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1. phys.: Condens. M a r  5 (1993) 6147-6460. Rimed in the LJK 

Superexchange in manganese formate dihydrate, studied by 
polarized-neutron diffraction 

P Radhakrishnatt, B Gillonf and G Chevrierts 
t Labratoire L6m Brillouin (CEA-CNRS). Centre #Etudes Nuclhires Saclay, 91191 Gif- 
sur-fietle. France 
f Jawaharlal N e h ~  &me for Advanced Scientific Research. 1 I Sc Camras. Bmdore 
560012, India 

Rwived 23 November 1992. in final form 22 April 1993 

AbstracL The crystalline stlllchlre. ofmqanese  formate dihydrate &(HMOh .2HzO may be 
described by stacking almg the a axis two parallel layers OS noncquivalent manganese Mnzc 
ions, mistkg of antifemmagnetically mupled A imr and weakly interahg B ims. lhe A 
layers are. characterized by formate bridges relaring each A im lo the four neighhring ions. 
while the B ions M isolated f m  each &er. On the other hand the A layers are relarcd 
Lo the B layers by formate bridges. The induced magnetization densily has been determined 
by po la r id -nemo dSracIion. slightly above (and below) Ihc antifemmagnetic (AP) ordering 
temperature TN = 3.7 K. A field of 0.8 T was applied Lo the single along 6. h OUT 

experimental maditions. below TN the AP moments of the A ims are canted. with a weak 
fermmagnetic component dmg b. 

Magnetic moments are observed 00 the c a h  and oxygen aioms of the A-A and A-B fo& 
bridges, demmUating thc role of the formate paup in the indired c x & q e  mametic interaction 
between A ims. At 5.5 K, altemate positive and negative signs are fmnd an the O-GO palhway 
between lwo A ions and between the A and B iom: O(l~O.OZ2(6)ps)-C(l~-O.Ol~~)p~~ 
0(2)(0.015(6)p~) and 0(3)(0.024~)p~!L!(2)(-0.0lI(9)p~~(4)(0.0l3~~~). The induced 
mments m A and B are equal Lo 0.38(2)p~ and l.I3(2)pr,, respectively. 

At 2.5 K, the measurements have km mfined to the retlections with k f 1 even. which 
do nat cant?$n any cantributian ftum the AI components. The magnetization density observed 
amund thc A ions is then the sum of the spmtaneous weak f emagnehc  companent (0.09~~) 
and of the component induced by the field (0.19p~). ne spin distributim on the bridges is 
perrurbed in Ihc magnetically ordered phase; in pmiicular, the altemalim of signs is no longer 
ObpcWed. 

1. Introduction 

Manganese formate dihydrate has a monoclinic crystal shuchm with two manganese ions 
in nonequivalent crystalline sites, which show totally different magnetic behaviours. The 
A ions in site (0,O. 0) are related by formate bridges and form layers piled up along the o 
axis [I]. These layers are separated from each other by parallel layers of manganese ions 
in site B (0.5.0.5,O) as iuustrated in figure 1. The B ions are isolated from each other, but 
each B ion is related to an A ion through a formate bridge. 

A threedimensional anrifemnnagnetic (M) ordering of the A moments takes place at 
TN = 3.7 K, as shown by magnetic susceptibility measurements and magnetic resonance 
studies 12-51 and confirmed by neutron powder diffraction [6]. Tww%mensional AF 
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Figure 1. Projection of the crystallographic fmctw of Mn(HCOOh .2HaO dong the e 
direaim. 

correlations between the A ions have been observed by neutron scattering in the range 
3.7 K < T c 7.8 K p]. 

The susceptibility curve measured on a single crystal shows, below the peak at 
TN = 3.7 K, a second sharp peak at fi  = 1.7 K [3,8]. The existence of a weak ferromagnetic 
component in the AF state has been shown by torque measurement; the transition at 1.7 K 
corresponds to a reorientation of this component from the c to the b direction, with an 
increase in magnitude from 0.017fi~ to 0.C95fi~ per Mn ion at low temperatures [91. The 
magnetic structures in zero field above (type I) and below 1.7 K (type IQ are illustrated 
in figure 2. A transition From the type I to the type U structure may be induced in the 
temperature range 1.7 K e T c 3.7 K by applying an external magnetic field along the 
crysrallographic b direction; at 2.5 K, a field of 0.4 T induces spin flop [lo]. 

