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Magnetic Properties of 
(CITEX-TTF)FeBr4(X=S, Se) 

MASAYA ENOMOTO, AKlRA MIYAZAKI and TOSHIAKI ENOKI 

Department of Chernisty, Fuculty of Science, Eikyo Institute of Technology, 
Ookayama 2-12-1, Meguro-ku, Tokyo 152-8551, Japan 

The correlation between the magnetic properties and crystal structure of isostructural n-d 
interaction systems (CITEX-TTF)FeBr4 (X=S, Se) is investigated by crystal structure analy- 
sis and magnetic susceptibility measurements. These salts form a sheet structure consisting of 
one-dimensional anion zigzag chains and donor dimers, the latter of which bridge between 
two anion chains. The susceptibility, to which only Fe3+ (S=5/2) spins contribute as a trian- 
gle-based spin ladder system, shows antiferromagnetic phase transitions at TN=4.2K and 
3.6K for X=S and Se, respectively. Below TN. weak ferromagnetism appears due to the Dzy- 
aloshinski-Moriya interaction when the field is applied along one of the spin hard-axes. The 
difference between the two salts in the weak ferromagnetic transition suggests that the inter- 
action between two Fe3+ spin ladders is reduced by a half with changing X=S to Se. 

Keywords: n-d interaction; weak ferromagnetism; TTF derivative; spin canting; spin ladder; 
Dzyaloshinski-Mori ya interaction 

INTRODUCTION 

Organic donor molecules, such as TTF derivatives, form a large variety of 
charge transfer complexes and radical ion salts by reacting with acceptors or 
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anions, These planar-shaped TTF derivatives tend to be arranged in a face-to-face 
an&or side-by-side fashion to form a one- or two-dimensional structure. 
Consequently, the overlap of the x-electron wave hnctions between adjacent 
donors produces a low dimensional extended electronic structure, which is 
stabilized in a metallic or insulating state depending on the detailed feature of the 
structure. When we employ some transition metal anions that have localized d- 
electron spins as the constituents of the complexes, the d-electron spins are 
expected to interact with the donor x-electrons. The x-d interaction will produce 
itinerant electron magnetism in the case of metallic nelectron systems or x-d 
composite magnetism if the x-electron system is in the insulating One of 
the most characteristic properties of organic donor molecules is that they are easy 
to modify a part of their constituent elements. In addition, the substitution of one 
anion with another one tends to give isostructural salts when these anions have 
the same structure. Accordingly, if a salt forms the same structure with changing 
the components of the donor or the anion. we can directly investigate the 
substitution effect between the isostructural salts1”. Especially, it is known that 
some types of atom substitution, such as Fe to Ga or S to Se, easily give 
isostructural salts. As a result, we can control the crystal structure and the 
magnetic properties of the salts by the atom substitution. 

In this study, we investigate the magnetic properties of isostructural x-d 
composite systems (C,TEX-TTF)FeBr, (X=S, Se) in relation to the 
substitutional effect between X=S and Se. The employment of C,TET-TTF 
(4,5-bis(methylthio)-4’,5’-(ethylenedithio)tetrathiafUlvalene) and C,TESe- 
TTF (4,5-bis(methylthio)-4’,S’-(ethylenediseleno)tetrathiafUlvalene) (Fig. 
1) as donors is expected to give a multi-channel exchange interaction network, 
since possible inter-molecular interactions are extended to two different 
directions, namely, along the short side and long side of the donor molecules. 
The introduction of an FeBr, 3d electron spin system is expected to provide 
interesting n-electron-mediated magnetic systems when it is incorporated with 
the donor network. 

Me 
I 

(;I:H:xs S I 

Me 
FIGURE 1 The molecular structure of C,TEX-TTF (X=S, Se) 
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MOLECULAR MAGNET (C ,TEX-TTF)FEBr4(X=S, Se) [ 1007]/295 

EXPERIMENTAL 

C,TET-TTF'4-61 and C,TESe-TTF17,s1 were prepared according to the 
previous reports. Single crystals of (C,TET-TTF)FeBr4 and (C,TESe- 
TTF)FeBr, were obtained by a galvanostatic anodic oxidation method under a 
stationary current of 0.50-2.00 p A  for a synthetic period of 3-4 weeks using 
5mg of C,TEX-TTF, 30-50mg of (n-Bu,N)FeBr, as a counter anion and 15cm' 
of ethanol as a solvent. In addition, single crystals of isostructural non- 
magnetic (C,TET-TTF)GaBr, were obtained by using (n-Bu,N)GaBr, under 
the same synthesis condition to that for the FeBr,- salt. The crystal structures 
were determined by a single crystal X-ray diffraction method using a Rigaku 
AFC-7 four-circle diffractometer. The reflection data were collected in the 
range of 28=5 to 55 degrees. Their structures were solved with the direct 
methods using SHELXS-86, then refined with the fill-matrix least-squares 
method using SHELXL-93. The coordinates of hydrogen atoms were 
calculated geometrically. The magnetic susceptibilities were measured using 
Quantum-Design MPMS-5 SQUID magnetometer up to a field of 5T in the 
temperature range 1.8-300K. 

