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Structures, Ferromagnetic Ordering, Anisotropy, 
and Spin Reorientation for Two- and 

Three-Dimensional Cyano-Bridged Mo3+-Mn2+ 
Compounds 

JOULIA LARIONOVA~, OLIVIER K A H N ~ ,  STEPHANE GOLHEN~, 
LAHCENE OUAHAB~, RODOLPHE CLERAC~, JUAN BARTOLOME" 

and RAMON BURRIEL' 
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Condensge de Bordeaux, UPR CNRS No 9048,33608 Pessac, France, blabora- 

toire de Chimie du Solide et Inorganique Moliculaire, UMR CNRS No 6511, 
Universiti de Rennes I, 35042 Rennes, France and 'Instituto de Ciencia de 

Materides de Arugon, CSIC-Universidad de Zaragoza, 50009 Zaragoza, Spain 

The compounds K2Mn3(H20)6[M~(CN)7]2*6H20 and Mn2(H20)5Mo(CN),*nH20 (a phase, 
n = 4; j3 phase, n = 4.75) have been synthesized in the form of well shaped single crystals by 
slow diffusion of aqueous solutions containing [Mo(CN),]K2*2H20 and [Mn(H20)6](N03), 
respectively. The first compound has been obtained in the presence of an excess of K+ ions. 
The crystal structures have been determined. K~M~I~(H~O)~[M~(CN)~]~*~H~O is two-dimen- 
sional, and Mn2(H20),Mo(CN)7*nH20 (a and j3 phases) are three-dimensional. The mag- 
netic properties have been studied in great detail through single crystal magnetic 
measurements, and the magnetic phase diagrams have been determined. The three com- 
pounds exhibit a long-range ferromagnetic ordering along with a field-induced spin reorien- 
tation. Furthermore, the last two compounds show an additional magnetically ordered state 
which disappears when applying a sufficiently large magnetic field. The magnetic properties 
have been found to be dramatically modified when the non-coordinated water molecules are 
released. For instance, T, is shifted from 39 to 72 K for K~M~~(H~O),[MO(CN),]~~H~O, 
and a pronounced coercivity is observed after partial dehydration. 
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652 JOULIA LARIONOVA et ul. 

INTRODUCTION 

The studies concerning the Prussian-blue phases in the last few years have 
provided important insights on the magnetism of polymetallic compounds 
obtained from molecular precursorsl'-''l. The rational design of high- 
temperature magnets, using the theoretical models developed in molecular 
magnetism, is one of the remarkable results of these In this 
respect, the high symmetry of the Prussian-blue phases was a favorable 
situation to monitor the magnetic As a matter of fact, the 
nature of the interaction between two nearest neighbor 3d magnetic ions is 
governed by symmetry rules involving the singly-occupied orbitals. When the 
symmetry of the magnetic sites is lowered, the applicability of these rules 
tends to vanish. The presence of 4d and 5d magnetic ions makes also these 
symmetry rules less heuristic, due to the strong orbital mixing through spin- 
orbit coupling12". To some extent, i t  is possible to say that high symmetry, 
3d spin carriers, and predictable magnetic properties constitute a consistent 
set"". Conversely, low symmetry, 4d spin carriers and novel and 
unpredictable physical properties might constitute another consistent set. This 
idea led us to explore the chemistry and physics of cyano-bridged bimetallic 
species synthesized from the [ Mo"'(CN),]'- p r e c ~ r s o r l ' ~ ~ ~ ~ .  Let us remind that 
the Mo"' ion in the [Mo(CN),]' chromophore is low-spin, with a S,, = 112 
local spin''6', and that the g-tensor associated with the ground Kramers 
doublet is very anis~tropicl'~'. 

So far, we have investigated three compounds, one with a two- 
dimensional structure, of formula K,Mn,(H20),[Mo(CN),]2*6H20i's~, and two 
with three-dimensional structures. of formula Mn,(H,O),Mo(CN),*nH,O (a 
phase, n = 4; p phase n, = 4.75)'''. l4l. Well shaped single crystals were 
obtained by slow diffusion of two aqueous solutions, containing 
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STRUCTURES, FERROMAGNETIC ORDERING, ANISOTROPY AND SPIN 653 

IMo(CN),IKz*2H,0 and [Mn(H,O),I(NO,), respectively. The two- 
dimensional compound is obtained when the slow diffusion is carried out in 
the presence of an excess of K' ions. Otherwise, the slow diffusion leads to 
both the a and f3 phases of Mn,(H,O),Mo(CN),*nH,O. This paper will 
present a brief overview of the results obtained so far. 

