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The crystal structures of the rhombohedral compounds ACrX2 (A = Na, Ag, Cu; X = S, Se) at 300 
and 4 K have been refined from neutron-diffraction powder data. The structures are based on cubic 
close-packings of the anions with Cr in half of the octahedral holes, so that CrX2 sandwiches are formed• 
Na occupies the octahedral holes between these sandwiches, Ag and Cu half of the tetrahedral holes; 
Ag and Cu have anomalously large (and anisotropic) thermal parameters, probably indicating a statistical 
distribution of these atoms around their average positions. The Ag and Cu compounds undergo reversible 
phase transitions at 397°C (AgCrS2), 402°C (CuCrS2), or 202°C (AgCrSe2); in the high-temperature 
forms the Ag and Cu atoms are randomly distributed over all tetrahedral holes between the CrX2 
sandwiches. 

The magnetic structures of NaCrS2, NaCrSe2, and AgCrSe2 at 4.2 K have been determined by neutron 
diffraction. The magnetic moments of Cr 3+ (about 15 % less than the spin-only value) are perpendicular 
to the c axis. The moments in pseudohexagonal (110) planes are collinear, spins at a distance (-] ,  ~, ~) being 
antiparallel, spins at a distance (½, ~,{0 parallel. The spins in adjacent (110) planes make angles % where 

= 0 ° for NaCrSe2, ~ - 14 ° for AgCrSe2, ~ = 33 ° for NaCrS2. Thus, NaCrSe2 consists of ferromagnetic 
layers perpendicular to c, the spins in adjacent layers being antiparallel. In NaCrS2 and AgCrSe2 the 
layers are helimagnetic. These magnetic structures and those of KCrS2 and LiCrS2 are discussed in terms 
of antiferromagnetic direct Cr-Cr interactions and ferromagnetic Cr-X-Cr interactions between Cr 
neighbors in the layers; the former interaction predominates for small, the latter for large Cr-Cr distances. 

1. I n t r o d u c t i o n  

The crystal structures at room temperature  of  
NaCrS2, CuCrS2, AgCrS2, and of  the corre- 
sponding selenides have been reported by Bongers 
et al. (1). The structures of these rhombohedra l  
compounds  are based on a somewhat  distorted 
cubic close-packing of  the anions. The Cr 3+ ions 
occupy octahedral holes so that  CrX2- sand- 
wiches are formed (X = S, Se). Between these 
sandwiches, the monovalen t  cations are situated, 
Na  + in octahedral holes (space group R3m), Cu + 
and  Ag + in half  of  the tetrahedral holes (space 
group R3m); see Fig. la,  b. 

The magnetic properties of the same com- 
pounds  (except CuCrSe2) were also studied by 
Copyright lc~ 1973 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 

Bongers et al. (1); they are summarized in 
Table I. All compounds  become antiferro- 
magnet ic  at low temperatures• NaCrSe2, AgCrSe2, 
and  NaCrS2 have positive asymptot ic  Curie 
temperatures O. This indicates that  the domin-  

• 3+ i ating intralayer  interactxon between the Cr ons 
is positive; it seemed plausible that  the magnet ic  
structure of  these compounds  below the N6el 
temperature  TN consists of  ferromagnetic layers 
that  are ant iferromagnetical ly coupled. Large 
deviations from the Curie-Weiss  law are observed 
above TN up to abou t  T = 20 ,  indicat ing a large 
a m o u n t  of  short-range magnet ic  order within 
the layers• The results of  low-temperature 

measurements  on stacks of single-crystal platelets 
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FIG. 1. Sections through the (1120) planes of: (a) 
NaCrX2 ( X - S ,  Se); (b) Low-temperature form of 
CuCrX2 and AgCrX2; (c) High-temperature form of 
CuCrS2 and AgCrX2. Large open circles indicate chalco- 
gen atoms, double circles Cr atoms; fully occupied 
positions of Na, Cu, Ag are shown as black circles, 
statistically occupied positions as hatched circles. 

of  NaCrS2 were said to be consistent with a 
helical arrangement of  the spins (1). 

The magnetic susceptibilities of  CuCrS2 and 
AgCrS2 follow the Curie-Weiss law more closely 
down to the N6el temperature which appears as 
a sharp kink in the X - I ( T )  curve. These com- 
pounds have negative values of  O, indicating that 
ferromagnetic layers of  Cr a+ (as in the selenides) 
are not present below TN. 