EXPERIMENTAL RESULTS 

The obtained salts are isostructural with each other with a 1 : 1 donorhion 
composition in monoclinic space group C2/c.  Fig. 2(a) shows the unit cell of 
(C,TET-TTF)FeBr,. Head-to-tail donor dimers are stacked to form a twisted 
columnar arrangement along the c-axis, where no inter-dimer atomic contacts 
are shorter than or in the same range to the corresponding van der Waals 
distances, implying the absence of the inter-dimer interaction along the c-axis. 
The anion molecules form a one dimensional zigzag chain structure extended 
along the h-axis. The ratio of the inter-anion Br-Br distance to  the 
corresponding van der Waals distance (van der Waals ratio) is estimated at 
1.02 and 1.05 for (C,TET-TTF)FeBr, and (C,TESe-TTF)FeBr.,, respectively, 
suggesting the presence of the inter-anion exchange interaction paths along 
the 6-axis. Moreover, there are close contacts between an anion and its 
neighboring donor dimer on the (107) plane, as evidenced by the fact that 
the van der Waals ratios of the Br-X distance are 0.99 and 0.96 - 0.97 for X=S 
and X=Se, respectively. Therefore, we cannot ignore the interaction between 
adjacent two anion chains, which are bridged by the dimers. As a whole, as 
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FIGURE 2 Crystal structure of (C,TEX-TTF)FeBr, (X=S, Se) (a) The 
unit cell viewed along the h-axis (b) The projection to the (107) plane 
The thn  solid and dotted lines indicate the short Br-Br and Br-X 
contacts, respectively Solid arrows give three super-exchange paths, Fe- 
Br Br-Fe (path I), Fe-Br D Br-Fe (path 2).  Fe-Br @)z Br-Fe (path 
3), where D denotes a donor molecule 

shown in Fig. 2(b), the structure of these salts is featured by the composite 
layers composed of anion chains and donor dimers on the (lOT) plane. The 
inter-anion interaction along the direction perpendicular to the (107) plane is 
negligibly small since the van der Waals ratio of the shortest Br-Br contact is 
larger than 1.5. This fact suggests that adjoining sheets are independent from 
each other taking into account the absence of the inter-dimer interaction 
between the layers. 

Figs. 3(a) and (b) show the temperature dependence of  the magnetic 
susceptibility in an applied field of IT and the magnetization curve at 2K for 
(C,TET-TTF)FeBr,, respectively. The susceptibility obeys the Curie-Weiss 
law in the high temperature range, where the Curie constant C and the Weiss 
temperature 0 are estimated at C=4.6emu K/mol and @=-I SK, respectively. 
The observed Curie constant is explained in terms of only high-spin Fe" 
S=5/2 spins, hence no contribution of the donor Ir-electrons to the localized 
spin system is observed Therefore, the n-electron spins on the donor 
molecules are stabilized in the singlet ground state due to the dimerized 
structure where one hole having a S 1 1 2  is given to a donor according to the 
1: 1 donor-to-anion ratio. The singlet formation i n  the donor dimer is 
supported by the magnetic susceptibility of isostructural (C,TET-TTF)GaBr, 
which is found to  have no localized spins. At  low temperatures, the 
susceptibility shows a short-range order hump around 10K which is 
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MOLECULAR MAGNET (C,TEX-TTF)FEBr,(X=S, Se) [ 1009]/297 

FIGURE 3 The temperature dependence of the susceptibility at 
H=IT (a) and the magnetization curves at 2K (b) for (C,TET- 
TTF)FeBr, (0: H //a-axis, A :  H //b-axis, 0: H //c-axis). Am, 
denotes the induced magnetization due to the weak ferromagnetism. 

