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The compound CsCoC1, is paramagnetic a t  room temperature and belongs t o  the space 
group D&PG,/mmc with two formula units per unit cell (CsNiCI, type structure). The 
neutron diffraction of CsCoCI, powder and single crystal samples were studied as a function 
of sample temperature. A transition to  antiferromagnetism was found a t  TN = 21.5 O K .  

The magnetic structure determined from the diffraction pattern at 4.2 OK is collinear and 
consists of ferrimagnetic ab planes stacked antiferromagnetically along the c-axis with 
spins parallel t o  the c-axis. The magnetic moment consistent with the diffraction a t  4.2 OK 

is (3.0 f 0.3) and (2.3 f 0.3) Bohr magnetons per Co2+ ion according to  the powder and 
single crystal data, respectively. The magnetic unit cell is the hexagonal H-cell (a = @a,, 
c = co) with six formula units per unit cell. This structure belongs to  the magnetic space 
group PGjlm’cm’ (1112,8~-PG~/m’cm’). The powder and single crystal data show that  the 
magnetic structure near T N  is different from the magnetic structure at 4.2 “K. 

Le compose CsCoC1, est paramagnetique iL la temperature ambiante, e t  appartient au 
groupe spatial D&-PG,/mmc comportant deux unites de CsCoC1, par maille BlBmentaire 
(structure type CsNiC1,). Le spectre de diffraction des neutrons a 6tk Btudie en fonction de 
la temperature pour le compose CsCoC1, sous forme de poudre ainsi que sous forme de 
monocristaux. Un point de transition antiferromagnktique a 6tB observe iL la temperature 
T, = 21,5 OK. La structure magnetique determinee it partir du spectre de diffraction 
iL 4,2 OK, est colineaire e t  comporte des plans ab ferrimagnktiques empiles antiferromagneti- 
quement dans la direction c, les spins Atant paralleles it cette direction. La maille 616men- 
taire magnetique est la cellule - H hexagonale (a = Ea,,, c = c,,) comportant six unites 
de CsCoC1,. Cette structure appartient au  groupe spatial P6jlm’cm’ (IIIqS$-PGi/m’cm’). 
Les r6sultats obtenus B partir d‘6chantillons monocristaux et  sous forme de poudre indiquent 
que la structure magnetique aux alentours de T N  es diffhrente de celle B 4,2 O K .  

1. Introduction 
The compound CsCoC1, is perovskite related and is isomorphous with CsNiC1, 

[l to  41. It has a hexagonal two layer (2L) structure which a t  room temperature 
(RT) belongs to  the space group D&-P6,/rnmc, having two formulaunits per unit 
cell [2 to  41. It is built up of linear chains of face sharing octahedra of C1- along 
the c-axis, with the Co2+ ions positioned a t  the centre of these octahedra. The 
Csf with the C1- ions form (CsC13)2- sheets perpendicular t o  the c-axis. Table 1 a 
gives the ions positions in this structure. 

Several compounds isomorphous with CsNiC1, were previously investigated 
and their magnetic structures were determined [5 t o  131. These compounds are 
listed in Table 2 and classified according to  the seven types of magnetic struc- 
tures which were found. The types of magnetic structures are defined in Table 3. 

The compound CsCoC1, was investigated by NMR [14], magnetic susceptibility 
[3, 151, and ESR [15]. Achiwa [15] concluded from the crystallographic struc- 
ture and from the broad maximum in his susceptibility measurement, that 
CsCoC1, has linear antiferromagnetic chains along the c-axis. This conclusion is 
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also consistent with the results of his measurement of the exchange interaction 
perpendicular and parallel to  the c-axis which gave JII > J,. Ferromagnetic 
chains were found among the isomorphous compounds only in CsNiF, [16] 
whereas antiferromagnetic chains were found in all the rest. In  this work we 
show that the three-dimensional magnetic structure of CsCoC1, a t  4.2 OK (see 
Fig. 2) indeed consists of antiferromagnetic linear chains. 

2. Experimental 
The compound CsCoC1, was prepared by melting stoichiometric amounts of 

CsCl and anhydrous CoC1, in an evacuated quartz ampoule. The CsCl used was 
a Merck u.p. material, dried in a vacuum desiccator. The anhydrous CoCl, was 
prepared from (Merck G.R.) hydrated material by heating i t  in a HC1 stream. 
The X-ray powder pattern of the resulting blue product showed no lines other 
than those of the pure material [3, 41. Chemical analysis of the Go2+ ions was 
carried out by the EDTA complexometric titration and that  of the C1- ions by 
argentometric titration. Results of the chemical analysis are: Go2+ 19.6 wtyo 
(calculated 19.76 wtyo); C1- 35.6 wtyo (calculated 35.66 wt%). 

