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Abstract 

The magnetic properties of the compound TbNiSi? were studied by means of magnetic measurements 
and neutron diffraction. Neutron diffraction experiments made in the paramagnetic regime confirmed 
the CeNiSi? structure reported earlier for this compound. Refined atomic position parameters for 
TbNiSi? are given, Neutron diffraction measurements performed in the magnetically ordered regime 
showed that the terbium moments (8.7~” (Tb atom). ‘) order antiferromagnetically below T, = 36.2 
K, with a collinear magnetic structure in the space group Cm’cm, the moment direction being along 
the c axis. 

1. Introduction 

The crystal structure of rare earth compounds of the composition RNiSi, was 
determined by Bodak and Gladyshevskii [ 1 j who showed that the CeNiSi, structure 
is closely related to the AlB, structure and the a-ThSi, structure. Rare earth 
silicides and germanides crystallizing in the two latter structure types have been 
extensively investigated by the present authors in the last few years [2, 31. It was 
found that both the silicides and the germanides have a tendency to form off- 
stoichiometric compounds in which some of the silicon or germanium positions 
remain unoccupied. Special attention was paid to the vacancy distribution and its 
effect on the magnetic structure type. 

In view of the close structural relationship between the RNiSi, compounds 
and the (defect) silicides and germanides of the AlB, and a-ThSi, structure type we 
have extended our investigation now to the former compounds. Recently it was 
shown by Francois et al. [4] that the CeNiSi, structure type is adopted by a 
considerable number of compounds of the general formula RTX, where T repre- 
sents a 3d transition metal and X = Si, Ge or Sn. Also, in this class of compounds 
there is a tendency to form off-stoichiometric compositions, which has enhanced 
our interest in these compounds. In the present study we have restricted ourselves 
to the investigation of the relatively simple case of TbNiSi, occurring at the 
stoichiometric composition, leaving the more complicated off-stoichiometric com- 
positions to future investigations. 
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2. Experimental procedures and results 

The sample TbNiSi, was prepared by arc melting from starting materials of at 
least 99.9% purity. After arc melting the sample was vacuum annealed at 800 “C 
for about 4 weeks. X-ray diffraction showed that after this treatment the sample 
was single phase. All reflection lines were indexed on the basis of the orthorhombic 
CeNiSi, structure type [ 11. The lattice constants are a = 0.382 nm, b = 1.603 nm, 
c = 0.395 nm. 

The magnetic properties of the compound TbNiSi, were studied by means of 
a superconducting quantum interference device magnetometer in the temperature 
range 4.2-350 K in a magnetic field strength of up to 20 kOe. Results of these 
measurements are displayed in Fig. 1. It may be seen from these data that there is a 
N&el-type transition at TN =35 K. In the range well above TN the reciprocal 
susceptibility x - ’ is seen to behave according to the Curie-Weiss law. The effec- 
tive moment derived from the slope of the x-‘(T) curve equals 10.1~~ (Tb 
atom)- l which is close to the value of g{J(J+ 1)}“2 = 9.72~~ expected for Tb3+. 
The Curie-Weiss intercept 13, is equal to - 5 K. 

The neutron diffraction data were obtained from a powdered sample of 
TbNiSi, with the double-axis multicounter system at the Saphiz Reactor, Wiiren- 
lingen. The wavelength used for the data collection equals 0.17059 nm and the step 
increment of the diffraction angle 28 was 0.10”. Measurements were made in the 
paramagnetic range (60 K) as well as in the magnetically ordered range (8 K). All 
data were corrected for absorption and evaluated by means of the line profile 
analysis method [5, 61. The scattering lengths and magnetic form factor used for 
terbium are from ref. 7 and ref. 8 respectively. 

The neutron diffraction diagram taken at 60 K is shown in Fig. 2. The full 
curves represent the observed neutron intensities. For the refinement procedure 
these data were corrected for the background contribution. Results of the refine- 
ment procedure based on a trial structure corresponding to the CeNiSi, type [l] 
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Fig. 1. Temperature dependence of the magnetization u and temperature dependence of the recipro- 
cal susceptibility x _ ’ of the compound TbNiS&. 
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are represented by the broken lines at the bottom of the figure. The corresponding 
refined parameters are listed in Table 1. 

The neutron pattern obtained at 8 K is shown in Fig. 3. Inspection of the data 
shows that all magnetic reflections appear at the same reciprocal lattice positions 
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Fig. 2. Neutron diffraction pattern of the compound TbNiSi, in the paramagnetic range (at 60 K) 
showing observed intensities ( -) and calculated curves (- - -). The differences between observed 
intensities (corrected for background) and calculated intensities are plotted at the bottom of the figure 

i -; right-hand scale). 

TABLE I 

Refined parameters for the neutron data of TbNiSi, 

Temperature (K) 60 x 

ah) 
h (nm) 
c(nm) 
V (nm”) 

Ylh 
YN, 
YW , 
hr. 
B(nm?) 

