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The Structures of the Chromium Sulphides

By F. JELLINEK
Laboratorium voor Kristalchemie der Rijks-Universiteit, Utrecht, The Netherlands

(Received 29 March 1957)

The system Cr-S has been studied at room temperature. In the range CrS,.,;—CrS,;.;,—previously
thought to be a berthollide range—six phases, each with a narrow homogeneity range, were estab-

lished: namely, monoclinic CrS, trigonal ‘Cr,Sy’, trigonal CryS,, monoclinic Cr,S,, trigonal Cr,S,
and rhombohedral Cr,S,. The structure of CrS is intermediate between the NiAs and PtS types.
‘Cr,Sg’ probably has a partly disordered structure intermediate between the NiAs and Cd(OH),
types. The structures of the other chromium sulphides are also intermediate between those of
NiAs and Cd(OH),, but the lattices are completely ordered. Cr;S, is ferrimagnetic within a limited
temperature range; at 5° C. the magnetic anisotropy is found to be of negative sign. The magnetic
properties of structures related to the NiAs type are discussed in connection with geometrical
aspects. It is suggested that in the chromium sulphides both ionic Cr—S bondr. and metallic Cr—Cr

bonds are present.

1. Introduction

Until not very long ago the system Cr—S was regarded
as homogeneous in the range CrS-CrS, ;. Haraldsen
(1937) and Haraldsen & Mehmed (1938), who studied
the system Cr-S by powder methods, divided the
range CrS-CrS, ; into three—still broad—homogeneity
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Fig. 1. (a) Magnetic susceptibilities (H = 2000 Oe.) of Cr;S
alloys at 293° K. (b) Phases in the system Cr—S at room
temperature according to Haraldsen (1937). (c) Phases in
the system Cr-S at room temperature according to this
investigation.

ranges. The magnetic properties of the Cr-S alloys

were also investigated by Haraldsen and co-workers
(Haraldsen & Neuber, 1937; Haraldsen & Mehmed,
1938); most interesting are the properties of alloys
with compositions about CrS;,s, which are ferri-
magnetic in a limited temperature range. The con-
cordance of the magnetic properties of the chromium
sulphides with Haraldsen’s tentative phase diagram,
however, is far from perfect (compare Figs. 1(a)
and 1(b)).

A recent re-investigation (Lotgering, 1956b) con-
firmed Haraldsen’s magnetic measurements, indicat-
ing that the Cr-S bonds in chromium sulphides are
ionic. The ionic picture is also in agreement with the
electric conductivity of the alloys. Bertaut (1953),
on the other hand, demonstrated that—at not too
high a temperature—all ionic compounds should be
ordered. This is in obvious disagreement with the
berthollide conception of the Cr-S system. A re-
investigation of the phase relations in this system
therefore seemed worth while.

2. The system Cr-S at room temperature

The Cr-S alloys were prepared by heating weighted
proportions of the elements iz vacuo at 1000° C. for
a day; after cooling they were powdered, once again
heated at 1000° C. and slowly cooled to room tempera-
ture. In the case of preparations with a Cr content
higher than CrygS, prolonged tempering at 300° C.
was necessary to obtain reproducible results. No alloys
with a sulphur content higher than CryeS could be
prepared in this way. The powdered chromium sul-
phides were investigated with a Philips diffractometer
(Mo Kx and Cu K« radiations).

At room temperature the following phases were
found in the range Cr-CrS,; (compare Fig. 1(c)):
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Phase Symmetry Homogeneity range
«-Cr Cubic b.c. Very narrow

CrS Monoclinic Probably ~ CrS.97
‘CI‘7SB Trigonal Cro.ggS—Cro.s-,S
Cr;S, Trigonal Cro.gsS

CrgS, Monoclinic Crg.798—Crg.76S
CryS, tr. Trigonal Crg.g0S

Cr,S; rh Rhombohedral ~ Crg.g;8

At intermediate compositions two-phase regions
exist. CrS, CrgS,, CryS, and both forms of Cr,S; have
ordered structures, so these phases can be regarded
as true compounds; for ‘Cr,Sg’ a partly disordered
structure is proposed A survey of the alloys investi-
gated is given in Table 1.

(Unfortunately all magnetic investigations of chro-
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mium sulphides were undertaken without a proper
knowledge of the phase diagram, so most samples
studied were mixtures of two phases. Nevertheless, it
is evident that the ferrimagnetic properties shown by
alloys in the range Crgg;S—CrygS at temperatures
between ~ 300° K. and ~ 175° K. are entirely due to
CrySg. The Cr,S, paradox—Haraldsen & Neuber
(1937) and Lotgering (1956b) found that Cr.eS
becomes ferrimagnetic below ~ 140° K., while Stege-
mann (1941) could not confirm this observation with
Croe:5—can probably be explained by the existence
of two forms of Cr,S, with different homogeneity
ranges. CrS and ‘Cr,S,’ are probably antiferromagnetic
with Néel temperatures of about 500° K., while Cr;S,
is paramagnetic down to 100° K.)