The present communication reports refine- 
ments of  the crystal structures of  NaCrSz, 
CuCrS/, AgCrS2, NaCrSe2, and AgCrSe2 at 
room temperature, a study of phase transitions 
observed in the Cu and Ag compounds at 
elevated temperatures, and the determination of 
the magnetic structures of  NaCrS2, NaCrSe2, and 

T A B L E  I 

ASYMPTOTIC CURIE TEMPERATURE O AND Nt~EL TEMPERA- 
TURE T~v OF THE COMPOUNDS ACrX2 a 

0 (K) TN (K) CM ~ q 

NaCrS2 +30 19 1.79 2.91 
CuCrS2 --90 39 1.78 2.90 
AgCrS2 -55 40 1.71 2.83 
NaCrSe2 +108 40 1.84 2.96 
AgCrSe2 +72 50 1.70 2.82 

"A = Na, Cu, Ag; X - S, Se. 
b The molar Curie constant CM in the paramagnetic 

range and the deduced number of unpaired electrons (q) 
are also given. 

AgCrSe2 at 4 K. Most of  our results are based on 
neutron-diffraction data from polycrystalline 
samples. 

2. Exper imenta l  

The compounds studied were prepared as 
described previously (1), their purity was checked 
by X-ray diffraction. High-temperature X-ray 
powder patterns were taken with a Guinier-  
Lenn6 camera (Nonius); the temperature was 
varied continuously between 290 and about 
900 K. Powder patterns in the range 100-300 K 
were taken with a similar camera which had been 
adapted for working at low temperatures (2). 
Differential thermal analyses in the range 90-800 
K were performed with apparatus constructed 
by J. C. Wildervanck and J. Koopstra.  Neutron- 
diffraction data up to s inO/A=0.37 A - j  at 
300 K and 4.2 K (for AgCrSe2 also at 525 K) 
were collected on the powder diffractometer at 
the H.F.R.  in Petten. A neutron wavelength of  
2.57 A was obtained from the (111) plane of  a 
copper crystal. As a second-order filter, a block 
of pyrolytic graphite with a thickness of 10 cm, 
was employed (3). Between reactor and mono- 
chromator and in front of  the BF3 counter Soller 
slits with a horizontal angular divergence of 30' 
were placed. The samples were contained in 
cylindrical vanadium sample holders with dia- 
meters of  15 or 20 mm. 

For the refinement of  the structural and the 
magnetic parameters from neutron diffracto- 
grams the line-profile method described by 
Rietveld (4) was applied. For the magnetic 
form factor of  Cr, the one given by Watson and 
Freeman (5) for Cr s+ was used. 

3. Structures  at R o o m  Temperature  (300 K) 

The crystal structures of  NaCrS2 (6, 7) and 
NaCrSe2 (8) reported previously were confirmed. 
These compounds crystallize in space group 
Rj ,  rn - (D~a) with the following atomic positions, 
referred to hexagonal axes: 

3Cr in 3(a) : 000 
3Na in 3(b): 00½ 
6S, Se in 6(c): ~(00z) 

Refinement by the line-profile method yielded 
the unit-cell dimensions, atomic parameters, and 
(isotropic) overall temperature factors given in 
Tables II, III ,  and IV. The structures are shown 
in Fig. la. 
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TABLE I1 

UNIT-CELL DIMENSIONS OF ACrX2" 

T (K) . a (/~) c (A) c / a  U (A 3) 

NaCrSz 4.2 3.5561(7) 19.365(9) 5.446(3) 212.1 
300 3.5544(2) 19.492(1) 5.484(1) 213.3 

CuCrS2 4.2 3.4728(7) 18.616(3) 5.361(3) 194.4 
300 3.4812(4) 18.697(1) 5.370(2) 196.3 

AgCrS2 4.2 3.4884(9) 20.414(4) 5.852(3) 215.1 
300 3.4974(4) 20.481(2) 5.856(2) 217.0 

NaCrSe2 4.2 3.7323(3) 20.237(4) 5.422(2) 244.1 
300 3.7323(2) 20.396(3) 5.465(2) 246.1 

AgCrSe2 4.2 3.6898(9) 21.024(6) 5.698(3) 247.9 
300 3.6809(8) 21.210(6) 5.762(3) 248.9 
525 3.6821(3) 21.231(2) 5.766(2) 249.3 

"A = Na, Cu, Ag; X = S, Se; standard deviations in 
units of the last decimal place are given in parentheses. 

