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A ferroelectric ferromagnet, which is one of the multiferroics,
has received significant attention because it is expected to
exhibit various functionalities owing to the interaction
between the electric polarization and magnetic polarization.!"
The realization of a ferroelectric ferromagnet is one of the
targets in the field of coordination polymers. To achieve this
objective, we have focused on hexacyanometalate-based
materials,”™ which are composed of transition-metal ions
and cyano groups, since organic cyanopolymers are known to
show ferroelectricity of the order—disorder type.”! Hexacya-
nometalate-based materials are reported to show the ferro-
magnetism with a high Curie temperature and unique
functionalities.®** A rubidium manganese hexacyanoferrate is
an attractive material because it shows a charge-transfer
phase transition and a ferromagnetic phase transition. If a
structural distortion is induced in this polymer, it may show
ferroelectricity. In this work, we observed the coexistence of
ferroelectricity and ferromagnetism in Rb'j,,Mn™),0Mn™ -
[Fe™(CN)g]oso[Fe™(CN)g]o.1aH,O. The ferroelectricity is due
to the mixing of Fe", Fe™, Fe vacancies, Mn", and Jahn-Teller-
distorted Mn™ centers, and the ferromagnetism is mainly
caused by a parallel ordering of the magnetic spins on the
Mn™ centers.

The target material, Rb,g,Mn[Fe(CN)g]y04-H,O, shows a
charge-transfer phase transition from high-temperature (HT)
phase to low-temperature (LT) phase with the phase-tran-
sition temperatures of 184 K (7,,) and 276 K (T},1) in the
cooling and warming process, respectively (see Figure S1 in
the Supporting Information). In the IR spectra, the intensity
of the CN stretching peak (Fe™-CN-Mn") at #=2152 cm™
decreases as the temperature decreases, and a new broad CN
peak (Fe-CN-Mn"") appears near 2095 cm . By reference to
the ratio between Fe''-CN-Mn" and Fe-CN-Mn"" intensities,
the valence states of HT and LT phases are determined to be
Rb'ys;Mn"[Fe(CN)gloosH,O  and  Rb'ysuMn',0Mn'™ 56
[Fe™(CN)g]oso[Fe™(CN)glo.1aH,O, respectively (Figure S2 in
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the Supporting Information). Variable-temperature XRD
measurements indicate that the crystal structures of the HT
and LT phases are cubic (space group F43m, a=10.567(8) A)
and orthorhombic (space group F222, a=10.18(4), b=
10.04(5), c=10.53(4) A), respectively (Figure S3 in the Sup-
porting Information). The magnetization versus temperature
plots of the LT phase show ferromagnetism with a Curie
temperature of 11 K (inset of Figure 1). The magnetization
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Figure 1. M—H hysteresis loop of Rb'y5,Mn'",0Mn"' so[Fe" (CN)gJo.s0-
[Fe"(CN)glo14-H,O at 2 K. Inset: magnetization versus temperature
plots under an external field of 10 Oe.

versus external magnetic field plots show a saturation-
magnetization value of 3.4 uy (Figure S4 in the Supporting
Information), which is mainly due to the magnetization for
the parallel ordering of Mn'™, and a magnetic hysteresis loop
with a coercive field of 800 Oe is observed at 2 K (Figure 1).
The mechanism of the Mn™-Mn"™ ferromagnetic coupling is
understood by a valence-delocalization mechanism.”!

Figure 2a shows the polarization (P) versus electric field
(E) plots for the LT phase at 77 K when applying a field up to
+100 kVem™'. The resulting curve shows an electric hyste-
resis loop with a remnant electric polarization (P,) of
0.041 pCem™ and an electric coercive field (E.) of
17.5kVem™. Because the leakage current is extremely low
(less than 107 Acm™, measurement limitation is
10~ Acm™?) under the employed conditions (Figure S5 in
the Supporting Information), the observed hysteresis loop is
clearly due to ferroelectricity. Figure 2b and Figure 2c show
the P, versus E and the E_ versus E plots at 77 K, respectively.
The P, and E. values are nearly zero in a weak electric field,
but the values increase when applying a strong electric field,
thus suggesting that the observed P—F hysteresis loop is in the
process of increasing the P, and E, values. The temperature
dependences of the P, and E_ values show that these values
are nearly constant in the temperature region of 77-160 K
(Figure S6 in the Supporting Information). Above 160 K, the
leakage current appears under the strong electric field
(Figure S7 in the Supporting Information). In the dielectric
constant (&) versus temperature plots of the LT phase, the
increase of the &value is observed above 200K in the
warming process, thus suggesting that a ferroelectric phase
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Figure 2. a) Polarization versus electric field curve (P-E hysteresis
loop) of Rb'o5,Mn"s 20Mn"'g go[Fe" (CN)Joso[Fe" (CN)lo.s-HO at 77 K.
b) Remnant polarization (P,) versus E plot. c) Electric coercive field
(E.) versus E plot at 77 K.