Below 1.7 K, the behaviour of the susceptibility suggests that half the ions are. still 
paramagnetic [ll]. The specific heat measurement confirms this conclusion [12]. The B 
ions remain paramagnetic down to a very low temperature, AF ordering occurring at 0.6 K 
[ll, 131. Recent proton NMR measurements have permiaed the susceptibilities of the two 
subsystems to be observed separately [141. 
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The coupling between A ions can be explained by superexchange via the formate bridges 
which bind each A to four other A ions in the layers and two A ions of the next A layers 
via the A-B formate bridges [Z]. This implies the existence of a moment on the formate 
group due to its interaction with the Mnz+ ion: 

n 
I 

0 =c - 0-. 

Polarized-neutron diffraction has been shown to be a very powerful technique for 
the study of the delocalization effect from metal to organic ligands [151 as well as 
weak ferromagnetism [16]. We report the determination of the magnetization density in 
Mn(HC00)Z. 2HzO and discuss the role of the formate bridge in the mechanism of indirect 
magnetic interaction between the manganese ions. 

2. Experimental details 

2.1. Experimental method 

The sensitivity of polarized-neutron diffraction allc to determine very weak magnetic 
structure fact& -from which the magnetization density in the uystallographic cell can 
be deduced. This magnetization density is induced in the sample by applying a vwtical 
magnetic field in order to align the magnetic moments of the unpaired electrons. 

In the paramagnetic state, the total moment which is induced in the sample, of magnetic 
susceptibility x ,  along the field direction of magnitude H ,  is equal to 

M = x H .  

In the AF state, in the case of weak ferromagnetism, the induced total moment is given by 

M = Mspv"ow + X L H  

where XL is the magnetic susceptibility and H the applied magnetic field. 
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Figure 3. Relative guanetry of the polarizaticm and magnetic StNCfllre factors: (a) induced 
mnpmenl dmg the vertical field; (b) .u compnent perpendicular to the field. 

The magnetic stnrcture factors are the Fourier components of the magnetization density 
p ( r ) ,  which is the sum of the contributions due to the spin and the orbital moments of the 
magnetic electrons. In the case of the S-state ion Mn2+ (S = 4). the orbital moment is 
quenched, and the magnetization density is due to spin only. The magnetic structure factor 
of a Bragg reflection with scattering vector K can be written as a discrete sum over the 
atoms in the cell, assuming that the electronic unpaired spins are localized on the magnetic 
atoms: 

F M ( K )  = CsimiJ~(K)exp(-2irrK.ri) (1) 
i 

where mi is the magnetic moment on atom i ,  with direction defined by the unit vector ai 
and &K) is the magnetic form factor relative to atom i. 

The magnetic scanering amplitude for a Bragg reflection with scattering vector K is 
proportional to the component FA of the magnetic structure factor FM perpendicular to K: 

F& = K x FM x K .  

The polarized-neutron diffraction technique consists in measuring the intensity ratio 
of I+ to I -  diffracted at each Bragg peak for incident neutrons polarized in the vertical 
direction with spin up or down, respectively. This flipping ratio can be written, in the case 
of a centrosymmetric space group, in terms of the magnetic and nuclear srmchlTe factors 
FA and FN: 

R = !+/I-  = ( F i  + ~ F N F ~  . p + F$)/ (Fi  - ~ F N F &  . p f FA') (2) 

w h m p  is a vector representing the beam polarization (with magnitude p),  and e the flipping 
efficiency. 

In the paramagnetic domain and in the absence of any magnetic anisotropy, the induced 
magnetic moments are parallel to the external field, which is parallel to the neutron 
polarization p: in this case FM and p are collinear as shown in figure 3(a), and equation 
(2) becomes 

R = l+ / l -  = ( F ~ + 2 p q 2 F ~ F ~ + q 2 F $ ) / ( F ~ - 2 e p q 2 F ~ F ~ + q 2 F & )  (3) 

where q2 = sinZ a, a W i g  the angle between the direction of the magnetic moment in the 
sample and the scattering vector. 
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Equation (3) is usually written as a function of the ratio y = FM/FN. This leads to a 
quadratic equation in y .  one solution of which only generally has a physical meaning, and 
the magnetic structure factor is then given by FM = y FN. 