CuCrS2, AgCrS2, and  AgCrSe2 crystal l ize in 
space group R 3 m -  (C53v) with all a toms  in 
pos i t ion  3(a): 00z; ~,3-,x211 .~- -,'" x,7,xl 2 2  + z (1) (Fig.  
lb) .  Refinement  o f  the structures o f  AgCrS2 and  
AgCrSe2 with overal l  i sot ropic  t empera tu re  
factors  did  no t  lead to sat isfactory intensi ty 
agreement ,  consider ing the accuracy o f  the 

TABLE III 

ATOMIC PARAMETERS IN m f r X 2  a 

Space b 
T (K) group z (A) z (X1) z 0(2) 

NaCrS2 4.2 c 0.5(--) 0.2667(6) c 
300 c 0.5(--) 0.2662(4) 

NaCrSe2 4.2 c 0.5(--) 0.2655(2) 
300 c 0.5(--) 0.2656(1) 

CuCrS2 4.2 a 0.1475(4) 0.2661(6) 
300 a 0.1481(3) 0.2657(4) 

AgCrS2 4.2 a 0.1527(5) 0.2703(8) 
300 a 0.1560(3) 0.2713(5) 

AgCrSe2 4.2 a 0.1518(9) 0.2694(9) 
300 a 0.1529(8) 0.2694(8) 
525 c 0.1525(4) 0.2679(1) 

0.7417(7) 
0.7425(5) 

0.7324(7) 
0.7341(5) 

0.7335(9) 
0.7335(7) 

TABLE IV 

ROOT-MEAN-SQUARE DISPLACEMENTS 
ATOMIC POSITIONS a 

FROM AVERAGE 

Cu or Ag Na, Cr, S, Se 
T (K) /z. (A) /~c (A) /~. =/z~ (A) 

NaCrS2 4.2 0.09(1) 
300 0.13(1) 

NaCrSe2 4.2 
300 0.07(1) 

CuCrS2 4.2 0.1 
300 0.17(1) 0.19(1) - -  

AgCrS2 4.2 0.I 
300 0.28(1) 0.17(2) 0.05(1) 

AgCrSe2 4.2 0.2 
300 0.28(1) 0.17(2) - -  
525 0.50(1) 0.19(2) 0.07(1) 

a Standard deviations in units of the last decimal place 
are given in parentheses. A bar (--) indicates that the 
root-mean-square displacement is not significantly 
different from zero. 

exper imenta l  intensities.  Analys is  revealed the 
appa ren t  the rmal  mo t ion  o f  the A g  a toms  to be 
much larger  than  tha t  o f  the o ther  a toms  and  
s t rongly  aniso t ropic ,  the roo t -mean-square  (rms) 
devia t ion  f rom the c axis being very large 
(Table IV). Probab ly ,  the appa ren t  thermal  
mo t ion  should  be in terpre ted  as a stat is t ical  
d i s t r ibu t ion  o f  A g  over  several pos i t ions  in the 
te t rahedra l  holes, co r respond ing  to an rms 
devia t ion  ~ ,  = / x  b = 0 . 2 8  A f rom the t r igonal  
axis and  an rms devia t ion  o f  0.17 A in the c 
d i rect ion,  bo th  for  AgCrS2 and AgCrSe2. 

In CuCrS2 the appa ren t  thermal  mo t ion  o f  Cu 
is aga in  larger  than  tha t  o f  the other  a toms,  but  
the an i so t ropy  is no t  p ronounced  (Table  IV). 
The  the rmal  pa ramete r s  o f  Cu co r respond  to an 
rms devia t ion  /Xa=/Z~=0.17 A,  and  an rms 
dev ia t ion  o f  0.19 A in the c direct ion.  The  a tomic  
pa rame te r s  o f  Cr,  S, Se and  o f  the average 
pos i t ions  o f  A g  and  Cu are  given in Table  I I I ,  
the  unit-cel l  d imens ions  in Table  I I ;  the agree-  
ment  wi th  p rev ious - - l e s s  a c c u r a t e - - v a l u e s  (1) 
is sa t i s fac tory .  

