorption corrections
(n = 1133.4 cm™!). On such ground specimens (with
the radius of sphere r = 0.081 mm, pr =9.2; r =
0.082 mm, pr = 9.3 and r = 0.065 mm, pr = 7.4)
following zones of reflections were collected: Okl; hOl
to h31 and hkO to hk4. The relative intensities were
determined from the optical densities of each spot
by means of a microdensitometer. The corrections
for absorption, polarization and Lorentz factors were
made in the usual way and the structure amplitudes
derived. The scale factors among the various hkl
levels of data were improved in the course of struc-
ture determination. At the later stages of refinement
the observed structure factors were transformed into
absolute scale and the mean values were calculated
for reflections whose intensities were determined se-
veral times. Weights were assigned using the method
described by Wiesner and Lingafelter’

Solution and Refinement of the Structure. The ini-
tial atomic coordinates, corresponding to those found
in KThy{PQ,);,' were assumed. The least squares
refinement cycles were continued in C2/c space group
and resulted in a high isotropic temperature factor
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for the sodium atom. In the three-dimensional Fou-
rier map the sodium atom peak was split, and sug-
gested that the sodium atoms were disordered. The
correct space group for NaThx(PQ,); must be Cc be-
cause the crystals are piezoelectric? When a non
centric model was refined by least squares in the
space group Cc with all the atoms in general posi-
tions, some of the isotropic temperature factors were
negative and the coordinates of phosphorus and oxy-
gen atoms were shifted so that P—O bond distances
varied from 1.35 to 1.65 A. Also some oxygen-oxy-
gen distances between different PO, groupings were
also too short, the shortest one was 2.48 A. Since
these irregularities in distances between the atoms
could not have a physico-chemical explanation, a fur-
ther refinement of the structure was attempted in the
centric space group C2/c with the sodium atoms di-
sordered about the twofold axis. The atomic coordi-
nates and temperature factors obtained after several
full-matrix least squares refinement cycles are listed
in Table I and the observed and calculated structure
factors in Table II. The atomic scattering factors
used were from International Tables for X-ray Cry-
stallography.® Both, the real and imaginary, anoma-
lous dispersion corrections were applied in the atomic
scattering factor of Th atom. Isotropic thermal para-
meters for Th and P atoms, listed in Table I, are those

Table I. Fractional Coordinates for NaTh,(PQO,);. Standard er-
rors are given in parentheses

X y z B(A%
Th(1) 0.1530(1) 0.0924(1) 0.0365(1) 0.59(3)
Na(2) 0.0184(31) 0.3883(83) 0.3482(64) 7.5 (1.4)
P(3) 0.3120(4) 0.0828(10) 0.3130(8) 0.7 (1)
P(4) 0 —0.1041(14) 1/4 1.1 (2)
o) 0.0752(11) 0.0297(31)  0.2530(26) 1.5 (4)
O(6) —0.0240(13) —0.2231(38) 0.0889(30) 2.2 (4)
o 0.2270(10) 0.0517(26) 0.3310(21) 0.6 (2)
O(8) 0.3619(10) —0.1017(28) 0.3392(23) 0.9 (3)
(0]C)] 0.2998(9) 0.1502(26)  0.1249(20) 0.5 (3)
O(10) 0.3486(11) 0.2644(34) 0.4127(26) 1.7 (4)

The anisotropic thermal parameters of Th and P atoms are
of the form T=exp-(81:h*+ B.k* 4 B::8*+ 28i:hk + 28,:h 2 +2B,ke).
Each thermal parameter is multiplied by 10*.8., and B for
P(4) are required to be zero by symmetry.

Bu Bzz BJJ B:z Bu Bza
Th(1) 5(1)  26(2) 32(1) 00 7(1) 1)
P@3) 10(2)  30(12) 22(8) ~7(4) 733 3(9)
P(4) 7(3) 37(18) 80(15) 0 8(5) O
R, = Z ||[F|—|FJ|/ = |F,| = 0.071 (including unobserved
hk¢ hk? reflections)
R:= X [|FoJ—|Fd|/ £ |F:| = 0.062 (omitting unobserved
hk? hk¢ reflections)

obtained at R,=0.067 (omitting unobserved reflect-
ions) before anisotropic temperature factors were adop-
ted. -Anisotropic temperature factors for Th and P
were refined in the final stages of refinement. The
refinement cycles”® and the calculation of bond

(8) International Tables for X-ray Crystallography, Vol. 111, Birmin-
gham: Kynoch Press (1962).
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lengths and angles"*? were carried out on the IBM
360-67 computer at the Washington State Universily
Computing Center®'' and on the CAE 90-40 computer
at the Institute of Mathematics Computing Center
(University of Zagreb)."""? Table III gives the inter-
atomic distances and angles obtained from the atomic
coordinates in Table I. At this time it was found that
the crystals of NaThy(POs); possess ferroelectric pro-
perties.> The samples investigated were thought to be
polydomain crystals, and the observed structure an
average. Several attempts were made to distinguish
the positions of the sodium atoms in the domains as-
suming that the samples investigated were two-domain
crystals and that all atoms except sodium met the sym-
metry requiremcnts of C2/c. None of these models
was significantly better on Hamilton’s test” than the
disordered model.

