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A product from the reaction between CrOr and BazCr04 at 900°C under 60-65 kbar was found to be the 
six-layer polytype of BaCr03 from powder diffraction studies. A hexagonal black crystal obtained from 
this reaction was isolated for single crystal studies and structure determination. The crystal was found 
to possess a six-layer stacking sequence of BaOJ layers with space group P6Jmmc and had unit cell 
parameters a = 5.629(2), c = 13.698(6) A, and Z = 6. The structure was determined from 936 
independent reflections of which 693 were considered observed. Averaging equivalent reflections 
yielded 163 unique, observed reflections. Refinement of the structure by least-squares methods gave a 
conventional R value of 4.8% (R, = 6.2%). The structure consists of a six-layer stacking sequence of 
close-packed BaO, layers containing tetravalent chromium in all the octahedral oxygen interstices. 
The compound was found to be isostructural with previously reported BaM03 phases. 

Introduction 

Several different polytypes were ob- 
tained (1) in the BaCr03 system prepared 
under high pressure conditions in a tetrahe- 
dral anvil press. The most stable and recur- 
ring forms were the 4H and 6H varieties. 
Single crystal structure determinations of 
all the BaCr03 polytypes have been re- 
ported (2, 4) with the exception of the 6H 
variety. The purpose of this study was the 
investigation of the remaining, and quite 
common, polytype of BaCr03 in an effort to 
obtain the structural details required to in- 
terpret and correlate the magnetic and elec- 
trical properties of all phases in this system. 

Experimentation 

Preparation 

The barium chromium(IV) oxide used in 
this study was obtained (I) from a reaction 

of Ba2Cr04 with Cr02 at 900°C and 60 to 65 
kbar in a tetrahedral anvil press. Several 
black hexagonal platelets were isolated in 
the product after treatment with dilute HCl 
to remove any trace of water-soluble by- 
products. Powder diffraction studies and 
the single crystal studies on several of these 
platelets indicated the 6H BaM03 structure 
and it was assumed that the entire product 
of this particular experiment was single 
phase. 

Crystallographic Studies 

X-ray precession and rotation photo- 
graphs on a crystalline plate showed hexag- 
onal symmetry, Laue group 6/mmm. The 
only systematic absences were hhl reflec- 
tions with 1 odd, so that the probable space 
group is one of P63mc, P62c, or P6Jmmc. 
The unit cell parameters from the preces- 
sion data suggested a = 5.58 and c = 13.62 
A. A”cone axis photograph, perpendicular 
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to the (hi?O) plane, confirmed the fact that An absorption correction program writ- 
the crystal was hexagonal and contained a ten by N. W. Alcock and B. Lee for a crys- 
six-layer stacking sequence along the c tal of general shape was applied to the hex- 
axis. agonal plate prior to data treatment. Of the 

Structure Determination 
936 data collected, 693 were considered ob- 
servable according to the criterion IF01 > 

The single crystal used for data collection 3.0 uF, where 
was a hexagonal plate (0.22 X 0.27 X 0.12 
mm) (volume = 4.74 x 10m6 cm3). No at- oF is defined as 0.021Fol 

tempt was made to grind the hexagonal + [B + k2c]“2/2p&, 
plate into a sphere since all previous experi- 
ments on crystals of this shape yielded only where C is the total scan count, k is the 
circular disks. Precise dimensions of the ratio of scanning time to the total back- 

crystal were determined with a microscope ground time, B is the total background 
utilizing high magnification and a calibrated count, and L, is the Lorentzian and polar- 

millimeter scale. ization corrections. 
Unit cell parameters were determined in The corrected data were then averaged 

a PICK-II least-squares refinement pro- with a computer program written by L. Fin- 
gram using 15 reflections within the angular ger and using the hexagonal transformation 
range 31 < 28 < 55”; the reflections were for determining equivalent reflections. This 
automatically centered on a computer-con- operation generated 163 independent reflec- 
trolled Picker FACS- 1 four-circle diffrac- tions which were assigned all positive hkl 

tometer and graphite monochromatized values prior to refinement. 
MO&XI radiation (A = 0.70930 A). The unit 
cell parameters were found to be a = Structure Refinement 