"A = Na, Cu, Ag; X ~ S, Se; z(Cr) --- 0 in all cases. 
b a = R 3 m  - CSv;  c : R -3m - DSad. 

c Standard deviations in units of the last decimal place 
are given in parentheses. 

4. Phase Transitions 

The the rmal  behav ior  o f  the c o m p o u n d s  under  
inves t igat ion in the range 100-900 K was s tudied 
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FI~. 2. Unit-cell dimensions of AgCrS2 determined from a high-temperature Guinier diagram. 

by differential thermal analysis and X-ray 
diffraction. Reversible phase transitions were 
found to occur in CuCrS2 (675 K), AgCrS2 
(670 K), and AgCrSe2 (475 K). The D.T.A. curves 
indicate the transitions to be (close to) second 
order. High-temperature Guinier photographs 
did not show discontinuous changes of  the unit- 
cell dimensions at the transition temperatures 
(Fig. 2), but the intensities of  some diffraction 
lines changed drastically. 

Analysis of  the intensities showed that the 
space group of the high-temperature modification 
is R3m- D~; the Cu + and Ag + ions are now 
statistically distributed over all tetrahedral holes 
between the CrX2 slabs [position 6(c)] (Fig. lc). 

The structure of  the high-temperature form of 
AgCrSe2 was refined from neutron-diffraction 
data obtained at 525 K. Again, the apparent 
thermal motion of Ag was found to be strongly 
anisotropic (Table IV and Fig. 3). As before, we 
ascribe this effect to a statistical distribution of  
Ag over several positions within each tetrahedral 
hole. The thermal parameters correspond to an 
rms deviation/z,  = 0.50 A and an rms deviation 
/z~ =0.19 A. The posi t ional  parameters are 
included in Table III.  

5. Magnetic Structures at 4.2 K 

NaCrSe2 
The neutron-diffraction diagram of NaCrSe2 

at 4.2 K showed a number of  clear magnetic 
reflections which could be indexed on the basis 
of  a hexagonal unit cell with edges a ' =  a and 
c' = 2c; a and c are the edges of  the nuclear cell. 

No magnetic scattering was observed coincid- 
ing with nuclear scattering; the magnetic 
scattering obeyed both the condition l '  = 2n + 1 

and the rhombohedral  condition - h '  + k '  + l '  = 
3n. I t  follows immediately that each magnetic 
moment  has parallel partners at ±t~3, 1_3,1~3j and 
antiparallel partners at (0,0,½) and at ±(],½,~), 
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FIG. 3. Part of the neutron diffractogram of AgCrSe2 
at 525 K. The dots are the observed data. The line profiles 
(drawn curves) are calculated with an overall isotypic 
temperature factor (upper curve) and with the temperature 
factors given in Table IV (lower curve). 
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FIG. 4. Low-angle part of neutron diffractograms of 
NaCrSe2 at 300 K and 4.2 K; observed data are given by 
dots, calculated line profiles by drawn curves. 

in the magnetic  unit  cell, in agreement with the 
structure postulated by Bongers et al. (1); in the 
nuclear-cell description, moments  at a distance 
(~,_½,2) are parallel, moments  at a distance 

1 1 ( -~ ,  ½, 7) antiparallel. 
An inspection of  the intensities showed that 

the direction of  the Cr 3+ moments  is perpen- 

dicular to the c axis; the direction o f  the spins in 
the basal plane cannot be determined because 
from powder data only values for the intensities 
averaged over equivalent reflections can be 
obtained. The final positional and magnetic 
parameters are given in Tables III and IV. 
Observed and calculated line profile data are 
shown in Fig. 4. 