Description and Discussion of the Structure

The main features of the structure of KTho(PO,): are
repeated in NaTh:(PQ,);. All POy tetrahedra are di-
screte groups with no oxygen atom common to two
phosphorus atoms, as is obvious from the formula of
compound. Each oxygen atom, in addition to being
bonded to a phosphorus atom, is also attached to the
thorium atom. The packing of thorium atoms and

Ok
[ 2(}

Figure 1. The structure of KTh;(PO,); and symmetry ele-
ments projected down the c-axis. Oxygen atoms from the
phosphate groups are connected by full lines. Oxygen
atoms O(6c) and O(6m) belong to two different phosphate
groups related by symmetry operation of twofold axis.
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and H. A Levy, ORFLS, A fortran crystallographic least squares pro-
gram. U. S. Atomic Energy Commission Report ORNL-TM-305 (1962).

(10) S. Polié, A local version of the W. R. Busing, K. O. Martin
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gram. U. S. Atomic Energy Commission Report ORNL-TM-305 (1962).

(11) D. Anderson, A local version of the W. R. Busing, K. O. Mar-
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error program. U.S. Atomic Energy Commission Report ORNL-TM
306 (1964).

(12) B. Zelenko and D. Truptevif, private communication, (1968).
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Table Il. Observed, FO, and calculated, FC, structure factors

