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Specific heats of the three title materials and the magnetic susceptibilities of the last two substances are reported. 
These materials are part of a series of canted antiferromagnets that have the same general formula and which may 
be assumed to be isomorphous. All three substances display two closely-spaced X-anomalies in their specific heats, 
with ordering temperatures of 5.50 and 7.92 K for [CCl(py)H]3FezBrg, 5.23 and 7.635 K for [4-Br(py)H]3FezBrs, 
and 7.52 and 7.80 K for [+Cl(py)H] [4-Br(py)H] 1,9Fe2Br9. Magnetic susceptibility measurements reveal ordering 
temperatures at 7.73 and 7.78 K for [4-Cl(py)H] [4-Br(py)H] 1.9Fe~Br9, whereas [4-C1(py)Hl3Fe2Br9 and [4-Br- 
(py)HI3Fe2Brg display but a single ordering temperature each, at 7.96 and 7.70 K, respectively. The ordering 
phenomena are three-dimensional in nature, and the magnetic entropies are in excellent agreement with the theoretical 
predictions. Effects of chemical substitutions on possible exchange pathways are discussed. 

Introduction 

There is a large series of compounds of the stoichiometry A3- 
Fe2X9, where A may be a pyridinium or 4-X-pyridinium cation 
and X may be chloride, bromide, or a homogeneous mixture of 
the two. A number of studies on these materials have shown that 
they all contain the tetrahedral tetrahaloferrate(II1) ion and that 
they may best be formulated, for example, in the case of [4-C1- 
(py)H] )Fe2Br9, as 2 [ rl-Cl(py)H] [ FeBr4]. [4-Cl(py)H] Br.I-6 By 
contrast, most of the transition metal and lanthanide compounds 
of the stoichiometry AjMzX9 contain the dimeric [M*X9]3- ion. 
The intradimer magnetic exchange in the latter materials has 
been studied extensively, but the interdimer interactions are weak. 
Most of the tetrahaloferrate(II1) materials, in addition to their 
unexpected structure, undergo long-range order in an easily- 
accessible temperature region as canted antiferromagnets. This 
latter point was not anticipated, for the high-spin iron(II1) ion 
has a 6 A ~  ground state, which lacks appreciable an i~ot ropy .~ .~  

As mentioned above, many stoichiometric substitutions can be 
made with this series of compounds, which opens up a variety of 
studies to try to elucidate their behavior. The crystal structures 
of several compositions are known. Thus, [4-Cl(py)HI3Fe2Br9, 
[4-Cl(py)H13Fe2C19, [4-Br(py)HI 3Fe2Ck and WBr(py)H13Fe2- 
CII )Br7.7 are all monoclinic and isomorphous,1+2 [(py)H]3Fe2C19 
is orthorhombic,) and [(py)H]3Fe2Br9 is monoclinic but is not 
isomorphous with the others.8 We expect [4-Br(py)H]3FezBrg 
and [GCl(py)H] I [4-Br(py)H] I.9Fe2Br9 to be monoclinic as well 
and isomorphous with the first four compositions. 

The magnetic interactions in these materials depend greatly 
on the chemical composition and in particular on the halide anion. 
Materials whose halide anion is the smaller chloride tend to order 
as canted antiferromagnets below 3 K, while the bromide 
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analogues display a more complex ordering behavior at higher 
temperatures. All known compositions in this chemical system 
(with the exception of [(py)HI3Fe2Brg8) order as canted anti- 
ferromagnets. In this paper wecharacterize theunusual magnetic 
ordering in the three title compositions, all tetrabromoferrates- 
(111). 

Experimental Section 

The mixed-cation material [4-Cl(py)H] I I [4-Br(py)H] I 9Fe2Br9 was 
prepared by adding equimolar portions of 4-chloropyridinium chloride 
and 4-bromopyridinium chloride, each to chloroform in two different 
separatory funnels. With the addition of a saturated solution of NaHCO3, 
4-halopyridine formed with effervescence and dissolved in the organic 
layer. To the separated organic layer was added 4 M HBr in excess. The 
[4-X(py)H]Br which formed was soluble in the aqueous layer. The 
separate halopyridinium bromide solutions were mixed, and a solution 
of FeBrj in 4 M HBr was added. Slow evaporation over approximately 
2 weeks led to large, red-black single crystals. Anal. Calc (found): C, 
14.31, 14.26; H, 1.20, 1.19; Br, 69.18, 69.40; C1, 3.10, 3.06; Fe, 8.87, 
8.80;N, 3.34,3.35. [4Br(py)H]3Fe2Brgwaspreparedina similar manner 
and resulted in large red-black single crystals, which were collected by 
filtrationanddriedinvacuo. Anal. CalcforClsHlsNjFe3Brl2: C, 13.78; 
H, 1.16; Br, 73.32; Fe, 8.54; N, 3.21. Found: C, 13.54; H, 1.08; Br, 
74.29; Fe, 8.40; N, 3.14. Large single crystals of [4-Cl(py)H]3Fe2Br9 
were prepared and characterized as previously describedS2 