A g C r S e 2  a n d  N a C r S z  

The neutron diagram o f  AgCrSe2 at 4.2 K 
resembled at first sight that o f  NaCrSe2 very 
closely. In a first attempt this diagram had been 
interpreted in a way analogous to that described 
for NaCrSe2 in the preceding section, i.e., in 
terms o f  a model with ferromagnetic layers, 
coupled antiferromagnetically.  However,  in the 
case o f  NaCrSe2 the fit o f  observed and cal- 
culated profiles was much better than in the case 
of  AgCrSe2. The difference between observation 
and calculation was especially striking for the 
first magnetic  line, the posit ion o f  which had been 
observed at an angle 2 0  about 0.2 ° higher than 
calculated on the basis o f  the NaCrSe2 model 
(Fig. 5). Collecting new experimental data from 
the same sample led to an identical result. 
Furthermore a number o f  weak but nonzero 
peaks were not explained by this model .  It was 
impossible  to remove the above-ment ioned 
difference of  0.2 ° by an indexing based on some 
multiple o f  the unit  cell. Thus,  the conclus ion 
that in this case the structure is a modulated one 
seemed justified. 

It turned out to be impossible  to index the 
magnetic lines as satellites o f  nuclear reflections 
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FIG. 5. First magnetic neutron-diffraction line of AgCrSe2 at 4.2 K. The dots are the observed data. The line profile 
(drawn curve) on the left is calculated on basis of the NaCrSe2 model (~ctc'. _- ~,a" ~ .  = ~'b = 0), the line profile on the 
right on basis of a helical model (re~e* = ~ ; ra = r~ # 0). 
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assuming a propagation vector parallel or 
perpendicular to the c* axis. A satisfactory 
agreement between observed and calculated 
peak positions was obtained with a propagation 
vector x, which has components x,, %, and xc 
along all three directions in reciprocal space. 
The fact that the first magnetic peak is single can 
be accounted for by the condition Xc/C*=3, 
because this leads to equal 20  values for the 
peaks (000) + and (003)-. xa and % are relatively 
small and it is practically impossible to determine 
both components independently to a reasonable 
degree of accuracy. During the process of  
indexing, it became apparent that both com- 
ponents are equal in magnitude within the 
limits of  the observation; therefore, the condition 
Ixal = Ixbl was adopted. Under this constraint 
the magnitude of  the component was determined. 
The values for %/a* and %/c*, experimentally 
found are listed in Table V in both the hexagonal 
and the rhombohedral  description which are 
related according to: 

x,/a*\ ( i ~ l ) / ~ a / a * ~  %/b* l = 3 |.%/b* } 

The NaCrS2 diagram at 4.2 K was indexed in 
an analogous way. Also in this case %Ic* = 3. 

The difference with AgCrSe2 is that the a-b 
component of  x is about twice as large. As a 

T A B L E  V 

PROPAGATION VECTORS "17 AND PERIODICITIES OF THE 

MAGNETIC STRUCTURES OF N a C r S e 2 ,  A g C r S e 2 ,  AND 

N a C r S 2  AT 4 .2  K a 

NaCrSe2 A g C r S e z  NaCrSz 

Hexagonal 
,r,,/a* 0 0.038(2) 0.092(1) 
"r//b* 0 0.038(2) 0.092(1) 

Rhombohedral 
,r,/a* ½ 0.538(2) 0.592(1) 
,l/b* ½ ½ ½ 
"Cc/C* ½ 0.462(2) 0.408(1) 
I~[ -a (J0 13.492(3) 13 .47(2)  10.73(7) 
< (% eh~) 0 ° 16 (3) ° 33 (7) ° 
/z(/~B) 2.63(3) 2.55(3) 2.48(4) 
< (I ~, Chex) 90 ° 90 ° 90 ° 

a %, .%, and xc are the components of x along a*, b*, 
and c*. The magnetic moments derived by neutron 
diffraction are also given. 

20 

result it is not possible to index the NaCrS2 
diagram even roughly on the NaCrSe2 model. 

In both AgCrSe2 and NaCrS2 only satellites of  
nuclear reciprocal lattice points that fulfil the 
rhombohedral  condition - h  + k + l = 3n are 
present. This means that the relation between 
direction and magnitude of all Cr moments is 
governed by the propagation vector only. This 
simplifies the problem considerably. I t  only 
remains to decide whether the ordering scheme 
is either a helical structure or a modulated- 
amplitude type of  structure. The scattering cross 
sections for these two ordering schemes are: 

(i) For a helical structure: 

~rL+, = ¼(1 ÷ COS 2 03) [0.2695~CJcr(H -4- x)] 2, 

where 

co is the angle between the axis of  the 
helix and the scattering vector; 

tZCr is the magnetic moment  in Bohr 
magnetons of  the Cr atom; 

fcr(H ~: x) is the form factor of  the Cr moment.  

