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The nuclear and magnetic structures and the magnetic phase transition of Ni3"B7OI3CI [Ni-CI] 
boracite have been investigated by means of high resolution and high flux neutron powder 
diffraction between I .5 and 30 K. The temperature dependence of the magnetic intensities shows 
an unsharp onset at 7 ~ = 9  K, indicating the existence of a second-order magnetic phase 
transition. Refinements of the magnetic structure give rise to the magnetic space group Pc'a2,' 
for the magnetic phase below TN, with the magnetic modes C,, Fy and A, for the three Ni 
sublattices. The three Ni sitcs display two kinds of magnetic moment with different values and 
orientations: Ni(l) has a moment parallel to the main antiferromagnetic axis along [IOO],,, while 
Ni(2) and Ni(3) have their antiparallel moments along [OlO],,-directions. The total corresponds 
to a coplanar two-dimensionally canted antiferromagnetic arrangement, which is characteristic 
for the magnetic structure of Ni-CI. The refined magnetic moment values at 1.5 K are: 
/ L I  = 1.65(2) ,LLB for Ni( I ) ,  and 1 ~ 2 ~ ~  = - p 3 y  = O.79(4) p g  for Ni(2) and Ni(3), respectively, showing 
a weak magnetic superexchange interaction compared with the spin only moment 2pB/Ni2 ' 
observable by neutrons. The magnetic ordering process and the possible frustration effects due 
to the interwoven configurations between the three Ni sites and the formation of isolated NilCl 
groups, are discussed based on the proposed magnetic structure. 

Keywords: Boracite Ni3B7OI3C1; magneto-structural phase transition; magnetic structure; 
superexchange interaction; frustration; neutron powder diffraction 
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84 2.-G. YE et ul. 

1. INTRODUCTION 

Crystals of the boracite structure family M3B7OI3X (abbreviated M-X), 
with M standing for divalent metal ions (of Mg, Cr, Mn, Fe, Co, Ni, Cu, Zn, 
or Cd) and X for halogen ions (of C1, Br, I), are known to undergo a series 
of ferroelastic/ferroelectric phase transitions. Most of the compounds 
containing 3d transition metal ions of Cr, Mn, Fe, Co, Ni and Cu, become 
magnetically ordered at low temperatures, showing a simultaneous presence 
of ferroelasticity, ferroelectricity and (weak) ferromagnetism, i.e. multi- 
ferroic properties."' 21 Nickel-chlorine boracite Ni3B7013C1 [Ni-CI] exhibits 
the following sequence of phases (in Shubnikov notation), established on the 
basis of optical,[33 41 magnetic,['] magnetoelectric 16, 71 and crystallographic '*, 91 characterization: 

F43cl' + Tc + Pca211' +- TN + m'm2', 

with a paramagnetic fully ferroelectric/fully ferroelastic phase below 
Tc= 610 K and an antiferromagnetic ordering with weak ferromagnetism 
below TN = 9 K. Note that a purely antiferromagnetic mm2 phase was 
initially proposed to be present between 9 and 25 K,[71 but was then 
discarded on the basis of more precise quasistatic and dynamic measure- 
ments of the magnetoelectric coefficients a 2 3  and a32.[61 

The magnetic structures were recently studied for the orthorhombic Co-I, 
[Io1 Co-Br," 'I Mn-I[12] and the orthorhombic/triclinic Ni-Br[13] boracites. It 
is of interest to extend such investigation to the other members of the 
boracite family in order to compare the magnetic ordering models and to 
understand the magnetic interaction mechanism in the magnetic boracites. 
Therefore, the nuclear and magnetic structures of the Ni-CI boracite at low 
temperatures have been studied in the present work by means of high 
resolution neutron powder diffraction, and the magnetic ordering process 
discussed on the basis of the magnetic structure being proposed. 

