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Mossbauer Study of the Direction of Spin 
Alignment in Oxalate-Bridged Metal Assemblies 

SEIICHIRO IIJIMA and FUMIO MIZUTANI 

National Institute of Bioscience and Human-Technology, 1 -I Higashi, Tsukuba, 
Ibaraki 305-8566, Japan 

The direction of spin alignment was investigated for three mixed crystal systems of 
molecule-based magnets, NBu4[Fe(II),Mn(II)I,Cr(III)(ox)~] (x  = 0.03-1). NBu4 
[Mn(II)Fe(III Cr(III)~,(ox)~] (x = 0.04 - 1) and NBu4[Fe(II)~i(II)1.,Fe(III)(ox)3] (x  = 0 - 
l), by using "Fe Mossbauer spectroscopy, where NBu4+ = tetra(n-buty1)ammonium ion and 
ox2- = oxalate ion. With the decrease of x, the direction of the internal magnetic field (H,) at 
Fe(I1) nucleus in NBu4[Fe(II)pn(II) ~.xCr(III)(ox),] was changed gradually from parallel to 
perpendicular, to the honeycomb layers consisting of an alternate array of the bivalent and 
tervalent ions through ox2- ligands; this indicates that the Mn(I1) spin direction in 
N B ~ ~ [ M ~ ( I I ) C ~ ( I I I ) ( O X ) ~ ]  (x = 0) is almost perpendicular to the honeycomb layers. An 
approximately perpendicular spin alignment was also indicated for the Cr(II1) ions in the 
same compound, from the x-dependence of the Fe(II1) spin direction in 
NBu~[Mn(II)Fe(III),Cr(lIII)~~,(ox)~]. A variation of ca. 50" in direction was observed for the 
If, at Fe(II1) in NBq[Fe(II), Ni(II),.,Fe(III)(ox)3]. 

Keywords: Mossbauer spectroscopy; oxalates; mixed-metal compounds; spontaneous mag- 
netization; spin direction 

INTRODUCTION 

In the field of molecule-based magnetism, the oxalate-bridged mixed-metal 

assemblies A[M(II)M'(III)(ox)~] have attracted much attention in recent 

[855]/143 
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144/[856] SEIICHIRO IIJIMA and FUMIO MIZUTANI 

where A’ = organic cations such as quarternary ammonium and 

phosphonium ions, and ox2. = oxalate ion The A[M(II)M’(III)(ox)3] 

compounds have the same basic structure that is constructed by the 

honeycomb layers consisting of the alternate array of M(I1) and M’(II1) ions 

through ox2- ligands, being separated by the templating counter ions A‘ [9-121, 

as schematically shown in Fig 1 One of the most notable features of this 

class of compounds is that both of bulk ferromagnetic and ferrimagnetic 

interactions can be produced by choosing properly the M(I1)-M’(II1) 

c~mbination’l‘~’ For the investigation of the electronic and magnetic 

structures of iron containing members of A[M(II)M’( 1II)(ox),] family, 57Fe 

Mossbauer spectroscopy has been employed as a p o w e h l  t 0 o 1 ~ ~ ~ - ~ ~ ~  The 

angle (0) between the internal magnetic field (H.) and the principal axis of V, 

at the Mossbauer nucleus is a key parameter for determining the spectral 

pattern of a where V, is the principal component of the electric 

0 = M(II), 0 = M’(II1) 

FIGURE 1 (a) Schematic [OOl] projection of the basal layer in 

A[M(II)M’(IIl)(ox)~] and (b) schematic side view of the basal layers 

(a simplified [ 1 101 projection) The principal axis of 6:: and the angle 

0 are shown for the M(II) site. 
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MOSSBAUER STUDY OF SPIN ALIGNEMENT [&57]/145 

field gradient tensor The principal axis of K z  of iron in both the M(I1) and 

M’(II1) sites of A[M(II)M’(III)(ox)3] is rationally thought to coincide with the 

D3 axis which goes through the iron atoms and is perpendicular to the basal 

layers (see Fig Ib) The previous pape+l6’ reported spectral pattern 

differences in Fe(II1) absorption between the compounds 

NB~[M(II)F~(III)(ox)J] (M = Mn, Fe, Ni), and the differences suggested a 

wide variation of the 0 at Fe(III), where m u 4 ’  = tetra@-buty1)ammonium 

ion In the present study, we have measured ”Fe Mossbauer spectra for 

NBU~[F~(II),M~(II)I~,C~(III)(O~)~] (x = 0 03 - I), NBu4[Mn(II)Fe(III), 

Cr(III)1.4ox)3] (x = 0 04 - 1) and NBU~[F~(II),N~(II)~,F~(III)(OX)~] (x = 0 - 

1) from the special interest in the 0 value, which reveals the direction of spin 

alignment in the crystal lattice of A[M(II)M’(III)(ox)~] system. 

