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Aspects of the nuclear and magnetic structure of the three-dimensionally ordered state of the layered
system Fe(III)CIMoO, are elucidated primarily on the basis of single crystal and powder Méssbaver
spectroscopy and neutron powder diffraction refinements at various temperatures. The antiferro-
magnetically coupled spins and easy axis of magnetization for Fe(III)CIMoO, are indicated to lie in the
tetragonal layers (ab planes) perpendicular to the ¢ axis, which is parallel to the Fe~Cl bond vector of a
local C,, FeO,Cl chromophore. Additionally, the neutron diffraction data indicate a very significant c-
axis contraction with decreasing temperature (2.7% between 295 and 5 K), with the rate of contraction
being highest in the vicinity of the Néel temperature, Ty (~70 K). The structural changes that occur in
the temperature range 300 to 5 K are discussed. Powder and single crystal magnetic susceptibility
results to ~1.6 K as well as high field Missbauer spectra to ~9 T are also presented. The latter indicate
a spin flop transition with H; ~1 T. Alternate views of the low-dimensional magnetism of FeCIMoO,,
evident as a broad maximum in its molar susceptibility at ~105 K, are discussed. © 1987 Academic Press,

Inc.

Introduction

In a recent investigation, we reported the
synthesis, X-ray structure determination,
and features of the low-temperature mag-
netic properties of the new compound

1 Contribution No, 3881.

Fe(INDCIMoO, (1). This material crystal-
lizes with tetragonal symmetry (a =
6.672(3) and ¢ = 5.223(3) A) in space group
P4/nmm with Z = 2. A view along the ¢
axis showing two FeCIMoO, sheets, each
composed of corner-shared FeO,Cl square
pyramids and MoQ, tetrahedra, is given in
Fig. 1. A powdered sample exhibits a well-
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F1G. 1. A view along the ¢ axis of FeCIMoO, and
perpendicular to two stacked layers, each composed
of corner-sharing MoO, tetrahedra and FeO,Cl square
pyramids.

defined but broad maximum in the tempera-
ture dependence of its molar susceptibility
(x@) centered at ~105 K signaling some
type of low-dimensional magnetic behav-
ior. Zero field Mossbauer spectra (1) for
polycrystalline powder samples show mag-
netic hyperfine splitting (Hygema (0° K)
=482 kG) and indicate three-dimensional
ordering, Ty = 69.2 K. In the present work,
single crystal susceptibility and Mossbauer
spectroscopy results as well as powder
neutron diffraction and high field Moss-
bauer data are presented in an attempt to
further clarify the nature of the low- and
three-dimensional magnetic properties of
Fe(1IDCIMoO;,.

Experimental

1. Magnetic Susceptibility and Mdéssbauer
Measurements

Crystalline plates of tetragonal FeCl
MoO, with dimensions as large as 8 mm
across the plate and 3 mm thick were grown
as described previously (/). Powder mag-
netic susceptibility data and zero field
Mossbauer spectra were determined as re-
ported earlier (2). High field Mossbauer
spectra were determined using a niobium-
titanium solenoid capable of applied fields,
H,, up to 9 T. The geometry was longitudi-
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nal (H,||E,) with the source always main-
tained in the central field (H, at the source
=< 0.1 T) of an opposing ‘‘buck out coil’’ so
as to minimize broadening effects from the
fringe field of the primary solenoid. Due to
the layered structure of FeCIMoQ,, crys-
tals were easily cleaved to obtain ab slices.
The single crystal spectra were determined
for a mosaic of thin (~0.5 mm thick) sec-
tions oriented such that the ¢ axis was par-
allel to E,, and H,. This was the only orien-
tation that could be conveniently obtained
which at the same time did not present un-
due mass attenuation of the gamma ray
beam. Single crystal magnetic susceptibility
measurements were made using the SQUID
facilities available at the Francis Bitter Na-
tional Magnet Laboratory.