Table 1. Comgposition, observed phases, unit-cell dimensions, and calculated and observed densities of the alloys

investigated
Compo-
sition  phase a (4) b (A) c.sin B (A) B U (A3) D, (g.em.7®)  D,t (g.cm.™3)
Cr Cb.c. 2-885 — — — 24-01 7-193 —
«-Cr 2.885 — _ — — _ -
CrSo.68 { CrS 3-82 V3 x 3:41 5:97 101-5° 2 67-4 - —
‘Cr, Sy’ 3-465 — 5-761 90° 59-92 — -
o-Cr 2-885 — — — — - _
CrSp.3 { CrS 3-82 V3% 341 5-96 101-5° 2% 673 — —
‘Cr,Sg’ 3-465 — 5-757 90° 59-87 — -
«-Cr 2:885 — — — — — -
CrSp-50 { CrS 3-832 V3 x 3411 5958 101° 35"  2x67-43 — —
‘Cr, Sy’ 3-464 — 5-762 90° 59-89 — —
«-Cr 2-885 — — — — J— —
CrSo01 } CrS 3-835 V3 x 3408 5-963 101° 31" 2x 6747 - —
‘Cr,Sg’ 3-465 — 5-763 90° 59-93 — —
«-Cr 2-885 — —_ —_— — —
Cry.008 { CrS 3-826 3 x 3-414 5-964 101° 36" 2 x 6746 4-0917 4-241
“Cr,Sg’ 3-464 — 5-763 90° 5990 —
S 3-824 V3 x 3-421 5-958 101° 30  2x67-49 — 0
Cro-nS {‘Cr S’ 3.465 — 5766 90° 59-94 — 4:259
Cro.geS ‘Cr,Ss’ 3-463 — 5763 90° 59-86 4-303 4-260(Cro.5;5)
Crones { CriSe’ 3-459 — 5-761 90° 59-68 — —
0885\ Cr,S, V3% 3-455 — 2% 5756 90° 6% 5949 — —
CrossS  CrsSg V3 x 3454 — 2% 5754 90° 6 59-45 4-261 4-239
. —_— 9 . o 47 —_
Crosss § CPSe, V3 x 3-453 2x 5754 90 6x 5942 V' 4.901(CrosS)
CrgS, - - - - - —
Crong | CrsSs V3 x 3455 — 2% 5758 90° 6% 59-52 — —
0825\ Cr,8, V3 x 3.449 3-433 2x 5678 91° ¢’ 4% 5821 — —
Cr,S¢* - — — — — — 1 .
Cro.798 { Cr,S, Y3 x 3-448 3-432 2 x 5:680 91°12° 4 x 5821 — [ *167(CrosS)
CromrS  Cr,S, V3 x 3443 3.428 2% 5-634 91°30’ 4x 5739 4-158 —
Cr;S, V3 x 3-441 3-427 2 5-624 91° 38’ 4x57-43 — 1
Cro.58 { Crst trx i = b - e — oy om0
Crong § CrsSs 13 x 3.44 3-43 2% 561 91-5° 4%573 — —
0712 1 Cr,S, tr. 3 x 3-429 — 2 x 5-596 90° 6x 56-98 — —
Cro.ssS  CryS, tr. V3 x 3430 — 2% 5:594 90° 6% 57-01 3972 —
Cr,S, tr. V3 x 3-431 — 2x 5-585 90° 6 X 56-95 -\ .
Cro-esS { Cr,S;rh;  Y3x3-428 — 3% 5566 90° 9% 56-64 — g 346
Cr,S; tr — — — — — — —
Cro-ez8 { Cr,S, 13 x 3-429 — 35550 90° 9% 56-51 3-922 —
* Trace + Haraldsen, 1937.
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The powder diagrams proved sufficient for the
determination of the crystal structures of the various
phases, except in the case of CrS, where a complica-
tion presented itself. All preparations of CrS and
alloys with a higher Cr content consisted of three
phases—‘Cr,S’, CrS and «-Cr—so they do not corre-
spond to equilibrium conditions. Prolonged tempering
reduces the proportions of ‘Cr,S,’ and «-Cr in the
samples, but so far we have not succeeded in preparing
the monoclinic phase entirely free from other phases.

3. The structure of the phase ‘Cr,;Sg’

Haraldsen (1937) proposed for alloys with composi-
tions CrggsS—CrygsS a NiAs-type structure with ran-
domly distributed vacancies in the metal lattice. In
diagrams of structures of this type no reflexions with
h—k = 3n and I = 2m+1 should be present. In our
diagrams of the alloy Cr,.ssS, however, the reflexions
(001) and (111) are observed, indicating that the
vacancies in the metal lattice are confined to every
second metal layer (layers perpendicular to the
trigonal axis).

The structure derived—intermediate between the
NiAs and Cd(OH), types—is trigonal and can best be
described in space group P3ml:

1Cr I in I(a): 0,0,0.
4Cr II'in 1(5): 0,0, %.
28 in 2(d): +(} §,2) with z = }.

Adopting this model, the agreement between observed
and calculated intensities is satisfactory, except for
the four observed (00!) reflexions, which were stronger
than calculated (preferred orientation). For the other
35 observed reflexions the disagreement factor
Z|pFi—pF?—ZpF? is 0-15 (p stands for the mul-
tiplicity factor). For a list of calculated and observed
intensities see Table 3(a).

No super reflexions due to ‘Cr,S,’ were observed in
the powder diagrams, nor in rotation and Weissenberg
photographs about the ¢ axis (see § 8). For several
simple models with ordered metal vacancies the inten-
sities of the super reflexions were calculated; these
computations show that the super reflexions should
have been clearly observable in our diagrams. There-
fore it seems very probable that the vacancies in
every second metal layer are distributed at random;
a certain degree of short-range order, however, cannot
be excluded.

The homogeneity range of the phase ‘Cr.S’ is nar-
row: from CrygS (a = 346440001 A, ¢ = 5-763
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40-002 A) to Crye,S (a = 3-459+0-002 &, ¢ = 5761
+0-003 A). The interatomic distances for Cry46S are
given in Table 2.

