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The static and dynamic magnetic properties of a Prussian blue analogue, molecular magnet Cu}sI [Felll(CN)g]2-

3NHj3- 6H2O were investigated in detail. The H dependence of the linear AC susceptibility, the irreversibility in the
field-cooled (FC) / zero-field-cooled (ZFC) magnetization (Mpc/Mzrc) and the relaxation of Myzpc suggest that the

magnetic system can be visualized as containing a ferromagnetic cluster of spin below T, mixed with small spin-

glass clusters formed below temperature Ty less than Tg. The observed magnetic properties are explained with a

ferromagnetic-spin-glass phase model. The magnetic ordering of the sample occurs below 19.8K.
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1. Introduction

The advantages of molecule-based magnets com-
pared to traditional ones are that the magnets can be
obtained through a selection of proper spin sources
(e.g., transition metal ions, organic radicals) and co-
ordinating ligands.l'! As one of the best examples of
a bimetallic and mixed-valence cyanometallate, the
Prussian blue family has received much attention due
to its large spontaneous magnetization, high critical
temperature and large coercivity.[? Recently, photoin-
duced magnetization changes were observed to be due
to charge transfer between magnetic coupling ions in
a Prussian blue analogue and indicated their poten-
tial application in photo-magnetic devices.3] Thus,
the Prussian blue and its analogues have been in-
vestigated in depth. The magnetic properties of a
number of Prussian blue analogues come from the
exchange interactions;¥] the nature of the M-CN-
M’ interaction is essentially explained by the super-
exchange interaction model,l® due to the large asym-
metric CN~ anion and an enhanced molecular spin.
The magnetic orbitals on adjacent transition metal
centres M and M~ contribute to the super-exchange

interactions as follows: eg-e; and tog-to, give rise to

antiferromagnetic contributions; eg-ty, gives rise to
ferromagnetic contributions. In earlier studies, the
magnetic properties of a number of Prussian blue and
analogues have been shown to exhibit long-range fer-
romagnetic or antiferromagnetic ordering below crit-
ical temperature Tc. However, the compound of
K,;Co[Fe(CN)g|,zH,O0(z ~0.16, y ~0.72, z ~4.4) ex-
hibits behaviour characteristic of cluster glass (CG),
with no true long-range order being present.7 As
already referred to,[®! a novel member of the Prus-
sian blue family, Cull[Fe™™(CN)g]2-3NH3-6H;0, was
synthesized, in which NHj3 ligands are in stochastic
distribution. We studied in detail the AC suscepti-
bility and DC magnetization of (Cu—Fe) hexacyanide
Cull[Fe!''(CN)g]2-3NH3-6H,0. Our results show be-
haviour characteristic of spin-glass and ferromagnetic

order.

2.Experimental details

The Prussian blue analogue Cu}l[Fe!™(CN)g], -
zNH; - yHyO was prepared by the following method.
An aqueous solution of [Cu (NHj3)g](NO3)s (1.0mmol)
was added to an aqueous solution of Kjs[Fe(CN)g]

(0.5mmol) at room temperature. The reaction con-
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tinued for more than one week and then the brown-—
black prismatic crystallites were collected by filtration
with a yield of 89%. The inductively coupling plasma
(ICP) result of the compound reveals that the weight
percentage of Cu, 23.07% and Fe, 13.69% are approx-
imately in agreement with the ratio Cu:Fe=3:2. The
infrared (IR) spectrum (KBr pellet, cm™!) shows vi-
bration bands at 2100cm~!, 2171cm~! from [v(CN)];
3629cm 1, 3666 cm ! from [v(NHj3)] and 3176cm 1,
3270cm~!, 3477cm~! from [v(OH)]. It is observed
that the compound is not very stable. The ammonia
and water molecules would be liberated slowly, and
the crystal structure determines the spatial changes
during the phase transition associated with magnetic
transition. Therefore, the formula of the compound
might be expressed by Cu}l[Fe!'!(CN)g]s-zNH3-yH,O.
The x-ray diffraction pattern recorded by a CCD x-
ray diffractometer within a few hours for a fresh single
crystal indicates that the lattice parameter is 1.092nm.
Magnetization measurements on the sample were per-
formed with a Quantum Design PPMS model-6000
magnetometer (SQUID).

3. Results and discussions

For the infinite-range model in the mean-field
theory,[®! the independent random interactions Jij are

distributed according to the following law:

= () o [-3 (- 2).

where < J;; >p= J,/N and < ij >p= 1/N. In the
presence of an external magnetic field H applied along
the p=1 direction, the Hamiltonian of the model can

be written as
H==> 753 SiuSju—HY_ Sa.
4, W i

In the limit of large and positive J,, the interactions
are mainly ferromagnetic and the system exhibits a
ferromagnetic phase. For J,=0, the interactions are
random in sign and the ordering is of the spin-glass
type. The border region between ferromagnetic and
spin-glass phases occurs for J, 1.