2. Neutron Powder Diffraction

Neutron diffraction scans were carried
out at the Brookhaven National Laboratory
High-Flux Beam Reactor. For these experi-
ments, a powdered sample was loaded into
a cylindrical aluminum holder about 1 cm in
diameter under an atmosphere of dry he-
lium. Full sets of data suitable for Rietveld
refinement were collected at 4.85, 70, and
181 K. In addition, a few scans were made
at intermediate temperatures to check the
magnetic intensities and the lattice con-
stants. The experimental configuration con-
sisted of a pyrolytic graphite monochroma-
tor and analyzer in the (002) setting.
Collimation was set at 20, 40’, 40’, and 20’,
respectively, for the in-pile, monochroma-
tor-sample, sample-analyzer, and analyzer-
detector locations. The neutron wavelength
was 2.382 A, and higher order components
were suppressed with a graphite filter.

The neutron diffraction data for FeCl
MoO, at 70 and 181 K were fitted by re-
finement of the structure in space group P4/
nmm (No. 129) using the Rietveld profile
method (3). Atomic positions from the
room temperature single crystal X-ray
structural refinement (/) were used for the
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TABLE I

PARAMETERS FROM RIETVELD AND SINGLE CRYSTAL
X-Ray REFINEMENTS OF FeCIMoO, -

Parameter T=48K T=70K T=181K T=300K°

Mo, x 0.75 0.75 0.75 0.75
v 0.25 0.25 0.25 0.25
z 0.00 0.00 0.00 0.00
B (AY) 0.5(1) 0.5(1) 0.9(1) 0.8

Fe, x 0.25 0.25 0.25 0.25
y 0.25 0.25 0.25 0.25
z 0.2704(8)  02713(7)  02736(7)  0.2728(1)
B (A LY 0.1(1) 0.3(1) 0.8
Moment (gp)  4.213)

Clx 0.25 0.25 0.25 0.25
y 0.25 0.25 0.25 0.25
z 0.7091(8)  0.7060(7)  0.6993(8)  0.6956(2)
B (AY) 0.5(1) 0.5() 1.2(D 2.3

O, x 0.25 0.25 0.25 0.25
y 0.9608(4)  0.962(4)  0.9630(4)  0.9633(2)
z 0.2067(6)  0.2026(6)  0.1998(6)  0.1968(3)
B (AY) 0.6(1) 0.6(1) 0.9(1) 1.6
G 0.116(5)  0.109(5  0.095(5) —
ad) 6.684%(2)  6.6828(2) 6.6680(2)  6.6694(4)
c(A) 5.0887(3)  S5.125%2)  5.1914(3)  5.228(1)
R (%) 5.4 5.5 49
Rwp (%) 9.2 9.7 9.2
Ry (%) 7.3 — _
Re (%) 3.5 4.7 4.8

¢ Single crystal X-ray structure, Ref. (I).

initial values, and individual isotropic tem-
perature factors were refined. Regions of
the scan which included the diffraction
peaks of the aluminum sample container
were excluded from the refinement. Other
variables included in the structural refine-
ment were half-width parameters, zero
point, cell constants, and in the later stages
of refinement a uniaxial preferred orienta-
tion parameter of the type suggested by
Rietveld. Neutron cross sections were
taken from Koester (¢). Convergence was
quickly reached, and the final positional,
thermal, preferred orientation, and lattice
parameters are listed in Table I together
with the X-ray values. The overall agree-
ment is very good with weighted profile R-
factors, Rwp, close to the expected or sta-
tistical values, Rg.

Below the three-dimensional antiferro-
magnetic ordering temperature, Ty = 70 K,
magnetic scattering peaks appear in the dif-
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fraction patterns. These peaks are com-
mensurate with a larger cell and can be in-
dexed by doubling the a and ¢ tetragonal
lattice parameters; with 4, k, and [ all odd.
This means that each of the two moments in
the chemical cell must be coupled antiparal-
lel to its neighbors in adjacent unit cells
separated by a or ¢, and it only remains to
determine the relative orientation of the
two moments at +3 § z (i.e., 54 z/2 in the
magnetic cell). Inspection of the magnetic
intensities showed that the moments must
be in or close to the basal plane, and there-
fore noncollinear models with tetragonal
symmetry should be considered as well as
collinear models. Intensity calculations
were made for the first four magnetic peaks
for a number of models with the two mo-
ments parallel, antiparallel, or at 90° to each
other, and directed along the (100) or (110)
axes (Table II). As is often the case in pow-
der magnetic studies, there is some degen-
eracy, and it turns out that the models can
be grouped into three intensity sets, as
shown in Table II.

