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Abstract: The compound of stoichiometry Mn(II)3[Mn(III)(CN)6]2‚zH2O (z ) 12-16) (1) forms air-stable,
transparent red crystals. Low-temperature single crystal optical spectroscopy and single crystal X-ray
diffraction provide compelling evidence for N-bonded high-spin manganese(II), and C-bonded low-spin
manganese(III) ions arranged in a disordered, face-centered cubic lattice analogous to that of Prussian
Blue. X-ray and neutron diffraction show structured diffuse scattering indicative of partially correlated (rather
than random) substitutions of [Mn(III)(CN)6] ions by (H2O)6 clusters. Magnetic susceptibility measurements
and elastic neutron scattering experiments indicate a ferrimagnetic structure below the critical temperature
Tc ) 35.5 K.

Introduction

The mixed-valence iron(III)hexacyanoferrate(II) compound
of composition Fe4[Fe(CN)6]3‚zH2O (z ) 14-16), called
Prussian Blue (PB), is considered to be one of the first synthetic
coordination compounds.1 Its metal-substituted analogues attract
renewed and growing interest by chemists as well as physicists
due to unique combinations of magnetic and optical properties.2,3

These properties arise from a crystal structure that tolerates
magnetic ions of different sizes and electronic spins, limits
superexchange interactions to those across CN-bridges,4 and thus
allows tuning of magnetism and color. Current research efforts
focus on PB analogues exhibiting spontaneous magnetization
at comparatively high temperatures, as for instance V(II)0.42-
V(III) 0.58[Cr(III)(CN)6]0.86‚2.8H2O,5a,b or on those combining
magnetic with magnetooptical and electrochemical properties,
as for instance [Cr(II,III)2.12(CN)6]n‚zH2O which shows elec-
trochemically tunable magnetic phase transitions.6 Furthermore,

photoinduced magnetization is found inK0.2Co1.4[Fe(CN)6]‚
6.9H2O7a,b and related systems.8a,b A further point is that all
compounds mentioned here are structurally disordered resulting
in some cases in ill-defined stoichiometries and poor crystal-
linity.9-11 Elaborate theoretical analyses suggest an important
role for local disorder in determining photomagnetic proper-
ties.12,13Experimental studies as function of chemical composi-
tion have shown that structural defects, namely M(CN)6

vacancies filled by (H2O)6 clusters, are a prerequisite for
photomagnetism.14,15 The influence of the defects on the
statistical distribution of the MNnO6-n configurations were
deduced from Mo¨ssbauer experiments.16 However, there is no
information about spatial distribution of structural defects. This
information can be obtained from combined measurement of
accurate Bragg intensities and modulated diffuse scattering.17
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Experimental studies of the dynamic susceptibility of the
photoinduced magnetism inK1-2xCo1+x[Fe(CN)6]‚yH2O revealed
that compositional disorder leads to spin frustration and cluster-
ing of defects resulting in a magnetic cluster glass state.18

According to previous diffraction studies,19,20 the structure
of a generic PB-like compound A{[B(CN)6]x‚(6H2O)1-x}‚yH2O
consists of two interpenetrating F-centered sub-lattices. All
nodes of one of the sub-lattices are occupied by A cations, while
those of the other sub-lattice are occupied by either [B(CN)6]
anions or by (H2O)6 clusters. The details depend on the
oxidations states of the A and B cations: for A(II) and B(III),
x ) 2/3, while for A(III) and B(II), x ) 3/4. Every B cation is
linked via C-N groups to six A cations and every A cation is
surrounded (on average) by 6x [B(CN)6] complexes and by
6(1 - x) H2O molecules. Additional water molecules (zeolitic
water) may sit in structural cavities. The magnetic super-
exchange interactions between metal ions A and B are mediated
by the cyano-bridges. If the spin-containing orbitals of magnetic
ions are of the same symmetry, the spins couple antiferromag-
netically, if the orbitals are orthogonal then ferromagnetic
coupling occurs.4 Variation of the A and B cations and
concomitant introduction of (H2O)6 clusters thus change the type,
strength and 3D topology of the magnetic coupling.