3665 3837

1 2723 .2810 -8 1220 -1217

0o 0 2 2 2 4 0 6 0 -6 734 -812 8 0 6 3457 -3349 10 0 -10 1732 1809
o 0 4+ 2458 2551 2 2 -1 6100 -6790 4 0 -10 493 414 6 0 8 648 606 8 0 -6 4014 3835 10 2 0 1583 -1502
00 6 948 932 2.2 2 1714 1724 4 2. 0 1540 -1616 6 0 -8 2942 -2799 8 0 8 2389 -2528 10 2 1 1649 1520
0 0 8 1155 -1077 2z .2 o 233 4 2 1 3654 3884 6 0 -10 2321 -2543 8 0 -8 3770 3702 10 2 -1 709 391
0 0 10 1355 -1664 2 2 3 2408 -2625 4 2 -1 2190 2100 6 2 0 1290 1278 8§ 0 -10 1142 1364 10 2 2 1587 -1372
0 2 0 3266 3009 2 2 -3 4564 -.704 4 2 2 1123 -992 6 2 1 1599 1640 8 2 o 0 .95 10 2 -2 2192 -2021
0 2 1 1732 -1558 2 2 4 1148 -1136 4 2 -2 23! -2183 6 2 -1 2402 2754 8 2 1 3491 -3453 10 2 3 2134 2091
02 2 789 116 e 2 -4 1084 1039 4 2 3 3889 4091 6 2 2 1792 1361 8 2 -1 5668 -6000 10 2 -3 2447 -2236
0 2 3 3024 -3075 2 2 S 912 _géo 42 -3 a8 132 6 2 -2 1516 1491 8 2 2 619 -490 10 2 4 1094 -971
0 2 4 1736 1785 2 2 -5 2885 -3024 4+ 2 4 391 -405 6 2 3 538  -559 8 2 -2 1662 1548 10 2 -4 915 -805
o 2 5 3123 -3357 2 2 6 2119 1971 4 2 -4 1539 -1462 6 2 -3 4956 5051 8 2z 3 3444 -3595 10 2 5 3879 3812
0 2 6 892 851 2 2 -6 1080 1118 4 2 5 4510 4740 6 2 4 1456 1476 8 2 -3 2549 -2463 10 2 -5 3326 -3342
o 2 7 3624 -3747 2 2 7 1694 1574 4 2 -5 1769 -1743 6 2 -4 83 650 8 2 4 1071 -1028 10 2 6 0 34
0 2 8 548 -480 2 2 -7 1007 .89 4 2 6 899 934 6 2 5 2270 -2220 8 2 -4 1357 1248 10 2 -6 952 -869
0 2 9 1939 -1986 2 2 8 806 757 4 2 -6 1506 -1402 6 2 -5 3400 3408 8 2 5 1917 -1893 10 2 7 20001 2156
02 10 670 -769 2 2 -8 1945 1809 4 2 7 175 1675 6 2 6 1198 1193 8 2 .5 820 -787 10 2 -1 2877 -2922
0 4 0 3837 -3903 2 2 9 1716 1826 4 2 <7 2823 -2685 6 2 -6 0 -145 8 2 6 1312 -1228 10 2 -8 257 -260
0 4 11575 -1471 2 2 -9 506 49y 4 2 8 1010 961 6 2 7 2814 -2721 8 2 -6 1936 1741 10 2 -9 2830 -3127
0 4 2 2531 -2366 2 2 -1 8z 785 4 2 -8 871 -714 6 2 -7 3470 3514 8 2 T 382 -295 10 4 0 2074 2142
0 4 3 2067 -1968 2 4 0 1514 1386 4 2 9 766 801 6 2 8 430 334 8 2 .71 591 504 10 4 1 1455 1419
0 4 4 1809 -1703 2 4 1 2603 -2629 4 2 -9 2832 .2954 6 2 -8 1295 -1336 8 2 8 972 -96l 10 4 -1 o 322
0 4 5 2533 -2536 2 4 -1 4107 -4236 4 2 -10 21 -6 6 2 9 1414 -1795 8 2 -8 1667 1561 10 4 2 2432 2399
0 4 6 1017 -89S 2 4 2 2408 2499 4 4 0 2329 2251 6 2 -9 1370 1371 8 2 -9 1679 1731 10 4 -2 2991 1916
0 4 7 2840 -2829 2 4 -2 o -327 4 4 1 3052 3044 6 2 -10 947 -980 & 4 0 483 -505 10 4 3 1628 1665
6 4 8 537 528 2 4 3 1998 -1820 4 4 -1 1961 2036 6 4 0 3296 -3370 8 4 1 2417 -2526 10 4 -3 2068 -2087
0 4 9 1385 -1268 2 4 -3 2912 -2590 4 4 2 1348 1504 6 4 1 1346 952 8 4 -1 3669 -3606 10 4 4 1189 1113
0 6 0 4557 -4669 2 4 4 2159 2024 4 4 -2 3156 3296 6 4 -1 1910 2077 8 4 2 1097 1098 10 4 -4 2103 1847
06 1 0 -163 2 4 -4 1449 -1420 4 4 3 2515 2522 6 4 2 2277 -2269 8 4 -2 1520 -1545 10 6 0 2893 3046
0 6 2 2889 -2816 2 6 0 1319 1434 4 4 3 0 -166 6 4 -2 1348 -1042 8 4 3 2794 -2812 10 6 1 423  -500
0 6 3 138 1312 2 6 L 12 918 4 4 4 0 82 6 4 3 o 387 8 4 -3 1635 -1496 10 6 -1 0 81
0 6 4 2124 -2052 2 6 -1 1602 1420 4 4 -4 2341 2111 6 4 -3 3908 3636 8 4 4 1443 132 10 6 2 2654 2533
0 6 5 1059 980 z2 6 2 3190 2948 4 6 0 2791 2741 6 4 4 2807 2629 8 4 -4 2951 -2891 10 6 -2 3827 3814
0 6 6 83 -801 2 6 -2 1289 -1076 4 6 1 1304 -1194 6 4 -4 1351 -749 8 6 0 692 -574 10 6 3 816 -731
0 6 7 904 83 2 6 3 993 927 4 6 -1 660 -490 6 6 0 3749 -3783 8 6 1 831 918 10 6 .3 333 334
0 8 0 241 -254 2 6 -3 959 1051 4 6 2 989 1016 6 6 1 0 -356 8 6 -1 1367 1268 10 6 4 1006 1107
08 1 569 475 2 6 4 2976 2172 4 6 -2 4430 4307 6 6 -1 1196 -961 8 6 2 961 906 10 6 -4 1338 1818
