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MOSSBAUER SPECTROSCOPIC STUDIES OF {NRFeFe(ox)s}«
AND RELATED COMPOUNDS (R =n-C;Hj, n-CsHy)

SEIICHIRO IIJIMA AND FUMIO MIZUTANI
National Institute of Bioscience and Human-Technology, 1-1 Higashi, Tsukuba,
Ibaraki 305, Japan

Abstract Oxalate-bridged metal complexes, {NBus[FeFe(ox);]}x (1),
{NPry[FeFe(ox)s]}x (2), {NPrjfFeCr(ox):]}x (3) and *’Fe(I)-doped
{NPry{MnCr(ox)s]}x (4) were investigated by using *'Fe Mossbauer
spectroscopy, where NBu,", NPr," and ox” are the tetra(n-butyl)ammonium ion,
tetra(n-propyl)ammonium ion and oxalate ion, respectively. Magnetically split
features of the Mossbauer spectra of 1 and 2 below Néel temperature were
similar to each other, while a great difference in magnetization behavior between
these compounds was reported. From the temperature dependence of the
quadrupole splitting in the paramagnetic states, it was suggested that the axial
field splitting of the #,, orbitals of Fe(II) is somewhat larger in 1 than in 2. The
direction of the internal field at Fe(I) was observed to be approximately parallel
in 1-3 and perpendicular in 4 to the honeycomb layers consisting of an aiternate
array of the bivalent and tervalent metal ions through ox” ligands.

INTRODUCTION

5Fe Mossbauer spectroscopy provides significant information regarding the electronic,
magnetic and lattice-dynamical properties of materials containing iron atoms. Several
members of the molecular-based magnets found by Okawa et al,
{NBuy[M(IDM’(IIT)(0x)3] },, > have been revealed by this spectroscopy to show three-
dimensional magnetic ordering under zero applied ﬁeld,“ where NBuy™ = tetra(n-
butyl)ammonium ion, ox” = oxalate ion. Recently, Day et al. have reported that five
{ A[FeFe(ox)3]}x compounds (A" = quaternary ammonium, phosphonium or arsonium
ion) including {NBu4[FeFe(0x):]}x (1) exhibit a crossover from positive to negative
magnetization near 30 K on lowering the temperature.®® On the other hand, some
other { A[FeFe(ox);]}x compounds such as {NPr,[FeFe(ox);]}x (2) give magnetizations
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which increase monotonically below the Néel temperature (7x) as conventionally found
in materials with finite spontaneous magnetization,*® where NPr, * = tetra(n-
propyl)ammonium ion. We reported preliminary results about the temperature
dependence of the Mossbauer spectrum of 1 in the previous paper.* In the present
work, the Mssbauer spectroscopic behavior of 2 was compared with that of 1 in order
to obtain further insight into the magnetic ordering phenomena of the { A[FeFe(ox)s]}«
system. In addition, Mossbauer spectra were measured for two other compounds,
{NPr,[FeCr(0x)3]} (3) and *"Fe(II)-doped {NPr,[MnCr(0x):]1}« (4) in connection with
this purpose.

EXPERIMENTAL

Compound 1 was obtained as microcrystals by the reaction of Ky{Fe(ox);]-:3H,0 with
FeSO47H,0 in the presence of NBusBr.> Compound 2 was prepared similarly by
using NPr,Br in place of NBusBr’ Compound 3 was prepared from
K;3[Cr(ox);)-3H,0, FeSO,7H,0 and NPrBr according to the procedure for the
preparation of {NBu4[FeCr(ox)s]},” The *'Fe-doped compound 4 was obtained by
mixing an aqueous solution of K3[Cr(ox);]-3H,O and NPr,Br with an aqueous solution
of MnCl,-4H,0 which contains *’Fe’” formed by the reaction of *’Fe metal powder
with H,SO,.  Microanalyses for C, H, N, Cr, Mn and Fe afforded 4 the formula
{NPr,[FeposMng o7Cr{(0%)3] } .

Mossbauer spectra were measured with an instrument described previously.*
The hyperfine parameters were obtained by least-squares fitting to Lorentzian peaks.
The isomer shifts are reported relative to metallic iron foil. The temperature accuracy

was estimated to be +0.5 K.

RESULTS AND DISCUSSION

The Méssbauer spectra of 2 were measured at 16 different temperatures between 4 2
and 298 K. Some of these spectra are shown in Figure 1. Above 40K, the spectrum
consisted of two quadrupole doublets showing the presence of two kinds of iron

atoms, high-spin Fe(lI) and high-spin Fe(Ill), in paramagnetic states. At 78 K, for
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example, the isomer shift () and the
quadrupole splitting (4F,) were obtained
for the Fe(Il) as 1.30 and 1.83 mm/s,
respectively, and for the Fe(III) as 0.48 and
0.68 mm/s, respectively. At 35 K, the
centered absorption lines broadened and
the base line was somewhat winding (Fig.
1c). The spectra below 35 K can be
understood as a superposition of the line
components of Fe(Il) and Fe(III) split
magnetically, as shown in Figure le. The
above spectral change with temperature
clearly indicates that the 7y of 2 is around
35 K, in accord with the results of
cryomagnetic measurements.” The H, (the
magnitude of the internal magnetic field at

1012y ys5. temperature plots

the *’Fe nucleus
for the Fe(IT) and Fe(Ill) are shown in
Figure 2b. Both H, values increased
rapidly on lowering the temperature below
Tw (=35 K), and reached substantially
saturated values at 42K (62 kOe for the
Fe(1I) and 536 kOe for the Fe(IlI)).