4. Structure and magnetic anisotropy of
ferrimagnetic Cr;S,

In our diagrams of Cryg;S 41 reflexions were observed
compatible with a partly disordered structure inter-
mediate between the NiAs and Cd(OH), types. How-
ever, 24 additional reflexions could not be indexed
with a unit cell of this type. These reflexions could be
interpreted as originating from a super cell with

a=a'.)3 =5982+0002 A and
¢ = 2¢' = 11-509+0-003 A

(cell edges with an accent refer to a unit cell of the
NiAs type), indicating that the vacancies in every
second Cr layer are ordered.

From the intensities of the super reflexions the
following structure was derived:

Trigonal, space group P3lc:

2Cr I in 2(a): £(0,0,%).
2Cr I in 2(c): +(3, % 1).
2 Cr III in 2(b): 0,0,0; 0,0, }.
4Cr IV in 4(f): +(3,%,2; 3, % 4—2) with 2=0.
128 in 12(i): £(z,y,2; —y, 2~y,2; y—=z, —a, 2;
Y%, 3+z; —x, y—=x, }+z;
r—y, —Y, 3+2)
with e =%, y=0, z =

The intensity agreement (see Table 3(b)) is good,
except for the four observed (007) reflexions (preferred
orientation); for the other 61 observed reflexions the
disagreement factor is 0-08. The structure of Cr,S; is
schematically presented in Figs. 2(a) and 2(b). Inter-
atomic distances are given in Table 2. The homogeneity
range of Cr;S; is very narrow.

The Cr ordering in Cr;S, is the same both below and
above the Néel temperature (about 30° C.), as is
shown by comparison of diagrams recorded with the
sample at 10° C. and 60° C. respectively. Ferrimagnetic
Cr;S; possesses pronounced magnetic anisotropy.
When suspensions of the powdered alloy in an acetonic
solution of cellulose acetate were allowed to dry in a
magnetic field (at 5° C.), strong preferred orientation
of the crystallites resulted*, showing that Cr,S, pos-

* I find that & very similar method for orientating ferri-
magnetic material has been used by Jonker, Wijn & Braun
(1956).

Table 2. Interatomic distances in the trigonal chromium sulphides

S-8
Phase Composition Cr-6 S Cr—Cr([|c) Cr-Cr( Lc) between layers S-S(1e)
‘Cr,Sg’ Cro.gsS 2:464 A 2:882 A 3463 A 3-507 A 3463 A
Cr,S, Cro.g58 2459 2.877 3454 3:501 3:454
Cr,S, tr. Cro.9S 2:425 2:797 3430 3-427 3-430
Cr,S, rh. Cro.ezS 2417 2:775 3429 3:409 3429
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Table 3. Calculated and observed tntensities

The reflexion intensities of Cr;S, and CrS were measured with Cu K« radiation; for these compounds dispersion and anomalous
scattering has been taken into account. The reflexion intensities of the other phases were measured with Mo K« radiation and
the anomalous-scattering effect has been neglected