It is important to bear in mind that all structural characteristics
derived from a Bragg diffraction experiment on a disordered
crystal are average values and do not necessarily reflect local
structure, such as actual bond lengths and angles. It is only the
average structure of most PB analogues that has been well
established by X-ray single crystal and powder diffraction
studies.19,20 Considering that magnetic interactions are defined
by the spatial arrangement of magnetic centers, i.e., by thelocal
crystal structure, disorder is a serious problem in the structural
and magnetic characterization of PB-analogues. To our knowl-
edge, disorder has not been studied experimentally so far, nor
have microscopic magnetic structures, usually suggested on the
basis of macroscopic magnetization measurements, been probed
directly by an appropriate diffraction method.

In the present study we report magnetic, spectroscopic and
structural properties of Mn3[Mn(CN)6]2‚zH2O (1), a PB analogue
with good crystallinity. We combine different probes such as
single-crystal optical spectroscopy, single-crystal X-ray diffrac-
tion, multi-temperature neutron powder diffraction and SQUID
measurements of bulk magnetization as a function of temper-
ature and magnetic field. With this combination of techniques
we identify the oxidation states of the Mn ions and the
stoichiometry of1, characterize its average crystal and magnetic
structures, and observe effects related to structural disorder.
Finally, we list some open problems concerning the properties
of PB analogues and suggest ways to investigate them.

Results and Discussion

Stoichiometry and Oxidation States.For PB analogues with
AdBdMn, three oxidation schemes have been reported:
Mn(II)[Mn(III)(CN) 6]2/3,19 Mn(II)[Mn(IV)(CN) 6],21 and Mn(III)-
[Mn(III)(CN) 6]22 with different amounts of structural and zeolitic

water. In this study, the stoichiometry of1 and the oxidation
states of the Mn ions have been characterized by spectroscopy
and diffraction. Single-crystal absorption spectra of1 and of
the mononuclear reference compound K3[Mn(CN)6] in the near-
IR region provide sound experimental evidence for the presence
of low-spin Mn(III) ions (S) 1) with 3T1(t2g

4) ground states in
both compounds (Figure 1).23

In K3[Mn(CN)6], a series of sharp lines with an electronic
origin at 9190 cm-1, a well resolved vibronic structure, and a
total oscillator strength of approximately 5× 10-8 can be
assigned to the spin-forbidden spin-flip transition3T1(t2g

4) f
1T2(t2g

4).24a,b Compound1 exhibits an absorption band at the
same energy with a somewhat less resolved vibronic structure
and an oscillator strength of 5× 10-6, approximately 100 times
larger than that of the reference compound. The agreement
between the two spectra clearly indicates the presence of
C-bonded low-spin [Mn(CN)6]3- chromophores in the PB-like
phase of1. The considerably higher oscillator strength of the
spin-flip band of the mixed valence compound as compared to
the mononuclear compound is due to exchange interactions,
which characteristically enhance the intensity of spin-forbidden
transitions.25 Therefore, the spectroscopic data together
with electro-neutrality considerations lead to the formula
Mn(II)[Mn(III)(CN) 6]2/3‚(6H2O)1/3‚yH2O, wherey stands for the
amount of zeolitic water.

The same conclusion follows from X-ray single-crystal
analysis where the stoichiometric ratiox is determined directly
(see Experimental section). The optimized value ofx is
0.689(5), within 4 standard uncertainties of 2/3; the correspond-
ing crystallographic agreement factor isR1 ) 2.24%. A model
with x fixed at 2/3 givesR1 ) 2.28%, i.e., the increase in
R-factor is insignificant; the model withx fixed at 3/4,
corresponding to Mn(III)[Mn(II)(CN)6]3/4‚(6H2O)1/4‚yH2O, gives
R1 ) 3.24% and may thus be safely rejected. The same structural
model refined from neutron powder data collected at 153 and
50 K givesx ) 0.60(2) and 0.62(2), respectively. Considering
that population factors determined from powder patterns are
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Figure 1. Single-crystal absorption spectra of1 (top) and of K3[Mn(CN)6]
(bottom) in the near-IR spectral range. The latter spectrum is blown up by
a factor of 10.
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generally less accurate than those from single-crystal data, the
results from different diffraction experiments agree quite well.

