JOLIRNAL OF SOLID STATE CHEMIStRy TLL, 276282 (1994)

Structure Determination and Magnetic Susceptibility of Gd,;Cr,S,
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Besides the (GdS), ,;CrS; misfit layered compound, gadolinium
forms another compound with chromium and sulfur with the for-
mulation Gd,,;Cr,S,. Single crystals were obtained from a mixture
of GdCrS; and (d,S; using I, transport. This paper presents the
single crystal refinement and the magnetic properties of this com-
pound. The structure can be described on the basis of double rutile-
type chains of [CrS;] octabhedra that are linked by bicapped trigonal
prisms centered by Gd. This structure is reminiscent of the arrange-

ment found in the Lillianite mineral family. o 1994 Acndende Pros, Tae,

INTRODUCTION

Rare earth (M) and early transition metals (7) form
ternary chalcogenides with sulfur or selenium (X) with
the approximate stoichiometries of MTX; and MT,X..
These compounds are layered materials that are better
described with the formulation of (MX),(TX;),. These
phases are referred to as the misfit laycrcd conipounds
(1. During the synthesis of the gadolinium misfit,
(GdS), »CrS; (2), a few crystals with a different shape
were obtained. The misfit crystals are flat platelets, while
these other crystals are long needles. From electron mi-
croprobe and the single crystal refinement, the stoichiom-
etry is GdCr,S,. This phase was reported earlier by Taka-
hashi et ai. (3). However, the crystal structure of this
compound was not determined. Along with the crystal
structure, the magnetic properties are also presented.

EXPERIMENTAL

Gdy4Cr,S, was oblained as a by-product during the
preparation of the misfit derivative (GdS), ,CrS, (2). A
mixture of GJdCrQ; and Gd;0, in a 1:0.] ratio was sul-
furized under H,S gas flow at 1300°C for 4 hr. GdCrO, was
previously prepared by heating a Gd,0,—Cr,0, mixture at
1300°C for 5 days. The compound powder with a small
amount of iodine for vapor transport was sealed in a quartz
ampoule under vacuum (2 X 107? atm). After annealing
at 1000°C for 2 weeks, the samples were cooled to room
temperature within 1 day. Both the platelets of the misfit
phase, (GdS), ,,CrS,, and the long needles of Gd,;Cr,S,

were recovered from the low-temperature side of the tube
(T = 950°C).

Semi-quantitative chemical analyses were performed
using an electron microprobe (TRACOR dispersive en-
ergy modef) mounted on a scanning electron microscope.
The analysis results (at.% Gd = 11.0(1.5); Cr = 29.4(1.5};
S = 59.6(1.5)) agree well with the expected chemical for-
mula (at.% Gd = 10; Cr = 30; § = 60).

Weissenberg—Bragg X-ray iavestigations indicated that
the symmetry of the structure was orthorhombic. In the
Bragg photographs, the presence of weaker reflections
rcvealcd a superstructure in the a dircction (see Photo-
graph 1). Thec intensity data were therefore collected using
the larger superceli; a = 10.504(4) A, b = 10.9090(9) A,
c = 12.7736(7) A. These parameters are comparable to
those reported by Takahashi et al. (3} of a = 10.55 A,
b = 1097 A, and ¢ = 12.81 A from powder spectra (3).
The systematic extinction condition of 2 + | = 2n + 1
for the A0/ reflections was observed. Using this extinction,
we determined the space group to be Pmn2, (no. 31).

A needle-like crystal (1.4 x 0.02 % 0.012 mm, see Photo-
graph 2) was mounted on an Enraf-Nonius CAD4 diffrac-
tometer for data collection using MoKa radiation. Unit-
cell parameters were determined from a least-squares
analysis of 25 reflections in the range 15° < 8 < 26°
(CELLDIM program). Table I lists the conditions for data
collection. The MOLEN program (Enraf-Nonius (4))
was used for data reduction, absorption corrections
(DIFABS program (5} in the mode that utilizes 6-depen-
dent systematic deviations |F,| — |F.|}, structure sofution,
and refinement.