In the case where an AF component exist3 at the same time as a nuclear Bragg reflection, 
which occurs at T < 3.7 K for manganese formate dihydrate for certain types of reflection, 
the general expression has to be considered. In the type Il smcture shown in figure 2, which 
lakes place for a field HIIb larger than 0.4 T, the AF smcture factor FF is perpendicular to 
the applied field, which means also to the polarization p .  In this case the scalar product of p 
and the component FMm perpendicular to the scattering vector is not zero for out-of-plane 
reflections as illustrated in figure 3(b) [17]. For these reflections, a term due to the AF 
component then has to be taken into account. In the following study, the measurement of 
such reflections has been excluded in order to avoid the problem of sharing between AF and 
ferromagnetic or induced conhibutions. 

2.2. Structure determination at 20 K 

The determination of the magnetic structure factors requires howledge of the nuclear 
smcture factors under the same experimental conditions. This is why a singlecrystal 
smcture determination by neuhun diffraction at low temperatures needed to be performed 
preliminarily to the polarized-neutron smdy. 

Manganese formate dihydrate crystallizes in the monoclinic system P21/c, with Z = 4, 
a = 8.86 A, b = 7.29 A, c = 9.6 A and ,4 = 97.7" at room temperahue [I]. The positions 
of the hydrogen atoms at room temperature have been previously determined by a neulron 
diffraction study [18]. In order to obtain the precise structure at low temperatures, we have 
performed a neutron diffraction experiment on a single crystal at 20 K on the four-circle 
difffactometer 5CZ. on the hot source at the Laboratoire L b n  Brillouin (LLB), Saclay. The 
dimensions of the sample were 6 mm x 5 mm x 3 mm. 

The experimental data and re6nement conditions are reported in table 1. The cell 
parameters given in table 1 were refined kom 19 reflections at 20 K. Equivalent reflections 
(hkl)  and ( d l )  were collected. The integrated intensities were corrected for the Lorentz 
factor and for absorption with a Linear coefficient w = 1.87 cm-'. The least-squares 
re6nement program PROMETREUS [I91 has been used to re6ne the position and thermal 
parameters. Anisoeopic thermal factors have been refined other than for the manganese 
atoms. The coefficient g has been refined in order to account for extinction effects. Only 
reflections with F 3u were used in the refinement. A reliability factor of 0.062 was 
obtained. The position parameters and equivalent isompic thermal coefficients are listed in 
table 2. 

Each manganese is surrounded by six oxygen atoms, in a nearly octahedral configmtion. 
The distances between one manganese ion and the neighbouring oxygen atoms vary f" 
2.144 to 2219 A. The A ion is related to six formate bridges with respective Mn-0 
distances: 2.170(7) A for Mn-O(l), 2.148(4) for Mna(2) and 2.190(4) A for Mn-0(4). 
The B ion is related to the two formate bridges, with Mn-0(3) equal to 2.219(4) A, and has 
four neighbouring water molecules, with distances Mn-0(5) of 2.193(5) A and Mn-O(6) 
of 2.144(7) A. 

The length of the C-O bond in the formate bridges is almost constant 1.249(5) A for 
both CO bonds in the A-A bridge and C(ZW(3) = 1.246(4) A, C(2)-0(4) = 1.258(4) A 
for the A-B bridge. 
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Table 1. Experimental data and rehemen1 conditions for Lc s t " m  delemination at 20 K. 

Value 0 

(this WO*) 

low temperablre 

8.774(16) 
7.171(12) 
9.611(32) 

98.1302) 

T (K) U) 

Wavelength (A) 0.833 

M a s u r d  niiectionn 2571 
Indcpcndent rcfleaims 1138 
(F > 30) 

Exhction coefficient g x 104 0.040 

Number of variablcr 130 

Goodnoss of fit ,y2 2.72 
Agreement fanor Rw(F) 0.062 

Table 2. Refined position and thermal parameters at 20 K. 
factorisdefinedby B 4 = ~ l r 2 1 U ~ + ( U ~ ~ + U f l + 2 U ~ ~ ~ ~ B ) l s i n 2 B 1 .  

equivalent isdmpic thermal 

0.5 
UI) 0.031 061251 . .  
cizj 0.32895(25) 
O(II 0.0960(29) 
O(2) 0.0827409) 
O(3) 0.43872(29) 
o(4) 0.216 6209) 
O(W I ) 0.27240(28) 
WW2) 0.40791(30) 
H(1) -0.078 33(67) 
H e )  0.33253(67) 
W3) 0231 54(61) 
H(4) 0.202 4508) 