transition occurs (Figure S8 in the Supporting Information).
Figure 3a schematically illustrates Rb';,Mn"™),0Mn™ -
[Fe™(CN)g]o.so[Fe™(CN)glo.14H,O, in which the positions of
the Mn", Mn"™, Fe", Fe™, and Fe vacancies are chosen by
computing with random numbers. In the analogous com-
pounds Rb'y 5,Mn" 5, Mn'y g5[Fe" (CN)g]o.050.4 H,O,
Rb' ,sMn"[Fe™(CN)q]y76:3.6 H,O, and K, oMn'-
[Fe™(CN)glo.704-5H,0O (Figure S9 in the Supporting Informa-
tion), the P-FE hysteresis loops are much smaller than that of
the compound presented here (Figure S10 in the Supporting
Information). Hence, the ferroelectricity of the compound
reported here is related to mixing of Fe", Fe™, Fe vacancy,
Mn", and Jahn-Teller-distorted Mn™. One of the possible
mechanisms of the ferroelectricity is as follows. In
Rb'y 5;Mn'" 50Mn'™ go[Fe"(CN)glo so[ Fe' (CN)gy.14-H,O, a mul-
timetallic Prussian blue analogue, a local electric dipole
moment is created because of a Fe vacancy. In addition, the
difference in ionic radii among four metal ions and Mn™
Jahn-Teller distortion enhance the local structural distortion,
for example, the deviation of M-CN-M' linkages from a 180°
configuration.! Probably, in such a deviated structure,
polarization will be induced by the applied electric field,
and the polarization can be held by the structural flexibility of
the cyano-bridged 3D network. Along this line, we illustrate
the ferroelectricity as shown in Figure 3b.

In this work, we observed ferroelectric ferromagnetism
with a rubidium manganese hexacyanoferrate. This is one of
the first examples of a ferroelectric ferromagnet in coordina-
tion polymers, although ferroelectric coordination poly-
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Figure 3. a) Schematic illustration of Rb'qs,Mn'",0Mn" o so[Fe" (CN)glo.s0
[Fe" (CN)glo.2-H,O. The positions of Mn"/Fe"" sites, Mn"'/Fe" sites, and
Fe vacancies were chosen by computing with random numbers.

b) Schematic illustration of a possible mechanism of ferroelectricity.

mers>® or ferromagnetic coordination polymers have been
reported. In a ferroelectric ferromagnet, the magnetoelectric
(ME) effect™ and a nonlinear magneto-optical effect such as
magnetization-induced second-harmonic generation
(MSHG)™ are expected to be observed. We are now
investigating these effects in this system.

Experimental Section

RbyxMn[Fe(CN)]oos H,O: An aqueous solution of MnCl,
(0.1 moldm~?) was treated with a mixed aqueous solution of RbCl
(0.3 moldm~?) and K;[Fe(CN),] (0.1 moldm~®) to yield a precipitate.
The precipitate was filtered and dried, and a powdered sample was
obtained. Elemental analyses, which were confirmed by inductively
coupled plasma mass spectroscopy and standard microanalytical
methods, showed that the formula was Rb,gMn[Fe(CN)g]o04-H,O.
Elemental analysis (%) caled for Rb,g,Mn[Fe(CN)g]yoH,O:
Rb 20.48, Mn 16.05, Fe 15.34, C19.79, N 23.08; found: Rb 20.42,
Mn 16.13, Fe 15.31, C19.61, N 23.06. The C-N stretching vibration
was observed at #=2152cm™' in the infrared spectra. The sample
used to measure the ferroelectric property was prepared by the
following process. The powdered compound was pressed uniaxially at
70MmPa, which produced a disk pellet with a 13-mm diameter and a
0.40-mm thickness. The obtained pellet was deposited with Pt on a
surface and electroded with Au conductive paste. Then, Cu wire was
used as electric terminals and sealed with an epoxy resin. The electric
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polarization (P) versus the applied electric field (E) plots and the
leakage current versus E plots were measured at 77 K by using an
electric polarization hysteresis meter (TF Analyzer 1000, aixACCT).
As reference experiments, we measured P versus E plots of SiO, glass,
Mn[Cr(CN)gl,-5 H,0,2%1 Co[Cr(CN)g],5-5 H,0, 3111 and
CsCo[Cr(CN),]-0.5H,0,2*' and found that the reference samples
show straight lines without hysteresis loops (Figure S11 in the
Supporting Information).
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