The stoichiometry Mn(II)[Mn(III)(CN)6]2/3‚(6H2O)1/3 implies
that on average Mn(II) is coordinated by four nitrogen atoms
and two water molecules. The Mn(II)-N bond length from
single-crystal structure analysis is 2.17 Å, the Mn(II)-O distance
is 2.27 Å, while the Mn(III)-C distance is 1.97 Å. The bond
lengths from the powder data are less accurate. These deviate
somewhat from the single-crystal values, but they also show a
difference between Mn(II)-N and Mn(III)-C distances in the
range 0.15-0.3 Å. These distances imply that the ground state
of the Mn(II) ions in the mixed N4O2 environment is high-spin
6A1(t2g

3eg
2, S ) 5/2) while the Mn(III) ions are in a low-spin

state3T1(t2g,4 S) 1), in agreement with the finding from optical
spectroscopy.

The refined populationy of zeolitic oxygen from single crystal
(T ) 293 K) and neutron powder experiments at 153 and 50 K
is 3.1(1), 2.74(5), and 2.99(5), respectively. In general, for
various batches of compound1, the total water content varies
slightly, and the range was determined from a combination of
elemental analyses, thermogravimetry and density measurements
to correspond toz ) 12-16 water molecules per formula unit
Mn(II) 3[Mn(III)(CN) 6]2‚zH2O. For the specific case of the
sample measured by X-ray single-crystal diffraction, the total
water contentz ) 3(6(1- x) + 3y) ) 15.3 and for the sample
measured by neutron powder diffractionz ) 15.4-15.8.

Magnetism. We have studied the magnetic properties of1
as a function of temperature and magnetic field by SQUID
magnetometry and also probed its magnetic structure at 1.5 K
by neutron powder diffraction. The main results are: (i) The
dependence ofø-1 on T shows Curie-Weiss behavior in the
temperature range 300-150 K with a negative Weiss constant
Θ ) -54 K. The curve deviates from a straight line below 150
K and approaches a value of zero around 37 K. The temperature
dependence oføT has a shallow minimum at around 100 K
(Figure 2);

(ii) Upon heating, the magnetization of a sample cooled in
zero-field (ZFC) has a value near zero at low temperatures,
sharply increases at∼32 K, reaches a maximum at 34 K and
then decays to a value of zero at∼37 K. The field cooled (FC)
magnetization curve increases rapidly below 37 K to a maximum
value of 0.57µB per formula unit in a field of 5 G. When the

field is switched off at 2 K, a remnant magnetization (RM) is
observed, which vanishes above 37 K. Magnetic irreversibility
(implying a visible difference between FC and ZFC magnetiza-
tions) also starts near 37 K (Figure 3);

(iii) At 1.8 K, the magnetization tends slowly toward a
saturation value of 14µB per unit cell as the field increases to
50 kG (Figure 4);

(iv) The occurrence of magnetic contributions to the neutron
powder pattern at 1.5 K, with peaks at Bragg positions; the
magnetic diffraction peaks have the same shape and width as
the nuclear ones (Figure 5, (111) at 2Θ ≈ 17.5° and (311) at
2Θ ≈ 34°).

Taken together, the experimental results (i-iv) are charac-
teristic for ferrimagnetic behavior below the critical temperature
Tc ≈ 35.5(2) K (see below). The narrow magnetic signals in
the neutron powder pattern at 1.5 K (Figure 6) can be interpreted
in terms of an ordered, collinear anti-ferromagnetic arrangement
of adjacent magnetic moments of 4.87(13) and 2.20(17)µB for
Mn(II) and Mn(III), respectively. These moments are close to
the spin-only value for high-spin Mn(II), whereas for low-spin
Mn(III), an orbital contribution has to be taken into account:
m2 ) µBg2S2

0 ) 5µB andm3 ) µBg3S3
0 ) 2.3µB.28aThe saturated

(26) Ohkoshi, S.; Hashimoto, K.Phys. ReV. B 1999, 60, 12820.