2. EXPERIMENTAL 

Powder samples (of about 12g) were prepared by crushing well cleaned 
single crystals of Ni-C1 boracite, grown by chemical vapour transport 
(CVT)[l4? ''I . With a view to reducing the high neutron absorption 
intensities due to loB of ordinary boron, the "B -isotope in the form of 

Bz03 was used in the crystal synthesis. For the same purpose, an annular 11 
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NEUTRON DIFFRACTION STUDY OF Ni3"B7O1$21 8 5  

vanadium sample holder was specially fashioned with inner and outer 
diameter of 10 and 12 mm, respectively. First trials of neutron diffraction 
measurements were performed by the "DMC" (double axis multicounter 
diffractometer) and the two-axis spectrometer (A = 1.7001 A) at the Saphir 
reactor in Wurenlingen (Switzerland)."'] The diffractograms were taken 
from 28=3" to 133" with a step increment of 0.1" in 2 8  at 4 K. However, 
the magnetic neutron diffraction intensities were found to be too weak 
to allow a reliable refinement of the magnetic structure due to a very weak 
magnetic ordering moment in Ni-Cl, as can be seen further on. Further 
neutron powder diffraction measurements were therefore carried out 
between 1.5 K and 30 K at the ILL (Grenoble, France) both by the 
"DlB" diffractometer (h  = 2.52 A) and the high resolution "D2B" 
diffractometer (h= 1.5943 A). The diffractograms were taken from 20 
= 10" to 95" on D1B and 28= 10" to 150" on D2B with a step increment of 
0.1" and 0.05" in 28, respectively. The measured data were corrected for 
absorption, [I7] and analysed by means of Rietveld-type FULLPROF 
program, [I8] using neutron scattering lengths given in Ref. 19 and magnetic 
form factors from Ref. 20. 

The magnetic structure was refined both from full and difference 
diffractograms, the last ones obtained by subtracting the paramagnetic 
nuclear data from the data of the low temperature magnetically ordered 
state. 

3. RESULTS AND DISCUSSION 

3.1. Nuclear Structure at 20 K and 1.5 K 

The nuclear structure of Ni-C1 boracite at low temperatures both in the 
paramagnetic phase and in the antiferromagnetic phase was refined from the 
high resolution "D23" neutron data. The number of free parameters was 
92. Results are shown in Figure 1 for the paramagnetic phase at 20 K. The 
space group was found to be Pca2,l' with all atoms at sites 4(a). The refined 
structural parameters with the atomic positions and the Debye-Waller 
thermal factors are given in Table I. The nuclear structure of the magnetic 
phase below TN = 9K was found to be identical to that of the paramagnetic 
phase, indicating that the phase transition at TN (see below) is purely of 
magnetic origin without significant modification in the nuclear structure. 
Within three standard deviations, the structural data at low temperatures 
are in good agreement with those obtained previously for the orthorhombic 
phase of Ni-C1 from single crystal X-ray diffraction at room temperature 
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86 Z.-G. YE et al. 

1 Ni3B,0, ,C1 

DZB: 20 K 
h=1.59432 di 

* r o b s  

1 4  

FIGURE 1 Observed, calculated and difference neutron powder diffraction patterns of 
Ni311B7013C1 boracite in the paramagnetic state (Pca21) at 20 K with nuclear contribution only. 

and at low temperatures. [91 The high resolution neutron diffraction allowed 
us to obtain accurate structural parameters at low temperature, which were 
subsequently used for the full refinement of the nuclear and magnetic 
structures in the magnetic phase. 