STRUCTURE REFINEMENT

The starting positional parameters of Gd and Cr atoms
were inferred from the Patterson map. The sulfur atoms
were found from subsequent Fourier-difference synthe-
ses. The refinement was performed in the Pmn2, space
group (no. 31) using full-matrix least-squares calculations.
The atomic scattering factors (6) were corrected for anom-
alous dispersion (7). Weights were assigned according to
the counting statistics (weighting scheme no. 1: MOLEN
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PHOTOGRAPH 1. The Bragg X-ray photograph of Gd,4Cr,S, showing the a lattice spacing. The strong reflection lines correspond to the
lattice spacing of a = 3.50 A. The weaker reflections correspond to the 3a superstructure.

PHOTOGRAPH 2. Single crystal of Gd;;Cr,S,. The bottom picture shows the crystal magnified 80 times using 15 kV electron beam. The top
picture shows the crysial magnified 1200 times.
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TABLE 1
Summary of Crystallographic Data for Gd,;;Cr,S,

Crystal data
GdyCryS4
337.1 g mole™
1.4 x 0.02 x 0.012 mm

Empirical formula
Formula weight
Crystal dimensions
Cell parameters

1

a 10.504¢4) A
b 10.5090(9) A
¢ 12.7736(7) A
Vv 1463.7(6) A’
D, 4.59 gcm™
Z 12
w 1479 cm™!

Data collection
Enraf-Nonius CAD4
MoKea (A = 0.71069 A)
8 range for data collection 1.5 = # = 35°
h, k., I range for data collection -16,16; 0,17; 0,20
Scan mode @
Scan width 1.0 + 0.35 tand
Max. scan time 30 se¢

Diffractometer
Radiation

Structure solution and refinement (reduced cell {al = a/3)
space group Pmnb)

Number of unique reflections 1120
7= 1.0cd)
Number of reflections (with 976
I = 2.5 o(I)) used for final
refinement
Number of parameters 48
Min., max. absorption 0.922, 1.177
correction factors
Conventional residual R = 0.024
Weighed residual R, = 0.027
Weights w = 4F oV + (p * F))
p =003

Extinction parameter refined g =3.14(3) x 10°¢

program). The structure was refined to R/R,, of 0.037/
0.039 using 1740 reflections and 105 parameters. Table 2
lists the atomic coordinates and thermal parameters.

The solution shows a statistical occupancy of the vari-
ous Gd sites. Although a rather complicated distribution
on the Gd sites is observed, the summation of the site
occupation factors over all Gd atoms within the structure
gives a chemical formulation Gd,;Cr,S, which corre-
sponds to charge equilibrium, i.e., Gd**, Cr’**, and §%".
An examination of the unit cell indicates that if the origin
of the unit cell is shifted by Ax = 1, Ay = —},and Az =
0.17, there exists a possible inversion center.

A refinement was conducted in the space group Pmnb
(no. 62). This space group satisfies the centrosymmetric
solution discovered above. This solution, however, has
to be rejected for two reasons. First, in addition to the
previous systematic absence condition (ROl A + [ =
2n + 1), a second systematic absence (Ak0, k = 2n + 1)
would also have to be present; however, these reflections

do exist. Second, if these reflections are rejected to con-
duct the refinement, much higher R values are obtained
(R = 0.15, R, = 0.213 for 1693 reflections and 60 re-
fined parameters).

So far, we have discussed a supercell approach. Now
let us consider a refinement in the reduced unit cell, divid-
ing the a parameter by three. For the conversion of data
for the reduced cell refinement, all reflections with #
3n must be rejected due to fractional /4 indices. Once
these reflections are rejected, the additional systematic
extinction of (Ak0, k = 2n + 1) is now observed. Therefore
the refinement for the reduced cell was performed in the
Pmnb space group., We choose this setting instead of the
standard setting of Pnma so the two cells of the super-
structure and the substructure can be related without a
permutation of the unit-cell axes. The initial positional
parameters were deduced from those listed in Table 2. A
full-matrix least-squares refinement for 976 unique reflec-
tions (48 parameters; anisotropic thermal parameters for
all atoms) converged to R = 0.024 and R,, = 0.027. The
occupancy parameter for the Gd site was also refined
(33.72(3)%). This occupancy agrees perfectly with the
theoretical value of 33.3% (corresponding to Gdg;;CrS,q)
expected from the charge equilibrium. Atomic coordi-
nates and equivalent isotropic thermal parameters are
given in Table 3a; anisotropic displacement parameters