A great difference in the temperature
dependence of magnetization between 1
and 2 was reported as mentioned in the
Introduction®™®  The crossover from
positive to (strongly) negative
magnetization of 1 on lowering the
temperature was explained by the idea that

the Fe(Il) and Fe(lll) sublattices have

Transmission/ %

Fe(ll)
[ |

o Fe(I
Fob o0 oM,
ity Y

° Fe(il)
2 4 I N 2 i
-2 ] Y [ + ] +2

Velocity / mm's™

FIGURE 1 Mossbauer spectra of
Compound 2 at (a) 140 K, (b) 40 K,
(©)35K,(d)28Kand ()42 K.
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FIGURE 2 Temperature dependences of H, of Fe(Il) ( § ) and
Fe(1I) ( i );"* (a) Compound 1, (b) Compound 2.

different temperature dependences of the magnetization (the “compensation
temperature'”” ~ 30 K), and the small H, of the Fe(II) (52 kOe", ~40kOe’ at 4.2 K)
was thought to evidence this idea.” However, it is revealed in this work that the H, of
2 is comparable to that of 1. Similar H, values are also obtained for the ferromagnets,
{NBuy|FeCr(ox)s]}x (38 kOe*, 45 kOe® at 4.2 K) and 3 (54 kOe at 42 K). The
exceptionally small H, values of high-spin Fe(I) of these compounds would be
understood by a large positive contribution of the orbital moment to H,, which is
comparable in magnitude to the negative Fermi contact term.*’

On the other hand, if some difference in the saturation behavior of H, on

lowering the temperature is observed between the Fe(II) and Fe(Ili), it is evident that
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the Fe(Il) and Fe(III) sublattices do not become magnetized to an equivalent extent at
the same temperature. The H, vs. temperature plots for the Fe(II) and Fe(IIl) of 1 are
shown in Figure 2a." No clear difference was found between the plots for Fe(II) and
Fe(IIl) in this figure, although a slight tendency that the H, of Fe(I) saturates more
rapidly than that of Fe(III) may be suggestive, from the comparison with the case of 2
(see Figure 2b).

High-spin Fe(II) ions often exhibit a large temperature dependence of AEq, and
the temperature dependence can be analyzed primarily by the energy separation of the
b, orbitals (4.1 The AEJAE(78) vs. temperature plots for 1 and 2 in the
paramagnetic state are shown in Figure 3, and some difference was seen between them,
where AE(78) represents the AEq value at 78 K. On the assumption of D; symmetry
around Fe(ID)," the plots for 1 and 2 fitted well below ca. 180 K to the calculated
curves'>"* with 4 =330 and 310 cm™, respectively. The A value, reflecting the degree
of the trigonal distortion around the Fe(Il), would affect the single ion magnetic
anisotropy at the Fe(Il) site, which in turn influences the temperature dependence of
the Fe(Il) sublattice’ The above results about A show the possibility that a small
enhancement of the anisotropy at Fe(Il) in 1 causes its unusual magnetization behavior
through the process of different temperature dependences in the magnetization
between the sublattices.’

The temperature dependence of the area intensity of the Mdssbauer absorption
(4 = total area intensity of Fe(II) and Fe(IIl)) is shown for 1 and 2 in Figure 4. An
anomaly in the logarithm of 4 vs. temperature plot was found for each compound,
similarly to the case of {NBu[FeCr(ox):]},,’ and it indicates a broad phase transition
between 180-220 K. The Debye temperature was estimated for 1 to be 159 K in the
low temperature range (below 180 K) and 100 K in the high temperature range (above
220 K). The AEYAEG(T8) vs. temperature plots in Figure 3 deviate from the
calculated lines at higher temperatures, probably due to this phase transition.

The Mossbauer spectrum of the *’Fe(II)-doped Mn(II)-Cr(IIl) compound, 4,
measured at 4.2 K is shown in Figure 5. Every absorption line of Fe(II) in 1-3 and
{NBu,[FeCr(ox);]}** apparently consists of a doublet at the lower energy side and a

triplet at the higher energy side below Iy or Curie temperature, as shown for 2 in
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FIGURE 3 AEQ/AF(78) vs. temperature plots for the Fe(II) of Compound 1
(W) and Compound 2 (O). The lines — and ----- are calculated with the A

values of 330 cm™ and 310 cm”, respectively.
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FIGURE 4 Area intensity (A) vs. temperature plots of Compound 1 (M) and
Compound 2 (O).

Figure 1e, because the Fe(I) ions in these Fe(II)-Fe(IIT) and Fe(II)-Cr(IlI) compounds
have the same values of the angle between the internal magnetic field and the principal
axis of V, (8 = 90°) and the asymmetry parameter (77 = 0),'%"! where V,, is the
principal component of the electric field gradient tensor and is negative herein. On the

other hand, Compound 4 gives a different type of Mossbauer spectrum, which
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apparently consists of a doublet at the lower energy side and broad singlet at the
higher energy side. The Mossbauer line-shape of 4 can be understood on the grounds
of a reduced @ value. The values of 8, H,,  and AE, were roughly estimated to be
10° 30 kOe, 13 mm/s and 1.6 mm/s, respectively.'!! By magnetization
measurements of a single crystal of {NBu,MnCr(ox)s]}x (5), it was reported that the
magnetic moments of Mn(II) and Cr(III) are aligned along the direction perpendicular

to the basal planes'” in 5.° The nearly-zero value of & observed for 4" Suggests that

{NPr,JMnCr(0x)3] }xis an Ising ferromagnet like 5.
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FIGURE 5 Méssbauer spectrum of Compound 4 at 4.2 K.
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