Specificheat measurements, between 1.6 and 12 Kfor [4-Cl(py)H] 1 1 -  

[4-Br(py)HI1 9FezBr9, between 1.5 and 39 K for [4-Cl(py)H]3Fe2Br9, 
and between 1.8 and 38 K for [4-Br(py)H],Fe2Brg were made in the 
quasi-adiabatic calorimetric cryostat that was described in a separate 
comm~nication.~ ac magnetic susceptibility measurements for [4-CI- 
(py )H]~  I [4-Br(py)H]19Fe2Brs between 1.13 and 4.2 K were conducted 
in two orientations on a single-crystal specimen. Measurements between 
4.0and 22.0 K wereconductedin another apparatus at onlyoneorientation. 
Threecrystal orientations werestudied in the ac susceptibility experiments 
on a 0.0953-g single-crystal specimen of [4-Br(py)H]3Fe2Brg using the 
same apparatus. 

ReSultS 

(a) [4-Cl(py)H]1,1[4-Br(py)H]l,9Fe2Br9. We assume that the 
substance is isomorphous with both [4-Cl(py)H]3Fe2Brg and the 
related salts reported earlier.l.2 The morphology and chemical 
nature of the material are consistent with this unremarkable 
hypothesis. The magnetic susceptibility data of a single-crystal 
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Figure 1. Susceptibility measurements for [4-Cl(py)H] 1.1 [4-Br(py)- 
HI 1.9FezBrs. 
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Figure 2. Expanded version of susceptibility data for [4-Cl(py)H] 1 . 1 -  

[4-Br(py)Hl I ,sFezBrs. 

sample, given in Figure 1, indicate that this compound is likewise 
a canted antiferromagnet. Under higher resolution (Figure 2), 
the ferromagnetic spike may be resolved into two peaks with 
maxima occurring at  7.73 and 7.78 K. Strong absorption' (or 
out-of-phase signal, x") was observed in the transition region. 

These results are confirmed by the specific heat data presented 
in Figure 3, which exhibit two sharp peaks a t  7.52 and 7.80 K. 
The temperature of the first transition is lower in the specific 
heat experiment than in the magnetic susceptibility one, a change 
which is attributed to the different treatments of the samples in 
the two experiments. A single-crystal sample was used for the 
susceptibility measurements whereas a powdered sample was 
pressed into a pellet prior to the specific heat measurements. The 
same kind of decrease in transition temperature was observed for 
other compounds in this chemical s y ~ t e m . ~ , ~  The discrepancy is 
assumed to have no physical significance. 

(b) [4-Cl(py)H]JFe2Br9. The specific heat of [CCl(py)H]3- 
Fe2Br9 between 1.5 and 39 K, presented in Figure 4,is observed 
to exhibit two A-type peaks, at  5.50 and 7.92 K. The transition 
at  7.92 K is in good agreement with the weak ferromagnetic peak 
observed in the ac susceptibility datae2 The susceptibility data 
provide no indication concerning the existence of the 5.50 K 
transition. The specific heat above the transitions behaves 
similarly to that of analogous compositions. 

( c )  [4-Br(py)H]3Fe*Brg. The ac susceptibility data at  zero 
applied field of a single crystal of [4-Br(py)H]jFe2Brg are 
presented in Figure 5 .  Data were taken at  three crystal 
orientations. The telling ferromagnetic peak is observed a t  7.73 
K with the field parallel to the b crystallographic axis, as for 
similar compounds in this system. A strong out-of-phase signal 
is also observed at  this temperature. The easy axis for antifer- 
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Figure3. Specificheatof [CCl(py)Hl~ 1[4-Br(py)H]l gFe2Br9. Thesolid 
curve is the calculated lattice heat capacity, and the dashed curve is the 
magneticcontribution. (Thechoppiness of the latter curve isan artifact). 
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Figure 4. Specific heat of [4-Cl(py)H]3Fe2Br9. The solid curve is the 
calculated lattice contribution, and the dashed curve is the derived 
magnetic specific heat. 