5.629(2) and c = 13.698(6) A, where the fig- Powder diffraction studies and single 
ures in parentheses represent the standard crystal precession data suggested a six- 
deviations in the last reported figure. The 
calculated volume is 375.88 A3, giving a cal- 

layer polytype of BaCr03 composition. 
Since this structure was previously investi- 

culated density of 6.29 g cm-3, with Z = 6. gated (5) for the case of hexagonal BaTi03 
The unit cell dimensions can be compared formed at high temperature, it was decided 
to Guinier data previously reported (I) for to attempt the structure refinement based 
6H BaCr03; a = 5.6269(4) and c = 
13.690(2) A. 

on this- particular compound. The most 
probable space group for this structure was 

Diffraction intensities were measured taken to be P63lmmc (#194). 
with the Picker unit using the w  scan mode A full-matrix least-squares refinement (6) 
and a radiation take off angle of 1.5”. Ten- using the positional parameter for six at- 
second background counts were taken at oms, a Ilo2 weighting scheme, zero-valent 
both ends of a 8-28 scan 1.4”, corrected for scattering factor (7) for Ba, Cr, and 0, iso- 
dispersion. A data set of 936 reflections was tropic temperature factors, and corrections 
collected in the angular range 28 < 55”; this for secondary extinction and anomalous 
represents t of the sphere of reflection. dispersion yielded a residual R = 0.095 
Three standard reflections were systemati- and a weighted residual R, = 0:12. .The 
cally monitored during the experiment; the final anisotropic refinement, based on a 
maximum variation in observed intensity data: parameter ratio of 11.6 with 14 inde- 
was never greater than ? 3.5% over the data pendently varied parameters, yielded R = 
collection period. 0.048 and R, = 0.062 for the observed data, 
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TABLE I 

ATOMIC PARAMETERS FOR BaCQ (6H) 

Atom Position x Y Z &I0 Bd Bo 

Bdl) 2b 0 0 1 

O.O9i5(1) 
0.23(11) 0.13(l) - 

Bd2) 4f f  5 0.18(9) 0.18(l) - 
WI 2a 0 0 0 0.16(25) 0.14(3) - 
CC9 4f 4 z 0.8465(3) 0.05(16) 0.16(2) - 
00) 6h 0.5205(29) -0.;221 1 - 

WV 12k 0.8320(20) -0.8339 0.08;13(7) - 
- 0.93(26) 
- 1.73(20) 

a Thermal parameters are multiplied by 100. 
The Bils are defined by the general temperature factor exp[-f(B,, h2a*2 + B22k2b*2 + B3312~*Z + 2B12hka* b* + 

2B,3hlu*c* + 2B23klb*c*)]. 
Note: For Ba and Cr atoms, Bz2 and B12 were not refined since B,, = Bz2, and B12 = f  B,, . For oxygen, only the 

overall temperature factor B. was refined. 

Table I presents the positional and tem- 
perature parameters from the final refine- 
ment cycle (anisotropic for the metal atoms 
and isotropic for the oxygen atoms). Ex- 
cept for two ripples at the periphery of the 
Ba atoms, the difference Fourier map was 
essentially flat and equivalent to 0.2 of an 
oxygen atom or less. 

An illustration of the structure, which is a 
projection of the unit cell on the (110) 
plane, is given in Fig. 1. The figure was 
prepared using ORTEP (8). Bond lengths 
and angles calculated in the ORFFE pro- 
gram are given in Table II. A listing of ob- 
served and calculated structure factors 
comprises Table III. 

Results and Discussion 

As previously mentioned (I), the most 
common products in the BaCr03 synthesis 
are the 4H and 6H polytypes. These two 
modifications are believed to be stoi- 
chiometric and more stable from a struc- 
tural point of view. The 4H polytype con- 
tains pairs of face-shared octahedra which 
are vertex shared. The 6H polytype, shown 
in Fig. 1, also contains pairs of face-shared 
octahedra but these units are vertex shared 
to individual CrOs octahedra. The packing 

sequence for BaCr03 (6H) is cchcch or AB 
CACB(A) where A layers have Ba atoms at 
OOz, B layers at % 5 E’, C layers at 3 S z”. The 
Zhdanov notation for this sequence is 

FIG. 1. Projection of the hexagonal (110) plane in 
BaCrOl (6H). 
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TABLE II 

BONDLENGTHSANDANGLESIN BaCr03(6H) 

Distances (A) Angles (“) 