0.5 
0.21061(29) 
0.6 1002(29) 
0. I 0  86(35) 
0.256 96(34) 
0.7 I6 0206) 
0.649 67i33) 
0.48695(35) 
0.1 1684(37) 
0.27423(92) 
0.469 3lvl) 
0.61323(71) 
0.399 8W3) 

0 
0.28060@2) 
0.431 4702) 
0.7.05 84V.6) 
0.403 54R7j 
0.41881(27) 
0.49408(27) 
0.06894(27) 
0.300 3606) 
0.23423(60) 
0.38448(63) 
0.047 56(61) 
0.013 89(53) 
0.263 18151) 

o.ma 
0.4905 
0.4583 
0.4960 
0.4330 
0.4806 
05106 
0.5309 
0.6254 
25028 
2 0 1 0  
1.8ooo 
1.6649 
1.7131 

2.3. Polarized-neutron experimenr 

Polarized-neutron measurements have been performed on the two-axis diffractameter with 
lifting counter 5C1, situated on the hot source at the LLB, in Saclay. A polarizing 
monochromator of Feo.osCoo.gz was used to produce a polarized-neutron beam with a 
wavelength of 0.73 A and a polarization equal to 0.98. The flipping efficlency of the 
cryoflipper device is equal to unity. 'The sample had a plate-like shape with dimensions 
8 mm x 7 mm and a thickness of 3 mm, the b axis being set vertically on the spectrometer. 
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A vertical magnetic field produced by an electromagnet was applied to the sample. Two 
data collections have been performed at two different temperatures: above and below the 
AF three-dimensional ordering of the A ions, at 5.5 K and 2.5 K, respectively. A field of 
0.8 T parallel to the b direction was applied for both temperatures. 

2.3.1. Above TN. In the paramagnetic domain (T = 5.5 K), magnetic moments are induced 
on the atoms in the cell by the external field parallel to the b direction. The magnetic 
structure factor FM restricted to the manganese conhibutions is a vector parallel to b with 
magnitude 

Fdhkf) = mAfi(1 + eXp[iir(k + l)I) + mefi{exp[in(h + k)] f expkdh + I ) ] ]  (4) 

where f& and fi are the magnetic form factors for the hkl reflection, and mA and mB the 
induced moments relative to the A and B ions, respectively. This expression shows that 
the Mn(A) and Mn(B) moments contribute only to reaections with k + I even. It should 
be noted that the moments induced on the other atoms in the cell contribute to all types of 
reflection, giving rise to non-zero magnetic structure factors for reflections with k + 1 odd. 
A set of 151 reflections hki belonging to the reciprocal layers k = 0 and 1 without any 
condition on k + I  has been recorded at 5.5 K. 

2.3.2. Below TN. In the antiferromagnetically ordered domain (T = 2.5 K), the magnetic 
structure factor FM(hkf) relative to the manganese contributions is the sum of four 
components corresponding to the AF and the weak ferromagnetic moments on A, and to the 
induced moments on A and B: 

FM(hk1) = FF + Fi + Fh + G. (5) 

The component relative to the B ion is a vector parallel to b with magnitude 

F i ( h k l )  = mefi{eXp[L(h + k ) ]  + exp[in(h + 01) .  (6) 

The expressions of the components relative to A are the following: 

where p y  is the ordered AF moment and mi the spontaneous ferromagnetic moment on 
A, the direction of which depends on the magnitude of the applied field Hllb. The induced 
moment mi is directed along b. 

Equations (6) and (7) show that the AF component is equal to zero for reflections with 
k +l even and, in contrast, the ferromagnetic and induced components on Mn(A) and Mn@) 
are equal to zero for reflections with k + I odd. 

The magnetically ordered phase at 2.5 K in zero field corresponds to the type I 
represented in figure 2. The AF component is parallel to b and the ferromagnetic component 
is p W e l  to c. The application of a magnetic field Hllb induces a msition from type I 
to type U. For H higher than a field Hc the AF structure factor is a vector belonging to the. 
(a, c) plane and the ferromagnetic structure factor is parallel to b. 