THE TWO-DIMENSIONAL COMPOUND K2MnJ(H20)6[Mo(CN),1r.6H20 

The structure contains a unique Mo site along with two Mn sites, denoted as 
Mnl  and Mn2, as shown in Figure 1. The molybdenum atom is surrounded 
by two -C-N-Mnl linkages, four -C-N-Mn2 linkages, and a terminal -C-N 
ligand. The symmetry of the Mo site may be viewed as a strongly distorted 
pentagonal bipyramid. The Mnl site is located on a two-fold rotation axis. It 
is surrounded by four -N-C-Mo linkages along with two water molecules in 
fruns conformation. The Mn2 site occupies a general position. It is also 
surrounded by four -N-C-Mo linkages and two water molecules in trans 
conformation. The geometry around both Mnl and Mn2 may be described as 
a distorted octahedron. 

Mill Mil2 MO Mo Mo Mu 

FIGURE 1 : Local structure of the molybdenum and manganese sites in 
K,Mn,(H,O),[Mo(CN),I?.6H?O. 

The structure is two-dimensional, with anionic double-sheet layers 
parallel to the bc plane, and K' and non-coordinated water molecules 
situated between the layers, as shown in Figure 2. Each sheet is a kind of 
grid in the bc plane made of edge-sharing lozenges [MoCNMn2NC],. Two 
parallel sheets of a layer are connected by Mnl(CN),(H,O), units situated 
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654 JOULIA LARIONOVA rt u/. 

between the sheets. Each Mnl(CN),(H,O), is linked through cyano bridges to 
four Mo atoms. two belonging to one of the sheets and two belonging to the 
other sheet. The thickness of a double-sheet layer is 8.042 A, and that ofthe 
gap between two layers is 7.263 A. 

FIGURE 2 : Structure of K,Mii,(H,O),IMo(CN),1,*6H:O in the ah (top) and 
(IC (bottom) planes. 
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STRUCTURES, FERROMAGNETIC ORDERING, ANISOTROPY AND SPIN 655 

It was first checked that the magnetic axes were collinear with the a, b, and 
c* crystallographic directions by recording the angular dependences of the 
magnetization, M, in the ub, bc*, and uc* planes. The magnetic 
measurements were then carried out along these principal directions. 

Figure 3 represents the temperature dependences of 'the magnetization 
along the principal axes under a magnetic field of 10 Oe. Along the three 
directions, a, b, and c*, the magnetization shows a break around 39 K. The 
critical temperature, T, = 39 K, may be determined accurately as the 
extremum of the derivative dMldT (see the insert of Figure 3). The magnetic 
anisotropy of the compound is very strong. The magnetization is ten times as 
large along the easy magnetization axis, 6, as along the other two directions. 

20 40 60 80 100 
T /  K 

FIGURE 3 : Temperature dependences of the magnetization along the a, b, 
and c* axes, under a field of 10 Oe, for K2Mn,(HzO),[Mo(CN),]z*6Hz0. 

Figure 4 displays the field dependences of the magnetization at 10 K 
along the three principal directions. Along b, the zero field magnetization is 
very high, which confirms that b is the easy magnetization axis, and the 
saturation is reached under 500 Oe. The saturation magnetization, M,,,, is 
equal to 17 NP, which exactly corresponds to the value expected for three 
S,, = 5/2 and two S,, = 1/2 spins aligned along the field direction. Along 
a, the magnetization increases progressively as the field increases, and 
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656 JOULIA LARIONOVA et al. 

reaches the saturation value above 50 kOe. The a axis is the hard 
magnetization axis. Along c*, the differential susceptibility, dM/dH, first 
increases as H increases, changes of sign under 2.4 kOe (inflexion point on 
the M = f(H) curve), then reaches the saturation value. This behavior is 
characteristic of a field-induced spin reorientati~n[~~-'~. When the field 
applied along c* is weak (< 2.4 kOe), the spins remain aligned along the 
easy magnetization axis, b. When the field reaches the critical value, H, = 
2.4 Oe at 10 K, the spins progressively rotate from the b to the c* axis. 
Finally, for a field of 3.0 K, called the saturation field, H,, the spins align 
along the c* axis. 