o 8 2 23 -85 2 6 -4 1670 -1508 4 6 3 1096 -1041 6 6 2 2963 -2871 8 6 -2 2233 -2144 11 1 0 1988 -1851
0 8 3 1599 1778 2 8 0 360 385 4 6 -3 289 -214 6 6 -2 1743 -1749 8 6 3 1255 1125 1n 1 1 2852 2583
0 8 4 257 -106 2 8 1 2346 2323 4 6 4 ° 52 6 6 3 255 220 8 6 -3 1015 902 i1 -1 1149 1121
11 0 3351 3302 2 8 -1 3437 3470 4 6 -4 2773 2679 6 6 -3 1627 -1477 8 6 4 2005 1909 111 2 o 128
11 1 2815 -2595 2 8 2 0 -108 48 0 219 112 6 6 4 3037 -3152 8 6 -4 3015 -2858 111 -2 3076 -3002
1 1 -1 2457 -2820 2 8 -2 545 -282 4 8 1 2661 -2674 6 6 -4 0 -326 8 8 0 489 234 o1 3 1908 1828
11 2 1413 1272 2 8 3 1311 1581 4 8 -1 1399 -1418 6 8 0 208 .97 8 8 1 2167 2350 11 1 -3 1520 1457
1 1 -2 2902 3266 2 8 -3 2028 2333 48 2 o -5z 6 8 1 759 -506 8 8 -1 2578 2978 11 4 1661 1632
11 3 2623 -2738 31 0 3567 -3723 4 8 -2 o 217 6 8 -1 1718 -1779 8 8 2 o -118 11 1 -4 3420 -3216
11 -3 1206 -1365 301 1 0 -427 4 8 3 2265 -2360 6 8 2 0 .81 8 8 -2 318 -316 1n 1 5 1667 1582
11 4 1444 -1561 3.1 -1 1770 -1453 4 8 -3 294 236 6 8 -2 387 -249 9 1 0 2551 -2581 11 1 -5 908 718
11 -4 625 6177 31 2 5441 -5840 5 1 0 o -219 6 8 -3 3037 -3032 9 1 1 1510 -1439 m o 6 1940 1805
11 5 1612 -1556 3 1 -2 3761 -4486 5 1 1 3639 13570 71 0 3733 3897 9 1 -1 2523 -2407 11 1 -6 4231 -4051
1 1 3 0 405 31 3 1126 1112 5 1 -1 1784 1806 71 1 1871 -1876 9 1 2 4056 -4069 i 1 7 805 722
11 6 2538 -2580 31 -3 1834 -1989 5 1 2 2369 2479 71 -1 736 -835 9 1 -2 1946 -1874 11 1 -7 1170 -1063
1 1 -6 2117 2145 31 4 2589 -2722 5 1 -2 1351 -1196 71 2 2781 2818 9 1 3 o -218 11 1 -8 1748 -1657
11 7 1588 -1619 31 -4 1842 -1966 5 1 3 1868 1852 71 -2 4960 4881 9 1 -3 2373 -2286 11 1 -9 1478 -1476
1 1 -7 1121 1204 31 5 1904 1909 5 1 .3 2356 2236 71 3 2574 -2510 9 1 4 2970 -2918 1n 3 0 0 180
11 8 2178 -2043 3 1 -5 2858 -3128 s 1 4 3586 3618 7 1 -3 345 457 9 1 -4 0 236 11 3 1 5103 5308
11 -8 2018 1963 3.1 6 1569 -1531 5 1 -4 3132 -3290 701 4 666 580 9 1 5 647 587 11 3 -1 2821 2751
11 9 494  -432 31 -6 0 566 5 1 5 1017 1043 7 1 -4 3953 4100 9 1 -5 2949 -2909 1 3 2 0 216
1 1 -9 1478 1464 31 7 1790 1780 5 1 .5 1440 1603 71 5 1561 -1338 9 1 6 2525 -2439 11 3 -2 498 616
1 1 10 2559 -2642 3 1 -7 1753 -1807 5 1 6 2948 2837 7 1 -5 1399 1449 9 1 -6 2474 2514 113 3 3068 3072
11 -10 571 742 E 8 0 -195 5 1 -6 3495 -3642 71 6 741  -607 9 1 7 1162 1086 i1 3 -3 2092 1890
13 o o -299 3 1 -8 1466 1380 5 1 7 0 -89 7 1 -6 1504 1496 9 1 <7 1144 -1055 11 3 4 246 -345
13 1 4837 5196 3 1 9 1789 1779 5 1 -7 470 558 7 1 7 1959 -1835 9 1 8 1081 -1065 11 3 -4 899 747
1 3 -1 3272 -3426 3 1 -9 1545 -1303 5 1 8 2443 2471 7 1 -7 2109 2187 9 1 -8 2412 2222 113 5 2201 2124
1 3 2 [ 68 3 1 -10 1700 1733 5 1 -8 2660 -2568 71 8 1643 -1541 9 1 -9 716 -535 11 3 -5 554 289
1 3 -2 1623 -157) 313 0 o 3717 5 1 9 833  -906 7 1 -8 659 650 9 1 -lo 1719 2128 11 3 6 659 -623
1 3 3 5720 -6056 3 3 1 799 -493 5 1 -9 782 -712 71 9 806 -910 9 13 1] 712 648 11 3 -6 827 643
I3 -3 1337 1208 3 3 -1 2605 -2609 5 1 -10 2028 -2195 7 1 -9 1580 1620 9 3 1 2395 -2488 113 7 988 1076
13 4 0 171 33 2 865 587 5 3 0 0 -31 7 1 -10 337 -285 9 3 -1 399 -4073 11 3 -7 2109 -2072
13 -4 83 -731 303 -2 1296 1191 5 3 1 5586 6159 73 0 1617 -1502 9 3 2 503 527 11 3 -8 284 4ll
13 s 2710 -2717 303 32355 2405 5 3 -1 4735 4917 73 1 2749 -2818 9 3 -2 707 652 13 -9 2240 -2106
1 3 -5 1365 1343 3 3 -3 3608 -3428 s 3 2 0 -180 7 3 -1 648 -628 9 3 3 0 113 115 0 1164 1453
1 3 6 278 428 3 3 4 996 865 5 3 2 [} 427 7 3 2 o -152 9 3 -3 3939 -3787 11 5 1 1205 1011