TABLE 2
Positional Parameters and Estimated Standard Deviations
(Large Cell (a = 10.504 A) Space Group Pmn2,)

Position
space
group
Atom  Pmn2, x y z sof? B, (A
Gd1 4b)  0.32253(9)  0.48611(6) 0.5 (fixed) 0.846(2) 1.18(1)
Gd2 4(b) 0.0229(3) 0.4855(2) 0.4996(2) 0.182(1) 0.78(4)
Gd3 4(b) 0.349%(1) —0.0125(1) 0.33935(9)  0.489(2)  0.64(1)
Gd4 4b) 0.0212(13 —0.01537(8) 0.34107(8) 4981} 0371}
Crl 4b) 0.3329(3) 0.3048(2) 0.2833(1) 1.0 0.77(3)
Cr2 2(a) 0 0.3027(2) 0.2870(2) 1.0 0.39(4)
Cr3 4(b) 0.3333(2) 0.3355(2) 0,7660(1) 1.0 0.66(2)
Cr4 2a) O 0.3393(2)  0.76812) 1.0 0.70(4)
Crs 4{b} 0.3335(3) 0.8072(2) 0.5588(2) 1.0 1.01(3)
Cré Ua) 1} 0.7984(2) 0.5580(2) 1.0 0.57(4)
Cr? 4(b) 0.3347(2) 0.8335(2) 0.0759(1) 1.0 0.69(2)
Cr8 2@ 0 0.8360(3)  0.0735(3) 1.0 0.99(5)
S1 4b) 0.333H4) 0.5485(2)  0.82332) 1.0 0.62(3)
82 2(a) 0 0.5541(4) 0.8265(3) 1.0 0.70(6)
53 4(b) 0.3362(3) 0.6335(2) 0.1426(2) 1.0 0.50(3)
54 2(a) 0 0.6296(5) 0.1408(5) 1.0 2.1(1)
85 4(b) 0.3324(4) 0.3376(2) 0.1005(2) 1.0 0.75(4)
56 2(a) 0 0.3443(4) 0.1025(4) 1.0 0.77(6)
§7 4(b) 0.3355(4) 0.2254(2) 0.4613(2) 1.0 0.63(4)
S8 2(a) 0 0.2037(3) 0.4544(3) 1.0 (0.40(5)
59 4b) 0.3366(4) 0.7160(3) 0.3866(2) 1.0 0.97(4)
S10 2(a) 0 0.7127(4) 0.3880(4) 1.0 1.21¢7
SII 4(b} 0.333144) 0.8397(2) 0.7450(2) 1.0 0.74(4)
512 2(a} 0 0.8421(4) (0. 7408(4) 1.0 0.90(6)
§13 4b)  0.333%B) 0.13042)  0.7035() 1.0 0.44(3)
514 2@ 0 0.1285(5)  0.7012(4) 1.0 1.56(8)
515 4(b) 0.3335(3) 0.0475(2) 0.0083(2) 1.0 0.74(4)
516 Aa) O 0.0529(4)  0.01204) 1.0 1.07(7

¢ The definition of site occupancy factor {sof) is the average population of
that site.
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TABLE 3a and interatomic distances are listed in Tables 3b and 4, re-
Positional Parameters and Estimated Standard Deviations spectively.

(Reduced Cell (a1 = a/3) Space Group Pmnb) This solution appears to be quite reasonable. The Gd

Atom  Position . v . sof By, (AY site occupancy (~%) is undoubtedly related to the 3a su-
perstructure. However, refinements performed in the
larger unit cell (3a} show that the framework remains

Gd 8(d) 0.3003(1) 0.23603(2) 0.32983(2) 0.3372(3) O0.BI3(7)

Crl 4(c) 4 0.05407(3)  0.11305(4) 1.0 0.781(%) X ) i

Ciz 4(c) i 0.08554(5)  0.59579(4) 1.0 0,745  unchanged and there is a complicated distribution of Gd
sl 4 4 0.29983(8)  0.65722(7) 1.0 0.8%1) : : ‘ -

© 40 ; OIBHIE  -0.0303%6 1.0 08501 atoms along the a direction (see results given in Table 2).
83 4(c) § 0.09016(7) —0.07136(6) 1.0 0.80(1)

