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Abstract. We repon magnetic susceptibility measuremeam on single crystals of very-higbpurity 
VSil, NbSb and TaSiz from 4 K lo room temperatwe. VSil is paramagnetic while NbSiz and 
TaSiz are diamagnetic. A systematic anisotropy of x is observed for the three compounds. The 
resulm are in good agreement with previous investigations of the electronic properties of ulese 
materials The different contributions of ,y which account for these data are discussed. 

1. Intraduction 

The silicides of the transition metals are widely studied owing to the variety of their 
physical propenies and to their potential applications in V L ~ I  technology. Of particular 
interest are Wiz, NbSiz and TaSiz which are isoelectronic and crystallize in the same 
hexagonal C40 structure (space group, P6222). Single crystals of very high punty have 
been grown [I]. Transport measurements on these metallic samples indicate that these 
materials are anisotropic [2,3]. Low-temperature specific heat measurements are in good 
agreement with electronic density-of-state calculations which show that a narrow band is 
located near the Fermi level. The widths of this are around 0.15 eV, 0.4 eV and 0.5 eV for the 
vanadium, niobium and tantalum compounds respectively. N(&) decrease with increasing 
atomic number of transition metal. From the yT term of the specific heat we deduced 
2.58, 1.44 and 1.32 states eV-’/formula unit for VSIZ, NbSiz and TaSiz, respectively [41. 
NbSiz and TaSiz are superconductors with transition temperatures of 130 mK and 353 mK, 
respectively [4]. For W i z  we found no indication of superconductivity for temperatures 
above 100 mK. These results are also in good accordance with optical data [5,6]. 

Magnetic measurements are reported for only a few temperatures and on sintered 
materials [7]. We present here a systematic study of the magnetic properties of VSh, 
NbSi2 and TaSiz carried out on single crystals from 4 K to room temperature. 
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2. Experimental details 

Large single crystals of VSi2, NbSiz and TaSiz were grown by a modified Cz.ochralski 
technique. The crystals were pulled from a RF-levitated melt in a cold Huh-type copper 
crucible [8,9]. The alloys had previously been prepared by direct melting of purified metal 
rods (punty, greater than 99.99%) and high-purity (99.9999%) silicon lumps. Further details 
of this growth technique have been reported in [lo]. By the abovsdescnbed procedure 
we obtain large single crystals of cylindrical shape (4-5 cm long with a diameter of 8- 
10 mm). These rods were mounted with wax on a goniometer and oriented by h u e  x-ray 
patterns. They are cut by mechanical grinding. Finally we obtained well oriented samples 
(precision, about 1") with a suitable shape for magnetization measurements. In the case of 
VSiz and TaSiz we used the same samples which had already been studied by specific heat 
measurements 141. 

Magnetic measurements were made with a commercial SQUID magnetometer from 
Metronique Instruments. The magnetic field is given by a superconducting coil; it can 
be varied up to 75 kG. The resolution of the magnetization is better than one part in IO3. 
The precision of temperature regulation is about 5 mK at 4 K and 100 mK at 275 K. 

The orientation of the crystallographic axis of the sample in the direction of the field is 
achieved with an accuracy of about 5". This is not of crucial importance since the anisotropy 
of the magnetic properties is low. Furthermore several runs have given identical results with 
a reproducibility to within 0.5%. No thermal hysteresis was observed. 

3. Results 

Typical magnetization data are shown in figure 1 where we have plotted M versus B for 
VSiz and TaSiz at 4 and 275 K, with B parallel to the c axis. M varies proportionally to B up 
to the maximum field. At low fields and low temperatures. small deviations from linearity 
can be observed. They can be attributed to a very small number of residual impurities in 
the sample. In figure 1 for clarity we omitted to plot any data for NbSiz, as they are very 
close to those of TaSiz. 

In figure 2 we have plotted x = M / B  at B = 60 kG versus temperature for the three 
compounds. xc and x a b  refer to B parallel and perpendicular, respectively, to c.t The main 
results obtained from figure 2 can be summarized as follows. 