Ba(l)-O(1) 6@ 2.821(l) 
-O(2) 6@ 2.844(l) 

Ba(2)-O(1) 3@ 2.830(l) 
-O(2) 6@ 2.819(l) 
-O(2) 3@ 2.864(2) 

Q(l)-O(2) 6@ 1.%7(l) 

Cr(2)-O(1) 3@ 1.941(3) 
-O(2) 3@ 1.904(2) 

Cr(wx2) 2.646(8) 
Cr(l)-O(2)-Cr(2) 3.870(5) 

0(1)-O(l) 2@ 2.459(l) 
-O(l) 2@ 3.168(l) 
-O(2) 4@ 2.785(l) 

0(2)-O(2) 2@ 2.736(l) 
-O(l) 2@ 2.785(l) 
-O(2) 2@ 2.799(2) 
-O(2) 2@ 2.828(l) 

O(2)-Cr( 1)-O(2) 6@ 
-O(2) 3@ 
-O(2) 6@ 

O(2)-Cr(2)-O(2) 3@ 
-O(l) 3@ 
-O(l) 6@ 

0( l)-Cr(2)-O( 1) 3@ 

Cr(2)-O(l)-Cr(2) 

Cr(l)-O(2)-Cr(2) 177.98(23) 

91 M(3) 
180(12) 
88.10(3) 

94.66( 14) 
168.9(2) 
92.84(3) 
78.63(14) 

85.%(18) 

1(3)(3)1. The Cr atoms occupy all the 06 oc- the high pressure form of SrMnOJ (9, IO). 
tahedral sites and the Ba atoms occupy A few ternary fluorides are also known to 
cuboctahedral and “twinned” cuboctahe- exist with this six-layer structure and these 
dral sites. include CsMnF3 (II), RbNiFJ (12, 13), and 

This particular structure has been re- the high pressure form of CsNiF3 (14). 
ported for several BaM03 compounds and Compound with the Ba2MM’06 or 

TABLE III 

OBSERVED AND CALCULATED STRUCTURE FACTORS 

H K L FOBS FCAL H K L POW FCAL H K L FOBS FCAL H I( L FOBS FCAL H K L FOBS FCAL 

002 25 0 0 U 205 2:: 
0 0 6 954 1136 
0 0 8 396 U69 
0 0 10 61 66 
0 0 12 993 1016 
0 0 14 1Ul 158 
0 0 16 211 166 
0 1 1 88 69 
0 1 2 303 290 
0 1 3 614 631 
0 1 U 910 993 
0 1 5 367 390 
0 1 7 502 567 
0 1 8 396 426 
0 1 9 52u 577 
0 1 10 270 294 
0 1 11 237 249 
0 1 12 113 110 
0 1 13 390 352 
0 1 11) 110 104 
0 1 15 06 8U 
0 1 16 502 456 
0 1 17 91 72 
0 3 0 1492 1447 
0 3 1 61 52 
0 3 2 3u 25 
0 3 3 54 54 
0 3 u 201 206 
0 3 5 u7 u3 
0 3 6 989 494 
0 3 7 48 37 

0 3 9 59 3s 
0 3 10 101 109 
0 3 12 666 680 
0 3 19 157 150 
0 3 15 25 20 
0 5 1 139 lU6 
0 5 2 193 214 
0 5 3 328 357 
0 5 U 536 578 
0 5 5 272 207 
0 5 7 399 420 
0 5 8 274 266 
0 5 9 356 366 
0 5 10 214 222 
1 1 0 1867 1772 
1 1 2 53 45 
1 1 4 237 236 
1 1 6 513 53U 
1 1 8 429 460 
1 1 10 106 110 
1 1 12 725 7U5 
1 1 14 170 167 
1 1 16 212 200 
1 2 1 172 152 
1 2 2 301 265 
1 2 3 529 U74 
1 2 4 665 815 
1 2 5 uo5 361 
1 2 7 537 536 
1 2 8 365 376 
1 2 9 470 480 
1 2 10 266 279 