In order to understand the magnetic interaction pathways in Ni-C1 
boracite, it is worthwhile noting the characteristic structure changes, 
especially those of the metal ion sites, resulting from the cubic Fd3cl' to 
the orthorhombic Pca2,l' phase transition at Tc = 610K: (i) A splitting of 
the Ni site into three distinct, inequivalent ones: Ni(l), Ni(2) and Ni(3). 
Ni(2) and Ni(3), situated on the Ni-Cl-Ni-C1 chains oriented along [l  IO],, 
directions (see Fig.3), have a similar chemical environment owing to an 
approximately parallel shift of both halogens of the O4CI2 octahedron along 
a single [l 111,-direction upon the phase transition at Tc. Ni(l), located on 
the Ni-CI-Ni-CI chains parallel to [OOl],,, shows a different surrounding 
with two halogens moving along different [11 I],-directions at an angle of 
about 109" with each other. (ii) A subsequent splitting up of the Ni-Ni 
distances, with the largest difference among Ni-Ni distances being found to 
be 0.5780 ( 1 )  A (at 20 K). (iii) A drastic reduction of the symmetry of the Ni- 
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NEUTRON DIFFRACTION STUDY OF Ni3”B7Ol3C1 87 

TABLE I 
20 K (Pca2,1’, all atoms at sites 4(a)) 

Refined structural parameters of Ni3B7OI3C1 boracite in the paramagnetic state at 

Atom X Y Z aA l2 
Ni 1 
Ni2 
Ni3 
C1 
B1 
B2 
B3 
B4 
B5 
8 6  
B7 
0 1  
0 2  
0 3  
0 4  
0 5  
0 6  
0 7  
0 8  
0 9  
010 
011 
012 
013 

0.75410(74) 
0.4865(16) 

0.79245(71) 
0.5111(20) 
0.2562(12) 
0.00 17(21) 

0.2479(22) 
0.9052(14) 
0.7506(23) 
0.2283(14) 
0.5432(24) 
0.3790(22) 
0.9576(23) 
0.3132(18) 
0.1632(23) 
0.1286(21) 
0.3297(21) 
0.1794( 18) 
0.9508(23) 
0.5491(22) 
0.9125(23) 
0.5904(22) 

-0.01 88( 16) 

0.4480(11) 

0.2490(22) 
0.5276(10) 
0.0349( 11) 
0.2533(22) 
0.4986( 18) 
0.2462(25) 

0.2505(24) 
0.4013(23) 
0.7478(26) 
0.8995(23) 
0.2537(32) 
0.3267(22) 
0.3322(18) 
0.1592(20) 
0.3681( 18) 
0.9713(20) 
0.1693(19) 
0.521 5(19) 

0.5884(18) 
0.9139(18) 
0.5483(17) 
0.9349(18) 

-0.0067(21) 

0.11 54(17) 

a [.&I, b[A], c[A]: 8.5057(2) 8.4931(1), 12.0274(2) 
Rs%, R%, Rwp%, xz: 6.11, 3.94, 13.1, 2.5 

0.2791(7) 
0.5570(13) 
0.5563( 13) 
0.573 l(0) 
0.3092(19) 
0.5525(10) 
0.3037( 19) 
0.4087( 11) 
0.2236(20) 
0.8770(13) 
0.7214(19) 
0.2938( 12) 
0.32478( 16) 
0.4894( 16) 
0.3230(16) 
0.1202( 16) 
0.2863(15) 
0.4804(16) 
0.2888(15) 
0.1207( 14) 
0.8999(16) 
0.9 10 14( 1 7) 
0.7030( 16) 
0.7044(15) 

0.16(3) 
0.16(3) 
0.16(3) 
0.04( 9) 
0.17(4) 
0.17(4) 
0.17(4) 
0. I7(4) 
0.17(4) 
0.17(4) 
0.17(4) 
0.07(3) 
0.07(3) 
0.07(3) 
0.07(3) 
0.07(3) 
0.07( 3) 
0.07(3) 
0.07(3) 
0.07(3) 
0.07(3) 
0.07(3) 
0.07(3) 
0.07(3) 

coordination around C1, from octahedral to a plane (isosceles triangular) 
arrangement of the Ni(l), Ni(2) and Ni(3) sites due to a degeneration of the 
equal Ni ion - C1 ion distance into “long” (e.g. with d ~ , - ~ i ( 3 )  = 3.61 12(1) A) and 
“short” (e.g. with = 2.4949( 1) A, at 20 K). The three Ni atoms Ni( l), 
Ni(2) and Ni(3), with relatively short distances between them: dNi(,]..p(2) 