S4 4ic) 4 —0.03337(9)  0.28603%7) 1.0 1.021) STRUCTURE DESCRIPTION

Figure 1 shows the projection of the reduced cell re-
finement onto the b—c¢ plane. The structure of Gd,;Cr,S,
consists of staggered double columns of edge-sharing Cr
octahedra, Two of these columns are highlighted in Fig.
I. The Cr-S distances within the octahedra are given in
Atom U(1,1) 2.2) Li3,3) U1,2) U(1,3) Uz Table 4. The average Cr-S distances of 2.4 A (See Flg.
2a) are very similar to those commonly reported. For
Gd 1103)  98.49) 10019 -201) -81) -178) example, Cr-S in LaCrS, is 2.396 A. Within these double

TABLE 3b
General Displacement Parameter Expressions (U % 10%
(Reduced Cell (a1 = a/3) Space Group Pmnb)

Crl 1013)  100(2) 96(2) 0 0 0(2) columns, Cr atoms form zigzag chains parallel to the a
g? 118381; 3;% liggg g g f;g; direction. The Cr-Cr distances of 3.5 A along the a direc-
S2 115(4)  99(3) 110(3) 0 0 03) tion are quite comparable with those calculated between
S3 109(4)  103(3) 90(3) 0 0 -13) adjacent Cr atoms inside the double zigzag column;
54 108(4)  185(4) 96(3) 0 y 28(3) Cr1-Crl = 3.577 A, Cr2—-Ct2 = 3.541 A. On both sides
TABLE 4 ()
Interatomic Distances in Gdy;,Cr,S, (A) l
Gd(0.30) Sid 2.7375(8)
S1(—1) 2.9540(8)
S2(9) 2.71027(H
S2(—1) 2.9218(7)
S3(0) 2.76917)
53(-h 2.9833(7)
S4a(h) 2.997(1)
- 84b(h 2.924(1)
d(Gd-8),,, 2.8812
Cri(dh 281D 2.433%7)
2834, % 2.413%T)
S33) 2.388(1)
S4(h 2.407(1)
d(Cr=5),.. 2.4149
Cr2dd) 28245 9 2.4067(7)
2843, D 2.3806(7)
S1h 2.466(1)
52(h) 2.381(1)
d(Cr=8),,. 2.4036
Gd((.20) Gd(0.30) 0.352
Gd(0.20) Gd(1.30) 3.8533(6) CT_, O Gd
Gd(0.30) Crid) 3.4116{6) b O s
Gd(0.30) Cr2d) 3.5498(6) ® Cr
Crl(d Cri® 35774 FIG. 1. The projection of Gd,;Cr,S, onto the b—c plane. This projec-
Cr2(h Cr2(d 3.5407(7) tion is for the subcell refinement (a = 3.50 A)in the Pmnb space group.

The shaded areas correspond to the edge-sharing [CrS,] octahedra be-
Noate. x coordinates are given in parentheses. tween the [GdS;) bicapped trigonal prisms.



53 {1/4, 5/4)

52 (-1/4, 3/4)

S3 (3/4)

b S2 (-1/4)

S1 (314)

FIG. 2. The coordination polyhedra of (a) Crl, Cr2, and (b) Gdl
atoms in Gd;4Cr.S;. The heights of the atoms in the a direction are
indicated in parentheses. These atoms correspond to those listed in
Table 4.

of this double column, there is a bicapped trigonal prism
centered by Gd (see Fig. 2b). The Gd atoms are shifted
from the ideal x positions of § or % causing unequal Gd-8§
distances inside the trigonal prism (see Table 4). Thus,
Gd atoms are either above or below (Ax = 0.05) the
median plane of the trigonal prism which contains the
two 8 caps. The double column of Cr octahedra and Gd
polyhedra is repeated in a serrated pattern illustrated by
the bold lines in Fig. 3.

This structural pattern is also found for minerals belong-
ing to the Lillianite family (8). Recently, Makovicky and
co-workers (9) have reviewed and classified all the known
members of this family. He has proposed a very simple
and useful description based on an architectural concept
rather than on chemical considerations. The principal
structural features of the crystal structures in this family
are chains of octahedra and isolated capped (mono- or
bicapped) trigonal prisms. Each Lillianite homologue is
classified by “"2L formalism, where N1 and N2 are
the numbers of edge-sharing octahedra which link two
trigonal prisms located in adjacent layers. Figure 4 shows
some examples of this classification method for these min-
erals. The !’L type is represented by Y;S, (see Fig. 4a)
(10). CrEr,S, (11}, CaTi,O, (12}, and CaMn,Q, (13) are
examples of a »’L case. Other more complex structure
types are found in Lillianite (**L) and Vikingite (L} (9).