(a) Intensities of ‘Cr,Sg’ (d) Intensities of rhombohedral CreS3
Hexagonal indices are given)
. 2 . ~ . . (
wee 0752 20750 1w 1002 107202 | e 2073 .ugszpri
- 7 - - - - - -
w1 s Frr R S S A 1 net 107 107 ) wxe 10pd 10 | hke 1070 10
100 24 33 115 ° - 207 3 6 000 32 - 312 1 - 333 16 H
002% 1 4 302 1 - 008% s ; 1 00 3% 32 353 2010 5 - 419 116 116
101 a7 55 108 31 26 314 5 101 23 24 00 12% 109 470 3015 13 1
10z 151 150 205 7 = :gg ’;’ - 102 22 21 314 10 1 336, ©
003 - 214 12 - 104 18 21 315 9 - 0018 ©
1o 94 89 303 0 3Dg o - 110 70 17 226 325 2717 2215 43
m 1 4 220 21 15 22 3 - 105 16 19 201 5 - 1118 9
103 25 22 221 ° - 320 2 - 006 [ 401 4 - 4112 22
200 10 14 16 1 bl 321 5" - 113 450 492 402 4 - 339 10
12 3 - 310 5 - 315 - 201 14 8 2110 9 - 600 74
201 20 22 222 1 - 322 18 21 202 14 5 1112 35 603 9
23 25 oot ) - 217 4 - 204 12 22 309 33 85 520 8
202 75 76 a1 10 - ns 14 ; " 107 12 - 1013 4 - 606 o -
104 15 16 304 a5 23 404 2 205 11 - 404 4 - 3018 0
13 1 - 206 21 17 410 13 14 116 741 796 317 8 - 523 58 8
203 14 16 215 10 - 411 [ - 108 10 405 4 - 3312 11 108
005 o - 32 39 22 208 2 - 211 20 14 2111 7 - 00zl 11 -
210 12 16 107 4 12 323 4 - 212 19 7 318 7 - 4115 49 "
211 24 20 223 0 - 226 [ - 009% 12 30 321 7 - 526 113 170
N4 84 82 313 8 7 009 o - 214 17 16 322 7 - 2218 5 61
105 11 10 305 0 - 41z ° - 207 8 8 1014 3 - 609 6 -
212 93 72 400 2 - 307 o - 300 497 46l 229 104 95 1120 21 38
204 9 1 17 0 - e 14 13 215 15 17 2013 3 - 529 38 %0
300 33 a3 401 3 - 405 2 - 303 8 61 324 6 - 440 [ -
301 o - 224 23 21 208 7 - 407 3 - 3315 4 7
1010 7 - 410 26 28 443 17 27
. 119 208 276 325 6§ 14 6012 65 70
(b) Intensities of Cr;Sg 211 13 - 00 15% 4 302 a4 -
220 25 20 41y 182 160 446 33 43
et w0 ) nxe 208d 0% nke a0 10 R R R T L I
000 182 - 312 2 - 406 1 - 223 173 103 416 350{425 2228 12 -
00 2% L3 7 207 3 4 219 3 4 218 1 N 2212 19 * 0024% 8 15
100 12 13 ;g: 3 - ::2 213 182 311 11 2 330 130 10 449 1 15
101 -
102 5 3 216 2 - 201Q 1 -
103 1 16 313 6 6 328Y 19 20
110 69 73 224 198 196 330 12 %
00 4% S 118 36 % 332 2 3 e
112 162 158 400 5 - 416 41 45 (e) Intensities of CrgSq
200 2 - 401 3 - 0012 o0 -
201 9 10 314 2 3010 2 - . » _ . = _
104 3 - 306 42 i 334 2 : net 1022 10752 nx e 107772 10552 bk 2 1092 1022
202 3 - 402 1 - 1112 63 000 724 - 312 18 21 | -224 s
203 8 7 217 5{ N 2210 16 14 002 a1 47 022 17 18 217 195 9%
198 w0 ws 1o 3 2 | 3se %02 Teor a3 om [4xf % D[ rriome o
60 458 1 9 - -. - cesaan
:ig ‘2 - 403 3 5 600 40 46 011 a7 35 121 18 - 219 9 -
211 13 13 315 5 3 g0z i - 103 24 26 206 “i 318 sof
S0s 1 - 396 01 Z | %20 s s RTINS S - LN I S R S
- - b4 - - 132 1 -
212 ; 4 :g: i 5 gg:‘ 3 - ssg 11: 12: 116 119 123 512 292 I
106 - - = 218 3 - 422 3
213 11 9 226 38 39 522 20 21 -202 33 46 206 8 - 033 8 -
A S O T R B A I I L S
- - . 17 - 219 0 -
301 0 - gg:o ? - ;;:0 tg 25 202 179 200 123 1 - 318 7% 90
302 7 [ - 013 9% 69 -305 9 - | -309 1 -
214 3 - 209 2 - 1114 8 9 211 = 123 18 - | -505% 2 -~
116 7 72 323 4 8 606 1 - 211 27 30 400 13 - «2 010 4 -
303 0 - 410 25 28 526 13 13 105 [ - 220 3 29 231 1 -
107 4 7 405 2 - 3310 1 - 105 4 - -314 4 - 231 2 -
206 1 - 411 0 - 440 2 - -204 158 160 305 4 - <1110 7 -
220 25 25 1010 1 - 3014 © - -114 M43 463 024 4 - | -514 22
215 8 7 412 64 53 442 6 10 114 369 350 017 26 % [-417 415 52
304 6 7 308 202 16l 608 36 45 204 219 204 314 5 - 424 36 a7
222 62 56 324 1 - 4112 41 51 -301 14 13 402 28 26 1110 8 -
008% 65 413 [} - 444 20 21 301 7 222 16 30 309 0 -
310 1 7 a1 4 5 zz14 S 213 9:&”2 222 87 2010 6
311 1 8 1110 39 28 001 5 2 213 42 38 402 s 85 1.a3s a 58
528 015 1 - 008 99 83 509 1 -
006 1 - 421 1 - 134 34
-gg; 55 58 411 4 3% 424 36
Py . 3 - -125 ) - |-408 1 55
(c) Inteusities of trigonal CreS3 310 433 320 404 853 66 514 36
) 020 231 237 125 2 - 417 [ -
pke 1092 107312 pre 120958 100%r2 | bk e 107352 107353
000 144 - 222 T 61 1110 30 27
002% 14 3% 310 1 - 414 134 138
100 3 3 311 1 - 228 7 9
‘101 15 1 008 45 39 330 49 38 (f) Structure factors of CrS
102 4 2 312 2 - 332 6 - . N
103 u 15 305 0 - 416 43 40 (The signs given for F¢ refer to the real parts
11 & 31 33 20 ; 3 - 3 g 10 3 - of the structure factors)
oo ° 4 10 1 - 334 -
112 195 189 216 2 - 0012 0 -
200 2 - 313 6 - 2210 16 - bkt Fo Fo. Bk2 Fc Fo bk R T To
2 g: : 1: f g ; 13: 164 } i :2 3?, 4 000 +158.7 - 221 +21.6 205 112 +73.0 73.4
. 3 M o3 M - 336 4 z 110 +52.1 50.6 041 -269 24.2 | -202 +19.8 17.0
2 g§ : i g : - o0 2 2 020 +4l.6 42.6 =311 -214 217 132  +18.9 -
2 ° 7 v 118 14 602 3 - 200 +88.8 90.7 -241 -21.6 21.0 222 +63.1 62.6
1 i’ 310 2909 P 13 i 24 HPe 3 - 130 +82.8 82.0 311 -19.7 21.0 202  +17.0 -
% 11- H 2 9 103 1 _ o ° - 220 +28.3 31.2 151 +l2.3 - 132 7.7 -
- 040 +38.9 37.8 241 -20.4 19.5 042 +44.2 46.2
211 12 12 217 5 - 3012 0 €
12 - 310 +26.8 26.1 151 +12.0 - 222  +54.7 551
204 2 208 1 522 20 20
- 240 +30.2 2e.7 331 +34.9 - =312 +46.0 41.5
006 5 9 403 2 338 39 46 150 +16.8 14.5 331 + 4.5 — M -
4 4 109 2 - 0014 o - B . 24z .37l 335
2 é% 2 H %% H - tl10 - 330 +48.7 48.5 061 +8.2 152  +47.0 54.6
1 060 +42.3 42.5 421 +l1.7 1421 312  +38.7 336
213 10 H 320 1 - 524 39 200 4009 396 | 2e1 vols 1 2 H
0 208 187 3z1 4 - 2212 19 69 -3 3 6. "3y oz 2
3 8 ? o 7 F o - - H - 420 +14.3 14.9 351 + 8.1 - 242 #3301 29.0
3 - 260 +34.6 33.1 421 +10.5 12.3 152  +44.4 44.2
205 5 10 404 1 1114 7 29 3
2 2 226 41 . 526 13 22 350 +11.3 11.0 261 + 6.4 402 . -
:gf ‘; H M 1 2 3 e 0n 2 170 +204 23.2 351 « 7.5 - 332 el -
6 o1 9% 218 1 - 3310 1 - clr1 -2z - 062 elz2 -
11 . 76 2le H - 142 s z 111 -41.1 38.5 171 ~12.0 22.8 | -422 332 35.7
303 08 a2 2 021 +33.3 31.8 | -441 -l1.6 220 |-262 <106 -
107 4 8 323 4 3
16 - 111 -38.9 39.0 -352  +32.2 37.4
206 1 5 4107 10 3014 2 4
o 2 _ Tis 1 131 +81 - 002 +26.1 (33.5%] 402 +8.9
220 10 8 001 112 a 49 131 +17.7 - 112 +8l.2 82.9 262 +9.6 10.5
215 7 9 412 70 S8 221 +23.4 25.8 022 +83.3 80.1 422 +26.8 24.5
304 O - 308 134 122 s28 2 - 172  +18.0 -