6441 P Radhnkrishno et 01 

2.3.3. Observation of the spinpop. The transition &om the type I to the type Il suuclure 
has been followed by measuring the magnetic structure factor FM( 100) versus Bel& The 
(100) reflection does not contain any AF component because of the extinction rule. For 
the type I structure, the spontaneous ferromagnetic moment is perpendicular to the neutron 
polarization direction and, as the scattering vector is in the horizontal plane, the scalar 
product FA . p is equal to zero. In the type 11 suucture, the spontaneous ferromagnetic 
moment is collinear with p and contributes in the same way as the induced componenu 
on A and B. The magnetic structure factor F~(100) can be written as a function of the 
spontaneous and induced moments on A and B, assuming a unique normalized magnetic 
form factor f~ (100)  for both sites of manganese and neglecting the contributions from the 
non-manganese atoms: 

FM(~~O)  = 2jM(100)(m, - m e )  

FM(I~O) = 2fM(1OO)(mg,+m; - m ~ )  

H c Hc 

H > U,. 

The observation of a discontinuity between 0.35 and 0.38 T gives evidence for the 
spin flop of the weak ferromagnetic component mi from the c direction towards b. The 
variation AFM = 0 . 1 7 ~ ~  at the discontinuity corresponds to a discrete increase of 0,087~~ 
for the moment on the A ion, which is in very good agreement with the value of 0 . 0 7 8 ~ ~  
found by torque measurement 181. 

2.3.4. Dura collection uf 2.5 K .  In order to measure the ferromagnetic distribution alone we 
restricted our measurements to reflections with k + I  even, for which the AF conhibution is 
equal to zero; 92 reflections with k = 0 , l  have been collected at 2.5 K. 

In the case of hkl reflections with k + I cdd, which then contain both AF and nuclear 
terms, the flipping d o  is not equal to unity for out-of-plane scattering vectors as shown in 
figure 3(b). For example the flipping ratio of the (-1 14) reflection is equal to 1.004(14) 
at 5.5 K and becomes 1.208(14) at 2.5 K, owing to the large interfering antiferromagnetic 
term. 

3. Results and discussion 

3.1. Fourier summation 

The maps given in figure 4 represent the projection of the magnetization density along the 
direction b, obtained by Fourier summation of the (hOl) magnetic sbucture factors measured 
at 5.5 K and 2.5 K, respectively, with H = 0.8 T. m e  induced moment on Mn(B) totally 
dominates both Fourier maps, the moments induced on the other atoms of the cell being 
below the limits of uncertainty. The e m r  level of the map is of the order of 0 . 1 ~ ~  A-'. 
The distortions which can be seen out of any atomic positon are due to the lack of about half 
the Fourier components in the domain (sine)/A i 0.67 A-'. In the same way, the apparent 
asphericity of the distribution around Mnp) is due to the incomplete set of experimental 
stxuclure factors and has no physical meaning. 

3.2. Manganese form factor 

On the assumption that the normalized magnetic form factors of the A and B manganese 
ions are identical, it is possible to simplify equation (4) of the magnetic smcture factors 
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Figure 4. Projdon of the m a p e l i d o n  density along the b direction, obtained by Fourier 
summation: (a) 58 k01 reflections measured at 5.5 K: (b)  47 hOl reflections at 2 5  K. me levels 
stan at +O.lp~ A-= with intervals of O.2pa A-’. Negative mntoyrs are shown as broken Lines. 

of the hkl reflections containing contributions &om the manganese ions, which means with 
k + 1 even only: 

2jk(hk/ ) (mA + ma) I 2 f ~ ( h k l ) ( m ~  - mg) 
if h + k is even 
if h + k is odd. FM(hk/) = 

The magnetic svucture factors of the reflections with k + I even and h + k even or 
odd, respectively, at 5.5 K m reported as a function of (sinO)/h in figure 5. Good 
agreement of the ionic Mn2+ model with the experimental points is noted. This justilies 
the fact that the induced moments on the atoms other than manganese are weak enough 
to be neglected in this form factor analysis. The extrapolation to (sine)/A = 0 yields 
the value of the sum mA + mB = 2 . 1 ~ ~  for the reflections with h + k even and of the 
difference I ~ A  -ms l=  1 . 3 5 ~ ~  for the reflections with h + k  odd, from which the moments 
mA = 0.38~~ and m~ = 1 . 7 2 ~ ~  are deduced 

Similarly, at 2.5 K, the following values are obtained for the induced moments on 
Mn(A) and Mn(B) from reflections with k + 1 even only, which do not contain any AF 
contribution: mA = m i  + m i  = 0 . 3 ~ ~  and m~ = 3 . 1 ~ ~ .  