Figure 2. Temperature dependence ofø-1 andøT (insert) for1 (H ) 103

G). The inverse susceptibility shows Curie-Weiss behavior between 150
and 300 K (solid line). Figure 3. Temperature dependence of the ZFC, FC (H ) 5 G) and remnant

magnetizations of1 (per unit cell). The insert shows these dependences
near the magnetic phase transition.

Figure 4. Field dependence of the magnetization M for1 at T ) 1.8 K
(per unit cell).
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magnetization per unit cell containing four formula units of
Mn(II)[Mn(III)(CN) 6]2/3‚(6H2O)1/3 is

for ferro- (+) or antiferromagnetic (-) alignment of adjacent
spins. For antiferromagnetic (-) alignment, it is calculated to
be 13.9µB. This is close to the value of 14µB observed by
measuring the field dependence of the magnetization (Figure
4). To sum up, the negative Weiss constant, the nonlinear
dependence ofø-1 on T in the low-temperature regime, and
the shallow minimum in theøT curve (Figure 2) are also
compatible with antiferromagnetic ordering.26

Unlike ZF magnetic Bragg scattering, the ZFC magnetization
is nearly zero at low temperatures. This observation cannot be
explained as a compensation of magnetizations from Mn(II) and
Mn(III) magnetic sub-lattices. According to Molecular Field
(MF) theory, the mean spin value per manganese site is27

whereBS is the Brillouin function,Z2 ) 4 is the average number
of magnetic neighbors of Mn(II),Z3 ) 6 is the number of
magnetic neighbors of Mn(III). With an estimated exchange
constantJ23 ) 1.96 cm-1,28b the sub-lattice and total magnetiza-
tions per unit cell between 35.5 and 0 K are calculated to
increase monotonically from 0 to 20,-6 and 14µB for Mn(II),
Mn(III) and total magnetization, respectively. Thus, contrary
to what has been found for other PB analogues, the stoichiom-
etry of 1 excludes compensation of Mn(II) and Mn(III)
magnetizations.29

To explain the ZFC behavior one could postulate a distribu-
tion of magnetically ordered domains whose moments com-
pensate each other to give a vanishing bulk magnetization. At
very low temperatures, the domains are sufficiently large to
produce narrow magnetic Bragg reflections in magnetic neutron
diffraction. Upon heating in a small field, competition between
a thermally activated alignment of domains and a decrease of
domain magnetization would account for the observed temper-
ature dependence of the magnetization of the bulk sample.

The critical temperature and critical index of the magnetic
phase transition has been determined from the scaling relation
M ∝ (Tc - T)â using the data between 20 and 30 K (solid line
in Figure 7). The indexâ is 0.328(2), indistinguishable from
the valueâ ) 0.326 expected for a 3D Ising magnet.30 The
temperature dependence of magnetization shows a characteristic
tail nearTc, obscuring its exact value. Convolution of the scaling
law with a Gaussian distribution of localTc‘s31

fits the experimental FC magnetization well for an average
critical temperature〈Tc〉 ) 35.5 K and a spread in critical

(27) Ohkoshi, S.; Iyoda, T.; Fujishima, A.; Hashimoto, K.Phys. ReV. B 1997,
56, 11642.

(28) (a) The quantitiesmi, gi and Si
0 are the saturated magnetic moment,

g-factor and spin value for an Mni+ ion; g2 ) 2, g3 ) 2.3, S2
0 ) 5/2

and S3
0 ) 1. (b) The value of J23 was estimated fromkBTc )

2/3xZ2Z3J23xS2(S2+1)S3(S3+1) to beJ23)1.96 cm-1 (2.6 K) atTc)35.5
K. See Ohkoshi, S.; Hashimoto, K.Chem. Phys. Let. 1999, 314, 210.

(29) Ohkoshi, S.; Abe, Y.; Fujishima, A.; Hashimoto, K.Phys. ReV. Lett. 1999,
82, 1285.