romagnetic ordering appears to be the c crystallographic axis. A 
ferromagnetic peak is also present in data taken with the magnetic 
field parallel to the a crystallographic axis, due to misalignment 
in the ab plane. This magnetic behavior is almost identical to 
that displayed by [4-Cl(py)H]3Fe2Br9,2 

The specific heat of [4-Br(py)HI3Fe2Brg is presented in Figure 
6. Two A-type transitions associated with magnetic ordering are 
identifiable at  5.23 and 7.635 K. 

Discussion 
Lattice Contribution. A determination of the lattice contri- 

bution to the specific heat is required in order to resolve the 
experimental data and to analyze the magnetic ordering. The 
lattice specific heats were determined using the enhanced versions 
of the Komada-Westrum phonon distribution model9 in a manner 
similar to that used in the analysis of the specific heat of other 
compounds in the series.5~6 The model utilizes specific heat data 
along with structural and chemical parameters to calculate an 
approximate phonon distribution function, which is represented 
by the apparent characteristic temperature, eKW. This approach 
provides a significant improvement over the commonly used Debye 
model. Thus, eKW values for [CCl(py)H]3Fe2Brg and [4-Br- 
(py)H] 3Fe2Brg werecalculated, on the basisof experimental data. 
The lattice contributions to the specific heats of these substances 
were then determined using the respective parameters 3 1.9 and 

(9) Komada, N. Dissertation, University of Michigan, 1985; Komada, N.; 
Westrum, E. F., Jr. Thermochim. Acta 1988, 109, 1 I ;  Komada, N.; 
Moecher, D. P.; Westrum, E. F., Jr.; Hemingway, B. S.;  Zolotov, Y. M.; 
Semenov, Y. V.; Khodakovsky, 1. L. J .  Chem. Thermodyn., submitted 
for publication. 



Magnetochemistry of Tetrahaloferrate(II1) Ions 

4 .  

3 -  

2 -  

1 -  

HII  b-axis 

P 

Hi1 c-axis 

i - a  , 0 0  o q  n =  

0 5 10 15 20 25 
T (K) 

Figure 5. ac Susceptibility data for [4-Br(py)H] 3FezBr9. Portions of 
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Figure 6. Specific heat of [4-Br(py)H]3Fe*Brs. The solid curve is the 
calculated lattice contribution, and the dashed curve is the derived 
magnetic specific heat. 

22.87 K, which are the constant values of the apparent charac- 
teristic temperatures above 19 K. (A constant &W, as a function 
of temperature, implies that the experimental specific heat consists 
only of the lattice contribution.) 

An independent determination of e K W  for [CCl(py)H] 1 . 1  [4- 
Br(py)H] 1.9Fe2Brg was precluded because experimental data 
above 12 K are not available. Thus thecharacteristic temperature 
was determined using the relation ~ K W (  [4-Cl(py)H] 1 . 1  [4- 
Br(py)HI1,9Fe2Brd = 11.1 B K W ( [ ~ - C ~ ( P Y ) H I ~ F ~ ~ B ~ ~ )  + 1.9 
eKW([4-Br(py)Hl3Fe2Br9))/3 = 26.2 K. A similar method has 
been used in the evaluation of specific heat contributions to the 
lanthanide sesquisulfides.10 The lattice specific heats are plotted 
in Figures 3, 4, and 6. 

Magnetic Phenomena: Analysis of the Transitions. (a) [4-C1- 
(py)H]1,1[4-Br(py)H]1,~Fe~Br~. As for the other [CX(py)H] 3- 
Fe2X9 compositions, the manifestation of magnetic ordering is 

(10) Shaviv, R. Thesis, University of Michigan, 1988. Shaviv, R.; Westrum, 
E. F., Jr.; Gruber, J. B.; Palmer, P. E. J .  Chem. Phys., in press. 
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associated with a sharp peak in the magnetic susceptibility which 
is accompanied with a strong out-of-phase signal, x". Such 
behavior is typical of spin canting and was interpreted as such 
in related compositions.'" However, unlike those of most other 
materials in this chemical system, the ferromagnetic peak in the 
magnetic susceptibility of [4-Cl(py)H] 1 . 1  [CBr(py)H] 1.9Fe2Br9 
(Figures 1 and 2) can clearly be resolved into two separate peaks, 
indicating two ordering temperatures and thus two canted phases. 
Thesamephenomenaaremirroredin thespecific heat data (Figure 
3). 