EXPERIMENTAL 

Compounds NB~~[F~(II)~M~(II)I,C~(III)(OX)~] (x = 0.03, 0.08, 0.15, 0 45) 

were prepared by adding an aqueous solution (2.5 ml) containing MnC12 and 

FeS04 (total amount of MnCl2 and FeS04 = 0.5 mmol) to an aqueous solution 

( 5  ml) of K3Cr(ox)3.3H20 (0.5 mmol) containing tetra-n-butyl bromide (0 75 

mmol). The microcrystals formed were collected by filter suction, washed 

with water, and dried over P40la. The x values were calculated from the 

ratios of the content of Mn to that of  Fe obtained by atomic absorption 

analyses The microanalyses data for C, H and N, the atomic absorption 

analyses data for Mn and Fe, and the ICP emission anaysis data for Cr were in 

good agreement with the calculated data using these x values. Enrichments of 

Fe were made for the cases x = 0.03, 0.08 and 0 15; the isotopic abundances 

of 57Fe were calculated to be 95.1 % for the compounds with x = 0.03 and 

0.08. and 17 7 % for that with 0.15. 

57 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

19
 1

7 
A

ug
us

t 2
01

2 



I46/[858] SEIICHIRO IIJIMA and FUMIO MIZUTANI 

Compounds NBu4[Mn(II)Fe(III),Cr(III)~.~ox)~] (x = 0 04, 0.26, 0 46, 

0 71, 0 86 and 0 96) were prepared by adding an aqueous solution (3 ml) of 

MnC12.4H20 (2 mmol) to an aqueous solution (10 ml) containing tetra-n-butyl 

bromide (3 mmol), K3Fe(ox),.3H20 and K3Cr(ox)3.3H20 (total amount of 

K3Fe(ox)3.3H?O and K3Cr(ox)3,3H20 = 2 mmol). The chemical compositions 

of NBu~[Mn(II)Fe(III),Cr(III)I,(ox)~] were obtained from the atomic 

absorption data for Fe, the ICP emission data for Cr and the microanalyses 

data for C, H and N, similarly to the case of 

NBu4[Fe(II)xMn(II)~,Cr(III)(ox)3] Enrichments of 57Fe were made for the 

cases x = 0 04 and 0.26; the isotopic abundances of ”Fe were calculated to be 

48 8 and 9 96 YO, respectively 

Compounds NBU~[F~(II),N~(II)~.~F~(III)(OX)~] (x = 0.04, 0 10, 0.22 and 

0 49) were prepared by adding an aqueous solution ( 2  ml) containing 

Ni(N0.1)~ and FeS04 (total amount of MnClz and FeSOa = 1.5 mmol) to an 

aqueous solution (10 ml) of K~Cr(ox)3.3H~O (1.5 mmol) containing tetra-n- 

butyl bromide (2.25 mmol). Their chemical compositions were obtained from 

the atomic absorption data for Ni and Fe, and the microanalyses data for C, H 

and N.  

Mossbauer spectra were measured with an instrument described 

previously(16’. The hyperfine parameters were obtained by lest-squares fitting 

to Lorentzian peaks. The isomer shifts are reported relative to metallic iron 

foil The temperature accuracy was estimated to be k 0 5 K 

RESULTS AND DISCUSSION 

NBu~[Fe(II)Cr(III)(ox)~] is known as a ferromagnet (the Curie temperature, 

T, = 12 K)12] From the analysis of the Mossbauer line shape of this 

compound with the ordinary procedure for the cases where the magnetic 

hyperfine interaction and the quadrupole interaction are the 
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MOSSBAUER STUDY OF SPIN ALIGNEMENT [859]/147 

0 value was est imated to  be 90" with 7 (asymmetry parameter)  = 

0 and the negative sign of Vz('3,141. This 0 value means that the H. at Fe(I1) 

is parallel to the basal honeycomb-like layers 

The Mossbauer spectra of 

N13u4[Fe( Q M n (  11) &r( 111) 

  OX)^] (X = 0.03, 0.08, 0.15, 

0.45) measured at 4.2 K were 

shown in Fig. 2. The 

compound with x = 0.45 

showed virtually an identical 

spectrum to that of 

N13u4[Fe(II)Cr(III)(ox)~] (x = 

I ) ,  the spectrum apparently 

consisted of a doublet at the 

lower energy side and a triplet 

at the higher energy side (Fig. 

la) When x was lowered 

below 0.45, the spectrum 

shape began to change 

gradually (Figs. 2b, c). and at 

x = 0.03, the spectrum 

apparently consisted of a 

doublet at lower energy side 

and a broad singlet at the 

higher energy side as shown in 

Fig. 2d Although both the 

change of the sign of LI and 

"bLL ~~ 1- - .- _ _  -1 
J + 4  li . 