The noncollinear models have tetragonal
symmetry (point groups 42m or 4 depend-
ing on the moment direction) and the col-
linear models have either orthorhombic
(mmm) or monoclinic (2/m) symmetry. The

TABLE Il

CLASSIFICATION OF MAGNETIC MODELS INTO THREE
INTENSITY GROUPS, AS DISCUSSED IN TEXT FOR
FeCIMoOy,; S; AND S; REPRESENT MOMENTS AT 3 § 2
AND } 1 7, RESPECTIVELY

1 11 m
Tetragonal Tetragonal Tetragonal
(@2m) @2m) @

Si [100] [010] [100] fo10] [110] [110] [110] (110]
S, [010] [100] [010) [100] [110f [110] [110] [110}
Othorhombic Othorhombic Monoclinic
(mmm) (mmm) 2/m)

81 [110] [110) [110] [110] [100] [010] [100) [010]
S; [110} {110} [110] {110] [100] [010] [100] [O10]
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TABLE III

COMPARISON OF OBSERVED AND CALCULATED
INTENSITIES FOR FeCIMoO, Normalized to I(} 4 §)
FOR MODELS IN INTENSITY GROUPS I, II, AND III As
SuMMARIZED IN TABLE II

I (calcd) I (obs)

hki I I I

144 1.00 1.00 1.00 1.00
14 048 039 0.43 0.36
114 0.23  0.20 0.22 0.18
44 0.10 0.11 0.11 0.11
Rx 5.2 5.1 5.1 —
Ry 13.5 7.3 10.0 _
Rwp 9.9 9.2 9.4 —
Re 3.5 3.5 3.5 —

Note. Values of I (obs) have been corrected for pre-
ferred orientation by a factor exp(—Ga?), where G =
0.115 and a is the angle (in radians) between the scat-
tering vector and [001). The R-factors obtained from
Rietveld refinement of one model in each group are
given above.

three sets of calculated intensities, normal-
ized to the strongest peak, 3  , are shown
in Table III, together with the observed in-
tensities corrected for preferred orienta-
tion. Agreement is clearly better for the
models in group II and this is unequivocally
confirmed by Rietveld refinement of a te-
tragonal model from each set, as shown by
the respective R-factors (Table III). Atomic
scattering factors for iron were taken from
Watson and Freeman (5). Final refinement
parameters are given in Table L.

Thus, two structures give an equally
good fit to the data, one noncollinear, with
magnetic space group Pi4m2 and one col-
linear with space group Cynm'a (for nota-
tion see Opechowski and Guccione (6)).
Neither of these permits a magnetic compo-
nent along the [001] axis, and this was in
fact confirmed by refinement of a compo-
nent in this direction which resulted in a
slightly higher R-factor and a value within
one-half of a standard deviation from zero,
0410 MB .
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FiG. 2. The temperature dependence of the cor-
rected molar susceptibility for FeCIMoO, (powder) in
the temperature range 300-50 K with H, = 5.1 kG.

Results and Discussion

1. Magnetic Susceptibility

The susceptibility results that we now de-
scribe prove to be inconclusive in forming a
more complete picture of the low-tempera-
ture magnetic behavior of Fe(III)CIMoO,.
The original powder susceptibility data (1)
determined over the range 300-50 K (Fig.
2) shows the broad maximum in xj, at ~105
K alluded to previously. We have extended
these powder measurements to ~1.6 K in
the present work as shown in Fig. 3. While
the magnetic moment steadily decreases,
the average power susceptibility begins to
rise below ca. 40 K, an effect that we attrib-
ute to impurities. A few percent of impurity
is suggested by zero field Mossbauer spec-
tra to be discussed subsequently.

It was hoped that single crystal suscepti-
bility measurements would be more inform-
ative than the powder results and that at the
minimum, they would clearly indicate the
direction of the easy axis of magnetization.
For a uniaxial easy-axis antiferromagnet,
x. should level off, becoming essentially
constant with decreasing 7 for T < Ty,
while x; should approach zero with (x)powder
=4 x; + % x. (7). The results shown in Fig.
4 were obtained for large (~10-25 mg)
opaque crystals. Unfortunately both sus-
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F16. 3. Corrected molar susceptibility (top) and
magnetic moment (bottom) for FeCIMoQ, (powder) in
the temperature range 140-1.6 K.

ceptibilities tend to diverge at low tempera-
ture, again suggesting impurity effects and
making an assignment of the easy axis am-
biguous. One is tempted to assume that the
¢ axis is easy as x,, shows a small decrease
below ~70 K (Tn) before rising at even
lower temperatures. However, this assign-
ment is at variance with Mossbauer spec-
troscopy and neutron diffraction data that
we now discuss.