1 
a z 
E 
. ,i 4 8 : .  

0 
0 0 

FIGURE 4 : Field dependences of the magnetization at 10 K along the a, b, 
and c* axes for KzMn,(HzO),[Mo(CN)7]z.6Hz0. 

To establish the magnetic phase diagram, it is necessary to determine 
the temperature dependences of both the critical field, H,, and the saturation 
field, HU1[371. For that, the field dependence of the magnetization along the c* 
axis was measured every 5 K in the 5 - 40 K temperature range. The results 
are represented in Figure 5 (top). The critical field at each temperature was 
determined as the field for which the dM/dH derivative is maximum. The 
saturation field at each temperature was determined as the weakest field for 
which the M = f(H) curve is linear. The temperature dependences of H, and 
H,, for a field applied along the c* axis are represented in Figure 5 (bottom). 
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STRUCTURES, FERROMAGNETIC ORDERING, ANISOTROPY AND SPIN 657 

0 2000 
0 . 

This Figure may be viewed as the magnetic phase diagram of the compound. 
The H, = f(T) and H,, = f(T) curves define three domains noted I-In. 
Domain I corresponds to the paramagnetic domain in which the spins are 
either randomly oriented, or aligned along the field direction. Domain I1 
corresponds to the ferromagnetically ordered domain in which the spins are 
aligned along the b axis. Domain III, finally, is a spin-reorientation domain 
in which the spins rotate from the b to the c* direction as the field increases 
from H, to H,,,. 
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Finally, the temperature dependence of the spontaneous magnetization 
was determined. For that, the field dependence of the magnetization along 
the b axis was measured every 5 K. Some curves are shown in Figure 6 
(top). At each temperature, the spontaneous magnetization, M,, can be 
determined by extrapolating down to zero the M = f(H) &ta obtained in the 
field range where the variation is linear. The temperature dependence of the 
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STRUCTURES, FERROMAGNETIC ORDERING, ANISOTROPY AND SPIN 659 

spontaneous magnetization is represented in Figure 6 (bottom). The 
spontaneous magnetization vanishes at T, = 39 K. 

When a single crystal of K,M~,(H,O),IMO(CN)~]~*~H,O is subjected to a 
dynamical vacuum with a primary pump for three days at room temperature, 
the non-coordinated water molecules are released, F d  the magnetic 
properties are deeply modified. The external shape of the crystal is not 
modified, which suggests that the crystallographic directions are retained. 
This was confirmed by measuring again the magnetization as a function of 
the angle between the magnetic field and the crystallographic directions of 
the non-dehydrated material (ub and ac* planes). The temperature 
dependences of the magnetization were then measured along these directions. 
The results are represented in Figure 7. The M = f(T) curves along b and c* 
are not distinguable. After dehydration, the bc* plane may be considered as 
an easy magnetization plane, even in low field. Both in the bc* plane and 
perpendicularly to this plane, the magnetization shows a break at T, = 72 K. 

0 

8 
8000 

7000 

fj 5000 

8 4000 

. 
2 2000 

1000 

0 
40 60 80 100 120 1 

T I K  

FIGURE 7 : Temperature dependences of the magnetization in the bc plane 
and along the a axis under 100 Oe for a partially dehydrated crystal of 
K2Mn301z0)61Mo(CN)71z*6HZ0. 

The field dependences of the magnetization were investigated at 10 K 
both in the bc* plane and along the a direction. The results are displayed in 
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660 JOULIA LARIONOVA e t a /  

Figure 8. In the easy magnetization plane, the saturation value of 17 NP 
corresponding to the parallel alignment of all the spins is obtained under ca. 
5.0 kOe. On the other hand, along the a axis, the saturation is not reached 
yet under 50 kOe. Magnetic hysteresis are observed along both directions, 
with coercive fields of 1.3 kOe in the bc* plane, and 0.55 kOe along a. 