x Observed value too strong, probably because of preferred orientation. y From these reflexions onward only reflexions of the sub-cell
(of pseudo NiAs type) are given. z From powder diagram; not included in R.
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Fig. 2. (a) Schematic projection of the structures of CrySg, trigonal Cr,S; and rhombohedral Cr,S; on the ¢ plane. The a axes
of the hexagonal unit cell are indicated by full lines, the a’ axes of the sub-cell of pseudo NiAs type by broken
lines. (b) Schematic projection of the Cr layers in Cr;S; on the (110) plane. The ¢ axis is twice as long as the ¢’ axis of the
sub-cell of pseudo NiAs type. (c) Schematic projection of the Cr layers in trigonal Cr,S; on (110). (d) Schematic projection
of the Cr layers in rhombohedral Cr,S; on the hexagonal (110) plane. Here the ¢ axis is three times as long as the ¢’ axis of

the sub-cell.

sesses a plane of easy magnetization perpendicular to
the trigonal axis (see Fig. 3).

5. The structure of trigonal Cr,S;

In our diagrams of Cry¢S 32 reflexions were observed
compatible with a partly disordered structure inter-
mediate between the NiAs and Cd(OH), types, and
18 super reflexions, which again could be indexed by
means of a super cell with @ =a’.)3 and ¢ = 2¢.
The structure derived is similar to that of Cr,S,, ex-
cept for the (a) site now being unoccupied:
Trigonal, space group P3lec:

2Cr I in 2(c): £}, %, 1).
2Cr II in 2(b): 0,0,0; 0,0, .
4C0r I in 4(f): +(3,%,%; 3, %, 4~2) withz=0.
128 in 12(i): +(x,9,2; —y, x—Vy, 2; y—2, —%, 2;

Y, %, 3tz —x, y—x, 3+2;

r—y, —y, }+2)

with z =4, y=0, z2=3.

09 roj—s

The intensity agreement (see Table 3(c)) is satis-
factory, except for the four observed (00I) reflexions;
for the other reflexions the disagreement factor is 0-14.
The structure is schematically shown in Figs. 2(a)
and 2(c); interatomic distances are given in Table 2.
The homogeneity range of trigonal Cr,S; is narrow:

at the limit with highest Cr content =5-939+0-002 A,
¢ =11-192+0-003 A; at the lower limit a = 5-943
+0-002 A, ¢ = 11-171+£0-003 A.

6. The structure of rhombohedral Cr,S,

In the diagrams of Cry.q,S 36 reflexions were found,
which are compatible with a partly disordered struc-
ture intermediate between NiAs and Cd(OH), types—
in agreement with a suggestion by Riidorff & Stege-
mann (1943); moreover 14 super reflexions were ob-
served indicating a super cell that is different from
that of trigonal Cr,S;. These reflexions could be in-
dexed by means of a unit cell with @ = a’.)/3 and
¢ = 3¢’. As only reflexions with —A+k+I = 3n are
observed, the lattice is thombohedral and the distribu-
tion of the vacancies is evident at once.