=3.8631(1) A, dNi(2)-~i(3)=3.7160(1) A and dNi(3)pNi(l)=3.8069(1) A if 
compared with the average Ni-Ni distance dNi-~i = 4.1269( 1) A (at 20 K), 
therefore form isolated pyramids together with one C1 atom. As stated later 
on, these structural arrangements play an important role in the magnetic or- 
dering process in Ni-C1 boracite. The metal - halogen atomic distances for the 
orthorhombic Pca2,l’ phase of Ni-C1 boracite at 20 K are given in Table 11. 

3.2. Magnetic Ordering at 1.5 K 

The neutron diffraction pattern at 1.5 K (see Fig. 2) shows several 
additional reflections of magnetic origin at reciprocal lattice positions of the 
chemical (nuclear) cell, i.e. k = 0, as in the case of the Co-I, Co-Br and Ni-Br 
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N i,' 'B,O, ,C1 
1.5 K 

h 

DlB Data 
X=2.52/( 

2 0  4 0  6 0  8 0  
28 (deg.) 

FIGURE 2 Observed, calculated and difference neutron powder patterns of Ni3"B7OI3C1 
boracite for: (a) full diffractograms at 1.5 K with nuclear and magnetic contributions; (b) 
difference diffractograms obtained by subtraction of the 13 K nuclear data from the data of the 
magnetically ordered state at 1.5 K. 

boracites.["- 31 Since the main magnetic contributions with pseudo- 
orthorhombic indices of (h01)/(0kl) do not follow the limiting conditions 
for the possible reflections of the space group P ~ a 2 ~  1' (OM, 1 = 2n and h01, 
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NEUTRON DIFFRACTION STUDY OF Ni3”B7OL3C1 89 

TABLE I1 Metal-Halogen Bond Distances in the Orthorhombic phase of Ni-C1 Boracite 
(20 K) 

Bond Ni(1)-CI Ni(2} -CI Ni(3) -Cl 

“Long” 3.5513(1) A 3.4981(1) 4 3.6112(1) A 
“Short” 2.5093(1) A 2.4949(0) A 2.4615(0) A 

h = 2n, n = integer), these reflections can be attributed to an antiferromag- 
netic ordering. Four magnetic space groups associated with the wave vector 
character k = 0 of the magnetic reflections, are allowed: P ~ a 2 ~ ,  P ~ ’ a 2 ~ ’ ,  
Pca’Z1’ and P ~ ’ a ’ 2 ~ ,  but only the space group Pc’a2,’ is compatible with the 
magnetic point group m’m2’ deduced from the measurement of the tensor 
components of the linear magnetoelectric effect [6771 and the observation of 
the ferromagnetic domains by means of polarized light microscopy.[*” This 
magnetic space group allows a three dimensional canted moment arrange- 
ment for the three Ni-sublattices, all at 4(a) sites: x, y ,  z; -x, -y, 1/2+z; 
1/2+x, -y, z and 1/2-x, y, 1/2+z. The magnetic symmetry constraint 
matrix of the magnetic space group Pc’a2,’ is shown in Table 111. The 
corresponding magnetic modes are C,( + + - -), Fy( + + + + ) and A,( + - 
-+). The fact that the ( lOl ) / (OlZ)  reflections for Z=1 and 2 have 
comparable intensities indicates that the main axis of antiferromagnetism 
cannot be along the c-direction. The expected weak ferromagnetic 
contributions (overlapping with the allowed nuclear peaks) are not 
observed. They are either too weak or their contributions cancel in the 
structure factor. 

