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The influence of silicon on hyperfine magnetic fields 
in Zr(Fel-,Si,), measured for z < 0.17 by Miissbauer 
spectroscopy 

J Sarzyriski, M Budzyliski, R Msiewicz and M Wiertel 
lnslitute Of Physics. Marie Curie-Sktodowska University, PI. Marie Curie-Sklodowskiej 1, 
20431 Lublin, Poland 

Received I1 November 1991, in final form 21 Apd 1992 

AbstrwL Mhbauer C'Fe) speclmscow has teen used Lo sludy the Iaves phase 
compounds Zr(Fel-,Si,h for I < 0.11 .  I1 h,?s teen found lhal the mean values of the 
hyperfine magnetic field, isomer shift and quadruple splitling decrease with increasing 
Si mncenwalion. The dependence of llie hyperline magnetic field on Ihe number of Si 
atoms as nearest and nexl-nearest neighbours of 5'Fe has teen eslablished. 

1. Introduction 

The specific magnetic behaviour of ferromagnetic iron compounds has been the sub- 
ject of very extensive investigations. It is well known nowadays that the influence 
of the substitutional nonmagnetic atoms in pseudo-binary iron systems on the hy- 
perfine interaction parameters is undisputed. It was confirmed additionally by our 
measurements for the cubic Laves phases Zr(Fe,-,Al,), [I]. However, the question 
which has remained unsolved up to now is which of the two approaches given by the 
Jaccarino-Walker [2] model and the Van der Kraan [3] model explains the magnetic 
properties of these compounds. Here, we present our experiments as a contribution 
to this discussion. 

2. Ekperimental procedure 

The samples of Zr(Fe,-,Si,), were prepared by arc melting of high-purity starting 
materials, under an Ar atmosphere. The samples were remelted several times in 
order to achieve homogeneity. They were annealed in a vacuum of about Pa at 
85G900 K for 72 h X-ray powder patterns, observed for all samples, indicated that 
the samples were single phase with a cubic structure. The lattice constant did not 
change appreciably with increasing Si concentration. The Mossbauer spectra were 
recorded at RT with a conventional constant-acceleration spectrometer with a 57Co 
source in a Cr matrix. 
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3. Results and discussion 

The Mossbauer spcctra presented in figure 1 were analysed by means of a standard 
computer procedure. The number of sextuplets fitted to the experimental spectra 
changed kom two for x = 0.00 to six for 0.08 < z 6 0.17. The linewidth was kept 
constant for a given z-value. The average half-width r of all the absorption lines in 
the whole range of Si concentrations was equal to about 0.36 mm s-l in comparison 
with the r'-value for 57Fe in a Cr matrix of 0.26 mm s-'. The occurrence of two 
six-line patterns for I = 0.00 is connected with the existence of two magnetically 
inequivalent sites in the iron sublattice in ZrFe,. The total intensity ratio observed by 
us (71:29) differs somewhat from the expected ratio (3:l) for the easy-magnetization 
axis along the (11 1) direction. This divergence may be explained by the change in the 
casy-magnetization axis from the (111) direction to the (100) or (110) directions, at 
least locally. 
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Figure L M6ssbauer spectra of Zr(Fel-,Si,)z for dikent  r-values 

The mean weighted values of the hyperfine magnetic field B, the isomer shift (IS) 
and the quadrupole splitting (as) as functions of the Si mncentration are presented 
in figure 2 The Is scale is given relative to 57Fe in a-Fe. The Si concentra- 
tion dependences of all parameters exhibit behaviours similar to those observed for 
Zr(Fe,-,Al,), [l]. B and IS have linear dependences with a change in slope for 
z 0.06 This means that, in this range of x-values, a modification of the electronic 
structure occurs without a change in aystallographic structure. 
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Figure 2 Dependence of mean weighled B, IS and Q3 values on Si mncentnlion. 
derived f" lhe M k b a u e r  spectra. 

It k unquestionable that, as in the case of Zr(Fel-~Alz)2, the decrease in the 
hyperfine magnetic field on the 57Fe nuclei is caused by the increasing substitution 
of magnetic Fe atoms by non-magnetic Si atoms. From the B versus I behaviour 
(figure 2), one should expect Zr(Fe,-,Si,), to become paramagnetic for Si concen- 
trations up to about I Y 0.35. This corresponds to the situation where a third of all 
Fe atoms are substituted by nonmagnetic Si atoms. 