2. Méssbauer Spectroscopy

As mentioned in the introduction, the
zero field quadrupole doublet spectrum of
the paramagnetic phase undergoes hyper-
fine splitting suggesting three-dimensional
ordering between 69 and 70 K. The fully
resolved, low-temperature powder spectra
(below Ty) clearly show the combined ef-
fects of magnetic hyperfine splitting with
quadrupole perturbation in terms of a shift
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F1G. 4. Single crystal magnetic susceptibility of
FeCIMoO,, H, along the a and c axes.

of the center of the inner four Zeeman tran-
sitions relative to that of the outer two (see
Fig. 5, T = 52.8 K). The differential shift (S,
— §,), where §, is the separation of transi-
tions one and two and §, is the separation

L ]
4
<]
t - -
['4
21 ]
2
2| _
B bSl'ﬂ Rl SZ b
i 1
1000 4
r- T=528K
- -

I T S W T U A T T T O T VA S G AU O |

0 8 6 -4 2 0 2 4 6 8 ©
VELOCITY RELATIVE TO IRON, mm/sec

Fi1G. 5. Hyperfine split Mossbauer spectrum of
FeCIMoO, (powden) at T < Tye.



110

$.001

1000}

000fw t

% ABSORPTION

5.001

—
_E,”C
000f L
-8 4 0 4 8
VELOCITY RELATIVE TO IRON, mm/sec

FiG. 6. Single crystal Mossbauer spectra for
FeCIMoO, above and below Ty with the ¢ axis paral-
lelto E,.

of transitions five and six, is positive. Its
value remains essentially constant near
unity and indicates the absence of any
“‘Morin’’-type behavior below Ty. For the
case of an axially symmetric electric field
gradient tensor, the differential shift is re-
lated to the quadrupole splitting of the
paramagnetic phase, AE, by the relation:
S — S, = —AE (3cos? § — 1) where 8 is the
angle between the principal component of
the electrical field gradient tensor, V,,, and
the internal hyperfine field (8). The forego-
ing equation has two possible solutions for
0 when S, — §, = AE, as in the present
case. These correspond to V,; > 0 and V,,
< 0. In view of the known structure, V; is
most probably positive and coincidental
with the short Fe—Cl bond. The basis for
assuming that V, is positive is a simple
point charge calculation for a near regular
square pyramidal array of hard ligands and
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the fact that there is no valence shell orbital
occupation contribution to the electrical
field gradient for the half-filled (high spin)
ferric shell (9). The solution for V,, > 0 is
¢ = 90°. That V_ is in fact positive is con-
firmed by single crystal Mossbauer spectra
at T > Ty, e.g., ambient temperature (Fig.
6) such that the direction of y-ray propaga-
tion (Ey) is along the tetragonal ¢ axis and
normal to the FeCIMoO, (ab) layers. The
angular component of the probability func-
tion for |, +3) — |3, =§) (o y-ray transi-
tions) is 2 + 3 sin? @ while that for |3, =3) —
3, =3) (7 y-ray transition) is 3(1 + cos? 6)
where E, < E, corresponds to V,, > 0 and 0
is the angle between V, and E, (8). Under
the foregoing experimental conditions, for a
mosaic of single crystals, it was found that
the intensity ratio, /_/I, = 0.45 versus a
theoretical value of § for thin, perfectly ori-
ented crystals. This is consistent with V,,
parallel to ¢ (i.e., V, coincides with the Fe—
Cl bond vector) and is positive. For T < Ty,
single crystal spectra (Fig. 6) with the same
orientation, (E,||c), show a pattern with
substantial enhancement of the intensities
of the AM, = 0 transitions (transitions 2 and
5) where ¢ is now the angle between E, and
Hi,.. The angular components of the selec-
tion rules for magnetic dipole (M) transi-
tions between I = § and I = 3 nuclear spin
manifolds are: 3 + 3 cos? § (AM; = +1), 4
sinZ 8 (AM; = 0), 1 + cos? 8 (AM; = —1), 1
+ cos2@ (AM; = +1), 4sin? 6(AM; = 0),3 +
3 cos? 6@ (AM, = —1) where the foregoing
correspond to a listing in order of increas-
ing energy (velocity) (8). Thus, for § = 0°
(E,||Hierma) the transition intensity ratio
pattern is 3:0:1:1:0:3 while for § = 90°
the expected values are 3:4:1:1:4:3,
again for thin, perfectly oriented absorbers.
The intensity pattern for the right-hand side
of Fig. 6 closely approximates the latter
1:4:3 ratio suggesting # ~90°. The weak
absorption intensity (arrows in the centers
of Figs. 5 and 6) is attributed to the sample
impurity mentioned earlier and precludes