Neutron (3, = 1.02 A) diffraction patterns of a powder sample of CsCoC1, were 
taken a t  room and liquid helium temperatures (RT and LHeT, see Fig. 1). 
Indexing of the RT pattern is according to  the unit cell given by Soling [3] 

L I  I 

1 I I I I I I 
10" 75" 20" 2 5 O  30" 350 

20 - 
Fig. 1. Neutron (A = 1.02 A) diffraction patterns of CsCoCI, at room and liquid helium 
temperatures (RT and LHeT). Indexing of the R T  patterns is according t o  the unit cell 
given by Soling [3] and only allowed reflections in PGJmmc are shown. Indexing of the 
LHeT pattern is according to  the H-cell (Fig. 2). Indices of lattice and of superlattice lines 

are given in the upper and lower rows respectively 
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(ao = 7.2019 A, co = 6.0315 A), which is within error limits of those given by 
others [2, 41. 

Using a least square computer program, a minimalization of the residual R1) 
was carried out to  fit the calculated to  the observed integrated intensities of 
14 lines in the RT pattern. This calculation resulted in the ion positions given 
in Table l a ,  with an  overall temperature (Debye-Waller) factor2) B = 
= (2.1 f 0.7) A2, and a residual R = 8%. The value of the position parameter x 

T a b l e  1 

Structural data for CsCoC1,. a, and c, are according t o  [3]. The positional parameters are 
the results of a least square analysis of the integrated intensities a t  room temperature 

a) P6,/mmc, 
2 Co in (a) 
2 Cs in (d) 
6 C1 in (h) 

b) P6,/mcm, 
2 Co in (b) 
4 Co in (d) 
6 Cs in (g) 

6 C1 in (g) 
12 C1 in ( j )  

a, = 7.2019 A, C ,  = 6.0315 -4 
0 0 0 ;  0 0  

j-( z 22 1/4; 22 Z 
+ ~ 3  2/3 314) 

u = EU,, 

with z = 0.155 & 0.002 

c = c, 
0 0 0  0 0  

(1/3 2/3 0; 2/3 1/3 
&( z 0 1/4; 0 z 

with z = 1/3 
with z = 0.845 0.002 

f( x Y 114; Y X - Y  

&( Y x v4; x--Y Y 
with z = 0.488 j- 0.002 

1 I2 

1/4 ; z 5 1/4) 

1/2 
0; 1/3 2/3 1/2; 2/3 1/3 1/2 

114; X: Z 1/4) 

1/4; y - x  Z 1/4) 
- 114; 5 y--2 1/4) 

y = 0.821 & 0.002 

is equal (within error bounds) to  the X-ray value reported by Soling [3]. The 
values of the nuclear scattering amplitudes used are: b(Cs) =0.55 [17], b(Co) = 
= 0.25 [It)], and b(C1) = 0.96 [lS] (in units of 10-12 em). 

Three superlattice lines which did not appear in the RT pattern were observed 
(Pig. 1) in the LHeT pattern. The smallest unit cell which corresponds to  these 
lines is the hexagonal H-cell [19] with a =ao 1/3 and c = co (Fig. 2). This cell 
contains six formula units of CsCoC1,. The magnetic structure compatible with 
the LHeT pattern (as is shown in the next section) consists of collinear ferri- 
magnetic planes stacked antiferromagnetically along the c-axis (Fig. 2). The 
space group consistent with the LHeT pattern is D&,-PG,/mcm, and the magnetic 
structure belongs to the magnetic space group P6i/m'cm'. A comparison of the 
LHeT to the RT nuclear lines a t  large 28, shows a monotonic increase in inten- 
sity with 26 (Fig. 1). This increase can be accounted for by the decrease of B 
to zero (at 4.2 OK). Hence, i t  was assumed that the ionic positions do not change 
as the sample is cooled from RT to LHeT. The coordinates corresponding to  
P6,/mcm of the positions a t  LHeT are listed accordingly in Table l b .  This 
assumption was subsequently verified (within error bounds) by minimalization 
of R in fitting the nuclear and magnetic calculated to  the observed integrated 

- 

The residual is defined by 
R = 100 {z [lobs - ~calc]/g]'/z [ ~ o b ~ / O l ~ } ~ ' ~  9 

z, The overall temperature factor B, is defined by Ihkl = Icalc exp ( -B/2d2), where d is 
where 0 is the estimated error in lobs .  

the interplanar distance of the  hkl planes. 
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Fig. 2. Magnetic unit cell (H-cell) of CsCoC1,. The 
of spins the Co2+ ions are shown 

intensities of 23 lines in the LHeT pattern. This fit resulted in a residual 
R= 10%. The number of Bohr magnetons for the Co2+ions resulting fromthisfit 
is (3.0 0.3) ,uB. The form factor used is exp(- 8.3[sin f3/nIz), which fits the 
data given by Watson and Freeman [20]. 