In the cubic Laves phase structure ZrFe,, the Fe atoms are surrounded by six 
Fe atoms in their first shell (nearest neighbours (NNS)) and by 12 Fe atoms in their 
second shell (next-nearest neighbours (NNNs)). The distance of the second-nearest 
Fe neighbours from the Fe atom is about twice the distance of the first-nearest 
neighbours. Between six Fe NN atoms and 12 Fe NNN atoms, six Zr atoms are located. 
The substitution of Fe NN and Fe. N" atoms by nonmagnetic Si a t o m  causes a great 
variety of 57Fe local environments and some of them can be distinguished as a result 
of our M6ssbauer data. 

The dependences of B, IS and 12s on Si concentration for all components (sex- 
tuplets) are presented in figures 3, 4 and 5, respectively. In figure 3, the full curves 
join the values of the hyperfine magnetic fields for similar surroundings of 57Fe atom 
for different compounds. The bifurcation observed below I U 0.06 (curves a and 
a') reflects, in our opinion, the situation for pure ZrFe,, where the Fe atoms are 
in two magnetically inequivalent sites. This splitting disappears with increasing Si 
concentration. 

Each of the curves in figure 3 corresponds to a different environment of the 
nuclear 57Fe probes. However, a comparison of the experimental amplitudes of 
sextuplets from numerical analysis and the binomial distribution data indicates that 
the attribution of the definite unequivocal configurations of NN and N" atoms to 
these curves is impossible, particularly for higher Si concentrations. Therefore, we 
may only afiirm, with great probability, that the configuration of Fe and Si atoms in 
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Fsure 4 'The 5'Fe IS Vdlues for Zr(Fet-,Si.)a. 

the NN and NNN shells of 57Fe are those presented in table 1. 
The dependence of IS on Si concentration presented in figure 4 s e e m  to confirm 

such a configuration of atoms. Curves a and b, curves c and d and, to a certain 
degree, curves e and f form pairs of curves which differ distinctly from each other 
in their IS values. This difference from one pair to the next pair of curves is caused 
by the change in electronic structure in the nearest surroundings of the 57Fe atoms. 
Figure 2 shows that the Is tends to be less negative with increasing Si concentration. 
This means, recalling that 6 R / R  is negative for 57Fe, that the electron density at 
the 57Fe nucleus decreases with increasing amount of Si. The s-electron density at 
the nucleus is inevitably influenced by changes in the valence shell structure. It is 
known that the elecvonegativity of neighbouring atoms plays an important role in 
these changes. The electronegativity of silicon is 1.75, whereas the value for iron is 



Hypef ie  magnelic fields in Zr(Fe, -=Si& 6437 

Tnbk 1. ?he proposed mnfigurations of Fe and Si atoms m the NN and N" shells 
of ST% atoms, mmponding to m a 4  in figure 3. The underlined mnligumtions 
provide the largest contribution Lo the amplitude of hyperfine magnetic field. 
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It can be seen (from figure 2) that the mean value of QS is nearly constant in 
the whole m g e  of Si concentrations. This means that, on average, the angle 0 
behveen the V,,-axis and the hyperfine magnetic field vector does not change. The 
asymmotric charge distribution around the 5iFe atom is observed only for curve f 
which corresponds to the weakest magnetic fields, Le. for a large amount of Si atoms 
in the 57Fe surroundings. 

Our results indicate that in Zr(Fe,-,Si,), the concentration dependence of the 
hyperfine magnetic field cannot be explained by assuming a discontinuous formation 
of the Fe magnetic moment on the basis of the model of Jaccarino and Walker 121. 
In our experiment neither the number of sextuplets required by this model nor the 
presence of a paramagnetic doublet or a single-lie pattern was observed. Our results 
allow us to conclude that the decrease in 5iFe magnetic moment is stepwise and that 
the model of Van der Kraan 131 is the better approach for the description of the 
magnetic properties of these compounds. 

The analysis of the curves in figure 3 (see also table 1) allowed us to estimate that 
the substitution of one Fe NN atom by an Si atom causes a decrease in the hyperfine 
magnetic field by about AB,, E 33.8 kG. The lack of one Fe NNN atom decreases 
the field by about AB,,, Y 16.6 kG. Thus, AB,, N_ 2AB,,, N where 
B,,, is the highest value of the hyperfine magnetic field (for pure ZrFe,) equal to 
about 203 kG. Our AB,,-value is in good agreement with the predictions of the 
Van der Kraan model. The value of AB,,, is greater by about 6 kG than that 
predicted by this model. 
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