i
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more exact comparisons. Under the usual
assumption that the magnetization is coin-
cident with Hinpema, one therefore con-
cludes that the electron spins and magneti-
zation lie in the FeCIMoO, sheets and are
essentially normal to the ¢ axis. This result
accords with the previous analysis of the
combined quadrupole-Zeeman split spectra
of the powder and neutron diffraction
results to be discussed subsequently.

Spectra similar to that in Fig. 6 (bottom)
for single crystals are generated for powder
samples when determined in longitudinal
applied fields (H,||E,). Figure 7 shows this
effect as the progressive enhancement of
the intensity of transitions 2 and S for H,
ranging from 0 to 4 T. We attribute this be-
havior to a relatively low field spin flop
transition in the material, i.e., Hy < 1 T (for
instance, Hy for single crystal a-Fe,0s is
6.5 T at 4.2 K (9)). The application of even
larger fields (up to 9 T') for both powder and
single crystal mosaic samples caused little
additional change in the shape of the spec-
trum from that shown at 4 T in Fig. 7. This
is perhaps not surprising since the subse-
quent field-induced transition (in the H, vs
T phase diagram) for a uniaxial antiferro-
magnetic is the so-called spin-flop to ‘‘para-
magnetic phase’ transition that generally
occurs at much larger values of H,. The
quantity Hg is approximately equal to
(QH,Hg)"? where H, is the anisotropy field
and Hfg the exchange field. The high order-
ing temperature and implied high value for
Hpg and, at the same time, low value of Hy
are consistent with a relatively isotropic
Fe’* environment, its A ground term, and
small value for H,.

3. Nuclear and Magnetic Structure

Profile fits and difference plots are shown
in Fig. 8. Important interatomic distances
for FeCiIMoO, at 4.85, 70, 181, and 300 K
are given in Table IV. Iron-oxygen and
molybdenum-oxygen distances of 1.95 and
1.76 A, respectively, remain essentially
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F1G. 7. Mdssbauer spectra of FeCIMoQ, (powder)
with Hy||E, and H, = 0 to 4 T showing the enhance-
ment of the intensity of transitions 2 and 5 with in-
creasing applied field.

constant from room temperature to 5 K.
As the temperature decreases, the short
Fe-Cl bond length within the FeO,Cl
square pyramid becomes elongated by 0.02
A as the iron atom approaches the plane of
the four basal oxygen atoms (Table IV).
However, the long ‘‘nonbonded”’ interlayer
iron—chlorine distance changes considera-
bly. From 300 to 5 K, it decreases by 0.16 A
from 3.02 to 2.86 A Concurrent with the
shortening of this Fe—Cl distance is a dra-
matic decrease in the tetragonal c-axis lat-
tice parameter. A striking feature of the
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n 84 K TABLE IV
181
g 643 IMPORTANT INTERATOMIC DISTANCES IN FeCIMoO,
-] ] AS A FUNCTION OF TEMPERATURE
LTS
E ] Intralayer distances &)
8 237
E 0.3 485K 70K 181 K 300 K¢«
= Lt e nwnnam
— ey el Fe-Cl 2.232(4) 2.228(4) 2.210(4) 2.209(2)
Fe-Oa 1.960(2) 1.957(2) 1.952(2) 1.954(1)
' PR, tTT Mo-Oa 1.7592) 1.757(2) 1.759(2) 1.756(1)
L] a5
e " & 0a-Cl  32054) 3.2194) 3.223(5) 3.232(2)
£ 0a-0b 2.734(3) 2.722(3) 2.706(3) 2.705(2)
g 69 0a-Oc 2.819(4) 2.834(4) 2.841(5) 2.846(3)
g b | 0a-0d 2.898(4) 2.886(4) 2.888(4) 2.877(3)
=47 § Fe-O¢ 032 035 038 040
g 25 ] 11 i .
W i i I3 o Interlayer distances (A)
£ 04 T i II "” | Fe-Cl 2.857(4) 2.898(4) 2.981(4) 3.015(2)
i 0a-Cl 3.186(4) 3.191(4) 3.227(5) 3.243(2)
e Ao Ao s e
e o ST @ Single crystal X-ray results, Ref. (/).
5 35 55 75 95 15 ¢ Distance between iron and the base of the FeO,Cl
< 189 square pyramid.
E
8 105
g-,:o.o— . .
r 0-0 and O-Cl distances in Table IV. As
% 5691 the layers approach one another, the four
T oxygen atoms of the FeO,Cl square pyra-
mids move away from each other in the
- e Rl A
ﬁ T T T T T T