Velocity / rnrn s '  

FIGURE 2 Mossbauer spectra at 4 2 

K of NBu~[F~(II)~M~(II)~.~C~(III)   OX)^] 

with x = (a) 0 45, (b) 0 15, (c) 0 08 and 

(d) 0 03 
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148/[860] SEIICHIRO IIJIMA and FUMIO MIZUTANI 

the decrease of 0, with decreasing x, can cause such a kind of spectral 

change, the former possibility was ruled out from the plot of the quadrupole 

splitting (&), determined just above T,, against x. If the vl,'s sign was 

changed from negative t o  positive with decreasing x, the A& should be zero 

at a certain value of x. The A& showed in practice only a slight and 

monotoniuos decrease by changing x from 1 0 to 0 03 (e.g , dl.& = 1.81 mm/s 

(12 K) for x = 1 and A& = 1.77 m d s  (8K) for x = 0.45 and 0.03). 

Therefore, the spectral change seen in Fig. 2 is ascribed to the decrease of 0 

with decreasing x. 

The 0 value of each NBu4[Fe(Il)~Mn(II)~,Cr(III)(ox)3] compound was 

estimated from the peak positions and the relative peak intensities of the 

Mossbauer absorptions 'I8-*"' using the 7 value of 0, and was plotted against 1 

in Fig. 3a. This figure shows that the 0 of NB~4[Fe(lI)&4n(lI)~, 

Fe(III)(ox)j] approaches 0" when the x is decreased extremely. This reveals 

that the direction of 

alignment of Mn(I1) 

spins in NBud[Mn(II) 

Cr(IIl)(ox)3] is almost 

perpendicular to the 

basal layers, in accord 

with the results of a 

single crystal 

magnetization study 

suggesting an easy axis 

perpendicular to the 

basal layers for this 

cornpo~nd"~'  

O L  ' ' . ' * " " ' 
00 02 0 4  06 0 8  1 0  

X 

FIGURE 3 The variations 0 of with x 

for (a) NBud[Fe( II),Mn( 11) I ,Cr( 11 I)(  OX)^], 

(b) NBu~[Mn(ll)Fe(III),Cr(1Il)~,(ox)~] 

and (c) NBul[Fe(II),Ni( 11) I.xFe( HI)(  OX)^] 
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MOSSBAUER STUDY OF SPIN ALIGNEMENT [861]/149 

Recently, it was shown that the neutron diffraction patterns observed for 

[P(C6D~)4][h4n(II)Cr(III)(ox)3] (P(CbD5); = tetra(d5-pheny1)phosphonium 

ion) correspond to the perpendicular ferromagnetic alignment of Mn(I1) and 

Cr(II1) spins, although the calculated magnetic diffraction pattern still shows 

some deviations"I1. 

NB~~[M~(II)F~(III)(ox)~] is known to act as an antiferromagnet with spin 

canting below the Nee1 

temperature, TN - 27 

Each Mossbauer 

spectrum at 4.2 K 
measured for the mixed 

crystals NBur[Mn(II) 

Fe(rIr),Cr(III),.~ox)91 

consisted of a well- 

resolved magnetically- 

split sextet with a small 

absorption of ferric 

impurity; the spectra of 

the compounds with Y = 

0.04, 0.46 and 0.96 are 

shown in Fig. 4, as 

examples. The SI - S2 

value in the spectrum of 

NBu4p4n(II)Fe(III)(ox) 

3 1  (x = 1) is reported to 

be almost zero"61, 

where SI and SZ 

FIGURE 4 Mossbauer spectra at 4.2 K 

of NBu~[M~(II)F~(III),C~(III)~-~OX)~] 
with x = (a) 0.96, (b) 0.46 and (c) 0.04. 
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150/[862] SEIICHIRO IIJIMA and FUMIO MIZUTANI 

represent the interval between the lowest-energy and second lowest-energy 

peaks, and that between the highest-energy and second highest-energy peaks, 

respectively (cf. Fig. 4a). The SI - S2 became negative (Fig. 4a) on lowering 

the x, and exhibited a large negative value (- I . 2  mm/s) at x values betow ca 

0 5 (Figs. 4b,c) The 0 for the Fe(I1I) in NBu4[Mn(II)Fe(llI)xCr(111)~.~ox)~] 
was obtained by the approximate equation for axial symmetry, S1 - S2 = 