MEERSCHAUT ET AL.

Some recent synthetic analogs which also have this type
of structural motifs are BaSm,S, (*”L) (14), Mn, _ Bi,, S,
and Mn,_,Bi,, Se, (*3L) (15).

Although Gd,,,Cr,S, can be classified using the Makov-
icky formalism as a »’L type, there exist some differences
compared to the Lillianite family. First, the way N1 and
N2 arms are reaching from the trigonal prisms causes a
tilting of the triangular bases. In Illustration !, the left Cr
atom is at the same x level as the corner S atom, whereas
on the right, Cr and S atoms’ x coordinates differ by
a/2. This results in one arm having the [CrS¢] octahedron
corner sharing with the trigonal prism at this § atom and
the second arm having the octahedron edge sharing with
the trigonal prism.

This was not observed in the Lillianite mineral types
since Cr and S atoms are located at the same x level
independently of the direction (left or right} along N1 and
N2 arms (see Illustration 2).

Second, the vast majority of oxides or sulfides of the
221, type have the chemical formulation of M*TT37 X3~
where M?* are large eight-coordinated cations such as
Ca, Sr, Ba, or Pb (within a bicapped trigonal prismatic
arrangement of X atoms). Contrary to this, in Gd,,Cr,S,,
Gd** is eight coordinate with a statistical occupancy of §
to equilibrate the charge balance. This particular point is
the likely cause of the observed 3a superstructure. Even

: &)
.
O &)
®
[ ]
o
* e ©
O
.

r—h
L ¥61@)
O W

r

FIG. 3. The bold line indicates the zigzag pattern formed by the
edge-sharing [CrS;] octahedra (shaded in Fig. 1) and the [GdS;] bicapped
trigonal prisms. The trigonal prisms are indicated by the triangles at
each vertex of the zigzag line.
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47,

FIG. 4. Examples of the Makovicky (9) V2L classification. (a) 'L,
Y;S;; (b) 2L, CrEnS,, CaTi;0y, and CaMn,0;; (c) *‘L, Lillianite; (d)
47 Vikingite.

if a superstructure was also mentioned for some Lillianite
homologues, 3a superstructure has never been reported.

Due to the Gd site occupancy factor (sof = 0.337) one
can assume that two adjacent Gd atoms are never sepa-
rated by a distance of 2Ax; in other words, the x, y, z
and 3 — x, y, z positions are too close to be filled simultane-
ously. For maximum value of sof = 0.5, the Gd should
be present either at x = 0,30 or at x = 0.20 (0.70 or
0.80) but not simultaneously at the two sites. It can be
concluded that the Gd atomic distribution along the a
direction for a xyz position is a statistical one: % of atomic
positions occupied for x = 0.2, § occupied for x = 0.3,
and 4 vacant. Figure 5 illustrates a model of this statistical
distribution of Gd atoms along the a direction. Large dif-

S (1/4) s(4)

ILLUSTRATION 1
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S (1/4)

S (1/4) S (1/4)

ILLUSTRATION 2

ferences in ionic charge favor ordering of cations, since
in “‘defect’ structure holes also tend to order.

In the supercell refinement, we find that indeed the
holes are partially ordering. Gd1 and Gd2 occupy the
same columns parallel to the a direction. The occupation
of these two sites suggests that the holes are found on
the Gd2 site since this site is almost unoccupied. How-
ever, the other two Gd sites (Gd3 and Gd4) have a statisti-
cal occupation which is still disordered. But from this
refinement, the occupation of Gdl and Gd2 is evidence
for the observed 3a superstructure.

MAGNETIC MEASUREMENTS

Magnetic properties of this phase were reported carlier
by Takahashi et a!. (3) in the temperature range 80-500 K,
These authors found that the compound had Curie—Weiss
behavior above 200 K, with 6, being not far from 0 K,
and a Curie constant C, = 15.2 emu mole™! K™! (for a
molecular formula of GdCr,S;). There are two points of
inflection in their x~' versus T curve at low temperature.
This deviation from Curie—Weiss behavior was inter-
preted as an antiferromagnetic ordering occurring at
143 K (as deduced from the average of the two points of
inflection), although, as these authors noted, this is not
a typical antiferromagnetic transition.