(30) Campostrini, M.; Pelissetto, A.; Rossi, P.; Vicari, E.Phys. ReV. E 1999,
60, 3526.

(31) Grigoriev, S. V.; Klimko, S. A.; Kraan, W. H.; Maleyev, S. V.; Okorokov,
A. I.; Rekveldt, M. T.; Runov, V. V.Phys. ReV. B 2001, 64, 94426.

Figure 5. Part of the neutron powder patterns measured at 50 K (bold
gray line) and 1.5 K (filled circles) for1. The black areas show the magnetic
contributions.

Figure 6. Observed (filled circles), calculated (line), and difference (bottom
line) neutron powder diffraction patterns for1 at T ) 1.5 K (ferrimagnetic
phase). The vertical bars show positions of Bragg reflections for nuclear
(top) and magnetic (bottom) contributions allowed if the structural space
group isFm3hm and the magnetic oneP1h.

Figure 7. Critical behavior of the FC magnetization for1. The insert shows
the comparison of experimental data (circles) and calculated FC magnetiza-
tion (solid line) as a function of temperature (eq 4).

Ms ) 4(m2 ( 2
3
m3) ) 4µB(g2S2

0 ( 2
3
g3S3

0) (2)

〈S2〉 ) 5
2
B5/2(5Z2J23

kBT
〈S3〉)

〈S3〉 ) B1(2Z3J23

kBT
〈S2〉) (3)

M(T)

M(0)
) ∫T

∞ 1

x2π∆Tc

exp(-
(Tc - 〈Tc〉)

2

2∆Tc
2 )‚(Tc - T

Tc )â

dTc (4)
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temperatures∆Tc ) 0.8 K (Figure 7, insert). According to the
theoretical concepts developed in refs 32-34 the spread inTc

may be interpreted in terms of long-range magnetic inhomo-
geneities.31

In summary, the magnetization measurements and magnetic
neutron diffraction uncover antiferromagnetic ordering of the
spins of adjacent manganese ions, appearing below 35.5 K, and
leading to ferrimagnetic macroscopic behavior. The lack of bulk
magnetization (at zero field) at low temperature together with
magnetic Bragg scattering is indicative of magnetically ordered
domains whose arrangement at zero field results in zero
magnetization. More detailed information on the temperature
evolution of the domain structure would require coercivity
measurements in combination with neutron diffraction as a
function of temperature. Such experiments are beyond the scope
of this work.

Structural Disorder. Both single-crystal X-ray and neutron
powder diffraction experiments reveal modulated diffuse scat-
tering in addition to Bragg diffraction (Figure 8). The main
diffuse features are independent of temperature as expected for
irregular substitution of [Mn(III)(CN)6]3- by (H2O)6. The
neutron powder pattern exhibits a broad, but distinct diffuse

peak centered on the position of the (100) reflection, which is
forbidden in space group Fm3hm. The X-ray single-crystal
diffraction data show structured diffuse scattering including rods
and planes.

Layers equivalent under cubic symmetry (e.g., (hk0), (h0l),
and (0kl), or (hk1), (h1l), and (1kl)) are practically undistin-
guishable, indicating that the symmetry of the diffuse scattering
is cubic as well. Some diffuse features overlap, others do not
overlap the Bragg reflections. The features at low resolution,
the ones which determine the overall arrangement of the M(CN)6

and (H2O)6 entities, occur in positions forbidden in an ordered
Fm3hm structure (Figure 8). They are not uniformly smeared
out in reciprocal space, but are more or less concentrated along
reciprocal lines. This distribution of diffuse intensity indicates
short range order in the substitution pattern with primitive local
translations, e.g., a propensity to form small pieces of chess
board-like patterns composed of [Mn(III)(CN)6]3- and (H2O)6
building blocks and oriented perpendicular to thea, b, or c axes.
More accurate diffuse diffraction data are presently being
collected from single crystals to allow a more quantitative
analysis of disorder.

