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Abstract. NiBr,, pure or Fe-doped, undergoes a phase transition from commensurate to 
incommensurate structure at TIC = 22K. The incommensurate phase (helicalmagnetic struc- 
ture) is accompanied by the appearance of a hexagon of satellites around the (003) and (107) 
magnetic reflections, which moves out from the commensurate peak as the temperature is 
lowered until it is complete at 4.2 K. The propagation vector in pure NiBr, lies in the basal 
plane a*b* and along the (110) direction whereas in doped NiBr, it can lie in almost any 
direction within the a*b* plane. A model that fits intensities distributed around a ring to 
those of the hexagon of satellites around the (003) magnetic reflection is discussed and used 
as a basis for calculations. 

1. Introduction 

NiBr2, with the CdC12 crystal structure-hexagonal (RTm), is unique among the meta- 
magnetic transition-metal dihalides, and probably among all magnetic materials, in 
undergoing a transition from a commensurate collinear magnetic structure to an incom- 
mensurate helical spin structure with a propagation length that is a smooth function of 
temperature (Day and Ziebeck 1979,1980, Adam etal 1980). Above TIcit has acollinear 
magnetic structure consisting of sheets of ferromagnetically coupled spins lying within 
the basal plane, successive sheets being coupled antiferromagnetically as in NiC12. The 
onset of the incommensurate phase, in which the spins still lie within the basal plane but 
describe a helix along the (110) direction with wavevector ko = [0.027, 0.027, $1 at T = 
4.2 K (figure 1; see also Adam etal 1980), is accompanied by the appearance of a hexagon 
of satellites around the (003) and (lo?) magnetic reflections, which moves out from the 
commensurate peak as the temperature is lowered (Day and Ziebeck 1980, Day et a1 
1976). In an effort to understand the origin of the helical phase and the driving mechanism 
of the commensurate-incommensurate transition, Regnault et a1 (1982) measured the 
spin waves for the (110) direction at T = 4.2 K of NiBr2 in order to determine the 
exchange and anisotropy parameters, which help to describe the unusual helimagnetic- 
antiferromagnetic transition that occurs at T = 22.8 K. 

In Ni0,92Zn0,08Br2, on the other hand, random substitution of Zn ions into the lattice 
disorders the propagation direction of the helix but leaves the propagation length 
sufficiently well defined that the satellite structure now consists of a ring in the a*b* 
plane (Day et a1 1981). This behaviour is relevant to the theoretical work by Rastelli et 
a1 (1979) showing that the incommensurate phase is stable because of competition 
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Figure 1. Helimagneticordering within the 
basal plane for NiBr, at T = 4.2 K. 

between the near-neighbour ferromagnetic exchange and antiferromagnetic second- 
and third-near-neighbour exchange, so the magnetic order should be peculiarly sus- 
ceptible to changes in the lattice occurring on doping with non-magnetic ions. 

In view of the observation of the satellite structure in both pure and doped NiBr2, 
the aim of the present work is to fit a set of intensities measured in reciprocal space to a 
model in which the major hexagonal satellite distribution is superimposed on a ring of 
intensity representing a degree of disorder in the propagation direction. It also con- 
stitutes a test of the applicability of the multidetector diffractometer D16 to studying 
incommensurate magnetic structure at low temperature, since it was the first time the 
multidetector had been used for this purpose. The fitting is also being extended to 
include the temperature dependence of the (003) magnetic reflection plane (termed 
(003),) through the commensurate-incommensurate phase transition at 22 K. 

2. Experimental details 

Single-crystal samples of pure and Fe-doped nickel dibromide (NiBr2) were grown 
by the Bridgman-Stockbarger technique. From these, single crystals of approximate 
dimensions 5 x 5 x 1 mm3 were cleaved. These were aligned with (001) and (hO0)vectors 
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Figure 2. A perspective diagram of a portion of the observed satellite 
w ,  v space around (003),. 
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Table 1. Observed positions of satellites in reciprocal space, intensities and propagation 
lengths and directions ~ ( W R T  a * )  as functions of temperature for NiBr,, around (a) (003), 
and (6) (lOi),,,. 