(1) VSiz is paramagnetic while NbSiz and TaSiz are diamagnetic. As for the electronic 
specific heat and electrical resistivity the latter two compounds exhibit rather similar 
behaviours which are notably different from that of the vanadium compound. 

(2) For the three silicides, the susceptibility is anisotropic. xe is larger than xac by 
about (40-5O)x emu mol-l. 

(3) x is almost temperature independent in the domain investigated for both orientations 
of NbSi2 and for Xob of TaSiz. For xc of the latter compound a maximum occurs at around 
60 K with an overall variation in x of about 10 x emu mol-! in the entire range of 
T. For the vanadium compound the components x c  and Xab of the susceptibility decrease 

t To enable a comparison to be made with the results in the literature, ,y is given in emu. To obtain values in SI 
units multiply by the factor 4n x IO-6.  
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continuously from 4 to 275 K, both following roughly a T z  law. The total variation is about 
8 x 

(4) Our results are in good agreement with old results on sintered samples [7] which 
were +161, -37 and -40 x emu mol-' for VSi2, NbSiz and TaSiz, respectively, at 
room temperature. A large decrease in the susceptibility with increasing temperature for 
VSiz is also reported. At 500°C. x has a value of 107 x 

emu mol-' for xc and about 10 x emu mol-' for xob.  

emu mol-'. 

4. Discussion 

The calculation of the magnetic susceptibility of solids is a very difficult task, since one 
needs a detailed knowledge not only of the band structure but also of the electronic orbitals 
localized around the atoms. x can be modified by the lattice potential as well as by electron 
interactions. Different contributions to the susceptibility can be distinguished. The values 
of these contributions are generally of the same order of magnitude; their signs can be either 
positive or negative. Thus it is sometimes difficult to predict whether a material will be 
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diamagnetic or paramagnetic. The separation between these different contributions is also 
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more or less arbitrary. 
We do not know the electronic structures of Wiz, NbSiz and TaSiz sufficiently accurately 

to perform such a calculation of x .  However, from our knowledge of the electronic 
properties of these compounds that we have obtained in our previous studies, we try to 
describe the main trends of the magnetic data with a simplified model. 

The magnetic susceptibility of a normal metal (without local magnetic moment) can be 
decomposed into different contributions: 

x = xcore + X P  + XLP 

xCore is the diamagnetic susceptibility of the core electrons, x p  is the Pauli spin 
paramagnetism of the conduction electrons and is the Landau-Peierls term resultins 
from the orbital motion of the conduction electrons. Other terms can also be introduced to 
account for the experimental data if necessary. 

xcore is temperature dependent and can be calculated if the electronic distribution is 
known [I I]. So we have to assume the electronic configuration of the ion in the solid in 
order to evaluate this term. For the silicon ions, a reasonable assumption is to suppose 
an intermediate value between the two extreme 3s23pz ( x  = -26 x emu mol-') and 
2p6 (x = -2 x loM6 emu mol-') electronic configurations [12]. The former corresponds 
to the neutral free atom of Si and the latter to the Si4+ ionized atom. This leads to 
-14 x emu mol-' for each Si ion core. The value corresponding to the two Si atoms 
in the molecule is indicated by an mow in figure 3 where we have plotted the values of x 
measured at low temperatures for the three compounds and for both orientations against the 
atomic number of the metallic element in the silicide. The diamagnetic susceptibilities are 
-21, -47 and -69 x emu (g atom)-' for the 3d', 4d4 and 5d4 configurations of the 
V, Nb and Ta ions, respectively [13]. They correspond to an M +  ion. The total (2 silicon 
atoms + transition metal atom) xmre contributions are shown in figure 3. 

At low temperatures, xp is given for non-interacting electrons by 

XPO = LLZeN(EF). 

Using the density N(EF) of states deduced from specific heat measurements we can 
calculate XW. We have plotted xEOm + xw in figure 3. We see that with only these two 
contributions reasonable agreement with the measured value has already been achieved in 
particular the decrease in x from vanadium to tantalum has been accounted for. 