accompanied by an antiferromagnetic transition at TN=4.2K. When the 
external field is applied parallel to the a-axis, the susceptibility decreases with 
decreasing temperature below T,, while, in the field parallel to the 6- and c- 
axes, the susceptibility shows less temperature dependent behavior below ZN. 
This proves that the spin easy axis is oriented parallel to the a-axis. It should 
be mentioned that under the field parallel to the b-axis, there is a small cusp at 
TN, which is followed by a gradual increase on the low temperature side of T,. 
This behavior can be explained by the weak ferromagnetic behavior. The 
magnetization curve shows a spin-flop transition at H,=2.3T when the field is 
applied parallel to the a-axis, consistent with the result of the susceptibility 
measurement As to the c-axis, the magnetization curve shows ordinary hard 
axis behavior. However, if the field is applied parallel to the b-axis, an 
additional magnetization appears in the magnetization curve above a 
transition field of Hd-=2.3T, where the induced magnetization is estimated at 
h d = 0 . 2 1 ~ .  Taking into account the feature of the weak ferromagnetism 
emerging in the susceptibility around TN in the field H //h-axis, the induced 
magnetization can be explained in terms of spin canting, where the canting 
angle is estimated at 4.7". 

Figs. 4(a) and (b) show the temperature dependence of the susceptibility 
and the magnetization curve for (C,TESe-TTF)FeBr,, respectively. The 
susceptibility associated with Fe" spins obeys the Curie-Weiss law in the high 
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FIGURE 4 The temperature dependence of the susceptibility at 
H=IT (a) and the magnetization curves at 2K (b) for (C,TESe- 
TTF)FeBr, ( 0 : H  la-axis, A : H  /b-axis, 0:H lc-axis). 

temperature range with @-13K Then, it shows a short range order hump 
around 6K which is sharper than that of (C,TET-TTF)FeBr,. An 
antiferromagnetic transition takes place at TN=3.6K. The measurements of the 
anisotropy in the susceptibility suggest that the easy axis is oriented parallel to 
the a-axis similar to that in X=S. The magnetization curves of (C,TESe- 
TTF)FeBr, have the similar trend with the same spin axis dependence to those 
of X=S. Namely, a spin-flop transition takes place at Hs,=2.3T, while a weak 
ferromagnetic transition occurs at H&.OT where the induced magnetization 
is estimated at h,,,.10.04&, giving a spin canting angle of 0.9". 

DISCUSSION 

Firstly, we discuss the magnetic structures of the two salts based on the 
information on the crystal structures and magnetic properties. As can be seen 
in Fig. 2, the structural consideration suggests that the magnetic interaction 
network is composed of three-kinds of super-exchange interactions; that is, 
the Fe-Br-Br-Fe path (path 1 )  along the anion one-dimensional zigzag chain, 
the Fe-Br-D...Br-Fe (D: donor molecule) path (path 2) along one anion chain 
which bypasses every two FeBr, anions and the Fe-Br.-(D)2...Br-Fe path 
(path 3) where a donor dimer bridges between adjoining anion chains. From 
the consideration on the strengths of the interaction, the topological feature of 
the interaction network is characterized. The combination of J ,  and J2 in one 
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anion chain gives triangle-based ladder structure. Moreover, J3 contributes to 
the inter-ladder interaction. In general, the strength of the exchange 
interaction depends on the numbers of atoms, which participate in its super- 
exchange paths. Namely, it increases as the number increases. Therefore, the 
strengths of the exchange interactions are considered to be on the order of 
J,>J,>J, Here, we discuss the magnetic structure of the ladder system on the 
basis of the molecular field scheme with JI and J2, where the neglect of the 
weakest interaction J, is justified according to the later discussion. Assuming 
that the structure of the individual ladder is characterized with the two 
sublattice system as exhibited in Fig. 5, the relation between 0 and T., is 
given by the following equations, 

where z1=2 and z,=2 are the numbers of the neighboring spins connected by J1 
and J2, respectively. N is the number of the spin sites in a ladder. For the 
estimation of J ,  and J2, we employ the value of the short-range order hump 
temperature as the representative of TN, because the discussion is based on the 
molecular field frame and the rather small difference between TN and the 
temperature of the hump proves the validity of the discussion at least in the 
temperature range above the temperature of the hump. Using the value of - 
@“TN=1.8 for X=S and 2.2 for X=Se, we obtain JI-1.20K, J2-0.35K and 
Jl-0.81K, J2-0.31K for X=S and Se, respectively. The second nearest 
exchange interaction J? that bridges every two spin sites causes spin 
frustration effect, resulting in the reduction in the value of TN compared with 
the value of 0. The finding that J2/JI is larger in X=Se than in XIS proves 
that (C,TESe-TTF)FeBr, is affected more seriously by the spin frustration. 
The increase in J2 /J, in X=Se is consistent with the fact that the van der 
Waals ratio of the Br-Br distance for J ,  is extended by the substitution of S 
with Se, whereas that of the Br-X distance for J2 is shortened. 