The DC magnetization data were collected in the
temperature range from 5K to 30K. Prior to each tem-
perature scanning, the sample was warmed to 80K
and then cooled to 5K in zero applied field; a field
was then applied and a waiting time of 2h was used
before warming. The temperature dependence of the

DC magnetization for the sample measured in three

different magnetic fields is shown in Fig.1. The mag-
netic studies of the compound confirm a paramagnetic
to ferromagnetic transition occurring around the tem-
perature of 20K, and the compound exhibits ferro-
magnetic domain structure at low temperature. For
the three different magnetic fields, three distinct states
are observed in the temperature region studied. For
T > 20K the sample is paramagnetic and shows re-
versible magnetic behaviour. Below 20K the magneti-
zation rises rapidly with decreasing temperature, and
exhibits irreversible magnetic behaviour, which is im-
plied by the bifurcation of the field-cooled (Mr¢) and
zero-field-cooled (Mzpc) magnetization curves. The
bifurcation point shifts to lower temperature when the
applied magnetic field (H) increases. This behaviour
is attributed to the formation of clusters and their
freezing at T ~ 20K, which has been described by
the spin-glass (SG) theory.['%'1] It is evident that the
strong irreversibility and shift of bifurcation point to
lower T' with increasing H are indications of glassy
behaviour.['?] The rapid rise in M at T' ~20K may be
associated with the occurrence of finite range ferro-
magnetic ordering, forming spin clusters near the crit-
ical temperature T. Therefore, the clusters become
randomly frozen as T is further decreased, indicated
by the ZFC magnetization rapidly rising at around
20K and then undergoing a less rapid drop to 14K for
H=0.0004T. The absence of true long-range order are
apparent from the large difference between Mypc and
Mryc below Te ~ 20K. And the difference between
Myzrc and Mg is in the spin-glass phase at low tem-
perature, indicating the presence of short range ferro-
magnetic ordering within a cluster. This may be a typ-

ical reentrant spin-glass (RSG) phenomenon. [9:13:14]
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Fig.1. Irreversible curves of Mzpc and Mpc mea-
sured in 0.0006, 0.001 and 0.002T below 30K for
Cull[Fe!''(CN)g]2-3NH3-6H2 0.
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Fig.2. Temperature dependence of the in-phase x’
(a) and out-phase x'’ (b) of the compound measured
in alternating field Hac=10"%T, f=2400Hz with a
biasing DC field (selected at 0, 0.0002, 0.0004, 0.001,
0.002, 0.004T).

The AC linear susceptibility for frequency
f=2400 Hz, Hac=10"%T, with a biasing DC field
of 0~0.004T, is displayed in Fig.2.

magnetization equilibrium, each scan begins at 5K af-

In order to get

ter cooling from 80K and waits for 9999 seconds in
related DC fields. The measurement or AC suscep-
tibility gives a detailed insight into the dynamics of
freezing. Figure 2 shows the temperature dependence
of the real part x’ and imaginary part x” under the
ZFC condition at a fundamental frequency f=2400Hz.
The peak in x'(T), accompanied by a peak in x"(T')
at a temperature around T¢ ~20K, can be associ-
ated with the appearance of short range FM ordering.
The peaks systematically shift slightly to higher T" and
sharply decrease in height with increasing DC field H.
In the paramagnetic phase (T > T¢), the susceptibil-
ity exhibits a maximum indicating the presence phase
competition in the vicinity of Curie temperature.'®
We assume the reduction of intensity for x' and x”
in the presence of DC biasing fields to follow the spin

glass model.[*?] In this spin-glass phase that moments

are frozen into equilibrium orientations but there is
no long-range order. The magnetic phase may occur
in spatially random systems with competing exchange
interactions or super-exchange interactions. In the na-
ture of two mixed phases, both spin-glass and ferro-
magnetic characters may help to explain a bifurcation
between Mzrc and Mpc. The in-phase susceptibil-
ity x’ exhibits another peak with biasing DC fields-
dependence at lower temperature, and the intensity
peak of ¥’ decreases with increasing biasing DC field.
The peak disappeared with biasing DC field of 0.002T,
indicating the freezing of clusters as T is decreased be-
low TG.

Figure 3 shows the measurement of M(H) un-
der the ZFC condition at several temperatures using
the vibrating sample magnetometer in the field range
0-0.7T. Magnetization does not fully saturate even
in fields as high as 0.7T at T=5K. The very satu-
ration field of the magnetization is correlated with
At 5 and 13K, ZFC magneti-

zation curves show an S-shaped behaviour (inset of

the spin frustration.

Fig.3). This S-shaped behaviour occurs for tempera-
ture below the freezing temperature only, and is ob-
served both in metallic spin glasses (for measurements
of Cul_zan[IG’"]) and in nonmetallic spin glasses
(such as Equrl_zS[ls]).
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Fig.8. Curves of initial magnetization, measured af-
ter zero-field-cooling, for temperatures 5, 13 and 20K.
Inset: enlargement of the low-field region, for temper-
atures 5, 13 and 20K.

4. Conclusions

Our result suggests that molecular magnet
Cull[Fe™(CN)g]2-3NH3-6H20 exhibits mixed phases
in which ferromagnetic order and spin-glass order co-
exist. The magnetic ordering of the sample occurs
below 19.8K.
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