However, we note that the measured susceptibility of VSiz is about twice the x obtained 
by taking account of these two contributions. We have seen that a narrow band is located 
at EF in this compound, leading to a large value for the electronic density of states. Such a 
result is favourable to strong electron-electmn interactions which, as discussed in [4], can be 
a reason for the lack of superconductivity of VSiz at temperatures above 100 mK. Electron- 
electmn interactions enhance the spin susceptibility by the Stoner factor 1/[1 - I N ( E F ) ] ,  
where Z is the exchange integral. 

By using quite a reasonable ZN(EF)-value of 0.5 [14], we can easily achieve good 
agreement between the data for VSi2 and the two contributions of the susceptibility: 
xmre + xpo/[l - zN(EF)]. Assuming that Z is the same for the other two silicides we 
can calculate the enhancement in x p  for NbSiz and TaSiz. They are much smaller owing to 
the smaller N ( E F ) .  The results for the two contributions are shown in figure 3. They are 
in quite good agreement with experimental data for the three silicides. 
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The anisotropy of the susceptibility can be ascribed to the Landau-Peierls term which 
is given by [15] 

where m* is the effective mass of the carriers and mo the freeelectron mass. The electrical 
conductivity at room temperature is anisotropic [31. U is systematically larger when the 
current flows along the c direction than when it flows in the hexagonal plane. The anisotropy 
of U can be related to the anisotropy of the effective mass tensor. For a hexagonal crystal 
the two values M and m are sufficient to define this tensor 1161. So the component m of 
the effective-mass tensor along the c axis is smaller than M in the a-b plane. 

For the susceptibility the effective masses to consider are the components in the 
directions perpendicular to the field. x ~ p  can be taken to be proportional to -1/M2 for xc 
and to -I/mM for xob. This simple argument explains well that x .  is larger than xob for 
a given silicide. 
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A thermal dependence of the Pauli susceptibility occurs when the electronic density of 
shies varies significantly on an energy scale of the order of k T .  For a simple parabolic 
band we have 

A more general expression can also be used for other shapes of the electronic density of 
state [17]. In the simplified case, applying this formula to VSi2, we obtain E p  N 0.06 eV 
and Ep N 0.08 eV from xc and xob, respectively, which is of the order of magnitude of the 
width of the narrow band present in that compound. So the thermal variation in ,y for VSiz 
can be explained by the thermal variation in the Pauli parmagnetism. In the cases of NbSiz 
and TaSiz the widths of the narrow band located at EF are four and five times, respectively, 
that of VSi2. Thus the thermal variation in the Pauli paramagnetism for NbSiz and TaSiz 
should be about a twentieth of that for VSLZ. It is more probable that the observed thermal 

~ variation in xe  for TaSiz has another cause. 
Thermal dilatation of the lattice gives small variations in the susceptibility even in 

simple metals such as Cu, Ag or Au [NI. Even in simple systems the variations are not 
easily predictable. For copper and gold, x decreases with increasing T. A minimum is 
observed for silver. In the case of systems such as hexagonal zinc or cadmium the more 
complex band structure gives a variety of effects which can be explained only if one knows 
in great detail the Fermi surface topology 1191. The effect of the lattice dilatation could 
very probably explain the thermal variation in x shown by TaSiz. 

5. Conclusion 

We measured the magnetic susceptibilities of Wiz, NbSiz and TaSiz single crystals from 
4 K up to room temperature. VSiz is paramagnetic while NbSiz and TaSiz are diamagnetic. 
Using the information obtained from specific heat measurements and from band-strncture 
calculations we can explain the magnetic measurements as the sum of the core diamagnetism 
of the localized ions and the enhanced Pauli paramagnetism due to the conduction electrons. 
We observe a systematic anisotropy in x for the three compounds. We can explain this by a 
Landau-Peierls diamagnetic term and we can correlate it to the anisotropy of the transport 
properties. 
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