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phosphates. Second, it seems unlikely that the small
bond angle at phosphorus is necessarily the most im-
portant factor for the increased hydrolysis rates in the
five-membered cyclic phosphates, inasmuch as the small
angle in triphenyl phosphate does not enhance this hy-
drolysis rate appreciably.

Our simple consideration of the 7 bonding does not
seem to account fo1 the orientation of the P-O-C planes
to provide maximum d-p overlap between the oxygen
and phosphorus orbitals. A more complete analysis,
such as that of Collins (1966), may be able to extend this
treatment.

We wish to thank the National Institutes of Health
for Grant GM-08395-07. We further wish to thank
Montana State University for grants which have made
possible some of the computing required for this study.
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The Crystal Structure of La,Sh
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Crystals of La,Sb are tetragonal, a=4-626 (3), c=18-06 (2) A, c/a=3-904; space group I4/mmm (DL]),
Z=4;4 La(l) in 4(c), 010; 4 La(2) in 4(e), 00z with z=0-3204 (2); 4 Sb in 4(e), 00z with z=0-1377 (2).
The structure of La,Sb corresponds to two C38 structure units joined together by reflexion across a
mirror plane perpendicular to the ¢ axis. Intensities for 298 %0/ and &1/ reflexions were obtained from
multiple-film Weissenberg exposures by visual comparison with a film density scale. The parameters
were refined using a structure-factor least-squares program.

Introduction

The lanthanum-antimony system was first studied by
Vogel & Klose (1954) who reported the phases La,Sb,
La;Sb,, LaSb and LaSb,. The rock-salt structure of
LaSb had already been established by Iandelli & Botti
(1937). Wang & Steinfink (1967) have determined the
structure of LaSb,, Gambino (1967) has assigned the

* N.R.C.Postdoctoral Fellow,

t Present address: Applied Chemistry, Faculty of Technol-
ogy, Gunma University, Kiryu, Gunma, Japan.

1 N.R.C. No. 11,551.

Gd,Bi; (anti-Th;P,) structure to La,Sbs, and Rieger &
Parthé (1968) have recently assigned the MnsSi; struc-
ture to LasSb;. The structure determination of La,Sb
was undertaken as part of areinvestigation of the La-Sb
system which is still underway (Mansey, Sato, Taylor
& Calvert, to be published).

Experimental

La,Sb was prepared as described by Sato, Taylor &
Calvert (1967) (La >99-8, Sb > 99-99 % ; total impurities
in the alloy were found to be in the range 0-05-0-5%
by semi-quantitative spectroscopic analysis). The single
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crystals studied came from a pellet of composition
La,Sb which was annealed for 2 days at 1100 °C in vacuo
and slowly cooled. The powder data were from a sam-
ple of composition La,Sb (annealed for 8 days at
750°C, air-cooled). Precession photographs (Mo K« ra-
diation, Zr filter) of nets 40/, h1/, Okl, 1kl, hkO, hk1, hk2,
hk4, hk5, hhl and two general hkl nets were recorded;
some nets were recorded from two further specimens to
check the space group and axial dimensions. Multiple-
film zero-level Weissenberg photographs (Cu K« radia-
tion, Ni filtered) of the Ahl net of the best crystal were
used to obtain intensity data for 35 hhl reflexions (45
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reflexions accessible). The intensities were estimated vis-
ually and corrected for Lorentz and polarization ef-
fects. Later, when these data had been found to be un-
satisfactory, three much smaller crystals were checked
(precession photographs) and levels 40/ and 41/ were re-
corded by the multiple-film (interleaved brass foils)
Weissenberg technique from a crystal 0-05x 0-12 x 0-12
mm in size using Zr-filtered and radiation; 144 out of
232 accessible 40/ reflexions and 154 out of 215 acces-
sible A1/ reflexions were measured. Intensities were es-
timated visually, against a scale prepared from the same
crystal, and corrected for the Lp effect and absorption

Table 1. Atomic parameters for La,Sb

Cu radiation

Mo radiation Weighted mean

2(hhl) (o) z(hO!) (o) z(h1l) (o) z(final) (o)
La(l) 0 0 0 0
La(2) 032024 (65) 0-32052 (33) 0-32039 (24) 0-32042 (19)
Sb 0-13838 (70) 0-13736 (36) 0-13785 (31) 0-13771 (22)
*B(hhl) (6) *B(h0!) (o) *B(h1l) (o) *B(final) (o)
La(1) 0-72 (15) 0-670 (79) 0-788 (71) 0-73 (5)
La(2) 0-67 (17) 0-477 (63) 0-352 (53) 042 (4)
Sb 1-10 (20) 0-409 (76) 0-433 (64) 046 (5)
(hhl) (A0l) (h1l]) Reflexions
45 232 215 Accessible
35 144 154 Observed
27 133 142 Refined
0-078 0-134 0-131 R value

@Sb La(n OLo(z)

1954 —— .- -

3xax~

(] (c)

(o)

Fig. 1. Structural relationships between LaSb, La,Sb and C38 type structures. The figures beside the atoms are fractional heights.
The small square marks the origin of the La,Sb cell in each projection. (a) Projection along the [001] axis of LaSb (B1 type).
(b) Three LaSb cells stacked together; projection along [110] of LaSb (B1 type). (¢) Projection along [100] in tetragonal La,Sb.

