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INTRODUCTION

Recently, molecule-based magnet have been investigated

as new magnetic materials1-3. In that field cyano-bridged

complexes play an important role due to their special structure

and outstanding magnetic properties as molecule-based

magnets. Prussian blue analogues are the most known and

studied cyanide-based frameworks3-6. Prussian blue analogues

CnAP[B(CN)6]q·xH2O (Fig. 1) show various magnetic properties

depending on their transition metal ion4-7. The Mn-Fe cyanides,

whose chemical formula is AxMn[Fe(CN)6]y·zH2O (A = K,

Ni, Cs, Cu, Co), have been attracting renewed interest of the

material scientists. The appeal of Prussian blue itself lies both

in its optical and magnetic properties.The substitution of Fe(II)

and Fe(III) by other paramagnetic metal ions M and M' has

afforded a series of Prussian blue analogues with face-centered

cubic structures. Hashimoto et al.4,5 have prepared a series of

molecular alloy magnet, which magnetic parameters like satu-

ration magnetization (Ms), Weiss paramagnetic Curie tempe-

rature (Θ), coercive field (Hc), transition temperature (Tc),

etc. In this context, we have prepared multi-metal compound

Ni1.15Mn0.35[Fe(CN)6]·6H2O by co-precipitation method and

the magnetic properties have been studied.
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Fig. 1. Structure of Prussian blue analog AP[B(CN)6]q·xH2O

EXPERIMENTAL

NiCl2·6H2O, Mn(SO4)2·6H2O and K3Fe(CN)6 are reagent

grade and without further purification. Elemental analysis (C,
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N, H) were performed on Perk-Elmer 2400 II analyzer. IR spec-

trum were recorded on a Perkin-Elmer FT-IR spectrophotometer

as KBr pellet in the 4000-400 cm-1 range. Thermal gravimetric

analysis (TG) were performed on Perkin Elmer TGA detector.

Magnetization measurements were measured on a Quantum

Design MPMS-7 magnetometer in the range of 2-300 K.

Synthesis of Ni1.15Mn0.35[Fe(CN)6]·6H2O: Polycrystalline

compound Ni1.15Mn0.35[Fe(CN)6]·6H2O was prepared by

coprecipitation method. To a solution of 150 mL NiCl2·6H2O

(2.3 mmol) was mixed 150 mL MnSO4·6H2O (0.7 mmol)

solution. Then a solution of K3Fe(CN)6 (2 mmol) in water (100

mL) was slowly added to the mixed solution of NiCl2·6H2O

and MnSO4·6H2O and a solid was precipitated immediately.

After 48 h, the precipitates were filtered, washed repeatedly

with water and dried at 45 ºC. Elemental analysis to measure

C, N, H mass ratio: found (%): C, 17.24; N, 20.38; H, 3.26;

calcd. (%): C, 17.71; N, 20.66; H, 2.97. Thermal gravimetric

analysis (TG) has given weight ratio of the crystal water in

molecular formula weight, the compound contains 6 crystal

waters by calculation.

IR spectrum: Prussian blue analogs have face-centered

cubic lattice in which two transition metals ions are interconnected

via C-N bridges (cyanometalate-based systems)6,7. Cyano com-

pounds are easily identified since exhibit sharp band stretching,

the IR spectrum of the compound Ni1.15Mn0.35[Fe(CN)6]·6H2O

shows two bands at 2096.42 and 2162.13 cm-1 indicating the

existence of two types of cyanide groups (Fig. 2). Compounds

are easily identified by their stretching frequencies in 2200-

2000 cm-1 range, which are consistent with the formation of

bridging cyanide groups and there are two different coordi-

nation environment. Compared to the compound K3Fe(CN)6

(νCN = 2121.29 cm-1), which may due to the change in the spin

states and valence states of metal ions. The broad peak at 3432

and 1615.02 cm-1 are assigned to the ν(O-H) of the crystal

water stretching vibrations. The alkali metal cations are

interstitial in the lattice and the water molecules substitute the

C-N groups at the missing Fe(CN)6 sites.
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Fig. 2. FT-IR spectrum of the compound

RESULTS AND DISCUSSION

DC magnetic susceptibility: The magnetic susceptibility

of the compound Ni1.15Mn0.35[Fe(CN)6]·6H2O was measured

from 2-300 K (Fig. 3), which corresponds to the steepest rise

of magnetization with decreasing temperature. A magetic

transition temperature (Tc) of 21 K is observed by minima of

dM/dT vs. T curve (Fig. 4) and lower than that for the

compound Ni1.5[Fe(CN)6]·xH2O (TC = 23.6 K)8.
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Fig. 4. dM/dT versus T for the compound

The inverse susceptibility as a function of temperature in

the paramagnetic state is shown in Fig. 5, the values of χm

gradually increase and then sharply increase after 25 K with a

further decrease of the temperature. The χm shows a sharp

maximum at 7 K which is a characteristic of a ferromagnet9-11.

According to χm
-1 versus T curve (Fig. 6), the χm

-1 vs. T above

30 K obey the Curie-Weiss law12-14 with a Curie constant of C

= 2.21 cm3 K mol-1 and Weiss paramagnetic Curie temperature

of Θ = 13.81 K. The values of Tc, Θ and C are different

from those values for ferrimagnet Ni1.5[Fe(CN)6]·xH2O
8 and

Mn3[Fe(CN)6]2·15H2O
10.