The structure derived can best be described in
space group R3:

Rhombohedral description

ICrI in 1(b): 4,4, 3.
1Cr IT in I(a): 0,0,0.
2Cr IIT in 2(c): =+(z, x, ) with « = L.
6S in 6(f): +(x, ¥, 2; 2, 2,¥; y,2,2)
with x = }, y = {,, 2= 1}.
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Fig. 3. The magnetic anisotropy of ferrimagnetic Cr;S; at 5° C.
(a) Diffractogram of unorientated sample. (b) Crystallites
orientated by a magnetic field (H = 1100 Oe.) perpendic-
ular to the flat sample; the prizm reflexions are enhanced.
(c) Crystallites orientated by a magnetic field (H=1100 Oe.)
in the plane of the flat sample; now the basal reflexions
are enhanced.

Hexagonal description

(0,0,0; 3,% % 5.5, P+
3Cr I in 3(b): 0,0,%.
3Cr II in 3(a): 0,0,0.
6 Cr III in 6(c): +£(0,0,2) with 2 =%.
188 in 18(f): i(x: Y, 2, ~Y,x-Y,2; Yy—«, —, Z)
with z =%, y=0,2=1%.

The five observed (00!) reflexions are stronger than
calculated (preferred orientation); for the other re-
flexions the disagreement factor is 0-12. For observed
and calculated intensities see Table 3(d).) The struc-
ture is schematically presented in Figs. 2(a) and 2(d);
interatomic distances for Cryg;S are given in Table 2.
At the homogeneity limit with the highest Cr content
the unit-cell dimensions are: @ = 5-937+0-002 A, ¢ =
16-698+0:005 A; for Cryq,S was found: a = 5-939
+0-004 A, ¢ = 16:65+0-01 A.

7. The structure of Cr3S,

Our diagrams of Crg,;S could be indexed by means
of a monoclinic unit cell with

a=5964+0-003 A (~a’.)3), b=3-428+0-002 A (~a’),
¢ = 11-272+0:006 A (~2¢'); B = 91°30'+2".

AC10

625
A
| e ®
@ O Cr at y=0
@ Cr at y=",
O S at y=0
@ S at y=Y,

Fig. 4. (a) Schematic projection of the ‘ideal’ Cr,;S, structure
on the ¢ plane. The monoclinic unit cell is indicated by full
lines, the sub-cell of pseudo NiAs type by broken lines.
(b) Schematic projection of the ‘ideal’ Cr,S, structure on the
b plane. The arrows indicate directions and magnitudes
(five times enlarged) of the observed deviations from the
‘ideal’ atomic positions.

Only reflexions with k+k+I = 2n are observed, so
the lattice is body-centred. A plausible structure is the

following*:
0,0,0; %, %, )+

2CtI in 0,%,0 with y~0.

4Cr II in 2, ¥, 2; —x,y, —z with ~0, y~0, z~}.
4SS I in 2,y,2; —,y, —z with z~3%, y~0, z2~§.
4S II in 2,y,2; —=x,y, —2 with 2~3}, y~0, z2~7.

The intensities calculated for this ‘ideal structure’
(see Fig. 4) gave a rough agreement with those ob-
gerved, but it was evident that at least the x and z
parameters must slightly deviate from their ideal
values. If all y parameters are exactly zero, the struc-
ture is centrosymmetric and can be described in space
group I2/m; if they are not the space group is J2.

The z and z parameters were refined—starting from
the ‘ideal positions—by subsequent two-dimensional
difference syntheses along the b axis. The parameters
derived gave satisfactory intensity agreement for the
(h0l) reflexions and also for the (hkl) reflexions, if all
y parameters were put equal to zero. Therefore space
group I2/m-C%, was adopted and the z and z para-

* The referee kindly pointed out to me that Okazaki &
Hirakawa (1958) proposed this model for Fe,Se,.
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meters were further refined by means of sections y=0
of three-dimensional difference syntheses. The final
structure is the following*:

(0,0,0; 4,4, %)+

2Cr I in 2(a): 0,0,0.

4 Cr II in 4(i): =+(z, 0, 2) with =-0-012, z=0-263.
48 I in 4(i): +(=,0,2) with 2= 0355, 2=0-3635,
48 II in 4(i): +(x,0,2) with z= 0-320, z=0-8786.

The deviations from the ‘ideal structure’ (indicated
in Fig. 4) are such, that ST is approximately equi-
distant from its five Cr neighbours, S IT from its four
Cr neighbours, the distances S II-Cr being shorter
than S I-Cr. The S atoms are pushed away from the
vacancies present in every second metal layer. The
interatomic distances are:

CrI-2SY 2-45 A CrII-181 244 A
281" 2454 28T 243 A
-1SII 2394 -1SI1" 2384
-1SII” 239 A 28I 2374

CrI-2CrII 2974 S-128 3-26-3-63 A

Cr -Cr (other distances) 3-32, 3-43, 3-58 &

Special care was taken to avoid preferred orienta-
tion, and therefore all 47 measured reflexions (inten-
sities see Table 3(¢)) are included in the disagreement
factor; for the final parameters the disagreement
factor is 0-11. The homogeneity range of Cr;S, ex-
tends from Cry,eS (@ = 5:973+0-003 A, b = 3432+
0-:002 A&, c¢=11-361+0-006 A; £ =91°9'14') to
Croq6S (@ = 5:960+0-003 A, b = 3-42740:002 &, ¢ =
11-253+0-006 A; § = 91°38'+2").

8. Epitaxy and structure of CrS

In his powder diagrams of CrS Haraldsen (1937) found
a number of rather strong reflexions—additional to
that of a NiAs-type lattice—which he assumed to
originate from a super cell with ¢ = 2a’.)/3 and
¢ = 2¢’. Our diffractogram of CrS showed even more
additional lines than Haraldsen had found, but they
did not fit Haraldsen’s super cell. Not being able to
deduce a unit cell that fitted all powder lines, we tried
to isolate crystallites large enough for single-crystal
work. After several vain attempts a fragment was
obtained that gave good rotation and Weissenberg
photographs about one axis.