(d) Projection along [100] in tetragonal C38 type.

A C26B - 10*
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assuming a sphere of radius 0-056 mm. The internal
consistency of the F values was assessed by comparing
the 17 available symmetry-related reflexions (10/ and
01[) for Whjch Rinternal=21AFl/Z<F> was 0-15. The
lattice parameters were measured on 30° precession
photographs (AKa; =0-7092 A) of the crystal used for
the intensity measurements. There is evidence from
powder photographs of a very small variation in the
lattice parameters. The powder pattern given in Table 4
is indexed on parameters a=4-636 (c=3) and c=18-11
(6=2) A, and was recorded in an 11-46 cm Debye-
Scherrer camera using monochromatized Cu K« radia-
tion (Ao; =1-5405 A); low angle cut off 14 A; r=25°C.
The Ica1e values are peak intensities derived from inte-
grated intensities by use of the curve of Swanson, Mor-
ris, Stinchfield & Evans (1962). The integrated inten-
sities were calculated for the following parameters:
La(l), B=0-73 A2; La(2), z =0-32045 B=0-41 A2;
Sb, z=0-13760, B=0-42 A2, using a program of Smith
(1967) suitably revised for an IBM 360. Values of Ions
were obtained by visual comparison with a scale pre-
pared in a powder camera.

Crystal data

La,Sb, F.W.399-60, tetragonal, a=4-626 (¢=3) and
c=1806 (6=2) A at 25°C, ¢/a=3-904, Z=4, U=3865
A3, D;=6-87 g.cm=3, u; for Mo Ka=287 cm™, y; for
Cu Ka=2170 cm~1. Space group I4/mmm (D]) No. 139
based on structure and diffraction symbol 4/mmml. . . ;
4 La(1) in 4(c), 0 4 0 with B=0-73 (c=5) A2; 4 La(2) in
4(e), 0 0 z with z=0-32042 (¢=19) and B=0-42 (c=4)
A2, 4 Sb in 4(e), 00z with z=0-13771 (¢=22) and
B=046 (c=5) A2,

The extreme values of the cell dimensions obtained
by indexing the back-reflexion lines on powder pat-
terns were a=4-636 (=2), c=1811 (6=2) A, c/a=
3906 and a=4630 (c=1), c=18062 (6=3) A
c/a=3-901 at 25°C (Cu Ku; = 1-5405 A); these patterns
are detectably different in the back-reflexion region
when compared visually.

Trial structure and refinement

The trial structure was derived from that of LaSb
(NaCl, B1 type) by noting first that g is equal to half
the face-diagonal for LaSb (463 Ax2~65 Ax}/2)
[Fig. 1(a)] and secondly that c is slightly less than three
times the @ dimension for LaSb (18 A~3 x 6:5=19-54,
[Fig. 1(b), (c)]. The composition La,Sb is obtained by
changing one out of every 3layers from La+Sb to La+La
and a reduction in the ¢ dimension is then achieved by
shifting the La layers by a/2 parallel to a. If the mixed
atom planes are buckled, reasonable calculated struc-
ture factors are obtained.

At first the copper radiation data Ahl could not be re-
fined because the 11/ reflexions calculated much too
large for the models tried. Extinction was thought to be
a possible cause of these discrepancies, although it had
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not been considered to be important in the first instance
because the crystal had a noticeable mosaic structure.
By eliminating the low order 11/ reflexions the trial
structure was readily refined, using a block-diagonal
structure-factor least-squares program which minimized
Sw(|Fo| —|Fc|)? (Ahmed, 1966); the o values were also
calculated by this program.

The reflexions reduced appreciably by extinction
were removed by using a test on [4F|= |F,|—|Fe| . This
test removed from the least-squares calculations all re-
flexions having an |4F|/F, value greater than some pre-
determined number 7. This quantity was taken to be

Table 2. Observed and calculated structure factors
(% 10) for La,Sb

The F. values for 40/ and A1/ were calculated separately from

the parameters given in columns 3 and 4 of Table 1. The effects

of anomalous dispersion are included in the values of |Fe|, but
the phase angles were restored to 0 or # during print-out.