3.3. Model rejinement 

In order to extract more detailed information on the magnelization density p ( r )  from the 
magnetic seucture factors, it is necessary to define a model for p ( r )  and to refine the 
parameters of this model on the ObSeNatiOnS. The model is chosen by making the following 
assumptions. 
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sinelh /,&-I 
Figure 5. Magnetic s m "  frctors vomsus (sino)/1 fat rctloaion~ with h + I  even: curyc a, 
retlections with h + k even; m e  b, rcflcaimr with h + k odd. The full cuwu c-pmd Lo 
the free-ion Mnzc magnetic form factor scaled in order 10 fit the experimental data. 

(1) The magnetization density is the sum of densities pi(ri) centred on the atoms in the 
cell, which are functions of the local atomic coordinates ~ i :  

(2) The magnetic electrons responsible for the magnetization are located in 3d orbitals 
on Mn and 2p orbitais on C and 0 which can be wriaen as the product of a Slater-type 
radial function and a real spherical harmonic: 

@3d(Ti) = Nr?exp(-tri)yim(Bi, +i) 

b(~i) = Nri exp(-tri)yd&. +i) 

where ( is a Slater exponent and yim a combination of spherical harmonics: 

(1/2)(fim+ -k rim-1 

(l/2i)(fim+ - Yim-) 

for m 2 0 

form < 0. ylm = [ 
The theoretical spin density expressed as a function of the molecular wavefunction is 

a linear combination of products of the 3d and 2p atomic orbitals. The product of the 
two Slater functions is also of Slater type and the product of two spherical harmonics is a 
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spherical harmonic. This why a set of functions prm(ri) .  called multipole functions, built 
up as products of a Slater radial function and a spherical hannonic forms a well-adapted 
basis set for the analytical description of the spin density [20]: 

with 

~tdri )  = kr? exp(-Kari)yd&, @i). 

The parameters that can be refined are the coefficient K of the Slater exponent a and 
the multipole populations 4,. The integration of the magnetization density p ( r )  over the 
unit cell gives simply the sum of the monopole populations POO, because the integral of the 
multipolar terms with I t 0 over the ceU is equal to zero. The sum of the populations Po0 
is then equal to the magnetization in the cell and each monopole population yields the value 
of the induced magnetic moment on the corresponding atom. 

using the value of the 
exponent .$ calculated for atomic wavefunctions: .$ = 3.44 au-' and 4.50 a-', respectively 
[211. The coefficient no is taken to be equal to 2. Instead of using a Sla.ter radial function 
for the density, it is possible to use directly the magnetic form factor, given as a numerical 
table, in order to calculate the magnetic structure factors. The 3d magnetic fonn factor of 
Mn2+ has been used to define the radial part of the monopole on Mn(A) and Mn(B) [22]. 
A coefficient K has been refmed for each Mn atom. 

The spin distribution has been refmed 6rst in a spherical approximation that means 
including monopoles only. Considering the very small moments observed on the atoms of 
the formate bridge, it is not possible to refine the shape of the distribution on these atoms. A 
more elaborated description has been refined for both manganese ions using the symmetry 
constraints detined in [23] f a  local octahedral symmetry. No significant values have been 
obtained for the refined hexadecapole populations Pm and therefore we restricted the model 
to the spherical description. 

33.1. Above TN. The monopole populations obtained by re6nement from the set of 151 
reflections measured at 5.5 K are given in table 3. At 5.5 K, the induced moment on the 
paramagnetic B ion is much larger than the moment on A, which has a reduced susceptibility 
owing to two-dimensional AF interactions in the A layers: Mn(B), 1.73(2).u~; Mn(A), 
0 . 3 8 ( 2 ) ~ ~ .  The Mnz+ 3d form factor is found to describe very well the radial distribution 
of the density around both A and B ions. About the same radial extension is found for A and 
B KA = 0.96(4) and KB = 0.98(1). Significant ppulations on the formate bridges A-A 
and A-B, but not on the two water molecules linked to Mn(B), are found by retinement 

In figures 6(a) and 6(6), we present the induced spin-density maps obtained from the 
multipole description at 5.5 K, relative to the formate bridge between one A ion and another 
A ion or a B ion, respectively. The projection of the spin density is drawn along the x 
direction of the local coordinate system centred on A or B. For site A, the x direction 
is perpendicular to the O(l)-Mn(AW(4) plane and for site B perpendicular to the O(3p 
Mn(BtO(w3 plane. 