For the purpose of determining the thermodynamic functions 
of [CCl(py)H] I [CBr(py)H] l,gFe2Brg, the experimental specific 
heat was extrapolated to 0 K by using the data up to 4.4 K to 
derive an energy distribution function, which was then used to 
reproduce the experimental results up to that temperature, as 
well as toperform theextrapolation. The extrapolation was made 
under the constraint of a F dependence approaching 0 K. 
Thermodynamic functions were then determined by fitting the 
extrapolated specific heat and the experimental data between 0 
and 7 K and between 8.2 and 12 K to two polynomial functions 
and integrating. A manual integration was used over the transition 
region, between 7 and 8.2 K. The total entropy at 12 K was 
determined as 5.31R whereas the lattice entropy at that tem- 
perature was found to be 2.38R. The magnetic entropy at 12 K 
is therefore 2.93R. At 7.52 K, the first critical temperature, the 
total and lattice entropies are 2.80R and 0.65R, respectively. 
Thus the magnetic entropy at that temperature is 2.15R, 
representing 61% of the theoretical magnetic entropy, 2R ln(2 
X 5/2 + 1) = 3.58R. At 7.80 K, the second critical temperature, 
the total and the lattice entropies are 3.12R and 0.73R, 
respectively. Thus the magnetic entropy at that temperature is 
2.39R, which is 71% of the total magnetic entropy of the system. 
At 12 K, 82% of the theoretical entropy is accounted for. 

The entropy distribution and in particular the relatively large 
degree of magnetic ordering at the second critical temperature 
(71%) strongly support the notion that cooperative three- 
dimensional exchange effects are the prime interactions in this 
material. By contrast, evidence of substantial short-range order 
is seen for the compounds (pyH)3Fe2Brs? [4-Br(py)Hl3Fe2C19,6 
and ( ~ y H ) ~ F e ~ c l ~ ' ~  but not for [4-Cl(py)H]3Fe2C19.5 None of 
these other materials display two transitions as do the two 
substances reported here. Two critical temperatures, and some- 
what more complicated exchange interactions, are also observed 
in the magnetic susceptibilities of single crystals of [4-Br- 
(py)HI3Fe2C11.3Br7 7.2 Large, homogeneous, single-phase single 
crystals readily form in all these stoichiometries. 

(b) [4-Cl(py)H]3Fe*Brg. The analysis of the magnetic specific 
heat was accomplished in a manner similar to that used in the 
previous section. Thus the experimental specific heat was 
extrapolated to 0 K by using the data between 1.5 and 2.2 K to 
calculate a distribution function which in turn was used to 
reproduce the data up to that temperature and for the extrap- 
olation. Thermodynamic functions were determined by fitting 
the extrapolated specific heat and the experimental data to six 
polynomial segments and integrating. At the first transition 
temperature, T,I = 5.50 K, the total, lattice and magnetic entropies 
are 2.159R, 0.224R2, and 1.935R, respectively. At the second 
transition temperature, Tc2 = 7.92 K, these values are 3.627R, 
0.719R, and 2.908R, respectively. The tail of the transition 
extends to about 19 K, where the entropy values are 9.809R, 
6.23412, and 3.575R. Above 19 K, the agreement between the 
lattice contribution and the experimental specific heat is within 
experimental error (Figure 4). The acquired magnetic entropy 
represents 54% and 8 1% of the theoretical entropy for the system 
at 5.50 and 7.92 K, respectively. The magnetic entropy at 19 K 
is in excellent agreement with the theoretical value. 

(11) Shaviv, R.; Lowe, C. B.; Zora, J. A.; Aakeray, C. B.; Hitchcock, P. B.; 
Seddon, K. R.; Carlin, R. L. Inorg. Chim. Acta 1992, 198-200, 1992. 
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Figure 7. Magnetic entropies of [4-Br(py)H]jFe?Br9 (solid curve) and 
[4-Cl(py)H]3FezBr9 (dashed curve). The horizontal line represents the 
theoretical magnetic entropy for the system. 

