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INVESTIGATION OF MAGNETIC STRUCTURE AND
PHASE TRANSITIONS IN Co;''B,0,;Br BORACITE
BY NEUTRON DIFFRACTION
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(Received September 13, 1993; in final form December 23, 1993)

Neutron diffraction investigations of orthorhombic Co,''B,0,;Br at 293 K and in the temperature range
1.5-30 K reveal a two step onset of magnetic ordering, starting at the the second order transition to
a weakly ferromagnetic phase at Ty = 17.5 K (Néel type) and followed at about 7, = 10.5 K, by a
smooth transformation to a three-dimensional canted magnetic structure (magnetic space group Pc’'a2,’
(ShiY), magnetic modes C.(+ + — =), F(+ ++ +), A.(+ — — +). The three Co sites display com-
pletely different moment values and directions, arising from frustration effects associated with the
formation of isolated Co;Br groups with a triangular arrangement of the three Co sites.

Keywords: Bo:zacite, neutron diffraction, magnetic structure, ferroelectric, ferromagnetic,
ferroelastic.

1. INTRODUCTION

Members of the boracite family M;B,0 ;X (where M stands for a bivalent transition
metal ion and X for Cl, Br, I) are of particular interest due to their simultaneously
ferroelectric/ferroelastic weakly ferromagnetic phases and their magnetoelectric
and optical properties.!? Depending on the nature of the substituents various
sequences of phase transitions occur, consisting in subtle structural changes, which
in turn govern the magnetic behaviour.

In analogy to the mineral Mg;B,0,;CI** the Co;B,0,;X (Co—X, X=Cl, Br, I)
boracites are known to undergo a first-order phase transition from a paramagnetic-
paraelectric cubic phase F43cl’ (Z = 8) to an orthorhombic paramagnetic fully
ferroelectric/fully ferroelastic phase Pca2,1’ (Z = 4) at temperatures 623 K, 466
K and =194 K, respectively.!* This transition involves a doubling of the cubic
primitive unit cell and a threefold splitting of the Co site. At lower temperatures
(11.5 K, 17.5 K and 38 K, respectively) all three compounds undergo a magnetic
phase transition and display weakly ferromagnetic ordering.5-7-80-8¢:92.90 Qq the basis
of the magnetoelectric effect of Co—Br® and Co—1I® boracites the magnetic point
group for both compounds was found to be m’'m2’ down to 4.2 K, while the Co—Cl
boracite undergoes two further improper structural transitions, to monoclinic point
symmetry m1’ (at 538 K) and trigonal 3m1’ (at 468 K), before it orders magnetically
at 11.5 K in the monoclinic Shubnikov group m which allows (weak) ferromagne-
tism.8®
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Specific heat measurements?® indicate that all three compounds display a “Schottky
anomaly” at temperatures lower than Ty. For the Co—I compound'? this Schottky
anomaly has been interpreted on the basis of neutron diffraction results as a spin
reorientation without any further change of the magnetic symmetry. It is of interest
to extend this study to the other two members of the Co—X family, for which no
neutron diffraction studies have previously been reported. In the present paper we
will report on the magnetic ordering and the sequence of phase transitions occurring
in Co—Br boracite, following the scheme:

F43cl’ (cubic) WK_) Pca2,1’ (orthorhombic) W m'm2’ (_T,:T)—l? m’m2’ (orthorhombic)

2. EXPERIMENTAL AND RESULTS

The neutron measurements (using single phase powder samples obtained by crush-
ing single crystals), were performed by means of the “DMC” (double axis multi-
counter diffractometer) and the two-axis spectrometer at the reactor Saphir in
Wauerenlingen, at 293 K and in the temperature range 1.5-30 K (A = 1.70012 A),
cf. Figures 1 and 2. The step increment of the diffraction angle 206 was 0.10°. In
order to avoid high absorption, the !B isotope and an annular vanadium sample
holder with inner and outer diameters of 10 and 12 mm, respectively, were used.
With a view to the expected weak magnetic intensities the high-intensity instru-
mental configuration (without primary collimation) was used. The data were cor-
rected for absorption and evaluated by the line profile analysis method,'!~** using

Co,"B,0.Br 293 K, 1.704 A
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FIGURE1 Observed, calculated and difference neutron powder patterns of orthorhombic Co,B,0O,;Br
boracite in the paramagnetic state (only nuclear contributions) at 293 K.
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FIGURE 2 Observed, calculated and difference neutron powder patterns of Co,B,0,;Bt boracite
obtained by subtraction of the 23 K nuclear data from the data in the magnetically ordered state. (Only
magnetic contributions) for a) 1.5-23 K (top part) b) 12-23 K (bottom part).
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scattering lengths and magnetic form factors given in References 14 and 15, re-
spectively.