PlPn 
R,,, R,,,, &, (“hi 
Kcrp (‘x?). .x’( 

0.39958(I) 
1.64041(5) 
0.39636( I ) 
0.25980(2) 
O.l063( I) 
0.3221(l) 
0.4596(2) 
0.7495(2) 
0.0022(2) 
- 

4.6, -, 8.5 
4.1,4.2 

0.39937( I ) 
1.64114(6) 
0.39606( 1) 
0.25959(2) 
O.l063( 1) 
0.3219(l) 
0.4590( 3) 
0.7493( 3) 
0.0025(3) 
8.70(4) 
4.0, 3.1) 7.5 
3.4,4.9 

Space group, Cmcm; Z= 4; all atoms at symmetry site 4c, (0, Y, l/4). 
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TbNiSi, 8 K, 1.7059 A, Cm- cm 
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Fig. 3. Neutron diffraction pattern of the compound TbNiSi, in the antiferromagnetic range (at 8 K) 
showing observed intensities ( -) and calculated curves (- - -). The differences between observed 
intensities (corrected for background) and calculated intensities are plotted at the bottom of the figure 

( -; right-hand scale). 

as the nuclear reflections, leading to the magnetic wave vector k = 0. Owing to the 
low symmetry of the 4c site (the magnetic atoms being located at the intersection of 
the mirror planes m, and m, and the 2y axis) a considerable reduction in the 
number of free parameters can be achieved by considering the allowed magnetic 
modes for the eight magnetic space groups [9] associated with k = 0 for this site. As 
may be seen from Table 2, the terbium moments can adopt only a collinear spin 
arrangement in either the F( + + + + ) or the G( +-+-) mode. Ferromagnetic 
modes can be ruled out immediately since the magnetic measurements have 
indicated antiferromagnetic ordering. The easy moment direction of the antiferro- 
magnetic structure has to be along the c axis because of the absence of the allowed 
magnetic (001) reflection with structure factor i( 1 - 1 + 1 - 1). The refinement has 
confirmed the uniaxial arrangement of the terbium moments according to the 
magnetic space group Cm’cm (Sh$‘). The refined parameters are included in 
Table 1. The refined moment value of 8.7,~~ indicates that the magnetic moments 
are slightly below the free ion value gJpB = 9,~~ for Tb3+. 

The intensity of the magnetic (020) reflection was measured as a function of 
the temperature. Results are displayed in Fig. 4. The magnetic ordering tempera- 
ture derived from these data is equal to 36.2 K, which is in good agreement with 
the Neel temperature obtained from the magnetic measurements. 
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TABLE 2 

Magnetic modes of the 4c symmetry site for the eight possible magnetic space groups of Cmcm 
associated with k = 0 

Magnetic space group X Y Z 

CWKm (W-:‘) 
Cm’cm (SW’) 
Cf?lC’Wl WG”) 
Cr?lcm’ (W:’ 1 
Ci?iC'm (SW 1 
Cm’cm’ (W” 1 
C’m’ Cm1 (Shi:J i 
cnic’m’ (Sh;;‘) 

- Gz 

Gx - 
Fz 

Fx - - 
- FY - 

GY 

F ( + + + + ) and G i + - + -_) are for the snin signs of terbium atoms ( 1) (0, y, l/4), (2) (0, - y, 3/4), 
(3)(1/2, l/2+, 1/4)and(4)(‘1/2, l/2-y,3;4). - 
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Fig. 4. Temperature dependence of the intensity of the magnetic 020 reflection for TbNiSi?. 

3. Concluding remarks 

A schematic representation of the crystallographic and magnetic structure is 
given in Fig. 5. The collinear antiferromagnetic structure can be described by 
means of pairs of closely spaced ferromagnetically ordered planes of terbium 
atoms stacked antiparallel along the b direction. Within the ferromagnetic planes 
the terbium moments are oriented along the c direction. A similar magnetic struc- 
ture was also observed in HoCoSi, [lo], but for TbCoSi, a complex spiral type of 
structure was found. It is possible that this difference in behaviour is caused by the 
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Fig. 5. Schematic representation of the crystallographic and magnetic structure of TbNiSiz: 0, 0, 

atoms at z = 0; a, 0, 0, 0, atoms at z = f. 

next-nearest-neighbour distance (associated with the intersublattice interaction) 
that is somewhat larger in TbCoSi, (d,, =0.4144 nm) than in TbNiSi, 
(d, z = 0.40 12 nm) whereas the nearest-neighbour distances (associated with the 
intrasublattice interaction) is almost equal in TbCoSi, (d,, = c= 0.3972 nm) and 
TbNiSi, (d, 1 = c = 0.396 1 nm). 

Preliminary investigations of the magnetic properties of RNiSi, compounds 
have shown that these properties are difficult to understand in terms of a unified 
model such as provided by the Ruderman-Kittel-Kasuya-Yoshida interaction. A 
more detailed study of these compounds by means of neutron diffraction is in 
progress. 
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