The magnetization curves also give information on the exchange 
interactions in relation to the spin-flop transition and the saturation field as 
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a-.--+h a s  ...4 
c K + d  d *. /-w 

FIGURE 5 Four-sublattice magnetic structure model (a) above and 
(b) below the weak ferromagnetic transition field Hwp Sublattices are 
denoted by a, b, c and d. The solid, dotted and dot-dashed lines give J, ,  
J2 and J3, respectively. 

expressed by, H, = JHA(2H, - H A )  and H,.=2H,-HA, where HA, HE and H, 
are the exchange field, the anisotropy field and the saturation field of the 
magnetization, respectively. The saturation field is estimated as a field at which 
the extrapolated line of the linearly increasing hard axis magnetization curve 
to the high field range reaches the saturation magnetization Ms=NgpJ=5. l k  
(S=5/2). The experimental observation gives Hc=18T, H,i2.3T for X=S and 
Hc=15T, Hp2.3T for X=Se. Consequently, we obtain HA=0.29T and 0.35T, 
HE=9.2T and 7.7T for X=S and Se, respectively. HE is related to A and Tas, 

(4) HE = AM - T M  , M = N 1 2 . g ~ ~  < S > . 

From the above equations, we obtain J,-1.76K, J2-0.51K and J,-1.68K, 
J2-0.64K for X=S and Se, respectively. The obtained values are in semi- 
quantitative agreement with those estimated from Eq. ( I ) .  

Next, we discuss the weak ferromagnetism. The experimental finding 
suggests that the additional contribution to the magnetization appears above a 
transition field of Hwp This means that the spontaneous magnetizations dm,, 
related to the weak ferromagnetism are cancelled between the sublattices 
below H& In order to explain the origin of the weak ferromagnetism, we 
employ a four-sublattice model with a canted spin configuration as given in 
Fig. 5 where J3 connects adjacent ladders. Figs. 5(a) and (b) show the possible 
spin arrangements for H < H,. and H > H,, which explain all of the 
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experimental results self-consistently. In this model, we take the a- and b-axes 
as the spin easy axis and the direction of the spontaneous magnetization of 
weak ferromagnetism, respectively. The absence of an inversion center 
between two adjacent FeBr,. anions suggests the Dzyaloshinski-Moriya 
interaction19.1u1 as the origin of the spin canting. The energies of the spin 
system below and above H ,  are expressed in terms of JI, Jz  and J3 in the 
following equations, 

E,=-2/lSS+2/zSS-3J'SS. (H < H,J ( 5 )  

El~-z l ,SS+U~S~3. / ,SS  ( H  Hd) (6) 

where the numbers of the neighboring spins are given to be z,=2, z2=2 and z3=3 
for JI, J2 and J3, respectively. Therefore, the difference between the energies, 

E,. - E,= 6J3SS, (7) 

is equated to the energy gain produced by the weak ferromagnetic transition 
as given by 

Ef - E,=dmdd. .  (8) 

Using the values obtained by the experiments; H,, =2.3T, A m ~ 0 . 2 1 p B  for 
(C,TET-TTF)FeBr, and H z 4  .OT, Am~O.O6cr ,  for (C,TESe-TTF)FeBr,, the 
estimation gives J3=9 X 10.' and 4 X 103K for X=S and Se, respectively, which 
is two orders of magnitude smaller than .J2. This suggests the validity of the 
spin-ladder model for the present systems. It should be noted that the strength 
of J3 is two times larger in X=S than Se. The emphasized importance of J3 in 
X=S can be explained by the S/Se substitution-induced structural 
modification, that is, the intra-dimer transfer integral, which contributes to a 
part of the super-exchange path 3, is about 3% larger in X=S than X=Se. 

Finally, we comment on another evidence for the two-dimensionality of 
the present magnetic systems. From the specific heat, 42% of the total 
magnetic spin entropy is consumed below TN in (CITET-TTF)FeBr,['ll. The 
theoretical values of consumed magnetic entropy below TN are given to be 
29% and 76% for the two- and three-dimensional king models, respectively. 
Comparing the experimental value with the theoretical values, we conclude 
that this salt has two-dimensional magnetic structure, consistent with the 
experimental findings in the present work. 
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SUMMARY 

Isostructural cation radical salts (C,TEX-TTF)FeBr, (X=S, Se) are 
investigated as Ir-electron-mediated molecular magnet systems. The exchange 
network is characterized to be a triangle-based spin ladder system associated 
with Fe”‘ S=5/2 spins, where the donor-lr-electron-mediated super-exchange 
paths play an important role in their magnetically ordered structures. Under 
the field, weak ferromagnetism appears, which is explained in terms of spin- 
canting configurations brought about by the Dzyaloshinski-Moriya interaction. 
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