2a. Nuclear Structure at 293 K

Results of the 293 K refined neutron pattern (see Figure 1) of the orthorhombic
structure of Co—Br boracite in the paramagnetic state are summarised in Table
I. Within three standard deviations these values are in good agreement with the
recently published very accurate single crystal x-ray parameters® for the same tem-
perature. As expected due to the limited experimental resolution, the parameters
from the neutron powder data refinement have larger errors and for this reason
the parameters of the Co site were not included in the refinement.

The main structural changes during the cubic to orthorhombic phase transition
are: (i) the splitting of the Co site into three distinct sites (Col, Co2, Co3) with
different surroundings. The surroundings of Co2 and Co3 are similar, while that
of Col is found to be different.® (ii) The splitting of the Co—Co distances; the
found largest difference among Co—Co distances being 0.866(2) A. (iii) A drastic
symmetry reduction of the Co coordination around Br changing from octahedral
to a plane (isosceles triangular) arrangement of the (Col, Co2, Co3) sites with
relatively short distances dc,)_co3 = 3.975(2) A, degy—co3 = 3.850(2) A and deyy— o3
= 3.850(2) A if compared to the d,,., = 4.292(2) A. The three Co atoms together
with the Br atom build isolated pyramids (see Figure 3). As will be shown in the

TABLE 1

Refined structural parameters of Co,B,0,;Br in the paramagnetic
state at 293 K. Space group Pca2,1’. All atoms occupy sites 4(a)

Parameter

Atom X y z B[A)2
Col 0.75880 025200 _ 0.22890 0.054
Co2 0.48821 052546  0.50120 0.054
Co3 -0.0107 002530  0.50270 0.054
Br 0761(3)  0.244(8)  0.5087 0.7(2)
Bl 0503(5)  0.510(6) 02544  0.2(1)
B2 0.265(3)  0250(5  0.501(5)  0.2(1)
B3 0.009(5)  -0017(6)  0259(4)  0.2(1)
B4 0457(2)  0244(7)  0354(3)  0.2(1)
BS 0255(5)  0399(5)  0.177(6)  0.2(1)
B6 0910(3)  0739%(7) 08304  0.2(1)
B7 0.772(4)  0905(5)  0.673(6)  0.2(1)
01 0244(5)  0264(6) 02415  0.4(1)
o2 0527(6)  0333(6)  0271(5)  0.4(1)
03 0374(7)  0329(6)  0.429(4)  0.4(1)
04 0981(6)  0.163(6)  0274(5)  0.4(1)
0s 0318(6)  0373(7) 00775  0.4(1)
06 0.173(5)  0959(7)  0221(5)  0.4(1)
07 0.142(5)  0.169(7)  0427(5)  0.4(1)
08 0314(5)  0533(6) 0234(4)  0.4(1)
09 0.169(6)  0.129(8)  0.066(6)  0.4(1)
010 0948(5)  0.585(6)  0854(5)  0.4(1)
oli 0.545(5)  0916(6)  0.850(6)  0.4(1)
o2 0928(5  0.543(7)  0.667(5)  0.4(1)
013 0.578(5)  0964(7)  0.647(5)  0.4(1)
abcin[A] 8566(2)  8596(2)  12.155(5)

Rin. Rwp % Rexp®.x2 59,98  4.59, 45
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FIGURE 3 The three dimensionally canted magnetic moment arrangement of Co;B,0;,Br at 1.5 K.
The small solid circles, open circles and half-solid circles denote the Co(1), Co(2) and Co(3) sites while
the large circles represent the Br atoms.

next sections this arrangement is crucial for the presence of frustration in the spin
ordering process.