3.3. Difference Diagram (1.5 K-13 K) 

Since the observed magnetic reflections are very weak compared with the 
nuclear ones (Fig. 2a), the refinement of the magnetic structure was 
performed by using the difference diagram (Fig. 2b) between the 
magnetically ordered state (at 1.5 K) and the paramagnetic state (at 13 K). 
This allows a drastic reduction of the number of free parameters and 
therefore a more precise determination of the magnetic structure model. 
After testing various possible magnetic structure models with a variety of 

TABLE 111 Symmetry constraint matrix for the magnetic space group P ~ ’ a 2 ~ ’  

(j ; 1;) 
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90 Z.-G. YE et al. 

TABLE IV Refined parameters for the magnetic structure of Ni3”B7013CI boracite at 1.5 K, 
S.G. Pc’aZ,’, Magnetic modes C,( + + --), Fy( + + + +) and At( + ~- +) for the atoms at 4(a) 
sites: x, y, z; -x, -y, 1/2+z; 1/2+x,  -y ,  z and 1/2-x, y, 1/2+z. 

/I&d /Ly[pBl / L z b B l  / I T  [PIP] 

Ni ( I )  1.65(2) 0 0 1.65(2) 
Ni (2) 0 0.79(4) 0 0.79(4) 

R,=24%, R,=35%, x2= 1.12 
Ni (3) 0 -0.79(4) 0 -0.79(4) 

magnetic moment directions in the magnetic space group P~’a2~’,  the best 
model was found with the parameters given in Table IV. The refinement 
results are shown in Figure 2b. Although such a refinement usually results 
in higher reliability values (R,=24%, R,=35%, Re,= 26%) due to the 
larger errors on the background estimation, the errors on the ordered 
moment values are much smaller than those obtained from a refinement of 
all parameters of the entire pattern with essentially lower R-factors. This 
model indicates that Ni(2) and Ni(3) have opposite magnetic moments along 
the b-axis and that no antiferromagnetic contribution is present along the 
c-axis, as is consistent with the above observation of the magnetic reflection 
peaks. The total moment for each Ni site is parallel to the orthorhombic 
a- or b-axis. Figure 2a displays the refined nuclear and magnetic phases for 
space group P ~ ’ a 2 ~ ’  at 1.5 K. 

3.4. Magnetic Structure 

The proposed (three dimensional) magnetic structure is represented in 
Figure 3. It is characterized by a dominating antiferromagnetic contribution 
of the mode C, for the Ni(1) site only, with the uniaxial magnetic moment 
arrangement in the [ 100],,-direction. The Ni(2) and Ni(3) sites adopt the 
magnetic modes Fy and -Fy, respectively. Their magnetic moments are 
ferromagnetically ordered along the [010]-pseudo-orthorhombic direction 
but antiferromagnetically coupled with each other. The magnetic structure 
of Ni-Cl boracite corresponds in reality to a two-dimensionally canted 
arrangement of the three Ni sites with uor or [lOO],, as the main axis of 
antiferromagnetism. The ordered magnetic moments at 1.5 K are refined to 
be: pix= 1.65(2) pB for Ni(l), p2y=-p3y=0.79(4) pB for Ni(2) and Ni(3), 
respectively. The ordered moment values of Ni-CI boracite lie below the spin 
only value of the nickel ions 2s pB, i.e. 2 pB/Ni2+, observable by neutrons. 
Note that in the Ni-Br boracite Ni3B7013Br the ordered magnetic moment 
was found to be larger than that value (3.56(5) pB for Ni(l)). Such weak 
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NEUTRON DIFFRACTION STUDY OF Ni311B7013CI 91 

FIGURE 3 Magnetic structure of Ni3”B7013C1 boracite at 1.5 K represented in the 
orthorhombic coordinate system, space group Pc’a2;. The small solid, open and half-solid 
circles denote Ni(l), Ni(2) and Ni(3) ions, respectively. The large open circles stand for C1 ions. 
The arrows indicate the magnetic moment components of nickel ions. Only C1 and Ni atoms 
with their respective spin directions are shown. 

moments explain the very weak intensities of the magnetic reflections 
observed for Ni-Cl. 