From these diagrams it was evident that the frag-
ment consisted of two phases. One of the phases was
identified as trigonal ‘Cr,S;’ (with ¢ parallel to the
rotation axis). The other phase has a C-centred mono-
clinic lattice with ¢y, || €e (Cmon.:Cir. = 1:0565); bpon.
is parallel to one of the three orthohexagonal b axes
of ‘Cr;Sg’  (buon.!®r.- Y3 = 0:9855). Therefore b,
occurs in three orientations and @, in six orienta-

* NiCr,8; was found to be isotypic with CryS; with a =
594 A, b =342 A, c = 11-14 4; § = 91-3°,
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tions  (@yon, sin B:a;, = 1-0817; S = 101-6°). This
orientated intergrowth, together with the fact that
in the powder diagrams lines due to «-Cr are present
in addition to those of ‘Cr,Sy’ and the monoclinic
phase, leads to the conclusion that the latter phase
is formed from Cr,S;+Cr by a solid-state reaction.
This reaction involves diffusion of Cr into the ‘Cr,Sg’
lattice and so the reaction rate will be rather low.
For the unit-cell dimensions of x-Cr we found 2-885 A,
in close agreement with the value for pure Cr
(2-88494+0-00013 A at 20° C.; Straumanis & Weng,
1955). Evidently «-Cr does not dissolve any appre-
ciable amount of S in its lattice.

In the diagrams of the monoclinic phase reflexions
(REI) are extinguished for A+k = 2n+1 and further-
more (k0!) reflexions are absent for [ = 2m-+1; so the
space group is either Cc or C2/c. The reflexion inten-
sities on the Weissenberg photographs of the zero,
first and second layer lines about the ¢ axis were
measured with a photometer with small aperture. The
intensities of reflexions on different layer lines were
brought on a common scale by means of the ‘Cr,Sy’
reflexions. A three-dimensional Patterson synthesis of
the monoclinic phase showed that its composition is
about CrS, while the symmetry is compatible with
the centro-symmetric space group C2/c. The structure
can be described in the following way:

(0,0,0; 4, 4,0)+
4Cr in 4(a): 0,0,0; 0,0, 1.
48 in 4(e): (0,9, %) .

From the Patterson synthesis the y parameter of S
was deduced to be 0-317; refinement by an algebraic
method yielded as final value yg = 0-320. Calculated
and observed structure factors are given in Table 3(f);
the final value of the ‘reliability index’ R is 0-053.

The unit-cell dimensions found for CrS depend on
the cooling rate; it appears that the homogeneity
range of the phase CrS is narrow at room temperature,
but rather extended at higher temperatures. Probably
the best values at room temperature are: a=3-826 A,
b=5913 A, ¢ =608 A; f=101°36". The com-
position at which the phase CrS is homogeneous
(when in equilibrium), however, cannot be determined
from our data. The only investigator who has so far
prepared pure CrS (free from other phases) is probably
Mourlot (1899). He determined the density of his
crystalline product as 4-08 g.cm.=3, while from the
analyses of his preparations a composition of CrS,,,
is calculated. Assuming this composition for the phase
CrS, a density of 4-091 g.cm.-3 is calculated from our
unit-cell dimensions; a composition of CrS, g would
lead to 4139 g.cm.—. The interatomic distances in

CrS are:

Cr-2S 2429 A Cr2Cr 3044 A

Cr-28 2437 & Cr—4Cr 35224

Cr-2S 2878 A Cr-2Cr 3826 A
S-128 3-357-3-994 A
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Fig. 5. Relation of the CrS structure to the NiAs- and PtS-structure types. Metal atoms are represented by small circles, anions

by larger circles; in each diagram the environments of one metal atom and of one anion are marked.

(a) The ideal NiAs

structure. The metals are octahedrally surrounded by six anions, the anions by six metals in a trigonal prism. The conventional

trigonal unit cell is indicated by broken lines.

(b) The structure of CrS, intermediate between the NiAs and PtS types. Cr is

surrounded by four S in a rectangle, while two more S at larger distances (broken lines) complete an elongated octahedron.

The S environment may be regarded either as a slanting trigonal prism or as a distorted tetrahedron.

(c) The structure of

PtS. Here the metals are surrounded by a rectangle of S, while S has four metal neighbours forming a (somewhat distorted)
tetrahedron. The conventional tetragonal unit cell is indicated by broken lines.

The structure of CrS is sketched in Fig. 5(b). Cr is
surrounded by a tetragonal bipyramid of S (for
yg = 0-321 the distances to the basal S atoms would
be exactly equal), S is surrounded by Cr in a con-
figuration intermediate between a trigonal prism and
a tetrahedron. The structure of CrS can perhaps best
be described as intermediate between the NiAs and
the PtS structure types (see Fig. 5). CrS is formally
isotypic with CuO (Tunell, Posnjak & Ksanda, 1935),
but the shapes of the unit cells are so different that
it seems justified to regard the structure of CrS as
a new type.

9. Discussion

Leaving CrS aside for the moment, the structures
found for the chromium sulphides are intermediate
between the NiAs and Cd(OH), types. They are closely
related to each other, so the system Cr-S super-
ficially resembles a berthollide system. At the same
time Bertaut’s (1953) prediction that ionic compounds
are ordered, appears to be right (except probably in
the case of ‘Cr,Sy’).