15 35 56 75 85
20 (deg)

Fi16. 8. Neutron powder diffraction profile fits and
difference plots for FeCIMoO, at 181, 70, and 4.8 K.

4.85 K data set is a shift of more than 2° in
20 for several peaks with hkl; { > 0 when
compared to the 181 K data. The a and ¢
lattice parameters as a function of tempera-
ture are shown in Fig. 9. The ¢ axis de-
creases by 2.7% from a value of 5.228 A at
300 K to 5.089 A at 4.85 K. Figure 9 shows
the rate of change to be greatest in the vi-
cinity of Ty = 70 K, suggesting the occur-
rence of a magnetostrictive effect.

The maximum in the length of the a4 axis
(Fig. 9) may be explained by a study of the

o 669
’5' 668}
©667F

A — 1 1 1
120 160 200 240 280
TEMPERATURE (K}

i A
(o] 40 80

F1G. 9. Variation in the tetragonal lattice parameters
of FeCIMoO, as a function of temperature.
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FiG. 10. Intensity of the § 4 4 magnetic peak of
FeCIMoO, as a function of temperature.

(001) plane. Because the iron atom continu-
ously moves closer to the plane of these O
atoms, the Fe-O distance remains essen-
tially constant over the 300 to 5 K range.
Also, within the MoQOj, tetrahedra, the 0-0O
separations that lie in the (001) plane re-
main constant to at least 70 K. This ac-
counts for a basal expansion. Between 70
and 4.85 K, these molybdate O-O dis-
tances become shorter as the O-O dis-
tances of the FeQ,Cl square pyramids con-
tinue to get longer. A balance between
these effects is reached at approximately 40
K and a maximum in the g axial length
results. As expected, the O-Cl distances
become shorter as the layers are drawn to-
gether with the interlayer O-Cl distances
becoming shorter than the intralayer O-Cl
distances.

From previous Mossbauer experiments,
the temperature dependence of the internal
hyperfine field indicated Ty = 69.2 = 0.1 K
(1). This is in excellent agreement with the
value of Ty = 69 K obtained from a plot of
the intensity of the magnetic (34 %) peak asa
function of temperature (Fig. 10). Other
Mossbauer results, discussed above, indi-
cate that magnetic ordering occurs with the
moments oriented primarily within the Fe-
CIMoO, sheets. This is supported by the
analysis of the magnetic peak intensities.
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F1G. 11. Projection of the two possible magnetic
cells for FeCIMoQ,: (top) tetragonal, (bottom)
orthorhombic.

Figure 11 shows projections of the two
magnetic cells (tetragonal and orthorhom-
bic) viewed along the ¢ axis, and illustrates
the Fe atomic positions in eight structural
cells (four cells above and four cells below).
The arrows represent the magnetic moment
directions within an FeCIMoO, layer. Full
and open circles represent iron atoms
within a layer at 2, = Zgue/2 = 0.27/2 and
—Zmag = —Znuc/2 = —0.27/2, respectively.
Iron atoms at § + zZp,g and § —zmy (i.€., an
adjacent FeCIMoO, layer) have their mo-
ments oriented in the opposite direction. It
may be seen from the figure that an impor-
tant feature of this structure is that mo-
ments on the § } z sublattice have equal
numbers of parallel and antiparallel neigh-
bors on the } § 7 sublattice and hence the
two sublattices can be only very weakly
coupled.? Inspection of the magnetic struc-
ture reveals no obvious superexchange
path analogous to that within a sublattice
described below. The moment obtained
from the refinement, 4.21(3) wg, is a little
lower than usual (5.0 ug) and may be the

2 This is similar to a number of other systems with
lower dimensional properties, such as K;NiF, and re-
lated compounds discussed in Ref. 1.
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result of enhanced zero-point spin devia-
tion characteristic of one- and two-dimen-
sional magnetism (10).