(ii) For  a modulated-amplitude type of structure: 

~rn± ~ = ¼ sin 2 of[0.Z695/~°r fcr(H ± x)] z, 

where 

~o is the angle between the spin 
direction and the scattering vector; 

/~° r is the amplitude of the sinusoidal 
variation of  the Cr moment.  

It is seen that for a helical structure the cross 
section for magnetic scattering cannot vary by 
more than a factor of  two for different reflections 
(apart f rom the variation of  the form factor), 
while for a modulated-amplitude type of structure 
it can vary from zero to ¼[0.2695tz°~fcr(H -4- x)] z. 

In powder diagrams of  rhombohedral  com- 
pounds, reflections with different values of  oJ 
coincide in a systematic way, and only their 
average cross section can be observed. In general, 
it is still possible to distinguish the two structure 
models, but in the special case that x//e* and the 
moments are perpendicular to the c axis, the two 
models are indistinguishable f rom powder data 
(9). ~n this case the average cross section for the 
two structure models becomes: 

(i) 
= ¼(1 ÷ cos 2 r/) [0.2695/Zcrfcr(H + x)] 2 

(ii) (~n_+~) 
= ~(1 + cos 2 ~7) [0"26951~Or fcr( H + X)] 2; 
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in both models, ~7 is the angle between the 
hexagonal c* axis and the scattering vector. 

In AgCrSe2 and NaCrS2, the moments are 
indeed perpendicular to c, while the angle 
between x and c* is rather small (Table V). For  
AgCrSe2 the line profiles calculated for the two 
models are not significantly different, while in 
the case of  NaCrS2 the helical model gives a 
somewhat better fit for some small peaks. 

For physical reasons a modulated-amplitude 
type of ordering of the Cr moments is most 
unlikely. The experimental evidence reported by 
Bongers et al. (1) also favors the existence of  a 
helical ordering in NaCrS2. Therefore, a helical 
ordering scheme is adopted for NaCrS2 and, 
because of  the resemblance of  the diagrams of  
NaCrS2 and AgCrSe2, also for the latter com- 
pound. 

In the helical ordering scheme the magnetic 
moment at a position x, y, z is given by: 

S:,., ~,, ~ :/Zcr{.£ COS 27r[(ra/a* ) x + (rb/b*) y 

+ (%/C*) z + ~o] + 33 sin 2~r[(r,/a*) x 

+ (~-~/b*)y + (~-~/c*)z + ~o]}, 
where :~ and 33 are orthogonal unit vectors in the 
basal plane and qb o is the phase angle of the 
moment at 0, 0, 0. The plane of  the helix is 
assumed to be the basal plane as follows from the 
final calculations. 
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FIG, 6. Low-angle part of neutron diffractograms of 
AgCrSe2 at 300 K and 4.2 K;  observed data are given by 
dots, calculated line profiles by drawn curves. 
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FIG. 7. Low-angle part  of neutron diffractograms of 
NaCrSz at 300 K and 4.2 K;  observed data are given by 
dots, calculated line profiles by drawn curves, 

Final values of the parameters are listed in 
Tables III and V; observed and calculated line 
profiles are given in Figs. 6 and 7. 

Again the apparent thermal motion of Ag + in 
AgCrSe2 is anisotropic; it corresponds to an rms 
deviation/za = 0.2 A. 

6. Discussion of the Magnetic Structures 

The magnetic ordering schemes of  NaCrSe2, 
AgCrSe2, and NaCrSz can be considered as 
helimagnetic. The moments in pseudohexagonal 
(110) planes (but not in (210) or (120) planes) are 
collinear, spins at a distance ( a a a~ being anti- ~,--3-, ~-, 37 
parallel, spins at a distance tx,/~ --s,~ ~Je~ parallel 
(Fig. 8). The spins in adjacent (110) planes make 
angles 10, where fo = 0 ° for NaCrSe2, 10 = 14 ° for 
AgCrSe2, and 10 = 33 ° for NaCrS> Thus, the 
modulation period in the hexagonal layers is 
infinite, 47.4 A, and 19.4 A, respectively, at 4 K. 
In NaCrSez all spins in a layer are parallel, while 
in AgCrSe2 and NaCrSz the spin at a certain Cr 
atom makes angles o f + %  +210, +10, -10, -210, and 
-10 with the spins on its six nearest Cr neighbors 
(Fig. 9). 
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a~ 

FIG. 8. Magnetic structures of NaCrSe2, AgCrSe2, and 
NaCrSz; section through the (pseudo)hexagonal (110) 
planes. 