L FO FC L FO FC L FO o FC L FO FC L fO FC L FO FC
He. Cyxe 0 37 662 804 23 371A-166 13 TIT 58S 7 588 605 13 241e 29¢
39 656 ~602 257 235¢ ‘132 15 1023 S0 54 15 3¢2a 484
2 6o® 510 41 2226 12 27 541 =503 17 1287 -1C5& 11 1268 ~1184 17 42 -5&7
4 8se -99 43 332 299 29 350 350 9 234e 117 13399 423 19 231e 55
63213 ad4e a5 181e =138 31 300 459 21 4le 357 15 727 685 21 224e 197
8 1240 1372 47 1538 13 33 848 R4l 23 3454-132 17 851 ~T7% 23 2158 68
10 1059 1033 35 335 224 25 248% 105 19 2500 82 25 2048 51
12 1596 1490 M= 2, k= 0 37 &77  S57 27 501 =415 2L 247e 271 27 191s -233
14 1045 994 3 39 553 =557 29 342 294 23 233 =97 29 176 175
16 2132 2338, 0 ¢15¢ 5055 41 209 11 31 332 384 25 23ee 78
18 186e 234 2 611 386 43 188¢ 278 33 709 =TI 21 246# ~320 W2 10, k= O
20 197¢ 81 4 3518 -87 35 23te 191 29 2320 21
22 2407 2457 6 4DI7- 3640 Hs 4, Kx 0 37 433 477 31 2210 301 o 855 1049
24 218e 257 B 1481 1172 39 4as —aT5 33 501 -Se2 2 231 10
26 313 -293 10 1222 901 03569 3490 41 178+ -9 35 190e 152 % 236e -102
28 1651 1617 12 1619 1326 2 385 240 37 380 380 & 690 792
30 507 415 14 1124 89« 4 1758 -90 ue & K= O : s 2328 226
32 2450 65 16 2215 2139 & 3058 2611 He By ke O 10 229¢ 157
34 765 6C9 18 338 207 81033 840 0 2235 2378 12 225 287
36 2¢6 318 20 205+ 63 10 892 657 2 2160 130 0 1441 1596 14 2208 199
38 656 515 22 1990 2337 121235 1003 « 307a -101 2 2410 5s 16 477 575
«0 231s 118 4 225% 236 14 694 6 1791 1800 4 248 =107 18 205 -15
42 2158 =31 26 301 =286 16 1751 1701
44 604 TS 28 1547 1530 18 217s )a7 8 679 565 6 1217 1208 20 196 =33
46 170 g0 30 403 448 20 225 37 10 553 438 8 432 365 22 501a 135
32 3238 ST 22 1345 194 12 755 698 10353 2n 24 17126 30
Ha 1y Kx 0 34 595 ST8 26 239% 183 14 573 479 12501 458 26 1STe -156
36 236¢ 302 26 2458 -2A0 15 1275 1245 14353 317 28 2t s2s
1 485 1305 38 S33 550 28 1202 1306 18 242¢ 83 16 198 862 .
3 614 439 40 225 Il 30 35« 379 20 2468 5 18229+ 33 Me 11, k= 0
5 2418 -2142 42 208s =31 32 2Ms 38 22 1294 14A8 20 238¢ -20
7 1834 1560 44 618 691 34 482 498 24 2508 121 22893 1073 1 206e 53
9 153¢ 1327 36 2368 260 26 312 -227 24 2350 69 3 205 61
11 2730 -2751  ME 3. K= 0 38 4é6 &A1 28 320 1025 26 226% -191 5 203% -356
13 1037 938 . 40 205% 88 30 313 292 28 591 757 7 2000 284
15 1545 1eds 1282 209 42 185 =33 32 233 1§ 30 202 208 9 19he  2e6
17 1689 -1574 3 473 326 44 472 614 34 313 354 11 467 =553
3718 174 5 2049 ~1600 36 2066 205 M= 9, K= O 13 18¢e 198
21 836 504 71591 1200 M= 5, k= O 33 lale 383 15 1776 331
23 304 -188 9 1357 1054 1 2400 T4 17335 -
25 2250 149 11 2698 ~2239 L o194s 145 e 7, ke 0 3 239¢ 99
27 187 =559 13 1061 781 3 21T 228 5 527 =534  Hx 2, ’ke 0
29 540 385 15 1438 1224 5 1347 -1129 1 23 103 T 23e 418
31 654 5Ce 17 1621 -1352 7 978 86l 3 235¢ 154 s 231 370 0 353a 668
33925 -920 19 271a 151 9 881 787 5 1019 -784 1 m -s20 2 157 -1
35 390 244 21 489 444 11 1835 =166l
L FO FC Lt FO fC L F0 FC L FO FC L 0 FC L FO FC
Hy  0p k= 1 24 1174 -1258 01592 1324 33 689 -3811 15 994 7187 T 640 497
26 1409 -1538 2 2760 -2481 35 252% 262 17 BRB -964 4 489
1«58 301 8 STB 525 4 3077 -2T64 37 480 515 19 257¢ 176 11 871 -1023
3 549 43¢ 30 664 -635 6 632 469 39 501 -593 21 4S1 305 13 372 398
§ 1755 =2129 32 932 -835 81838 -1530 41 204v 80 23 262% ~176 15 &91 569