As in [CCl(py)H] I . ,  [4-Br(py)Hll,gFe2Br9, most of the mag- 
netic ordering is completed a t  the second critical temperature 
(8 l%), which implies that the magnetic interactions are governed 
by long-range three-dimensional exchange. Short-range exchange 
interaction plays a smaller role in this material than in any other 
composition yet examined in this chemical system. These 
observations are consistent with the magnetic susceptibility data, 
which are found to be reproducible by the simplecubic Heisenberg 
AF model with J/kB = -0.47 K and g = 1.98.2 

Finding two A-type transitions,at 5.50and7.92 K, inthespecific 
heat of this composition was not expected, for ac susceptibility 
data give no indication of the transition at  5.50 K.2 These single- 
crystal ac susceptibility data along both the a and b crystallo- 
graphic axes are constant between 4.8 and 6.5 K, while data 
along the c axis (the easy axis) are available only below 4.2 K. 
Thus [4-Cl(py)HI3Fe2Brg, like [CCl(py)H] [4-Br(py)H] 1.9Fe2- 
Br9, undergoes two ordering transitions, and two distinct ordered 
phases are present. The higher critical temperatures, Tc2, are 
almost identical for the two materials (7.92 K for [4-Cl(py)H]3- 
Fe2Brg and 7.80 K for [4-Cl(py)H] [4-Br(py)H] ,,9Fe2Br9). For 
both compositions, this transition is associated with the same 
phenomenon, Le., long-range antiferromagnetic order (c being 
the easy axis) accompanied by canting of the magnetic moments 
toward the b axis. 

The transition at  lower temperatures, Tcl, appears to be 
associated with different phenomena in [CCl(py)H] 3Fe2Brg and 
in [CCl(py)H] [CBr(py)H] l,9Fe2Br9. On the basisof thevalue 
Tcl = 5.50 K, we calculate a magnetic exchange constant, J/kB 
= -0.22 K. 

(c) [4-Br(py)H]#e2Brg. The thermodynamic functions of 
[4-Br(py)HI3Fe2Br9 were determined by the same method used 
for the other two compositions. At the first critical temperature, 
TcI = 5.23 K, the lattice and total specific heats are 0.819R and 
4.210R, respectively. The corresponding entropies are 0.245R 
and 2.009R, respectively. Thus the magnetic specific heat and 
entropy at  TcI are 3.391R and 1.764R (56% of the theoretical 
value), respectively. At the second critical temperature, Tc2, the 
lattice and the total specific heats are 2.316R and 6.576R, 
respectively. Thecorresponding entropies areO.795R and 3.641 R. 
The magnetic specific heat and the magnetic entropy at  Tc2 are, 
therefore, 4.260R and 2.846R (79% of 3.584R). 

The magnetic entropy at  19 K is 3.534R, representing 99% of 
the theoretical magnetic entropy for the system. The agreement 
between the experimental values and the calculated lattice 
contribution is within experimental uncertainty above about 19 
K. The magnetic entropies of [4-Cl(py)HI3Fe2Br9 and [4-Br- 
(py)HI3Fe2Br9 (Figure 7) are almost identical over the entire 
temperature region of the experiment. The difference in the 
transition temperatures between the two compositions results in 

Table I. Transition Temperatures and Magnetic Entropies As 
Determined by Specific Heat and uc Susceptibility 

TclIK Tc2/K 
Smag,m- Smag.m- 

composition x Cp (T~I)/R x Cp (Tc2)IR 
[4-Cl(py)HI &Br9 5.50 1.935 7.96 1.92 2.908 
[4-Br(py)H1&2Brs 5.23 1.164 1.73 1.635 2.846 
[4-Cl(py)H]1,1[4-Br- 7.73 7.52 2.15 7.78 7.80 2.39 

(py)HI 1.9Fe2Br9 

the small difference in the magnetic entropies between Tcl and 
Tc2. The remarkable similarity of the magnetic entropies for the 
two compositions, in spite of the small difference in the transition 
temperatures, leads to a conclusion that the exchange mechanisms 
are similar. We note that the lattice specific heat of [4-C1- 
(py)HI3Fe2Br9, and consequently the lattice entropy, are lower, 
at all temperatures, than those of [4-Br(py)HI3Fe2Brg. 

The behaviors of the magnetic susceptibilities of [4-Br(py)HI3- 
Fe2Brg (Figure 5) and [4-Cl(py)H]3Fe2Br92 are similar (with the 
exception of the shift in the transition temperature from 7.96 to 
7.73 K upon substituting Br for Cl). A comprehensivediscussion 
on the magnetic susceptibility of [4-Cl(py)HI3Fe2Br9 and its 
implications is given elsewhere.2 That discussion is applicable to 
the magnetic susceptibility of [4-Br(py)H]3FezBrg as well and 
shall not be repeated here. 