Nevertheless, the ionic picture of chromium sul-
phides certainly is too simple. From a purely electro-
statical point of view structures based on a cubic anion
packing (with the metals in the octahedral holes) are
more favourable, since in structures related to the
NiAs type rather short metal-metal contacts occur in
the direction of the trigonal axis. These contacts are
close enough for corresponding to bond distances. The
fact that structures related to the NiAs type are known
only for compounds of the transition elements in-
dicates that intermetallic bonds actually are present
and are even essential for the stability of theses struc-
tures. So our picture of the bond character in chromium
sulphides comprises the presence of both ionic Cr-S
bonds and metallic Cr—-Cr bonds.

If it is assumed that all anions in the unit cell are
chemically equivalent—which seems quite plausible—

then the following structures intermediate between the
NiAs and Cd(OH), types are geometrically possible:

I. Vacancies in metal lattice randomly distributed;
such ‘disordered structures’ have been found,
for example, for Fe,S; above 340° C., Fegq,S
below 190° C. (Gronvold & Haraldsen, 1952;
Lotgering, 1956a). The diffraction pattern is that
of a NiAs-type structure.

II. Vacancies confined to every second metal layer,
but randomly distributed within these layers.
Such a ‘partly disordered structure’ was found,
for example, for ‘Cr,Sy’. The diffraction pattern
is that of a Cd(OH),-type structure.

There is no obvious reason why the symmetry of
alloys with type I or type II metal distributions
should be lower than trigonal.

ITI. Vacancies in metal lattice confined to every sec-
ond layer and ordered within the layers. In order
to maintain the chemical equivalence of the
anions, these ‘ordered structures’ can preserve
trigonal symmetry only for the compositions
MX, (Cd(OH), type), M,X,, M;X; and MX
(NiAs type, see below). All compounds with other
compositions must have lower symmetries, e.g.
Fe,S; (Bertaut, 1953) and Cr,S,.

The chromium sulphides exactly fit the above
schemie, with the exception of CrS, for which compound
a NiAs-type structure might be expected. Actually
structures of this type have very rarely—if ever—
been established at room temperature. The NiAs
structure seems to have a typical high-temperature-
phase character. At lower temperatures the NiAs
type seems to be avoided by one of the following
means:

1. When the ratio Rx:R, is small: disordering of
the X lattice, e.g. in NbS (Schénberg, 1954), struc-
tures of the WC type.
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2. When Ry:R, is of medium size: deformation of
the structure by (a) lowering of the symmetry
(e.g. CrS, structures of MnP type); (b) formation
of super structures (e.g. FeS; Bertaut, 1954);
(c) formation of new structure types (e.g. NiS);
(d) elongation of the unit cell in the ¢ direction
(e.g. TiS; Schénberg, 1954).

3. When Ry:R, is large: chemical disproportiona-
tion; ‘M X’ is in reality a mixture of M +M,_,X,
e.g. Rh;_.Bi (Jdanov, 1954), Co,_,Te (Haraldsen,
Gronvold & Hurlen, 1956), Cr,_.Te (own measure-
ments). In these alloys ¢:a is far below the ideal
value.

At low temperatures alloys with structures related
to the NiAs type will be either ferromagnetic or anti-
ferromagnetic. The ferromagnetic alloys possess—at a
given temperature—either an axis of easy magnetiza-
tion parallel to the trigonal axis—e.g. ‘MnBi’ at room
temperature (Guillaud, 1943), Cr,_,Te at room tem-
perature (own measurements)—or a plane of easy
magnetization perpendicular to this axis, e.g. ‘MnBY’
below 85° K.

For a picture of antiferromagnetism we divide the
metal lattice into two sublattices. Two simple ways of
performing this are:

(i) One sublattice consists of the odd-numbered metal
layers perpendicular to the trigonal axis, the other
of the even-numbered metal layers.

(ii) Sublattices parallel to the trigonal axis; one sub-
lattice consists of the odd-numbered, the other of
the even-numbered metal layers.

Model (i) will give rise to antiferromagnetism in type
I structures and in M X compounds, but ferrimagnet-
ism (= uncompensated antiferromagnetism) will result
in type ITI structures (except MX compounds) and
in all type II structures. Model (ii}—which from a
magnetic point of view does not possess trigonal sym-
metry—will give rise to (compensated) antiferro-
magnetism in all trigonal structures intermediate be-
tween the NiAs and Cd(OH), types, in Cr;S,, Fe;Se,
and Fe,Seg, but to ferrimagnetism in Fe,Se; (Okazaki
& Hirakawa, 1956).

The foregoing shows that a substance may pass from
a ferrimagnetic into an antiferromagnetic state in two
ways:

THE STRUCTURES OF THE CHROMIUM SULPHIDES

(@) A transition from a type II or type III into a
type I structure; such a transitions is an order—
disorder transition involving atomic rearrange-
ment and therefore the high-temperature state
can be ‘frozen in’ (Lotgering’s (1956a) model for
Feg.ga9)-

(b) A rearrangement of the spin order from model (i)
to model (ii). No atomic rearrangement is involved
and so such a transition cannot be frozen in.
This might be a description of the behaviour of
Cr,S;.

The author wishes to express his gratitude to Prof.
J. M. Bijvoet for encouragement and advice in the
course of this investigation, and to Dr F. K. Lotgering
of the Philips Research Laboratories in Eindhoven,
the Netherlands, for supplying a number of the Cr-S
alloys and for many illuminating discussions.
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