3.5. Magnetic Phase Transition 

Figure 4 gives the temperature dependence of the integrated neutron 
intensity for the strongest magnetic orthorhombic reflection {lOl}/{Ol l }  
measured by the “DMC’ diffractometer. The intensity decreases gradually 
with increasing temperature and shows an inflection point around TN = 9 K, 
indicating the second order character for the magnetic phase transition, in 
agreement with the previous magnetic and magnetoelectric characteriz- 
a t i ~ n . [ ~ - ~ I  The residual tail of the magnetic reflection intensity above TN 
results from a relatively low single-to-noise ratio obtained from “DMC” due 
to the weak magnetic moments. 

4. CONCLUDING REMARKS 

The magnetic structure model of Ni3B7OI3C1 boracite presented in this 
paper consists essentially in the C,( + + --) mode for Ni(1) with the main 
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Ni3' 'B,O, ,C1 

I I I I 1 I 1 
0 8 

T[KI 
4 1 2  

FIGURE 4 Temperature dependence of the integrated intensity of the magnetic orthorhombic 
{ lOl}/{Oll} neutron reflection of Ni3"B70&I boracite. 

antiferromagnetic axis along [ lOO],,-direction, and the antiferromagnetically 
coupled F,( + + + +) and -F'( + + + +) modes for Ni(2) and Ni(3), 
respectively. This magnetic structure can be qualitatively understood by the 
effects of two interwoven configurations responsible for frustration pheno- 
mena in the magnetic boracite structures. 

The first configuration may be discussed in terms of Goodenough's rules 
for superexchange interactions. [22- 231 According to these, lSO"-transition 
metal ion H anion w transition metal ion superexchange is usually strong 
and leading to antiferromagnetic coupling of the metal ion moments on 
either side of the anion, whereas 90"-transition metal ion H anion ($ 

transition metal ion superexchange is tending to ferromagnetic coupling 
between the metal ion partners for d8  configuration (see Ref. 23). In the 
cubic boracite structure there exist three-dimensionally linked metal ion 
octahedra with a halogen in their centre. By inspection of these octahedra 
we see three mutually perpendicular 1 SOo-superexchange pathways along the 
three cubic [loo]-directions and twelve 90"-pathways lying in cubic (100) 
planes. Following Goodenough, it can easily be shown that these 
antiferromagnetic and ferromagnetic ordering tendencies cannot be satisfied 
for all interaction pathways at the same time, i.e. some kind of frustration 
effect is expected. The frustration effect is well exemplified for Cr-Br and Cr- 
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I boracites, which stay cubic down to at least 4K, and where the frustration 
even impedes both antiferromagnetic and ferromagnetic spin ordering. The 
broad magnetic susceptibility maximum, which was initially erroneously 
ascribed to a Nkel temperature, [’I was in fact due to short range order. In 
the cubic phase of boracities this frustration is particularly pronounced, 
because all halogen ion -+ metal ion bonds are equivalent, i.e. of equal 
length. Upon the transition from the cubic to the orthorhombic phase 
(which does not occur in Cr-Br and Cr-I boracites), the equal metal e 
halogen ion distances of the cubic phase degenerate into “long” and “short” 
metal e halogen distances (see Tab.11). For Ni-Cl boracite this 
degeneration partly lifts the frustration, permitting a magnetic phase 
transition with spin ordering. In Figure 3 the short and long distances for 
orthorhombic Ni-C1 boracite are represented with full and streaked lines, 
respectively. As a consequence an alternation “short/long” is found for the 
180” -pathways, whereas for the 90”-exchange “short/short”, “long/long” 
and “short/long” pathways are found. 