The A-type transitionat 5.23 Kisidentifiableonlyin thespecific 
heat data. No indication for a magnetic transition at  that 
temperature is found in the ac susceptibility data, regardless of 
crystal orientation. No change in the out-of-phase signal is found 
at  that temperature either. This result is similar to that found 
for [4-Cl(py)Hl3Fe2Br9. Wenote that the absenceof an anomaly 
in the magnetic susceptibility of [4-Cl(py)H]3Fe2Brg to coincide 
with the transition at  5.50 K served as one of the more important 
motivations for studying [4-Br(py)H]3Fe2Brg. From TCl = 5.23 
K, we calculate J/kB = -0.21 K. The transition temperatures 
and other data are summarized in Table I. 

(a) Exchange Mechanisms. The magneticordering phenomena 
in the three compositions are predominantly long-range in nature, 
as is evident from the magnetic entropy distributions. Earlier2 
three possible mechanisms for magnetic exchange interaction 
were proposed: type I, Fe-X-.X’-.X-Fe, where X’ is the ring 
halide; type 11, Fe-X-X-Fe, with no involvement of the ring 
halide; and type 111, FeX-Fe. Both type I1 and type I11 exchange 
pathways should have similar (and minor) dependences on the 
nature of the ring halide, resulting in a small drop in the transition 
temperature upon substituting Br for C1. The halide dependence 
of the type I pathway is expected to be much stronger. The 
dependence of the transition temperatures on the ring halide upon 
substitution from [CCl(py)H] 3Fe2Brg to [4-Br(py)H]3Fe2Brg for 
both transitions is consistent with both type I1 and type I11 
interactions. That leads us to conclude that type I exchange 
through the pyridinium ring halide is not supported by the 
experimental observations. Type I11 exchange, which results in 
a dimer-like exchange mechanism, is likewise not supported by 
the experimental evidence. Eight possible type I1 channels were 
identified in ref 2. These consist of four channels measuring 8.8 
A or more and four channels measuring about 8.6 A. 

The ordering mechanisms in [CCl(py)H]3Fe2Brg and [4-Br- 
(py)H],Fe2Br9 are similar, as is apparent from the morphology 
of the transitions and the entropy distributions (Figure 7). The 
small shift in transition temperatures is attributed solely to the 
change in the length of the exchange pathways upon chemical 
substitution. The presence of two ordering temperatures in each 
of these compounds is surprising, however. More than a single 
ordering temperature a t  zero external field is rare among 
coordination compounds. An example that comes to mind is 
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NiC12.2H20,I2 whose magnetic phase diagram reveals two 
antiferromagnetic phases belonging to two different space 
groups.13 Several ordering temperatures are also found for several 
Mn,O, minerals,14 C U O , ~ ~ , ’ ~  MnAsl-,Px,17 and several lanthanide 
compounds such as PrCo2Si2,18 and CeSb.I9 Two ordering 
temperatures and a first-order transition associated with a 
structural change a t  T,l are found for MnxCrl-xAs.20 It is 
thereforeevident that both [4-Cl(py)H]3FezBr9 and [CBr(py)H]j- 
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Fe2Br9 exhibit two canted antiferromagnetic phases belonging to 
two different space groups where neither the canting angle nor 
the easy axis changes between these phases. 

The mixing of [4-Cl(py)HIf and [4-Br(py)H]+, as in [4-C1- 
(py)H] I 1 [CBr(py)H] I 9Fe2Br9r complicates the exchange path- 
ways and reduces the magnetic symmetry. There are four 
molecular units in a unit cell and the resulting eight [FeBrlI- ions 
are arranged in four pairs of tetrahedra. The presence of two 
types of cations may create two classes of Fe-Br-Br-Fe 
interactions: [CCl(py)H] 3FezBrg-like and [4-Br(py)H]3FezBr9- 
like, which are found to order independently. The two ferro- 
magnetic peaks in the magnetic susceptibility occur in measure- 
ments taken with the magnetic field parallel to the h axis, 
indicating canting toward that axis, with c as the easy axis. It is 
evident that only a portion of the moments are canted toward the 
b axis at  7.80 K and that the rest of the moments become canted 
only at  7.52 K, causing the two ferromagnetic peaks. The lower 
magnetic symmetry prevents the transition to the lower tem- 
perature phase at  about 5.5 K. 
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