7 1364 1576 34 250% -106 10 1962 -1551 43, 180s 267 25
121

2536 =48 14 1466 =1235  Hx S5, K= | 29

13 1026 1007 40 459 =393 16 207¢ 62 31 249¢ 358 23 249+ -142
15,1460 1415 42 49T -s1 18 1524 -1507 0 1109 1003 33 4TSA-673 25 261e 123
171657 -1640 44 2000 341 20 1480 —1453 2 1830 -1703 35 223% 218 27 231% ~28R

35 53 46 348 =306 22 T30 7183 42151 =1907 37 334 429 29 218% 134

378 =496 24 933 -1107 & 470 %08 39 367 -497 31 202% 281
23 318 =255 26 1105 ~1369 8 1284 -1084 33 3014 -523
25 235¢ 186 Hx 2, Ks 1 28 364 49T 10 1225 ~1C91 H® T, K= 1
21 15 o549 30 501 -568 12 819 -669 He o 9y ke 1
29 506 380 1 4194 233 32 708 -750 14 1004 -521 0 922 M
3L 580 504 3 S6B 376 3% 2426 -8 16 237¢ 100 2 1225 1141 0 499 592
33 983 -956 S 2144 -1808 36 2548 =397 18 1206 ~1145 4 1230 -1276 2 592 ~745
35 251s 308 T 1696 1361 38 2438 =33 20 1236 -1136 6 352 357 4 852 -831
37 523 599 9 1433 1144 40 371 =355 22 657 67 8 139 -T35 & 263e 307
39 625 =686 11 2670 =2479 42 431 -46T 24 T91 =87 10 788 -720 & 243¢ -280
41 233 91 13 1136 a7 44 133e 325 26 1004 -1105 12 533 -422 10 247 -451
23 633 -843 12 2528 -243

k= 1 3 2610 129 14

45 190% -219 17 1537 =1521  m=
19 298 240 8 816 -807 16

49 1238 -B2 21 551 477 1o 152 3 774 =825 18 400 -539
23 2320 -243 3 484 296 36 2348 =333 22 S00 560 20 3394 -S7s
Mo g Ke 1 25 241e 180 S 1574 -1331 38 217e -12 24 S50 -643 22 229% 448
21 558 =523 71305 1007 40 277 =291 26 690 =830 24 309 -44b
0 1621 1740 29 363 360 9 1148 881 42 2604 -358 28 247¢ 385 26 336a =587
2 2605 -3395 31 564 483 11 2104 -1934 30 237¢:-350
42950 =3720 33 831 =916 13 937 T3l x4, k= 1 32 385 =463 Hr 10, ke 1
6 695  Se& 35 26ks 295 15 1176 1047 3 207e -12
B 2046 ~1952 37 &4l  ST6 17 1254 =1254 1 3218 95 1 2esv 30
10 1997 -1961 39 715 -662 1@ 330 211 3 3954 232 Hx 8, Kx 1 3 2470 143
12 1295 ~1215 41 227 B8 21 539 397 5 1002 =955 5 246 -475
14 1548 ~1483 43 206¢ 297 23 351 -213 7 98 115 1 2608 56 7 35 339
16 1868 32 4S5 181% -212 25 255% 164 50 3 368a 181 9 341 335
18 1679 -1767 27T 424 436 1] 1356 -1427 5 543 -677 11 aT4a-721
20 1662 =1672 W= 3, k= 1 29 263¢ 311 13 890 549

22 955 853 I ale 627

* Unobserved, F; is value of local threshold.
A |AF|/F,>0-40.
® Unknown F,, back-stop interfered; F, is value of local
threshold.
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approximately three times Rinternal, the internal consis-
tency in the F, data. On the assumption that the errors
in F, have a normal distribution and that Rinternai™
o(Fy), a valid F, will be rejected by this test less than 1%
of the time, provided that the model for F, is correct.
In the present case, use of this test gave a rapid conver-
gence using F, data which had previously not been suc-
cessfully refined. Use of such a test obviously requires
caution, but is satisfactory when the parameters are
adequately determined and there is good reason to be-
lieve in the model.

1537

Rather than attempt corrections for extinction and
to continue the refinement, it appeared better to col-
lect a more extensive set of data from a different crystal
with Mo radiation. A preliminary analysis of this data
revealed some extinction and absorption effects, both
considerably reduced, however, as well as discrepancies
tentatively attributed to multiple-reflexion (e.g. 204
with a possible contribution from 400).