We have also performed a magnetic study at lower

3853 A
& @ —0 8- :
(0.20) (0.20) {0.20 or 0.30) (0.20)
—————— reducedcell :a=3.496 A
' large cell : a = 10.488 A '
® Gdatom

O Gd vacancy

FIG. 5. Model for the 3a superstructure found in one column of face-
sharing trigonal prisms in Gd,;»Cr,S,. The height along the a direction for
the reduced unit cell of each Gd is given parentheses. [n the ideal 3a
superstructure, two-thirds of the Gd would be occupied in this column
parallel to the a direction. In order to have areasonable distance between
the GGd atoms, one Gd would be located at x = 0.2 (for the reduced
cell), while in the following cell, the x = 0.3 would be occupied.
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temperatures (2-300 K). Magnetic measurements were
performed using a SQUID magnetometer device on sev-
eral needle-shaped crystals {m = 12.10 x 1072 g). The
needle axes (which are parallel to the a axis) were aligned
perpendicular to the applied field. The susceptibility was
calculated by using the M/H ratio for one mole of
Gdy;Cr,S,. Considering the high M value measured
(M > 1.107* emu), there was no correction applied for
the diamagnetic contribution of the sample holder. After
correcting for the core diamagnetism of the constituents
(Gd**, Cr**, 8§77), the intrinsic magnetic susceptibility due
to unpaired and localized electrons was calculated.

Figure 6 shows the variation of dc susceptibility as a
function of temperature (x~' versus 7T is also shown). A
paramagnetic Curie-Weiss behavior, x = NpZg/3k(T -
6,), is observed in the entire temperature range. A small
anomaly is observed around 70 K. This anomaly does not
indicate a modification of the magnetic behavior but it
changes the 6, value. The slope of the x™' vs T curve
remains identical above and below this temperature anom-
aly. Using the high-temperature data, we find a Curie
constant of €, = 9.2 emu mol ™! K™! (for a Gd,;;Cr,S,
stoichiometry) with an extrapolated value of 6, around
8 K. The observed Curie constant is in good agreement
with the theoretical value o 9.0 emu mol~! K~! calculated
from the additive contributions of Gd** and Cr** (4
C,(Gd*") + 2 C(Cr*"). However, neither the tempera-
ture onset nor the interpretation of the observed anomaly
agrees with the interpretation of Takahashi. We find that
this compound obeys the Curie-Weiss law down to 2 K,
and do not attribute this anomaly to long-range magnetic
ordering. In order to draw a definite conclusion about
magnetic ordering, measurements should be performed
with the crystals aligned in the other direction (i.c., the
necdle axis parallel to the applied field). Unfortunately,
the crystals obtained were not large enough for such a
measurement.

0.8 35
0.7 x x L 30
~ 06} vy s
[e] ]
£ 0.5
= j 20 =
3 —
£ 04 =
@ L15
=2 0.34
0.2 10
0.1 -5
j E
0 T T T L 0
0 50 100 150 200 250 300

Temperature (K)

FIG. 6. The plot of the 1/x and x versus temperature for Gd,sCr,S,.
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CONCLUSION

The structure of Gd,4Cr,S, is reminiscent of the struc-
ture type of CaFe,Q, (16}). For large A ions such as Ca®*
and Eu’*, the AB,0, oxides do not have the spinel struc-
ture. One instead observes a structure built of “*double
rutile’’ chains of BOg octahedra forming a 3D framework
enclosing the larger A cations in a bicapped trigonal prism
of oxygen atoms. As discussed above, the structure type
of AB,O, can be abbreviated with the Makovicky conven-
tion of L. Usually, the A cation is an A*" cation. In
the (d,;;Cr,S,, the trigonal prismatic site is occupied by
Gd*". The charge compensation is made through a statisti-
cal filling of these corresponding sites. It is likely that a
variety of new ternary rare earth chalcogenides in addition
to those reviewed by Flahaut (17) could be synthesized
from various substitutions (not only for isoelectronic
ions).
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