The second kind of configuration leading to frustration effects is due to 
the formation of triangular Ni&l pyramids in the ferroelectric ortho- 
rhombic phase with “short” Ni (j C1 distances, as stated in Section 3.1. 
From other antiferromagnetic compounds it is well known that a triangular 
arrangement of interacting magnetic moment bearing ions is particularly 
subject to frustration in spin ordering. [249 251 

All of these pyramids are isolated from all neighbouring ones by “long” 
Ni * C1 distances. Therefore one might expect that this “bond breaking” 
along the 180”-pathways would strongly decrease the strength of the 180”- 
superexchange. However, it can be seen on Figure 3 that for Ni-CI boracite 
the desired antiferromagnetic coupling is satisfied for all three 180O-path- 
ways (e.g. along the -Ni(2)2’- CI-- Ni(3)2+-chains). Admitting Good- 
enough’s rules, this means that not all of the twelve 90”-pathways are 
allowed to couple ferromagnetically. In fact, only two pairs couple 
ferromagnetically (-Ni(2)2+-C1-- Ni(2)2+- and -Ni(3)2+-C1-- Ni(3)2+-), 
eight pairs couple with magnetic moments at nearly right angle (eg. 
(-Ni(1)2+- C1-- Ni(3)2’-), i.e. with a resultant weak ferromagnetic 
component as a compromise. We may call the latter interaction 
“frustrated”. Only two pairs couple antiferromagnetically. The possible 
magnetic superexchange interactions in Ni-Cl are presented in Table V. 

In summary, we have shown that in the magnetic structure of Ni-C1 
boracite, the 180”-antiferromagnetic superexchange dominates, leading to 
“frustrated” magnetic moment orientations of cation pairs with a 
ferromagnetic resultant on most of the 90”-pathways, whereas the “longer” 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

hi
ca

go
 L

ib
ra

ry
] 

at
 1

9:
47

 1
6 

N
ov

em
be

r 
20

14
 



94 Z.-G. YE et al. 

TABLE V Superexchange Interaction Net in Ni-CI Boracite 

Type of Number of -Mi-CI-Ni- Order type on Orientation ofpathways; 
-Ni-CI-Ni- -Ni-CI-Ni- bond -Ni-CI-Ni- indices: 

Superexchange pathways lengths*) pathway pseudo-cubic orthorhomb. 

180” 3 short-long 3 x AFM. along [IOO], along [IIO],, 
along [OlO], along [110], 
along [OOl], along [OOl],, 

90” 3 short-short 1 x AFM. in (OOl), in ( ~ l ) , ,  
I x FRUSTR. in (IOO), in 
1 x FRUSTR. in (OIO), in (llO)or 

90” 3 long-long 1 x AFM. in (OOI), in (OOI),, 
1 x FRUSTR. in (loo), in ( l l O ) o r  
1 x FRUSTR. in (OIO), in (llO)or 

90” 6 short-long 2 x FERROM. in (OOl), in (OOI),, 
2 x FRUSTR. in (lOO), in (ITO),, 
2 x FRUSTR. in (OlO), in (llO)or 

*) For example, “short-long” stands for Ni w CI short, C1 *Ni long bond 

Total of pathways: 
[on Figure 3: full lines=short, broken lines = long] 

3 x 180” (AFM.) 
12 x 90” (2 x AFM. +2 x FERROM. + 8  x FRUSTR.) 

and “shorter” metal ion @ chlorine ion bond lengths seem to play a minor 
r61e. The fact that the superexchange passes via the halogen ions in the 
nickel boracites (and other boracites) is substantiated by the increase of the 
NCel (Curie) temperatures in the sense CI (9K) + Br (30K) + I (61.5K) for 
the nickel boracites, reflecting the increase of interaction strength with 
increasing overlap of the halogen orbitals. However, the magnetic 
interaction mechanisms in the boracites are probably more complex, 
because, as discussed in Ref. 13 for Ni-Br boracite, the structure allows 
possible contributions via other magnetic interaction pathways. 
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