Following this preliminary analysis, the two sets of
reflexions 40/ and 41/ were refined separately using the

structure-factor least-squares program described above
with T=0-40. Isotropic temperature factors were used,
all observed planes were given unit weight and scatter-
ing factors (TFD, International Tables for X-ray Crys-
tallography, 1962) were corrected for dispersion (Jf"
and Jf"’). The refinements were considered complete
when the final shifts were less than 10 % of the ¢ values.
The results are given in Tables 1,2 and 3.
Comparison of the results obtained from the separate
refinements of 40/ and A1/ gave a check on the accuracy
of the overall procedure. It was possible that the results
might have been affected by the experimental errors but
unlikely that these would have equal effect in both
zones. The results are subject to the criticism that the pa-
rameters are a function of the unit weighting scheme
used. To test this, the 40/ data were refined, using
weights w=1/{1+[(|F,| — P,)/P1]?}}/2 with P;=13 and
P,=45 which gave nearly constant, but not unit values
for Sw|4F|?/N, where N is the number of reflexions in
small ranges of sin? @ and F,. No test on |4F| was ap-
plied and hence all observed reflexions were included
in the refinement. The results obtained for the position-
al parameters [La(2), z=0-32043 (c=13); Sb, z=
0-13740 (o =15)] are substantially identical, with ¢ val-
ues smaller than before by about 50% (see Table 1);
the thermal parameters have increased while the cor-
responding ¢ values have decreased [La(l), B=0-96
(6=3) A2; La(2), B=0-73 (6=3) A?; Sb, B=0-72
(6=3) A2. Thus the positional parameters of Table 1
are adequately determined but the temperature param-
eters are less accurate, although of the right order.
Lower o values could undoubtedly be obtained by a
combined refinement of the 40/ and A1/ data with ap-

(6)

Fig.2. Atomic coordinations in La,Sb. Solid lines for nearest
neighbours, broken lines for next-nearest neighbours.
(a) Sb atom at 0, 0, 0-138 (0 0 z), (b) La (1) atom at 0, 1, 0,

(c) La (2) atom at L, 1, 0-180 (4, 1, L - 2). propriate weights, but this was not essential for the pres-
Table 3. Interatomic distances in La,Sb
(o includes uncertainty in unit-cell dimensions)
Atom Distances (A)
and weighted
symmetry Neighbours (h01) (o) k1) (o) mean (o)
La(l) 4La(l) 3-271 (3) 3271 (3) 3271 (2)
mmm 4 La(2) 3-982 (6) 3984 (5) 3983 4)
4 Sb 3392 (6) 3-398 (5) 3395 4)
La(2) 4 La(l) 3982 (6) 3984 (5) 3983 4)
4dmm 4 La(2) 4-146 (6) 4143  (5) 4144 (4)
1 Sb 3-358 @) 3357 (4) 3-357 (3)
4 Sb 3-308 (9) 3297 (7) 3-302 (6)
Sb 4 La(l) 3-392 (6) 3-398 (5) 3395 4)
dmm 1 La(2) 3358 (4) 3357 (4) 3-357 (3)
4 La(2) 3-308 (9) 3297 (7) 3-302 (6)
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ent purpose. The mean interatomic distances (Table 3)
are all within 1-0 ¢ of the independent values from the 40/
and 41! data, indicating that the estimates for
o are of the right order.

An overall check of the correctness of this structure
was now made by calculating the powder pattern
(Table 4). The observed powder intensities could be ex-
pected to be substantially free from extinction, the ab-
sorption could be adequately corrected because the spe-
cimen was cylindrical and multiple reflexion should af-
fect the results much less because of the random orien-
tation of the powder particles. The good overall agree-
ment is indicative of an adequately refined structure
(Smith, 1968). Table 2 includes 23 weak reflexions ex-
cluded from the least-squares refinement by the test on
|4F|. These are about equally divided between low-
angle reflexions with |F,|>|F,| and high-angle reflex-
ions with |Fo| <|F¢|. The error analysis results (Ahmed
& Barnes, 1963) were of the form usually observed
with the photographic method. The larger discrepan-
cies are observed at the lower and higher angles and
also with the smaller and larger |F,] values. The anal-
ysis of the [4F]| values for the unobserved planes, which
were not used in the least-squares refinement, shows a
normal distribution with about 1% having a |4F| grea-
ter than 2Finreshold (Finreshorla calculated from Ions
(minimum) x 0-6).

The final values listed in column five of Table 1 and
column five of Table 3 are weighted means (w;=1/o;).
Further refinement with anisotropic temperature fac-
tors was not undertaken in view of the approximate
absorption correction.