T(K) 20 (deg) w (deg) v (deg) I / I ,  (sat.) Z/I, (003), z (k') q (deg) 

(a )  
22 21.35 3.9 0.61 56 
20 21.35 5 .2  0.83 79 
18 21.35 6.5 0.93 80 
4.2 21.35 8.4 1.70 100 

( 6 )  
22 91.84 0.96 0.55 46 
20 91.84 1.33 0.72 76 
18 91.84 1.74 0.89 83 
4.2 91.84 2.15 1.60 100 

100 
11 
8 
1 

100 
15.5 
13.1 
12.7 

0.0060 22.7 
0.0084 23.3 
0.0098 26.2 
0.0138 28.8 

0.0060 23.9 
0.0084 26.1 
0.0098 24.5 
0.0138 27.4 

in the horizontal plane and enclosed in a variable-temperature cryostat allowing 
measurements to be made down to 4.2 K. Diffraction measurements were made on the 
four-circle diffractometer D16 using a neutron beam of wavelength 4.52 8, and a sample- 
to-detector separation of 500 mm. The magnetic satellite structures around the (003) 
and (107) magnetic reflections, as the temperature was varied from 22 to 4.2 K, were 
examined, intensities being collected as functions of 28  and v across the 64 X 16 multi- 
detector grid while the table angle w was increased in steps. The instrumental resolution 
defined by the spacing between the elements of the multidetector was 0.29,0.15,0.57" 
in 28, w ,  v respectively. This was good enough to enable us to resolve the six individual 
satellites. The satellites were represented at the multidetector grid by 28  (64 elements 
running down), v (16 elements running across) and w (the angle in steps of 0.5"). 

3. Analysis of results 

Figure 2 shows a portion of the data in the form of a perspective diagram of the satellite 
intensity observed at 4.2 Kin  L O ,  v space around (003),. The results are consistent with 
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Figure 3. Hexagonal satellites around (003), in the a*b* plane of the reciprocal lattice at 
4.2 K (a)  for pure NiBr,, ( 6 )  for Feo lNio9Br,. (The intensities of the satellites are given in 
table 2.) 
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Table 2. Intensities of hexagonal satellites at 4.2 K as indicated in figure 2. (a)  NiBr, (t = 
0.0138 A-1). ( b )  Feo lNio9Br, (t = 0.0151 k'). 

(a)  
18 
59 
22 
17 
54 
20 

( b )  
17 
10 
20 
12 
12 
11 

17 
55 
19 
16 
57 
18 

19 
12 
14 
15 
14 
8 

3.4 
8.4 
8.4 

-3.4 
-8.4 
-8.4 

11.0 
5.5 
5.5 

-11.0 
-5.5 

5.5 

0.0 
1.7 

-1.7 
0.0 

-1.7 
1.7 

0.0 
-3.5 
-3.5 

0.0 
3.5 
3.5 

a regular hexagon of satellites in the a*b* plane of the reciprocal lattice, characterised 
by a helical propagation vector as illustrated in figure 3 .  The procedure for fitting the set 
of intensities measured in the 28, w ,  v space to a model in which the major hexagonal 
satellite distribution is superimposed on a ring of intensity representing a degree of 
disorder in the propagation direction is given herein. 

A ring simulated by 40points separated by steps of 9" was chosen. From the geometry 
of the reciprocal space around the (003) reflection (see Appendix l), w and v (in degrees) 
were calculated for a given magnitude of the propagation vector, z (in A-'). The 
corresponding values for w and v in terms of elements represented at the multidetector 
were calculated at these points (see Appendix 2). 

The value of the peak intensity from the scan of (003), at 28 K (commensurate phase) 
was used to calculate the distribution of intensities at the locations of w- and v-elements 
for the 40 points, this calculation being preceded by a scaling and weighting of the 
intensities, giving extra weight to the direction (110), to bring the intensities in the 
calculated pattern to the observed values. Initially the calculation was done by taking 
only integer values of w- and v-elements, neglecting the fractional values. Because of 
the significant difference between the observed and calculated intensities, the distri- 
butions of intensities were then recalculated by interpolating the values of the peak 
intensities for the fractions corresponding to precise locations of points from the nearest 
integer values of w- and v-elements. The differences between the observed and cal- 
culated patterns were obtained after interpolating to the centres of both patterns using 
the fractions. 