1 2 12 105 102 
1 2 13 394 350 
1 2 1u 99 99 
1 2 15 72 60 
1 3 1 106 99 
1 3 2 284 265 
1 3 3 507 972 
1 3 4 761 726 
1 3 5 310 292 
1 3 7 UU9 u4a 
1 3 6 356 350 
1 3 9 461 467 
1 3 10 260 270 
1 3 11 197 192 
1 3 12 106 96 
1 3 13 299 304 
1 3 1U 106 101 
1 4 0 1141 1157 
1 4 1 35 2u 
1 4 2 U6 33 
1 4 3 92 27 
1 u u 158 155 
1 U 6 C57 451 
1 4 6 345 327 
1 9 10 85 06 

15 0 21 1 5 1 109 11: 
1 5 2 208 229 
1 5 3 3u4 357 
1 5 4 553 556 
1 5 5 2112 293 
1 5 6 37 18 

2 0 1 322 277 

2 0 3 912 667 
2 

2 0 2 615 572 

0 4 1131 I 1132 
2 0 5 539 
i 0 i ii0 

535 
624 

2 0 8 566 583 
2 

2 

0 

2 14 

9 677 

13u 

693 

135 

2 0 10 369 uou 
2 0 11 129 133 

2 

2 0 12 111 116 

3 

2 0 13 377 372 

1 

2 0 1u 201 198 

73 

2 0 15 153 147 

71 

2 0 16 535 500 
2 2 0 1764 1676 
2 2 U 

2 

207 

3 

1.30 
2 

2 

2 

243 

6 

23U 

805 735 
2 2 8 362 353 
2 2 10 91 76 
2 2 12 829 801 

2 3 3 UBO U60 
2 3 4 669 638 
2 3 5 259 237 
2 3 7 402 366 
2 3 8 333 314 
2 3 9 462 952 
2 3 10 2u2 2u2 
2 3 11 206 195 

2 

2 

4 

u 

2 

0 

294 

39 

265 
2 

4 

17 

1( 

0 

2 

3 

5 

U 

SO4 

379 

1 

467 

365 

2 

163 

9 

144 

4 650 623 
2 

4 

1) 

0 

5 

7 987 

317 265 

461 

2 II 7 420 397 
2 

4 

4 

0 

0 

8 u39 

375 343 

424 

2 9 9 S86 Ur)9 
3 3 0 1012 107U 
3 3 2 42 43 
3 3 u 131 131 
3 3 6 U29 U35 
3 3 8 318 312 
3 4 1 116 120 
3 4 2 172 195 
3 4 3 296 321 
u 0 1 207 166 
4 0 2 367 366 
4 0 i 605 580 
4 0 4 774 779 

4 0 9 558 532 
u 0 10 322 319 
u 0 11 112 120 
4 0 12 66 90 
9 0 13 327 318 
6 0 0 987 1053 
6 0 11 132 136 

0 3 8 365 391 1 2 11 199 166 1 5 7 372 369 2 3 12 90 60 
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Ba3MM/09 composition predominantly 
crystallize with the six-layer, hexagonal 
BaTi structure. This structural prefer- 
ence. was originally noted by Dickinson and 
Ward (15) in 1959. In these latter composi- 
tions the M and M’ atoms have a random 
distribution in the octahedral sites. Re- 
cently the single crystal structure for a plat- 
inum-doped BaTi03 phase was reported by 
Fischer and Tillmanns (16). An ordered 
cationic distribution of octahedral ions has 
been noted (27) in a more complex com- 
pound, Ba3(YPtRu)Og. 

Some important features determined in 
the BaCr03 (6H) compound are found in 
the Cr-Cr and Cr-0 distances. The Cr-Cr 
distance in the face-shared octahedral pairs 
compare well with that distance observed 
in the other BaCr03 polytypes: 2.646(8) A 
in BaCrO? (6H), 2.611(4) A in BaCr03 (4H), 
2.637(5) A averaged in BaCrOX (14H), and 
2.630(3) A averaged in BaCr03(27R). This 
distance is slightly greater than that re- 
ported in the metal with the body-centered 
cubic structure (Cr-Cr = 2.50 A). 

The average Cr-0 bond length of 
1.945(2) A is in good agreement with that 
found in other (Cr06)8- systems: 1.943(3) A 
in BaCrOj (4H), 1.954(4) A in BaCrOj 
(14H), and 1.951(4) A in BaCr03(27R). 
These data suggest a “iCI4+ radius of 0.548 
A, which is in excellent agreement with 
0.55 A suggested by Shannon and Prewitt 
(18). 
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