1 3 -6 282 -34l 3 3 -4 538 391 5 3 3 2231 2273 7 3 -2 923 -614 9 3 4 ] 368 1 s -1 371 509
13 7 1970 -19i1 3 3 5 3168 3021 5 3 -3 4469 4439 7 3 3 4580 -4851 9 3 -4 410 -402 s 2 o -lz
1 3 -7 2138 1863 3 3 -5 4749 -4899 5 3 4 1375 -1291 7 3 -3 1307 1343 9 3 5 1221 1169 11 5 -2 2751 2779
13 8 698 565 33 6 549 384 5 3 -4 399 362 73 4 0 -189 9 3 -5 4615 -4858 s 3 324 516
1 3 -8 355 -273 33 -6 o -173 5 3 5 105 1025 7 3 -4 858 -705 9 3 6 118 135 11 5 -3 480 376
1 3 9 462 -486 303 7 2914 2757 5 3 -5 1789 1720 73 5 3101 -2854 9 3 -6 0 -295 11 5 4 1285 -1240
1 3 .9 2253 2222 3 3 -7 3197 -2988 5 3 6 269 -347 7 3 -5 2769 2640 9 3 7 1740 1680 11 5 -4 3119 339:
1 5 0 2113 -2064 33 8 0o -207 5 3 -6 1091 945 7 3 6 233 249 9 3 -7 1743 -1810 11 7 0 992 105
15 1 0 -509 33 -8 296 -340 5 3 7 187 -206 73 -6 0 -109 9 3 8 0o 125 7 1 2423 -2598
1 5 -1 0 -247 33 9 3320 3016 5 3 -7 0 120 7 3 7 2885 -2925 9 3 .8 668 -616 11 7 -1 1603 -1622
1 5 2 1329 -1099 3 3 -9 2113 -2238 5 3 8 421 -319 7 3 -7 3454 3353 9 3 -9 797 -873 1N 7 2 557 -542
1 5 -2 3206 -3155 3 5 0 3412 3379 5 3 -8 417 414 7 3 8 195 140 9 5 0 2301 2309 17 -2 1617 1484
1 5 3 1513 -1292 305 1 594 -386 5 3 -9 1215 -1083 7 3 -8 283 -293 9 5 1 1090 -928 117 -3 1160 .1209
1 5 =3 1213 -1160 3§ -1 1731 -606 5 5 0 o -238 7 3 -9 2360 2431 9 5 -1 387 -658 17 -4 153Z ; ::
1 5 4 1100 1284 3 5 2 4663 4701 5 5 1 719 855 7 5 0 3710 -3805 9 5 2 3835 3871 12 0 0 §;27 3;50
1 5 -4 4907 -4631 3 5 -2 3805 3684 5 5 .1 590 743 75 1 0o -183 9 5 -2 1517 1427 1z o 2 A
1 7 0 1339 -1254 35 3 903 948 5 5 2 1588 -1569 7 5 -1 407 -537 9.5 3 o135 2e 11)4 4659
7 1 2263 2226 3 5 -3 647 656 5 5 -2 1766 1119 7 5 2 2050 -2057 9 5 -3 434 -568 12 0 4 :936 1659
17 -1 2205 2175 3 5 4 2818 2612 5 5 3 440 441 7 5 -2 3542 -3410 9 5 4 2570 2691 12 0 -z 2315 1808
107 2 993 -933 3 5 -4 1665 1421 5 5 .3 1281 1018 7 5 3 720 -764 9 5 -4 648 -442 12 g 6 s 2000
1 7 =2 1654 -1555 37 0 1847 1793 5 5 4 3626 -3410 7 5 -3 314 -223 9 7 0 1276 1121 200 N e
17 3 3028 2911 37 1 0 29 5 5 -4 3098 2657 7 5 4 N2 =157 9 7 1 1329 1268 15 2 o 1io7 108
L7 -3 691 490 307 -1 1477 1445 5 7 0 o -180 75 -4 4431 -4199 9 7 -1 2356 2466 123 Y 2ees 2688
17 4 1009 1102 3 7 2 2552 2477 .5 7 1 2912 -2860 7 7 0 1880 -1889 27 2 oum 28 12 z -1 3295 3218
17 -4 2185 -2277 307 -2 1877 1628 5 7 .1 2255 -2281 7 7 1 1654 1600 97 -z TS 8T 12 2 2 Tsos 633
2 0 0 3343 -2654 3.7 3 1113 -1002 5 7 2 1306 -1248 71 -l 0 346 97 3 0 zm: 12 2 -z 548 584
2 0 2z 4196 -5075 307 -3 2038 1968 5 7 .2 668 577 71 2 1596 -1407 9 7 -3 1924 e 1z 2z 3 1690 1628
2 0 -2 1785 1457 37 4 1299 1164 5 7 3 1583 -1606 7 7 -2 1744 -1664 3T N e 12 3 -3 460 4786
2 0 4 3512 -3682 307 -4 892 85 5 7 .3 2538 -2424 77 3 2242 2337 10 0 3 szor lass 1z z 4 0y 1618
z2 0 -4 2908 3141 4 0 0 4717 -4118 5 7 4 1558 -1518 7 7 -3 341 -359 10 e 12 2 -4 701 -s64
2 0 6 4901 -5245 4 0 2 198 -1999 5 7 _4 1753 1732 7 7 4 394 -270 O e 12 z 5 663 638
2 0o -6 3282 3079 4 0 -2 6877 -T102 6 0 0 6133 6665 7 1 -4 2019 -2084 100 4 19 ots V2 2 -5 2529 2415
2 0 8 2169 -2191 4+ 0 4 0 -9 6 0 2 5820 6315 g 0 o0 112 79 100 -4 3018 - o0 12 2 6 asi 834
2 0 -8B 4101 4020 4 0 -4 4576 4717 6 0 -2 2072 1884 8 0 2 1584 -1704 10 0 6 ° Leos 12 2 -6 1320 -1157
2 0 10 1002 -1086 4 0 6 2252 2219 6 © 4 3941 4080 8 0 -2 3823 4023 10 0 -6 1723 '“gl 1z 2 1 1264 -1323
2 0 -10 1694 1902 4 0 -6 3773 4095 4 0 -4 o -169 8 0 4 2658 -2607 10 0 8 120: 339 1z 2 -1 2160 1919
2 2 0 542 -1280 4 0 & 2705 2516 6 0 6 1822 1874 8 0 -4 4I81 4069 10 o -8 3
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Table 1. (Continued)