4. Discussion 

Table 1 shows the satellites for NiBr, around (003), and ( l O i ) ,  as a function of tem- 
perature. In the temperature range 22-20 K,  the commensurate-incommensurate 
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phases coexist. This finding agrees with the reported result (Adam et af  1980) that in 
zero field the commensurate and satellite reflections of NiBr2 coexist over about 1 K. 
At temperatures below 20 K the commensurate phase disappears and the satellite 
structure grows until it is complete at 4.2 K. 

The satellite structure around (003),, represented in figure 3(a) consists of a regular 
hexagon in the a*b* plane with a propagation vector lying along (110) direction and 
reaches a limiting value of 0.0138 A-' at 4.2 K. In doped NiBr2, on the other hand, the 
introduction of 0.1 mol% Fe has introduced a large disorder in the propagation direction, 
so instead of lying along the (110) direction it has almost equal probability of lying in any 
direction within the a*b* plane, e.g. along the (100) direction (figure 3(b) ) ,  and its 
magnitude has increased to 0.0151 A-' at 4.2 K (see table 2). Such disorder has been 
found in NiBr2 doped with Zn (Day et a1 1981) and the reason for the existence of the 
helical phase is a competition between the near-neighbour ferromagnetic exchange 
constant J1 and the antiferromagnetic second- and third-nearest-neighbour exchange 

"- 
0 

x 
7 

E 
0 

*O  i 
'(I 

0' ' 

- 8 . 4  
4 

40 - 

0 2 4 

20- 

-2 
0- . 

- 4  4 
U' . 

- 4  -2 0 2 

v (deg)  

Figure 4. Observed and calculated profiles for (003), and satellites for NiBr, at 4.2 K. The 
full circles show observed data and the full curves were calculated assuming a smooth ring 
of intensity centred at (003),. The arrows give values of w (in deg). 
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constants J2  and J 3 .  Moreover, the disorder in the propagation vector may result from 
the random distribution of Fe ions in the lattice, which causes local fluctuation inJ2  and 
If, so varying the propagation direction randomly through the crystal. 

Figure 4 shows that the best fit to the experimental profiles was obtained with a 
uniform distribution of intensity around a ring. A slight improvement in the fit was 
obtained by giving a small (-9%) extra weight to the (110) direction. A similar fitting 
procedure for the (lOi), satellite reflection profiles also gave a good fit when a circular 
distribution was used. A similar fitting model was extended to include the experimental 
profiles at 22 K, and figure5 shows that good agreement between observed and calculated 
profiles was obtained. It also shows the coexistence of the collinear commensurate phase 
and the helical incommensurate phase. 

Finally, it can be noted that replacing only 10% of the magnetic ions in the NiBr, 
lattice by non-magnetic ones has a dramatic effect on the propagation direction, dis- 
ordering it almost completely, while the propagation length remains well defined and 
only increases in magnitude by 9.4%. 
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Figure 5.  Observed and calculated profiles for (003), and the satellites for NiBr, at 22 K. 
The full circles show observed data and the full curves were calculated. The arrows give 
values of w (in deg). 
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64 elements 
2.54 mm apart  
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Appendix 1. The geometry of the (003) reflection and satellite in reciprocal space 

For the geometry, see figure A l .  Note the following: 

28(003) = 2A sin [(a/2)d&33)1 (o = A tan (t/dTOO3)) 

28,,, = 2A sin [(i1/2)d,*,,] = ta(i8o/n). 
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Appendix 2. The calculation of the elements 28, o and v 

See figure A2, noting the following: 

2eelement = D tan 28/(2.54 mm) 

(oelement = wo/(step angle) = w0/0.5" 

velement = D tan vl(4.8 mm). 

Specimen 

Figure A2 
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