The magnetic properties of compound

Ni1.15Mn0.35[Fe(CN)6]·6H2O under the form of χmT vs. T plot

are shown in the Fig. 7, the χmT at room temperature is 2.57

cm3 K mol-1. Upon cooling, χmT increases smoothly until 25 K

and then it undergoes a sharp increase to reach a value of 111

cm3 K mol-1 at 15 K and final decrease at lower temperature,

indicating antiferromagnetic interaction12-14. A curve of µeff vs.
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Fig. 5. Temperature dependence of χm for the compound
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Fig. 6. χm
-1 versus T for the compound
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Fig. 7. χmT versus T plot of the compound

T is shown in Fig. 8, the µeff value at 300 K is 4.32 µβ. The

effective moment µeff sharply increase to reach maximum of

29.71 µβ at 15 K and final decrease at lower temperature, indi-

cating antiferromagnetic interaction between paramagnetic

centers. The behaviour is a characteristic of a ferrimagnet15-17.
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Fig. 8. µeff versus T plot of the compound

AC magnetic susceptibility: The magnetic susceptibility

in the presence of an oscillating AC magnetic field at different

frequencies (100-997 Hz) has been measured. Alternating

current (AC) measurements allow probing the relaxation

time of the magnetization. When the relaxation time of the

magnetization of the system probed and the frequency of the

oscillating field become the same order of magnitude, the

magnetization does not follow the magnetic field and the

susceptibility will exhibit two components: the real in-phase

part (χ') and the imaginary out of phase part (χ"). It is also

confirmed that there exist a spin-glass behaviour in the com-

pound Ni1.15Mn0.35[Fe(CN)6]·6H2O through AC magnetization

curves18-20, the χ’ and χ’’ values were measured at 4 Oe AC

amplitude as shown in Fig. 9. The AC magnetic susceptibilities

show that the in-phase component (χ', real) has a maximum at

about 20 K  for frequencies (at 100, 400, 800, 997 Hz) and

that a significant out-of-phase component (χ", imaginary)

appears, confirming the long-range ferromagnetic ordering.

On decreasing temperature, the χ’ behave: increase abruptly

at around 25 K, reach the maximum at about 20 K and then

decrease slowly toward zero. The χ’’ increases to the maximum

around 18-20 K. The AC susceptibility measurements for the

compound also confirm the magnetic phase transition in both

complexes, showing a peak in χ’ signal and χ’’ signal that is

non-zero below 25 K. Surprisingly, both χ’ and χ’’, go through

a maximum with strong frequency dependence. While for the

real component the intensity of the peaks increase with

decreasing frequencies, in the imaginary component the peaks

decrease with decreasing frequencies.This behaviour of χ’ and

χ’’ is typical of a spin glass state21,22. In fact, the temperature

value of the maximum of χ at a given frequency corresponds

to the blocking temperature (TN = Tmax) and the peak tempe-

rature Tf(w) shifts toward higher temperatures with increasing

frequency (Fig. 10) because frequency dependent shoulders

are readily apparent. Measurements at different frequencies

show that the maxima of χ' and χ" are strongly frequency

dependent and shift to low temperature when the frequency

of the oscillating field is decreased confirming the slow

relaxation of the magnetization. The in-phase and out-of-phase

peak maxima are both shifted to the direction of higher tempe-
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Fig. 9. χ' (T) and χ" (T) curves of the compound
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Fig. 10. Scheme of temperature dependence of χ(T)

rature, respectively. The peak temperature shifts toward higher

temperatures with increasing frequency.

Field-dependent of magnetization and hysteresis

behaviour: The magnetic behaviour is further characterized by

the measurements of hysteresis behaviour and field-dependent

magnetization (Fig. 11). The observed Ms value is 2.05 µβ at

50 kOe, but the compound does not reach full saturation.
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Fig. 11. Field-dependent magnetization curves

The hysteresis curves measured at 4 K, shown in the

Fig. 12. The coercive field (Hc) value of 1.72 kOe and remanent

magnetization (Mr) value of 0.682 µβ for the compound

compound Ni1.15Mn0.35[Fe(CN)6]·6H2O. The observed value

of Hc is different from many other hexacyano analogues7.

Magnetic parameters like saturation magnetization (Ms),

coercive field (Hc), Curie constant (C), Weiss paramagnetic

Curie temperature (Θ), transition temperature (Tc), are different

from the those of the bimetallic cyanide-bridged compounds

Ni1.5[Fe(CN)6]·xH2O
8 and Mn3[Fe(CN)6]2·15H2O

10. The alkali

metal cations are interstitial in the lattice and the water mole-

cules substitute the missing C-N groups at the missing Fe(CN)6

sites21,22.
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Fig. 12. Hystersis loop for the compound

Conclusion

In the present work,we have reported the spin-glass beha-

viour in the multi-metallic compound Ni1.15Mn0.35[Fe(CN)6]·6H2O.

The IR spectrum shows two bands at 2096.42 and 2162.13

cm-1 indicating the existence of two types of cyanide groups.

The Curie-Weiss constants are C = 2.21 cm3 K mol-1, Θ =

13.81 K. It undergoes a paramagnetic to ferromagnetic

transition at 21 K. These results indicate that there exist a

ferromagnetic exchange interaction in the complexes. This

behaviour of χ’ and χ’’ is typical of a spin glass state go through

a maximum with strong frequency dependence. The observed

value of coercive field (Hc) and remanent magnetization (Mr)

for the compound are 1.72 KOe and 0.682 µβ, respectively. The

values of Tc, Θ and C are different from those values for ferri-

magnet Ni1.5[Fe(CN)6]·xH2O
 and Mn3[Fe(CN)6]2·15H2O.

Therefore, synthesis ideas of molecular alloy magnet can be

regarded as a synthesis method to expand a new type of

magnetic functional materials, which magnetic properties can

be controlled by changing the different transition metal cations.
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