Alternative structures

Lanthanum and antimony have very similar scattering
powers and it is possible to formulate other arrange-
ments of the atoms in the same sets of positions. The
arrangements listed in Table 5 were refined by the least-
squares method described above but in this case includ-
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ing all observed reflexions in the calculation in order
to keep the total number of reflexions constant. The
significance of the changes in R (based on observed
planes only) was examined by Hamilton’s (1965) R test.
The refinement included 6 parameters (K, Bra,Bra,
Bsy, z1,2,) so that there were 138 and 148 degrees of
freedom for A0/ and hl! respectively. The results are
listed in Table 6. Structures (II) and (IIT) can be safely
rejected at the 0-005 level with both sets of data. Hence
structure (I) was accepted as having the correct ar-
rangement of atoms.

Table 4. Powder X-ray diffraction pattern of La,Sb

(see text)
Gobs  Jeale P K 5 Igns Lealce Gobs  Gcare P K- Igps Toare
3.23 3.28 11 0 <22 13 1.040  1.083 2 115 <22 16
3.03 3.08 11 2 66 100 1.03% [1.038 1 017 66 3
z.gz 3.32 0 8 6 :2 42 1.037 l; 2 lg 65 ug
2 2.85 1 5 42 39 1.035 0
2.62 2.66 1 1 & gz 110 1.029 {1.032 3 0 8 <22 13{ 3
2.29 2.32 2 0 0 82 95 1.031 17 10
2.26 0o 0 8 3 1.015 1.017 2 016 26 26{23
2.23 {2.26 1 07 22 2u{2o 1.015 2 214 3
2.25 2 0 2 1 1.011 1.013 3 211 &2 43
1.85 1.86 11 8 26 2 .978 { .981 4 1 9 66 55{8
1.82  [1.85 109 82 gu .980 4 2 § 60
1.84 2.0 6 182 .968 .970 3 114 26 16
1.78 1.80 2.1 5 3 40 958 .962 1118 26 17
1.63 1.64 2 2 0 42 s .95 .948 2 117 34 26
1.61 1.62 2 0 8 7 .929 931 2 216 22 23
1.62 2 1 7 3 29{21 .927 .929 bo111 52 us
1.61 2 2 2 1 .918 .919 4 012 <22 5
1.575  1.585 1 110 26 21 .908 .909 5 1 0 <22 5
1.539  1.551 1 011 &2 4l .903 .905 5 1 2 42 38
1.456 1,166 3 1 0 <22 9 897 .900 b 210 4
1.535 [1.447 31 2 82 52 { .898 5 0 5 42 304 9
1,484 2 1 g 126414 s .898 L 3 5 s N 17
1.440 2 2 2 o1 891 5 1 4 6 5
1.413 f1.k27 2 010 22 17{ 4 879 .680 3 215 <22 19
1.421 305 13 6 877 3 017 <22 W
1.366  1.395 31 4 6 77 8715 [ .8728 5 0 7 3
1.363  1.371 1 112 <22 7 .8728 b 3 7 26 38411
1.318 J1.327 2 2 8 <22 12{ 5 .8728 1120 21
1.326 307 7 8537  .8545 o212 <22 13
1.283 [1.294 0 01k 66 02 8429 8137 5 1 8 25 19
1.289 2 111 ‘{58 Su1b su21 5 0 9 26 15{ 5
1.255  1.265 2 012 <22 8 8421 539 10
1,228 1.231 3 118 22 20 8375 8376 5 2 5 2 20
1,209 Jl1.215 2 210 22 22{ 3 8348 8348 3 318 22 10
1.212 3 25 19 8290  .8296 3 118 52 43
1.198  1.203 1 1 b <2 10 8225 | .8232 0 022 52 37415
1.168  1.168 1 015 <22 10 28 4 115 22
1.155 i}gg g g S 22 36{25 8195 { 2203 E § 1;1) 82 55{;;
. 8195
1.146  1.151 32 7 <22 11 8169  .8169 S 2 7 s2* 13
1.136  1.139 3 110 22 22 .8123  .8125 5 110 42 25
1.123 J1.130 2 014 26 26{ 3 .8095 8098 i o016 31 30
1.127 3 01 23 .8074 [ .8079 4 311 128 92{61
1.079 [1.085 332 &2 9 . .8079 5 011 31
1.083 3 2 9 609 9 .7918 7920 5 3 2 52 sS4
1.082 80 6 . 2 .7907 7909 5 4 6 k2 L5
1.070  1.07% 4105 22 16 7831 .7831 5 3 4 102 79
1.058  1.062 33 4 26 24 .7788  .7768 5 112 22 15
1.050 1.052 3 112 <22 10 L7756 7757 2 022 102 103

* a» overlap major contribution.