Experimental Section

The starting materials are commercially available and were
used as purchased. The infrared spectrum of compound1
dispersed in KBr was recorded on a FT-IR Spectrum One
Spectrometer. The Raman spectrum was recorded on a small
single crystal using a Spex Ramalog system and a Helium-
Neon laser at 633 nm as excitation source. Low-temperature
near-IR absorption spectra of single crystals of1 (dimension
02 × 0.2 × 0.2 mm3) and K3[Mn(CN)6] (dimension 6× 4 ×
3 mm3) between 8000 and 12 000 cm-1 were recorded on a FT
instrument (Bruker IFS66) equipped with an appropriate beam-
splitter, light-source and detector at a spectral resolution of 2
cm-1. Temperatures down to 11 K were achieved with a closed
cycle cryostat (Oxford Instruments CCC1100T). Magnetic
susceptibility data were collected on a Quantum Design SQUID
magnetometer (XL5S) equipped with a 50 kG magnet and
operating in the temperature range 300-1.8 K. Pascal’s
constants were used for the diamagnetic corrections.

The X-ray single-crystal diffraction data were collected at
T ) 293 K with a Bruker CCD diffractometer. A standard
hemisphere of reciprocal space was measured to a resolution
of 0.758 Å by means of 0.3° ω-scans with MoΚR radiation
(λ ) 0.710 73 Å) using SMART and integrated with SAINT.35

Empirical absorption correction was made with SADABS,36

structure refinement with SHELXL9737 starting from a previ-
ously published model.19 The final unconstrained refinement
confirms the initial model with confidence factorsR1 ) 2.28%,
wR2 ) 5.9% and goodness of fitø2 ) 1.227.

The synchrotron single-crystal diffraction data (T ) 293 K)
were collected at the Swiss Norwegian Beam Lines located
within the European Synchrotron Research Facility (SNBL
ESRF) with a MAR image plate detector at room temperature
with a wavelength of 0.7 Å. A full sphere was measured by

(32) Ginzburg, S. L.JETP1977, 46, 1029.
(33) Korzhenevskii, A. L.; Heuer, H. O.; Herrmanns, K.J. Phys. A. 1998, 31,

927.
(34) Korzhenevskii, A. L.; Heuer, H. O.; Herrmanns, K.Europhys.Lett. 1999,

45, 195.

(35) SMART, Version 5.059 & SAINT, Version 6.02a Bruker AXS Inc.,
Madison, Wisconsin, USA,2001.

(36) Sheldrick, G. M.; SADABS, Version 2.06, Empirical Absorption Correction
Program, University of Go¨ttingen, Göttingen (Germany)2002.

(37) Sheldrick, G. M.; SHELXL97, University of Go¨ttingen, Göttingen
(Germany)1997.

Figure 8. (a) Diffuse scattering of1 obtained from a) single-crystal X-ray
diffraction (H0L-layer,T ) 293 K), (b) neutron powder diffraction (153
K). The gray areas in the powder diagram indicate diffuse contributions
and correspond to the blurred features seen in a).
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means of 2° ω-scans to a resolution of 0.663 Å. Data were
processed and reciprocal layers reconstructed from the raw data
using CrysAlis software.38

The neutron diffraction experiments on polycrystalline1 were
performed on the HRPT diffractometer at SINQ, PSI in Villigen,
Switzerland. The measurements were carried out at 1.5, 50, and
153 K with a closed-cycle He refrigerator and a wavelengthλ
) 1.886 Å (Ge monochromator). The 50 K diffraction pattern
was refined starting from the X-ray single-crystal model and
using the program FullProf.39 Inclusion of the hydrogen atoms
of the zeolitic water molecules in the structural model improved
the refinement significantly. The agreement factors for 50 K
(153 K) areRBragg ) 8.27% (8.20%) andø2