The peak intensities of the magnetic lines measured as a function of tempera- 
ture (Fig. 3) and the NBel temperature was found to  be (21.5 & 0.5) OK. The 
intensity versus temperature curves for all (i.e. {Oll}, {021}, and { 121) magnetic 
reflections exhibit an anomaly a t  about 8 "K. Intensity-temperature curves of 
( O l l ) ,  (02l), (041), and (051) (2h + k +  3%) obtained with a single crystal are 
similar to  the (121) curve (for powder) shown in Fig. 3. The single crystal 

T a b l e  2 

Compounds isostructural with CsNiCl,, classified 
according to  their magnetic structure 

magnetic 
structure 

type 

I 

I1 
I11 
I V  
V 

VI 

V I I  

compound 

BaMnO, 

RbCoBr, 
CsCoBr,* *) 
RbNiC1, 
CsCoBr,**) 
CsCoBr,**) 
CsNiF, 
CsMnBr, 
RbFeC1, 
CsNiC1, 
RbNiC1, 
RbMnBr, 

cscoc1, 
(2.4 
21.5 
36 

~ 1 5  
11 
28 
28 
2.65 
8.3 
2.55 
4.5 

8.8 
11 

ref. 

*) The present work. 
**) Structure I was proposed for this compound at 

4.2 OK, whereas, structures I1 or I J I  were con- 
sidered for this compound a t  15 < T < 28 OK. 
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curves (111) and (031) (2h + k = $' 70 
- 3n) on the other hand exhibit a 5 
transition to  magnetic order a t  9 OK .s 5 
(Fig. 3). 
found 171 in CsMnBr, where i t  was 
suggested [7 ]  that the upper tem- 

I1 or of type 111. 

the sample a t  RT and a t  LHeT 
with 2.4A neutrons are shown in 
Fig. 4. Observed integrated inten- 
sities of six lines with magnetic con- 
tribution were deduced from the 
LHeT pattern and are listed in 

Similar behaviour was 3 
8 4 0  

35 

Diffraction patterns taken with 30 

perature structure is either of type 

6 -  

5 

b0 

Fig. 3. The peak intensity-temperature 
curve for the magnetic reflections a) 
powder j121}, b) single crystal (021), 
c) single crystal (lll), d) single crystal 
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3. Analysis of the Magnetic Structure 

A comparison between the observed integrated intensities of six lines and the 
intensities calculated for magnetic structures with H-cell which were previously 
reported (i.e. I, I1 (orIII), V and VI) is given in Table 4. It is quite clear from 
this table that, of these structures, structure I is the only one consistent with the 
observed data. In  this section, we shall derive the magnetic structure in a system- 
atic way. We shall find that structure I gives the best fit to  our data. 

The derivation of the most probable magnetic structure is actually a search 
for a structure of highest symmetry consistent with the neutron diffraction 
pattern a t  LHeT. 

Assuming that the para- to antiferromagnetic transition is a phase transition 
of the second order, the space group of the magnetic structure must be a sub- 
group of the paramagnetic space group. The only maximal subgroup of 
D&-P6,/mmc consistent with the H-cell is D&-PB,/mcm [21]. The enlargement of 
the cell from the P-hexagonal to  the H-hexagonal (the latter cell being consistent 
with the LHeT pattern) is by a factor of three. The reduction in symmet>ry is 
consequently also by a factor of three (the rotational part of D& and D&, being 
of the same order). 
45 physica (b) 63/2 
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Fig. 4. Neutron (A = 2.4 A) diffraction patterns of CsCoC1, a t  room and liquid helium 