Table 5. R values for different atomic arrangements in La,Sb

14/mmm
4(c) 4(e)
Structure 030 00z
I La(1) La(2)
11 La(l) Sb
III Sb La(2)
v La(1) La(2)
(0-95)

R value
4(e)
00z, (h01) (h11)
Sb 0-149 0-140
La(2) ' 0-163 0-163
La(1) 0-157 0-151
Sb 0-147 0-139

Table 6. Comparison of different atomic arrangements in La,Sb

Structures (hO7)
IMos. I Ri1/R1=1-094
21, 138, 0-005 < 1:034
Il vs. I Rui/Ri=1-054
Z1, 138, 0-005 < 1:034
Tes. IV Ri/Riv=1-014

Z1. 137, 0-10< 1-011

(hll)
Rir/R1=1-164
21, 148, 0-005 < 1-034
Rit/R1=1-079
R, 148, 0-005 < 1:034
R1/Riv=1-007
R1, 147, 0-25 < 1-006
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In structure (I) the La(1) atoms lie in densely packed
planes. This type of plane in the related structure of
NdTe;.50 (Wang, Steinfink & Bradley, 1966) has been
shown to have vacancies. In addition the unit-cell par-
ameters for La,Sb as derived from different X-ray pow-
der diffraction patterns have slightly different values.
Hence the occupancy factor for the La(1) atom was re-
fined. Starting with a value of 0-5, the final occupancy
factor was found to be 0-95. For this refinement [struc-
ture (IV)] the R values for the (40/) and (41/) data are
given in Table 5. The change in R [with respect to struc-
ture (I)] was examined by Hamilton’s R test. The re-
sults shown in Table 6 do not compel the rejection of
structure (I), since the probability of error in rejection
would be 10 to 25%. The occupancy factor for La(l)
was therefore taken as unity.

Description of the La,Sb structure

A projection of the La,Sb structure along the a axis is
shown in Fig. 1(c), while the arrangement of nearest
neighbours and next-nearest neighbours for each atom
is illustrated in Fig.2.

The eight nearest neighbours of the La(1) atom lie at
the corners of a cube, slightly distorted by extension
along the La,Sb [001] direction [Fig. 2(b)]. The La-Sb
distances of 3-39 A are quite normal, but the La(1)-
La(l) distances of 3-27 A are noticeably shorter than
the free-metal contact distances (3-73 and 3-77 A).
There are also next-nearest neighbours, four La(2) at
3-98 A, making a total coordination of 12.

The nearest neighbours of the La(2) atoms [Fig. 2(¢)]
are Sb atoms arranged at the corners of a square pyra-
mid, which is a distinctive feature of the La,Sb and re-
lated (C38) structures and will be discussed briefly be-
low. The distances are 3-36 A to the atom at the vertex
of the pyramid and 3-30 A to the four Sb atoms at the
corners of the square base. There are also eight next-
nearest neighbours, four La(1) atoms at 3-98 A and four
La(2) atoms at 4-15 A, making a total coordination of
13.

The Sb atom [Fig. 2(a)] has nine nearest neighbours
forming a mono-capped square antiprism with distan-
ces ranging from 3-30 to 3-40 A. An alternative de-
scription for this arrangement is as a trigonal prism
with; 1 La(1)+2La(2) forming each end face with three
extra atoms, 2La(1)+ 1 La(2), opposite the prism faces.
This coordination occurs widely for the B group atoms,
in their transition metal compounds, e.g. Co,P and
TazP.

The La,Sb structure belongs to a fairly diverse group
of structures of the metal-rich compounds between
transition metals and chalcogenides or pnictides. These
structures are characterized by metal-metal bonds and
nearest neighbour coordinations of less than 12, in this
case 8, 5 and 9 as compared with total coordination
numbers of 12, 13 and 9.

Finally it may be noted that the structure of Ti,Bi
(Auer-Welsbach, Nowotny & Kohl, 1958) is in fact
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analogous to that derived here for La,Sb. The structure
assigned to Ti,Bi places 2 Ti in 2(a), 00 0; 2 Ti in 2(b),
4$340;4Tiin4(i),0 % 0-133, 4Bi in 4(i), 0 1 0-353, in the
space group P4,/mmc (D3,) No. 131. By first adding £
to all y coordinates (i. e. shifting the origin to — b/2) and
then combining the Ti atoms in 2(e) with those in 2(b)
we get the position 4(c) in J4/mmm. Similarly the posi-
tions 4(/) convert to 4(e) of I4/mmm. Thus the correct
space group for the Ti,Bi structure is I4/mmm.

Comparison of La,Sb with C38 and E0, structures

The close-packed plane of La(1) atoms in La,Sb promp-
ted a geometrical study of the 4,B (C38) type struc-
tures. The occurrence of such layers in the similar struc-
tures of NdTe, (C38) and NdTe; has been discussed in
terms of their electrical properties (Wang, Steinfink &
Bradley, 1966; Norling & Steinfink, 1966).