H K L 10F0 10FC H K L 10F0 10FC H K L 10F0 10FC
12 2 -8 1178 -1185 13 3 -4 ] -151 14 4 -1. 1827 -1725
12 2 -9 410 320 13 3 5 2249 -2106 14 4 2 425 -458
12 4 0 1289 -l221 13 3 -5 3451 3106 14 4 -2 2286 -2176
12 4 1 1778 1697 13 3 6 138 49 14 4 3 2460 2647
12 4 -1 2430 2545 13 3 -6 222 -79 14 4 -3 893 -866
12 4 2 1895 -1881 13 13 -7 3783 3773 14 4 4 505
12 4 -2 [ -221 13 13 -8 0 63 14 4 -4 2614 -2663
12 4 ¥ 1304 1287 13 5 0 3510 -3764 14 6 ¢ 1583 -.1727
12 4 -3 3775 3591 13 5 1 592 -5217 14 6 1 624
12 4 4 2282 -2266 13 5 -1 322 402 14 6 -1 1015
12 4 -4 67 642 13 5 2 2336 -2416 14 6 -2 2360 -2371
12 ¢ 0 1692 -1723 13 5 -2 2746 -2730 14 6 -3 310 =197
12 ¢ 1 779 1132 13 5 3 0 -144 14 6 -4 2601 -3242
12 ¢ -t 1090 -974 13 5 -3 343 267 15 1 0 1148 1169
12 ¢ 2 2154 -2136 13 5 4 1447 -1832 15 1 1 1647 -1597
12 6 -2 382 -415 13 5 -4 2044 2044 15 1 -1 2696 -2479
12 ¢ 3 386 119 13 7 0 1780 -1964 15 1 2 2491 2171
12 6 -3 1220 -1171 13 7 -1 697 -543 15 1 -2 537
12 ¢ -4 1453 1516 i3 7 -2 1400 -1290 15 1 3 1395 -1003
13 1 0 4582 4663 14 0 ¢ 293 3070 15 1 -3 1843 -1685
13 1 1 408 -555 14 0 2 1068 861 5 1 4 1964 -1816
13 1 -1 1216 972 14 0 -2 3211 3220 15 1 -4 2285 2220
13 1 2 2361 2323 14 0 4 1050 -1094 15 1 5 g6 -378
13 1 -2 2522 2447 14 0 -4 4949 4899 15 1 -5 1725 -1549
13 1 3 1527 -1384 i4 0 6 1772 -1635 15 1 6 2585 -2566
13 1 -3 1400 1403 14 0 -6 2642 2612 15 1 -6 2456 2400
13 1 4 2034 2025 14 0 -8 2197 2240 15 1 -7 615 -376
13 1 -4 2207 2107 4 2 0 1217 1072 15 1 -8 2818 2869
13 1 5 1143 -1077 14 2 1 2939 -2741 15 3 [ 0
13 1 -5 1899 1855 14 2 -1 2925 -2820 15 3 1 2736 2799
13 1 6 781 709 14 2 2 805 452 15 3 -1 4355 -424¢6
13 1 -6 442 429 14 2 -2 1096 1022 15 3 2 540
13 1 7 1342 -1412 4 2 3 3446 3489 15 3 -2 0 -120
13 1 -7 2471 2430 14 2 -3 696 -607 15 3 3 1625 -1563
13 1 -8 983 -887 14 2 4 484 -400 15 3 -3 3165 -2954
13 1 -9 1169 1219 14 2 -4 2236 2061 15 3 4 274
13 3 0 766 -679 14 2 5 1950 1996 15 3 -4 412 -531
13 3 1 834 -823 14 2 -5 1462 1311 15 3 5 473 -507
13 3 -1 2094 2006 14 2 ] 598 -688 15 3 ~5 2662 -2658
13 3 2 906 -757 14 2 -6 1160 1073 15 3 -6 529 -546
13 3 -2 547 -589 4 2 -7 1742 1706 15 13 -7 587
13 3 3 2360 .2280 14 2 -8 981 880 15 3 -8 427 -421
13 3 -3 2534 2491 14 4 0 1466 -1619 15 5 o 949
13 3 4 255 -328 14 4 1 1821 -1785 15 5 1 605 668