-(1/2)eK2Q(3cos2@ - I), which can be applied to the cases where the 

magnetic hypertine interaction is much larger than the quadrupole 

interaction[211. LIEU just above the magnetic transition temperature was 

employed as the value of l(l/Z)eF’&( for the calc~lation[~’, and the positive 

sign of V ,  was found for the Fe(II1) nuclei in all NBu4[Mn(11)Fe(III)(ox)~] 

compounds(221. The estimated 0 values were plotted against x in Figs. 3b On 

lowering the Y from I ,  the @ decresed rapidly first, and then it approached a 

constant value close to zero. This figure indicates that the Cr(II1) spins in 

NBu,[Mn(1I)Fe(llI)(o~)~], as well as the Mn(I1) spins in the same compound, 

are aligned along an axis almost perpedicular to the basal planes, as expected 

An interesting difference was, however, observed in the the 0 - x profile 

between the Fe(I1) in NBUJ[F~(I~)~M~(II)~,C~(~II)(OX)~] and the Fe(II1) in 

NBU~[M~(II)F~(II~).,C~(III)~.~(OX)~]. It seems that the single ion magnetic 

anisotropy of high-spin Fe(Il)16.171 governs the 0 - Y profile of the former 

Fe(1I) 

It is known that NBu~[N~(II)F~(III)(ox)~] and NEh~~[Fe(lI)Fe(IlI)(ox)~j 

act as ferrimagnets = 28 and 43 K, respectively) W’ The Mossbauer 

spectra measured at 4.2 K for the mixed crystals NBuJIFe(II).rNi(II)l. 

,Fe(III)(ox)3] consisted of a superposition of magnetically-split Fe(I1) and 

Fe(II1) absorptions (data not shown) The Fe(II1) component was a well- 

resolved sextet similar to the spectra of NBu4[Mn(II)Fe(IlI)xCr(lII)l.x(ox)~], 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

19
 1

7 
A

ug
us

t 2
01

2 



MOSSBAUER STUDY OF SPIN ALIGNEMENT [863]/15 1 

and the 0 value of Fe(II1) in each NBu~[Fe(II),Ni(Il)~~xFe(III)(ox)~] 
compound was estimated from the SI - SZ value[*”. The positive sign of  V, at 

Fe(II1) was determined for all NBU~[F~(II),N~(II)~,F~(III)(OX)J] compounds 

from the investigation of their ~ E Q  values at temperatures just above T$6*22’. 
A variation of ca. 50” was observed for 0 in these mixed crystals, as shown in 

Fig. 3c. The 0 of Fe(II1) in NBu~[F~(II)~N~(II)I.,F~(III)(~~)~] begins to 

decrease rapidly when the x comes to fairly small values; the single ion 

magnetic anisotropy of high-spin Fe(I1) is ascribable to  the 0 - x profile (Fig. 

3c), similarly to the case of the Fe(l1) in NJ3u~[Fe(11),Mn(11)1,Cr(111)(ox)~]. 

Only slight decreases in the magnitude of H. (H,,) on lowering x were 

observed for the Fe(l1) in NB~~[F~(II),M~(II)I,C~(II~)(OX)~] (H,, = 38 kOe for 

x = 1 and 27 kOe for x = 0.03) and for the Fe(1II) in N B U ~ [ F ~ ( I I ) ~ N ~ ( I I ) ~ ,  

Fe(III)(ox)3] (H,, = 537 kOe for x = 1 and H,, = 509 kOe for x = 0), while the 

H, at Fe(lI1) in NBu~[Mn(II)Fe(IJI),Cr(III)~,(ox)~] exhibited a relatively large 

change with x (Ha = 502 kOe for x = 1 and H,, = 400 kOe for x = 0.04). 

The above results clearly demonstrate that the direction of spin alignment 

or the easy axis of magnetization in A[M(II)M’(III)(ox)~) system can be 

controlled freely by the method of mixed crystallization. In addition to the 

reported control of the mode of magnetic interactions (ferromagnetism, 

ferrimagnetism, etc ) in the same system“-‘I, this observation of the “fine 

tuning” of magnetic structure would stimulate the researches of mofecule- 

based magnetic materials for practical applications such as electronic devices. 
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