-10 
HII(c*b) 

-6000 -4000 -2000 0 2000 4000 6( 
H l O e  

FIGURE 8 : Hysteresis loops in the bc* plane and along the a axis at 10 K 
for a partially dehydrated crystal of K2Mn3(H20),[Mo(CN)7]2.6H20. 

THE THREE-DIMENSIONAL COMPOUNDS M%(H~O),MO(CN)~*~H~O 
(a AND P PHASES) 

t h e a p h w  
The structure contains a unique Mo site along with two manganese sites, 
denoted as Mnl and Mn2. The molybdenum atom is surrounded by seven - 
C-N-Mn linkages, four of them involving a Mnl site and three of them a 
Mn2 site. The geometry may be described as a slightly distorted pentagonal 
bipyramid. Both Mnl and Mn2 sites are in distorted octahedral 
surroundings. Mnl is surrounded by four -N-C-Mo linkages and two water 
molecules in cis conformation. Mn2 is surrounded by three -N-C-Mo 
linkages and three water molecules in a rner conformation. 
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STRUCTURES, FERROMAGNETIC ORDERING, ANISOTROPY AND SPIN 661 

FIGURE 9 : Structure of Mn2(H,O),Mo(CN),*4H,O (a phase) viewed along 
the a direction. 

H If b 
350 ...... . t.. .., 
300 r-’-- 

.. 1 50 ~ . o o o ~ ~ ~ . . = , . ~ ~ ,  , , I, , . L.__ 
e . 4 .  

2 100 

5 0 j H = S O e l  - 
0 k r r  
30 35 40 45 50 55 60 65 70 

‘I” I K 

FIGURE 10 : Temperature dependences of the magnetization along the a, h 
and c* directions, under an external field of 5 Oe, for 
Mn,(H20),Mo(CN),*4H,0 (a phase). 

The threedin~emiondl organization may be described as follows : 

Edge-sharing lozenge motifs (MoCNMnlNC), form bent ladders running 
along the c1 direction, Each ladder is linked to four other ladders of the same 
kind along the [Oll] and [01-11 directions through cyan0 bridges. These 
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662 JOULIA LARIONOVA e t a / .  

ladders are further connected by the Mn2(CN),(H,O), groups. Mn2 is linked 
to a Mo site of one of the ladders and to two Mo sites of the adjacent ladder. 
The structure as a whole viewed along the a direction is represented in 
Figure 9. 

the CI , .  

All the magnetic measurements were carried out on single crystals with the 
external field applied along the u,  b, and c* directions, which were checked 
to be the magnetic axes. 

The temperature dependences of the magnetization, M. along the three 
crystallographic directions under a field of 5 Oe are represented in Figure 
10. The three curves exhibit a break with an inflexion point at T, = 51 K, 
characteristic of a long-range ordering, and another transition at T,' = 43 K. 
Moreover, Figure 10 shows that the b direction is the easy magnetization 
direction in zero or low field. 

The onset of a long range ferromagnetic ordering at 51 K was 
confirmed by the temperature dependence of the heat capacity shown in 
Figure 11. The heat capacity exhibits a characteristic lambda peak at the 
critical temperature. 

t 

s 
UC 

. 

' 1 ~  t K 

FIGURE 11 : Temperature dependence of the heat capacity 
Mn,(H,0),Mo(CN),*4H20 (u phase). 
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STRUCTURES, FERROMAGNETIC ORDERING, ANISOTROPY AND SPIN 663 

................ 

................ 

T I K  

FIGURE 12 : Temperature dependences of the magnetization along the a 

direction, using different values of the external field, for 
Mnz(H20)5Mo(CN),*4H,0 (a phase). 

10 

8 

z ~6 
E 

4 

2 

0 

cl 

*. 

0 

FIGURE 13 : Field dependences of the magnetization at 5 K along the a, b, 
and c* directions for Mq(HzO)5Mo(CN),~4Hz0 (a phase). 