Bragg ) 17.0 (8.87).
The magnetic structure was established from the difference
between the neutron diffraction patterns measured at 1.5 and
50 K after scaling the latter to the unit cell parameter
corresponding to 1.5 K (a ) 10.5476(2) Å). This difference
pattern was compared with calculated patterns using program
FullProf.39 Best agreement was obtained for a collinear anti-
ferromagnetic arrangement of the high-spin Mn(II) and the low-
spin Mn(III) moments. Finally, the magnetic moments of the
manganese ions were refined from the 1.5 K diffraction pattern
keeping the structural parameters fixed at the values corre-
sponding to the 50 K data (Figure 7). The refinement was done
in space groupFm3hm for the nuclear and in space groupP1h for
the magnetic structure. The agreement factors areRmagnetic )
21.7%,RBragg ) 7.78%, andø2

Bragg ) 10.9.
Preparation of K3[Mn(CN) 6]. The compound was prepared

according to the literature procedure.40

Preparation of Mn3[Mn(CN) 6]2‚zH2O (1). Slow diffusion
of a solution of 12.60 g MnCl2‚4H2O in 400 mL water in an
Agar gel of 10.05 g Agar and 2.06 g KCN in 200 mL water
under aerobic conditions, afforded within a few days, 0.86 g
orange-red colored, transparent crystals showing a cubic mor-
phology (38% yield based on KCN). IR (KBr):ν(CN) ) 2148
cm-1. Raman:ν(CN) ) 2160 cm-1. Anal. Calcd for C12H27-
Mn5N12O13.5 (830.1): C 17.36, H 3.28, Mn 33.09, N 20.25.
Found: C 17.72, H 3.17, Mn 33.2, N 19.69.

Conclusions

Optical spectroscopy, magnetometry, and high-resolution
powder and single-crystal diffraction experiments have revealed
the composition, oxidation states, crystal and magnetic structures
of Mn(II)[Mn(III)(CN) 6]2/3‚(6H2O)1/3‚yH2O (1). The compound
maintains its inherently disordered crystal structure, which is
face centered cubic on average only, down to 1.5 K, and without
undergoing structural phase transformations. Intense diffuse
scattering, which does not depend on temperature down to 1.5

K, has been observed in all diffraction experiments. The
substitution of 1/3 of the [Mn(III)(CN)6]3- ions by (H2O)6
clusters is not random, but shows short range order, possibly
resulting from an alternation of [Mn(III)(CN)6]3- and (H2O)6
building blocks. Near∼35.5 K, magnetic moments of adjacent
Mn(II) and Mn(III) ions order antiferromagnetically. The FC
magnetization shows scaling behavior typical for a 3D Ising
magnet, but the transition is smeared with a spread of critical
temperatures of about 0.8 K. At 1.5 K, the moments of adjacent
manganese ions are nearly completely aligned and form
macroscopic domains with long-range magnetic order. The ZFC
magnetization is almost zero at 1.5 K; in the vicinity of 34 K
it shows a peak and disappears above 37 K. We have suggested
above that this temperature dependence may be related to
formation of macroscopic domains belowTc. An alternative
scenario proposed earlier for some Prussian Blue analogues on
the basis of detailed SQUID measurements, namely spin cluster
glass formation,18,22 cannot be discarded on the basis of our
data. The two scenarios may be differentiated experimentally:
for a macroscopic domain structure, the magnetic Bragg
reflections remain narrow up to temperatures nearTc, whereas
the magnitude of the coercive field decreases exponentially with
increasing temperature.41 For a spin cluster glass, a broadening
of magnetic diffraction features and a frequency dependence
of the linearac susceptibility should be observed. The occur-
rence of a temperature induced magnetic phase transition in the
presence of a temperature independent structural disorder adds
a further degree of complexity to this material. Again, analysis
of diffuse scattering might provide experimental information
on the interplay between these two features.

In conclusion, this study illustrates that despite its very simple
average crystal structure, Mn(II)[Mn(III)(CN)6]2/3‚(6H2O)1/3‚yH2O
shows a complex behavior at the microscopic, mesoscopic and
macroscopic length scales. Experiments probing only average
properties (microscopic and macroscopic) are insufficient to
characterize such a compound in detail and will have to be
complemented by methods probing the mesoscopic regime, e.g.,
by magnetic and nuclear diffuse scattering.
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