The compound  KCrS2 is isostructural with 
NaCrSe2, and it has the same magnetic structure 
at 4 K (10). The crystal structure o f  LiCrS2 is 
somewhat  different, the sulfur a toms forming a 
hexagonal rather than a cubic close-packing (11). 
However,  the arrangement  o f  the magnetic 
moments  in the hexagonal planes o f  LiCrS2 may  
be described in the same way as for the other 
compounds  under  discussion, q~ being 120 ° for 
LiCrS2 (Fig. 9). 

There is a close correlation between the C r - C r  
distances within the hexagonal layers (equal to 
the cell edge a), the asymptot ic  Curie tempera- 
tures O, and the angles cp (Table VI). This 
correlation can be unders tood by considering the 
interactions between the spins o f  adjacent Cr 3+ 
ions (12). This interaction is in par t  due to direct 
ca t ion-cat ion exchange across the c o m m o n  
edges o f  adjacent CrX6 (X = S, Se) octahedra, 
involving the t2o orbitals o f  the two cations. In  
Cr 3+ the t2o orbitals are half  filled, favoring 
antiferromagnetic coupling o f  the spins. The 
ca t ion-an ion-ca t ion  interaction must  also be 
considered. As the angle C r - X - C r  is close to 90 °, 
this interaction mainly involves p orbitals o f  the 
anion, a t2o orbital (half filled) o f  one o f  the 

\ \ \  
N.crs 2 \ 
KCrS2 [ 

, \  

1 1 1 

..a- J 

FIG. 9. Basal planes of the magnetic structures of 
NaCrSe2 and KCrS2 (upper figure); AgCrSe2 and NaCrS2 
(middle figure); LiCrS2 (lower figure). 

TABLE VI 

SHORTEST Cr-Cr DISTANCES a, ASYMPTOTIC CURIE 

TEMPERATURES O,  AND ANGLES 99 ( =  360  ° .~-./a*) FOR THE 

COMPOUNDS A C r X 2  a 

a (4.2 K) 0 99 (4.2 K) 

KCrS2 (10) 3.601/~ +112 K 0 ° 
NaCrS2 3.556 +30 33 ° 
AgCrS2 3.488 -55 
CuCrS2 3.473 -90 
LiCrSz (11) 3.451 -276 120 ° 

NaCrSe2 3.732 +108 0 ° 
AgCrSe2 3.690 +72 14 ° 

a A = Li, Na, K, Cu, Ag; X = S, Se. 
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cations, and an e o orbital (empty) of  the other 
cation; therefore, this interaction favours ferro- 
magnetic coupling of the spins. 

Direct cation-cation exchange is much more 
sensitive to the cation-cation distance than is the 
exchange via the anions. It  is, therefore, expected 
that direct Cr3+-Cr 3+ exchange predominates for 
short Cr -Cr  distances, exchange via the anions 
for large Cr-Cr  distances leading to a ferro- 
magnetic arrangement of  the moments  within a 
layer, in complete agreement with the observa- 
tions. 

The interactions between the moments  in 
different layers cannot easily be discussed in 
terms of this simple model. Since these inter- 
actions must involve at least two anions, they 
are expected to be much weaker than the intra- 
layer coupling of the spins, in agreement with 
observation (1). Therefore, the asymptotic Curie 
temperatures will mainly be determined by the 
intralayer interactions. 

I t  is tempting to speculate from the data in 
Table VI that AgCrS2 and CuCrS2 would have 
magnetic structures with q~ between 60 ° and 120 °. 
Actually, the magnetic structures of  AgCrS2 
and CuCrS2 are more complex than those of  the 
other compounds; their determination is in 
progress. It  should finally be emphasized that 
the ordering scheme determined for NaCrSz is 
different from that assumed by Bongers et al. (1) 

and by Carr et al. (13) to explain their magnetiza- 
tion and N M R  data, respectively; the latter 
model consisted of a helix with all spins in a layer 
parallel and propagating along c*. 
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