the phosphate groups is very close in the whole unit
cell except along twofold axes between phosphate
groups where there are channels parallel to the c-axis,
Figure 1. These channels are so large that any of
alkaline metal cation fit inside their and leave the unit
cell practically unchanged? Figure 2 represents a
perspective view of the cavity. The centre of the
cavity is surrounded by eight oxygen atoms of six pho-
sphate groups, two of which are bidentate and the
others monodentate. A twofold axes passes through
the cavity (in the case of C2/c space group) and rela-
tes the oxygen atoms of the bidentate phosphate groups.

Figure 2. ‘A view down the polyhedron of oxygen atoms
around the alkali metal atom (which is omitted in the figure).

In the structure of KThy(PO,); potassium atom is locat-
ed on the twofold axis close to the centre of the cavity.
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5 -1 582 719 17 1 -5 807 .82 191 1 101 618
15 5 -2 B9 -762 17 1 -6 2558 -2410 19 1 -1 1363 1277
15 5 3 474 -359 17 1 -7 1580 -1646 19 1 2 2196 2176
15 5 -3 590 -548 17 1 -8 735 .698 19 1 -2 1164 1149
15 5 -4 1720 -1793 17 3 0 442 321 19 1 3 278 -260
16 0 0 3079 -3119 17 3 1 2991 2817 19 1 -3 1804 1763
16 0 2 4002 -3960 17 3 -1 1154 1084 19 1 -4 186 169
16 0 -2 3564 -3373 17 32 371 318 19 1 -5 1615 1642
16 0 4 1956 -1991 17 3 -2 773 744 19 1 -6 705 -T18
16 0 -4 1202 -1113 17 3 3 2360 2459 19 3 O 598  .536
16 0 -6 785 773 17 3 -3 362 235 19 3 1 1002 1137
16 0 -8 1991 1807 17 3 4 [ 4 19 3 -1 2209 2292
16 2 0 1039  -994 17 3 -4 531 493 19 3 2 428 -357
16 2 1 576 -309 17 3 -5 1541 -1587 19 3 .2 ¢ -93
16 2 -1 1680 -1602 17 3 -6 400 473 19 3 -3 2835 2996
16 2 2 1745 -1553 17 3 -7 2544 -2619 19 3} -4 0 -48
16 2 -2 1216 -1029 17 5 @ 1770 2050 19 3 -5 2316 26T
16 2 3 840 786 17 5 -1 369 290 20 0 O 2724 2971
16 2 -3 3076 -2927 17 5 -2 3019 3253 20 O 2 1800 2081
16 2 4 901 -825 17 5 -3 109 70 20 O -2 2859 2890
16 2 -4 524 -542 17 5 -4 2147 2374 20 O -4 3185 3188
16 2 5 1849 1791 18 0 0 397 .30 20 O -6 1350 1305
16 2 -5 3623 -3657 18 0 2 1446 1375 20 2 O 946 912
16 2 -6 0o -60 18 0 .2 1494 -1427 20 2 1 1160 -1305
16 2 -7 2141 -2302 18 0 4 2228 2557 20 2 .1 551  .523
16 2 -8 705 614 18 0 -4 2766 -2735 20 2 2 827 888
16 4 0 1595 1619 18 0 -6 3348 -3365 20 2 -2 1203 1195
16 4 -1 1235 -1273 18 2 0 [ 85 20 2 -3 984 1037
16 4 -2 2112 1916 18 2 1 2955 2972 20 2 -4 1252 1291
16 4 3 815 898 18 2 -1 2622 2610 20 2 -5 2012 1969
16 4 -3 2166 -2168 18 2 2 s20 527 21 1 0 176 314
16 4 -4 872 80l 18 2 -2 388 <341 21 1 1 1401 -1338
16 6 -1 607 533 18 2 3 1697 1862 21 1 -1 1710 1688
16 6 -2 2113 2104 18 2 -3 3009 3008 21 1 -2 1880 2039
16 6 -3 407 894 18 2 -4 1204 -1158 21 1 -3 706 -746
17 1 0 2138 -2154 18 2 -5 1064 1072 21 1 -4 1806 2242
17 1 1 1522 1342 18 2 -6 1196 -1251 21 1 -5 'S17T 420
17 1 -1 690 640 18 2 -7 148 142 21 3 -2 o -285
17 1 2 1280 -1220 18 4 0 0 56 22 0 -2 1088 -995
17 1 -2 3514 -3397 18 4 -1 1993 2069

17 1 3 1331 1256 18 4 -2 1085 698

17 1 -3 o 287 18 4 -3 2031 2107

171 4 228 219 18 4 -4 1290 1402

17 1 -4 2682 -2658 19 1 0 2608 2567

When a smaller, sodium atom is in the cavity, it is out
of two fold axes and farther from the centre. The
closest sodium-oxygen distance is 2.49 A. In the case
of NaThy(PO.); the results of the least squares refine-
ment suggest that each of two sodium atoms occupies
half of positions which are out, but close to twofold
axes. Figure 3 shows both positions of two half so-
dium atoms in the cavity and the empty site where, in

Figure 3. The positions of two sodium atoms (black circles)
in the structure of NaTh;(PO.); in comparison with the
empty site where, in KTh(PO,);, potassium atom is located.
The empty site of potassium atom and coordinated oxygen
atoms from phosphates groups are connected by full lines.

KThy(POa)s, potassium atom is located. Figure 4 is
the projection of the structure of NaThx(PQ); on a
plane normal to b axis. The atomic positions are the



Table Wll. Interatomic distances and angles in NaTh,(PO.)s
Standard errors are in parentheses