The C38 structure is formally and geometrically equiv-
alent to the E0; structure [Pearson (1965) gives data
for these structure types]. This may be seen by tabulat-
ing a, ¢ and c/a values and by calculating the interatom-
ic distances and coordinations. It is convenient here
to use the C38 structure as the reference. The reported
structure for Cu,Sb, commonly quoted as representa-
tive of the C38 type, is atypical in that the buckling of
the mixed atom planes is reversed, with Cu atoms mov-
ing out of the mixed atom plane towards the all-Cu
plane.

The most typical feature of the C38 structure is found
to be the square pyramidal coordination of five gener-
ally larger B atoms around the 4 atom [Fig. 2(¢)]. Both
the a and c axial lengths are largely determined by the
A-B distance in this pyramid in which the vertical and
sloping distances are approximately equal. It may be
noted that those 4,B (C38) compounds that involve
metals of the first long period have small ¢/a ratios
(< 1-80), while those that involve metals of the second
(and higher) long periods have large c/a ratios (>2-00).
The radius ratios r4/rg (12 C.N.) in the 4,B compounds
are (generally) 0-85 + 5 and as a direct consequence the
layer composed solely of A atoms [Fig. 2(b)] is usually
not close-packed. Where the ratio is significantly grea-
ter than 1-0 the 4 atoms in this layer come into contact
and the extreme example occurs with La,Sb for which
ra/rg=1-15. It appears that the five La~Sb contacts in
the square pyramid provide enough energy to compress
the La(l) atoms by about 12 %.

Thus the La,Sb structure is comparable to the C38
type in that the La—Sb contacts in the pyramid largely
determine the a and ¢ axes. The large r4/rp ratio of 1-15
for La,Sb, implying a pronounced compression of the
La(1) atoms is, however, not characteristic of most C 38
structures.

The authors are pleased to thank Dr F. R. Ahmed
for the use of his programs in the single-crystal study
and Dr D. K. Smith whose program was used to
calculate the powder data.
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The Crystal Structure of Anhydrous UO,F,*

By M. Atoin AND M.J. MC DERMOTTT
Chemistry Division, Argonne National Laboratory, Argonne, Illinois 60439, U.S.A.

(Recieved 25 September 1969)

A neutron powder-diffraction study of UO,F, has been carried out. The structure is trigonal with a
unit-layer unit cell with a=5=4-192+0-001 and c/3=5-220+0-003 A and bonding distances of U—O=
174+ 002 and U—F=2-429+0-002 A, confirming essentially a previous X-ray study but with con-
siderably higher accuracy. The powder sample consisted of approximately equal cumulative volumes of
four different types of ordered coherent domains, containing individually the layer sequences, A*B*C+,
A-B-C-, A*B*A*B+C+*B*C*A*C+* and A~B-A~B-C-B-C-A-C-, where (+) and (—) refer respectively
to the right-side-up and upside-down unit-layer configurations. In each layer sequence, a backward
stacking with the opposite-sign unit layer is equally possible in powder diffractometry. All structures
belong to the centric trigonal space group R3m (D3,). The polymorphic, multidomain structure is not
necessarily unique, although an exhaustive search for other probable models was fruitless.

Introduction

Zachariasen (1954) made a pioneering contribution to
the structure chemistry of the 5f series of elements by
solving the crystal structures of a number of actinide
compounds using the X-ray diffraction method. His
study included anhydrous uranyl fluoride, UQ,F,,
which was found to exhibit growth layer-stacking
faults almost inherently (Zachariasen, 1948). Based
on the X-ray powder data, Zachariasen assigned a
rhombohedral structure with a cubic close-packing
layer sequence to the ideally ordered UO,F, and
interpreted the stacking faults by introducing a hex-
agonal close-packing sequence with a random-walk

* Work performed under the auspices of the U.S. Atomic
Energy Commission.

t Present address: Imperial Chemical Industries Limited,
Petrcchemical and Polymer Laboratory, P.O. Box 11, The
Heath, Runcorn, Cheshire, England,

probability. The stacking ordering increases with heat
treatment, but the ideally ordered structure is hardly
achievable in practice. Since neutron diffraction is
more sensitive to the structure parameters of UO,F,,
we have re-examined the subject using this technique.
In this paper the rhombohedral crystal structure is
conveniently described with reference to hexagonal
axes unless otherwise stated.

Experimental

The anhydrous UO,F, used in this work was prepared
by treating UO; with gaseous anhydrous HF at tem-
peratures between 350 and 500°C in a nickel reactor
(Hoekstra, 1963). Chemical analysis of the samples
confirmed the stoichiometry, as indicated by a satis-
factory agreement between the observed and calculated
weight percentages (the latter values in parentheses),
uranium 77-1+0-1(77-28), oxvgen 10-3+0-1(10-39)