2b. Magnetic Ordering

Similarly to the findings on the Co—I boracite one observes in the low temperature
neutron patterns of Co—Br boracite at 1.5 K and 12 K (cf. Figure 2) additional
reflections of magnetic origin at reciprocal lattice positions of the chemical cell,
i.e., k = 0. The fact that the main magnetic contributions (h01)/(0k1) do not follow
the limiting conditions for possible reflections of the nuclear space group (0k1, 1
= 2n and hO1, h = 2n), suggests that these contributions can be attributed to
antiferromagnetic ordering. There are four possible magnetic space groups'® (see
also Reference 2, Table II) associated with the wave vector k = 0: Pca2, Pc’'a’2,,
Pca'2," and Pc'a2,’; however only the latter one is compatible with the magnetic
point group m’'m2’ as derived from studies in polarized light” and from data of the
magnetoelectric effect.® The Pc’a2,’ magnetic space group allows a three-dimen-
sional canted moment arangement for the three Co sublattices (all at 4(a): x, y, z;
-X, -y, 5+ z;% +x, -y, z;% — x,y,1% + z). The corresponding magnetic
modes are C,(+ + — —), F(+ + + +) and A,(+ — — +). The fact that the (h01/0k1)
reflections have comparable intensities indicates that the main axis of antiferro-
magnetism is not along the c¢ direction. The contributions along z might then be
rather small. The fact that the expected weak ferromagnetic contributions (over-
lapping with allowed nuclear peaks) are not observed, indicates that these are
either very weak or their contributions cancel in the structure factor.

Due to the observed relatively weak magnetic contributions (compared to the
nuclear ones) the refinement of the magnetic structure was carried out by using
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difference diagrams between the magnetically ordered state and the paramagnetic
state at 23 K. This allows a drastic reduction of the number of free parameters and
therefore a more precise determination of the magnetic structure. Although the
R-factors of such a refinement have rather a high value due to the larger errors
on the background estimation the errors on the ordered moment values are much
lower than those obtained from a refinement of all parameters of the entire pattern
with essentially lower R-factors. As already mentioned above, the refined param-
eters of the 293 K pattern entail large errors compared with the x-ray data, (see
Table I). Thus the Co positional parameters were taken from Reference 5. The
lattice parameters and scale factors were obtained from a refinement of the 23 K
pattern, just a few degrees above the ordering temperature.

The best agreement was obtained for the parameters given in Table II. The
refinement cannot distinguish between Co(2) and Co(3) sites. Thus it is also possible
that both arrangements exist in the form of domains. Due to the larger experimental
error the reliability factors and the goodness of fit x* of difference diagrams are
less satisfactory than those for 293 K; however, the errors in the ordered magnetic
moment values are significantly lower than those resulting from a simultaneous
profile refinement with the dominant nuclear contributions.

2c.  The Magnetic Structure

The 1.5 K and 12 K refined parameters (see Table II) indicate a rather different
behaviour of the three Co sites: The three sites have different moment values and
orientations. The dominating antiferromagnetic contribution arises from the uni-
axial arrangement of the mode C,(+ + — —) observed only for Co(1). This atom
has already reached the saturation value of 4.5(1) g (within the error limits) at
12 K. As already mentioned one cannot distinguish between Co(2) and Co(3) sites.
Co(3) has a canted moment arrangement in the (100) plane with the modes F,, A,
and z as the main axis. Its value changes from 1.8(2) pg at 12 K to 4.0(2) pp at
1.5 K. The Co(3) site has essentially a weak ferromagnetic — F, contribution which
is antiferromagnetically coupled to Co(2). Its ordered moment value at 12 K is
—0.80(25) pg and 1.7(1) pg at 1.5 K. Both the high temperature and the low

TABLE 11

Refined parameters of magnetic ordering in Co—Br boracite from the difference
neutron diagrams 1.5-23 K and 12-23 K, obtained by subtracting the
paramagnetic (nuclear) intensities at 23 K from the data in the magnetically
ordered state. Magnetic space group Pc’'a2,’. The positional parameters of Co
are taken from the 293 K x-ray single crystal data®