In order to obtain more insights on the magnetic anomaly detected at 43 
K, visible essentially along the a direction, the magnetization along this 
direction was measured with an external field varying from 1 up to 100 Oe. 
The results are displayed in Figure 12. T’, is shifted toward higher 
temperatures as the magnetic field increases, and eventually, for a field of 
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664 JOULIA LARIONOVA et al. 

ca. 100 Oe, merges with the transition at 51 K. For each field the transition 
temperature, T’c, was determined as the inflexion point of the M = f(T) 
curve. 

Figure 13 represents the field dependences of the magnetization at 5 K 
along the a, b, and c* directions. These curves are strictly identical when 
increasing and decreasing the field; the compound exhibits no coercivity . 
Along the easy magnetization direction, b, the saturation is reached with ca. 
1 kOe. The saturation magnetization is found equal to 1 1  NP. This value 
corresponds exactly to what is expected for the S,,, = 112 and S,,, = 5/2 
local spins aligned along this direction. Along the c* direction, the 
magnetization increases progressively when applying the field, and even at 
50 kOe the saturation is not totally reached. Along the a direction, the M 
versus H curve reveals again a field-induced spin reorientation, with a 
rotation of the spins between the critical field, H,, and the saturation field, 
H,.,,. The temperature dependences of H, and H,,, were determined, as 
explained in the case of the two-dimensional compound. The H, and H,,, = 

f(T) curves are shown in the magnetic phase diagram of Figure 14. This 
diagram is more complex than that of the previous compound. It presents 
four domains. Domain I is the paramagnetic domain. Domain I1 is a 
ferromagnetic domain in which the spins are essentially aligned along the b 

direction. Domain I11 is limited to the 43 - 51 K temperature range and a 
field along a lower than 100 Oe. It is another ferromagnetically ordered 
domain. Domain IV, finally, is limited by the H, = f(T) and H,,, = f(T) 
curves, and corresponds to a mixed domain in which the spins may rotate 
from the b to the a direction. It is difficult to specitj the differences between 
the two magnetically ordered domains I1 and 111. Assuming that the magnetic 
symmetry decreases as the temperature is lowered, one may assume that 
domain 111 is a strictly ferromagnetic domain, and that domain I1 is a canted 
ferromagnetic domain, with a component of the magnetic moment along the 
u direction. Only polarized neutron diffraction data could allow us to 
determine unambiguously the nature of the two domains. 
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Figure 14 : Magnetic phase diagram for Mn,(H2O),Mo(CN),.4H,O (a 
phase); the full lines are just eye-guides (see text). 

The temperature dependence of the spontaneous magnetization was also 
determined for this compound. 

The structure of the phase is shown in Figure 15. The local 
environments of the metal sites are the same as for the a phase, but the 
three-dimensional organization is different. Each ladder made of edge- 
sharing lozenge motifs is surrounded only by two instead of four identical 
ladders. This phase again exhibits a ferromagnetic transition at 51 K. It is 
even more anisotropic than the a phase, and the magnetic phase diagram is 
even more complex. 

The partial dehydration of the a or p phase leads to the same compound 
which exhibits a long-range ferromagnetic ordering at 66 K along with a 
coercive field of 850 Oe at 5 K. 

CONCLUSION 

A new family of cyano-bridged bimetallic compounds has been discovered, 
whose richness in terms of both structures and physical properties is 
exceptional. The compounds of this family possess a remarkable capability to 
grow as well-shaped single crystals, and the physical studies performed on 
these single crystals reveal many peculiarities. Not only, the compounds are 
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genuine ferrornagnets, but they exhibit many interesting features in addition 
to the ferromagnetic ordering, such as the presence of several magnetically 
ordered phases (for the a and p phases of Mn,(H,Q),Mo(CN),*nH20) and 
spin reorientations. To the best of our knowledge. these features have not 
been investigated so far in the field of niolecular magnetism. A key role in 
this interesting physics is played by the extremely strong anisotropy of the 
compounds. This anisotropy has two origins, namely the structural 
anisotropy, and the local anisotropy of the low-spin Mo”’ ion. 

FIGURE 15 : Structure of Mn2(H,O),Mo(CN),*4.75H2O (0 phase) viewed 
along the a direction. 
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