4. Low-Dimensional Magnetism

Selection of a one-dimensional chain or
two-dimensional layer model for the ob-
served low dimensionality (/) is influenced
by the interpretation of the structure and
possible superexchange pathways. Thus,
one possibility is that the material exhibits
1D antiferromagnetism via chains of cor-
ner-shared FeO,Cl, octahedra linked
through trans chlorine atoms extending
along the tetragonal ¢ direction. The iron
atoms within the chains are shifted toward
one chlorine atom and considerably away
from the other chlorine atom such that
‘“‘chains’’ contain alternating short and long
Fe—Cl distances of 2.209(2) and 3.015(2) A
at room temperature (d(Fe3*-Fe3*) = 5.223
A). The weaker “‘interchain’ interactions
leading to ultimate three-dimensional anti-
ferromagnetic ordering presumably occur
through angular O-Mo-0O bridging units
(O-Mo-0 angle = 109.5°), and where each
Fe3* ion is connected to a tetragonal array
of four near-neighbor Fe3* jons (Fe3*-Fe3*
= 6.672 A) via four such bridging MoOj tet-
rahedra. From the location of Tyma«, One
can estimate a value Of Jigrachain fOT a
Heisenberg chain using the relation
kg Tymax/|J| = 10.6 (11) and in the present
case one obtains |J| = 6.8 cm™! (9.8 K). An
alternate view leading to two-dimensional
magnetic interactions is that the superex-
change interactions are stronger in the
FeCiMoQO, layers composed of four-
coordinate Mo(VI)O, tetrahedra and
five-coordinate FeO4Cl square pyramids.
The Mo(VI) corresponds to diamagnetic d°
and contributes nothing to the paramagnet-
ism of the system. Three-dimensional or-
dering at ~69 K is then the result of weak
interlayer exchange probably via the long
“‘nonbonded’’ Fe-~Cl distance (3.015 A). As
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in the preceding case of a chain, one can
estimate the intralayer exchange simply
from Tymax. For a quadratic Heisenberg
magnet, the relationship is kg Tymax/| J|S(S +
1) = 2.05 (11) which leads to |J| = 4.0 cm™!
(5.8 K) in the present case.

Generally, linear bridging units (M-X-M
angle ~180°) constitute stronger antiferro-
magnetic exchange pathways than those
that are near orthogonal. In addition, the
fewer the number of bridging formally
diamagnetic atoms in the superexchange
unit, the stronger the exchange interaction
(save for unusual conjugation effects in un-
saturated organo-bridging units). In our
first communication (/) on Fe(III)CIMoQ,,
a two-dimensional interpretation of the low
dimensionality was favored, primarily on
the basis of the fact that the 1D chain ex-
change pathway involves long (~3.0 A) es-
sentially ‘‘nonbonded’” segments alternat-
ing with genuine Fe(III)-Cl bonds (~2.2
A). Although the metal-metal separations
are longer and nonlinear within the layers,
the interactions between the Fe’* ions are
truly bonded and there are twice as many
such bridging units per iron atom. In retro-
spect, it is simply not clear that the latter
2D view of the low dimensionality of
Fe(IINCIMoO, is correct. Detailed fits of
the temperature dependence of the average
powder susceptibility data to various ap-
proximate high-temperature serics expan-
sion models (/1) of 1D and 2D behavior
does not allow for unequivocable distinc-
tion and preference for a 1D over a 2D view
of the low dimensionality, especially when
the real spin of the system is so large, S = 3.
The difference in the |J| for two reasonable
models for a ®A ground state ion (Heisen-
berg chain vs quadratic Heisenberg layer)
based on the position of Tymax is only ~3
cm~!. In order to clarify this situation, a
study of the diffuse magnetic scattering
above Ty by single crystal neutron diffrac-
tion would be necessary.
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