1.5-23K 12-23 K
uxlpeB]l  uylpBl Mz(uB] HTUB]|uxiuB] Hy[UB] pzMB] uTIHB)
Co(1) 4.7(2) 4.7(2) [4.51) 4.5(1)
Co(2) 16(1)  -3.7(2) 4.0(2) 08025 -1.6(2) 1.8(2)
Co(3) -1.6(1) 0.6(2) L7(1) -0.8025) 0.80(25)
a, b, ¢ [A] | 8.542(4), 8.573(4), 12.090(6) 8.542(4), 8.573(4), 12.090(6)
BoflA12 | 0.73(5) 0.73(5)

Rim, Rwp%, Rexp%, x2+ 21.8, 41.0, 11.8, 12.0 26.5,49.8, 16.1,9.6
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Co,"B,0sBr
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Integrated Neutron Intensity x 10°
w
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FIGURE 4 Temperature dependence of peak intensities of the magnetic reflections {101} and {121}
upon heating (open symbols) and cooling (full symbols). The lines are a guide to the eyes.

temperature magnetic structures correspond to a three-dimensionally canted ar-
rangement of the three sites as shown in Figure 3.

2d. The Temperature Dependence of Magnetic Intensities

Figure 4 displays the temperature variation of the magnetic peak intensity of the
first two dominant magnetic peaks {101}, {211, 301, 121, 103}. In agreement with
measurements of magnetic birefringence,” magnetoelectric effect,® specific heat’
and spontaneous Faraday rotation®* the magnetic order sets in below 17.5 K. The
intensity of both peaks increases smoothly up to about 7, = 10 K where its slope
versus temperature begins to become steeper. This rather smooth change of slope
is equally reflected in the analogous temperature dependence of the spontancous
Faraday rotation®® and in the change of the slope of the magnetoelectric coefficient
3.2 From the temperature dependence of the {101} peak upon cooling and heating
one may conclude that both phase transitions are of second order in agreement
with the findings of References 7, 8 and 9a.

DISCUSSION

The present neutron diffraction results show that the onset of magnetic ordering
of Co—Br boracite consists of a two step process characterised by successive or-
dering of the three Co sites which display different magnetic moment values and
orientations as well as a different temperature behaviour.

It is noteworthy that the change of slope of the neutron intensity and of that of
the spontaneous Faraday rotation is associated with a very large “‘Schottky anom-
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aly” in the specific heat, peaking at about 8 K and spreading between about 4 and
12 K.? These facts, together with the failure to detect so far a change of point
symmetry’® below ~10 K, suggest that the second step of the two step ordering
is spread over a rather large temperature interval. Accurate susceptibility and
magnetisation measurements on ferroelastic single domains will, however, be nec-
essary with a view to corroborating these findings.

In the temperature range (7, < T < T,) the canted magnetic ordering consists
of the C, mode of Co(1) and the A, mode of Co(2). Their moment values at 12
K are quite different; Co(1) has almost reached the saturation value of 4.5(1) p,
while Co(2) measures less than half of it, 1.8(2) pz. The ferromagnetic contribution

= 0.80(25) pp of Co(2) and — F, for Co(3) is within 30 negligible. From the
1.5 K refined values one may conclude that the transition observed at T, consists
in the onset of ferromagnetism of Co(2) and Co(3) which are coupled antiferro-
magnetically. This transition implies in the free energy expression only changes in
the entropy term in good agreement with the specific heat measurements. The
magnetic ordering mechanism of the boracites is certainly a complex one reflecting
the complexity of the structure, see also Reference 17. The canted ordering and
the successive onset of magnetism indicate the action of competing interactions
which lead to frustration of the ordering process. A simple assumption is that the
dominating factor leading to the frustration resides in the triangular moment ar-
rangement of the three Co sublattices (see Figure 3) as discussed in section 2a with
pronounced antiferromagnetic exchange interactions between the Co** ions via a
180° superexchange mechanism within the Co?*—Br~—Co?* chains. Similar mag-
netic frustration effects have been reported also for other compounds with trian-
gular magnetic moment arrangement and antiferromagnetic superexchange inter-
actions.'®
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