For both A-A and A-B formate. bridges, a positive spin density of the order of 0.Olp~ 
is observed on the oxygen atoms, while the carbon atom carries negative spin density of 
the same order of magnitude. Similar trends have been observed for the carbonate group in 
M n C q  [NI. The transfer of spin from manganese to the neighbouring oxygen atoms is due 

The Slater exponents for C and 0 have been chosen as equal to 
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Table 3. Induced magnetic mments at 5.5 and 25 K. under an applied field of 0.8 T. 

Magnetic manent (ILB) 

T = 5.5 K T = 2.5 K 
&(A) 0.38(2) 0.28(2) 
Mn@) 1.730) 3.14('2) 

C(1) -0.017(7) -0.0?.3(9) 
O(1) 0.022(6) 0.014(9) 
00) 0.015(6) -0.016(9) 

C(2) -0.011(9) -O.aU(l I) 

o(4) 0.0130) -ao06(10) 
00) 0.0240) O.OU(ll) 

0.0 l8(9) 
0.014(10) 

Number of refledions 151 92 
Number of variables 12 12 

Agmment R 5.32 2.79 
Goodness of fit ,y2 1.20 1.10 

Figure 6. Projection OS the magnetidon density obtained fm multipole refinement at 5.5 K: 
(U )  perpendicular to the O(lFMn(AF(4) plane: (b) pcrpendimlar to the 0(3t.&@kO(wZ) 
plane; (c) pt (a). but for 2.5 K (d)  as (b), but for 25 K. The UII~OUIS M dram fmn -0.005~~ 
IO 0.025~~ ka with intervals of O.WSpe A-=, and from 0 . 2 ~ ~  to 0 . 8 ~ ~  A-= with intervals 
of 0 . 2 ~ ~  A-l. Negative contwrs BR shown as broken lies. 

to covalency. Spin (or exchange) polarization effects of the 2p orbital of carbon belonging 
to the OCO K bond may be invoked to explain the negative spin density on carbon. The 
spin transferred to the six oxygen atoms Linked to Mn(A) amounts to 0.10p~, i.e. about 
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26% of the manganese moment. 

33.2. Below TN. At 2.5 K, the A ions are antiferromagnetically ordered. while the B ions 
are still paramagnetic. Under the applied Eetd of 0.8 T, the AF moments are canted, with 
the AF component in the (a, c) plane and the weak ferromagnetic component along b as 
shown in figure 2(b). Magnetic moments are induced on the atoms of the cell along b. 

In table 3 are reported the refined values of the induced moments given by the monopole 
populations obtained from the experimental set of 92 reflections with k f l  even, which does 
not contain any AF contribution. The refinement of the radial extension of the spin density 
around each manganese atom shows a difference between the A and B sites. The larger 
coefficient K obtained for A (KA = 1.16(7)) than for B (KB = 0.985(5)) indicates that the 
spin density is apparently more localized on A than on 8, which was not the case at 5.5 K. 
The observed moment on A, equal to 0.28p~. is the sum of the spontaneous ferromagnetic 
component of 0 . 0 9 p ~  and of the induced moment along 6,  which is then equal to 0.I9pB. 

The spin dishibution on the formate groups illustrated in Egures 6(c) and 6(d) appears 
to be penurbed in the magnetically ordered phase. On the A-A bridge, the spin density 
remains negative on the carbon atom C(1) and positive on the oxygen atom O( 1) but becomes 
negative on O(2). The same wend is observed for the A-B bridge, the spin density remaining 
negative on C(2) and positive on O(3) Linked to Mn(B), while the moment induced on O(4) 
decreases to zero. 

4. Conclusion 

Alternate positive and negative induced moments are observed for the formate groups OCO 
relating the A ions in the A layers as well as for the formate group bridging the A and B 
layers. The spin diseibution on the formate bridge can be explained by covalency and spin 
(01 exchange) polarization effects. The observation of magnetic moments on the C and 0 
atoms of the formate bridges gives clear evidence for the role of the bridges in the magnetic 
superexchange responsible for the three-dimensional magnetic ordering of the A ions. 
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