Angles
Distances (A) (degrees)
A B C A-B A-C A-B-C

Within Th-polyhedron

O(6c) Th(1) OGe) 244(2) 2423)*  57.5(7)
o Th(l) O(9) 251(2) 2.38(22)*  56.3(4)
O(5e) ~ Th(1)  O(7e)  2582)  , 0 61.5(6)
0(5) Th(1) O@  2452) 2003 &35
O%g) Th(1) OO 242(1)  2.76(2) 67.4(4)
0(9) Th(1) O(7e)  254(1)  2.84(2) 68.5(4) -
O(7e) Th(1) O 2.50(2) 281(Q2) 69.6(5)
O@Bb) Th(l) OBy 2352  2.76(1) 70.6(4)
O(10h) Th(1)  O(5) 227(1) 2.74(2) 70.8(6)
0(5) Th(l)  O(6c) 3.05(3) 77.0(7)
O(8b) Th(l) O(6c) 2.82(3) 71.9(7)
o7 Th(1)  O(10h) 2.91(2) 74.9(4)
O(10h) Th(1)  O(7e) 2.95(2) 76.2(5)
O(8b) Th(1) O() 2.89(3) 74.0(6)
o Th(1)  O(8b) 3.01(2) 76.5(5)
O(10h) Th(l)  O(5e) 3.12(2) 79.8(5)
O(8b) Th(1) OO 3.34(2) 85.9(6)
O(5¢) Th(1)  O(9g) 3.40(3) 85.6(5)
O(6c) Th(1) O(%) 3.25(3) 83.6(7)
O(10h) Th(1) ©O(9) 3.65(2) 98.5(6)
0(5) Th(1)  O(5¢) 4.09(1)  108.6(7)
o(7) Th(1)  O(7e) 4.13(1) 111.1(6)
O(10h) Th(1)  O(6c) 3.94(3)  113.0(8)
O(6c) Th(1) O(7e) 4.15(3) 114.4(7)
o Th(1)  O(9g) 4.17(2)  115.6(5)
o(5) Th(1) O 4.31(2) 119.0(5)
O(@8b) Th(1)  O(5¢) 4.39(2)  126.0(5)
O(5e) Th(l) OO 462(2)  1289(5)
o7 Th(1)  O(6c) 4.56(3) 134.4(7)
O(8b)  Th(1)  O(7e) 4.53(2)  138.5(6)
O(10h) Th(1)  O(8b) 4.37(2) 141.9(3)
0(5) Th(1) O(%%) 4.63(2) 143.5(6)
O(10h) Th(1) O@%g) 449(2)  145.7(5)
0(5) Th(1)  O(7e) 4.74(3)  146.8(6)
O(6c) Th(1)  O(9) 4.80(3)  148.3(7)
o7 Th(1)  O(5e) 4.96(3)  154.7(6)

Within the phosphate groups
0O(6) P(4) O(5f)

o(6h) P4) 0o(5) 1.53(3) 2.42(3) 102(1)
O(5) P(4) 0O(6)

O(5f) P(4) O(6f) 1.59(2) 2.61(3) 114(1)
0O(5) P(4) O(5f) 2.60(4) 110(1)
0(6) P(4) O(6f) 2.59(5) 116(2)
(0]0)] P(3) 0(9) 1.53(2) 2.38(2) 100(1)
09) P(3) 0(10) 1.57(1) 2.46(1) 104(1)
0(8) P(3) o) 1.52(2) 2.55(2) 114(1)
0(10) P(3) o) 1.55(1) 2.54(2) 112(1)

0(8) P(3) 18.C))
0(8) P(3) 0(10)

* Also within the- phosphate group.

2.53(2) 110(1)
2.58(2) 115(1)

mean values from the least squares refinement carried
out in the space group C2/c. The [Tho(POs);] group-
ings in NaTh,(POs); are not significantly different from
those in KThy(POs);. The interatomic distances and
angles in NaTh;(PQO,); are represented in Table III.
Thorium-oxygen distances are from 2.27 to 2.58 A.
Phosphorus-oxygen distances within the phosphate
groups vary from 1.52 to 1.59 A. From the results
obtained in the idealized structure it is obvious that
the bond lengths and angles in PO, tetrahedra deviate
to some small extent from the results obtained and
discussed before.!
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Table Wll. (Continued)

Sodium-oxygen distances <4.02 A
Standard errors are 0.06 A

Na(2) O(6m) 249
Na(2f) O(6c) :
Na(2) 0(8Kk) 271
Na(2f) O(8b) :
Na(2) o(6l) 269
Na(2f) O(62) .
Na(2) 0(5)

Na(2f) 0(5f) 2.80
Na(2) O(8b) 250
Na(2f) O(8K) |
Na(2) 0(10j) 201
Na(2f) o(10d) :
Na(2) O(5f) 296
Na(2f) O(5) )
Na(2f) O(8d) .
Na(2) O(6a) 338
Na(2f) O(6l) .
Na(2) O(9b)

Na(2f) O(9k) 3.60
Na(2) O(6¢) 175
Na(2f) O(6m) '
Na(2) O(10k) “02
Na(2f) O(10b) !

Numbering of the Atoms

Small letters indicate symmetry transformations or cell tran-
slations:

a: x,y+1,z h: B—x, Vh+y—1, Yo—z
b: 1o—x, o4y, Y2—z i: Ya4x—1, h+y—1, 2z
c: —Xx, =y, —Z 1. ¥2—x, Vo—y, 1—z

d: B +x—1, Vo—y, o +z—1 k: ¥ +x—1, Va+y, z

e: X,—y, Vatz—1 I —x, y+1, Y2—z

f: —x,y, Y2~z m: x, =y, V2+z.

g ¥%2—x, Vo—y, —2

O(9k)}
10a)

. olgg) Thin_O@n)

Figure 4. Projection of the structure of NaTh,(PO,); on a
plane normal to b-axis. Oxygen atoms from the phosphates
groups are connected by full lines. Only those atoms are
numbered which are mentioned in the text or tables.
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The present paper describes without any ambiguity
the structural model of a hitherto unknown ferroelec-
tric compound . Bond lengths and angles do not re-
present the absolute truth because they were obtained
on the assumption that the shifts of atoms in domains
do not have significant value. The standard deviations
of bond lengths and angles, which were obtained from
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the least squares refinement, are probably under esti-
mated. More precise structural studies of a monodo-
main ferroelectric sample stabilized by an electric field
are planned in order to give more accurate values for
bond lengths and angles and to completely explain why
the crystals of NaThy(PO,); exhibit ferroelectric pro-
perties.