temperature (RT and LHeT). Indexing as in Fig. 1 

There are eight magnetic space groups isomorphous with PG,/mcm [22], 
namely P6,/mcm, PGJm’cm, P6imc‘m, PB;/mcm’, PBj/rn’cm, P6j/m’cm’, 
P6,/mc‘m‘, and P6s/m’c’m’. Among these only P6,/mc’m‘ and P6;/m’cm’ allow 
magnetic ordering in the sites 2 b  and4d (in which the six Co2+ ions are placed 
in the H-cell, see Table 1 b). The structure consistent with P6i,/mc’m‘ is ferro- 
magnetic with spins parallel to the c-axis. This structure has the P-cell as a unit 
cell and is therefore inconsistent with the superlattice lines in the LHeT pattern. 
There are two structures consistent with PB;/m‘cm‘. One structure consists of 
ferromagnetic (spins parallel to  c) ab planes stacked antiferromagnetically along 
c. This st,ructure has the P-cell as a unit cell and is therefore inconsistent with 
the LHeT pattern. The second structure consistent with PG;/m‘cm‘ is shown in 
Pig. 2. It is identical to structure type I (Table 3) and is consistent with the 
observed line intensities (Table 4). 

Let us now consider structures with the full hexagonal symmetry in which 
jpbl $- Ipd[ (i.e. in which magnetic moments on a 2 b  position are not equal in 
magnitude to  the magnetic moment on a 4d position). There are only two struc- 

pa = p, - ^c (a = b, d )  and the i-th entry gives p, in the i-th position (Fig. 3) .  
The latter structure is identical with structure type I11 and is inconsistent with 
the observed pattern a t  LHeT (Table 4). By varying pU,/pd in the former struc- 
ture it was found that pb/pd x - 1 gave the best agreement with the observed 
intensities. This value of pb/pd however corresponds to structure type I. 

(i) Structure type I which has the full hexagonal symmetry fits the observed 
data. 

tures Of this sort : (pb, pd, pd, -pb, - pd-p$) and (O, pd, O, -pd, pd )  where 

We can now summarize the results of this section. 

45* 
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T a b l e  4 

Observed integrated intensities with the sample at LHeT. Calculated 
intensities for the four H-cell magnetic structures previously reported 

._ -~ ~ ~~ 

Iobs 1- I 

18.4 f 0.9 

18.9 $- 0.8 
29.7 $- 1.2 
16.0 2.5 
12.9 1.0 

4.1 & 0.8*) 
15.8 
5.1 

19.8 
31.6 
19.7 
7.9 

Icalc 

I1 (111) 1 v 

16.7 1 35.2 
0 19.4 

20.8 15.5 

8.4 3.3 

VI 

32.4 
0.0 

19.8 
27.0 
15.0 
5.9 

*) Intensity difference (see text). 

(ii) There is no other structure of a higher or an equal symmetry which gives as 
good a fit to the observed data. 

4. Discussion 

The RT pattern (Fig. 1) is in agreement with the crystallographic structure 
found by X-ray analysis [l to 41. The x parameter for the position of the Cl- 
ions found by least square fitting (Table 1) is 0.155 & 0.002 in agreement with 
the value given by Soling [3], which is 0.1545. 

The proposed spin structure (Fig. 2 )  may be considered as a “mixture” 
(Fig. 5) of two different spin structures. The two structures transform like basis 
vectors of two different irreducible representations F3(k = [f f 01) and of 
P6,/mmc. The latter appears in the decomposition of the cube of the former 
(i.e. F3 x r3 x r3 > F$). This mixture is therefore [23] allowed according to  the 
theory of second order phase transition (SOPT) of Landau and Lifshitz [24]. 

The magnetic moment per Co2f ion refined to  fit (least squares) our powder 
data a t  LHeT is (3.0 -& 0.3) pB. The corresponding value deduced from the 
single crystal data is (2.3 & 0.3) pB (similar deviation was found [12] in CsNiC1, 
where 1.5 ,uB and 1.05 ,uB were deduced from powder and single crystal data 
respectively). These values are somewhat lower than the spin only value which 
is 3,uB. 

We intend to study the “high temperature” structure near T,, and the nature 
of the transition from this structure to the LHeT structure. 

Fig. 5. Spin structures obtained [23] from 
basis vectors of the representations: a) r3 of 
PG,/mmc with 12 = (1/3, 1/3, 0); b) I’; of 
PB,/mmc with k = (0, 0, 0) ;  c) the sum of a) 
and b). The modulating function cos (2nk . r) 
for every structure is given a t  the right. The 
spins are shown along the [loo] direction in 
the primitive hexagonal lattice (or along the 

2z 4c0s--ixfy) 3 

,~ cos~~o=.,  

4ms-(x+yJ-l 27t diagonal of the H-cell, see Fig. 2), a, is the 
lattice translation in the primitive hexagonal C 

3 

aw 
lattice 
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