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AbslracL The dependences of the specific saturation-magnelization n(C) ,  magnetic 
grdering lemperature Tc(C), average hyperfine field H(C) and average isomer shift 
6(C) on Si concentralion are measured in crystalline Fe-Si alloys disordered by 
mechanical crushing. I t  is shown that topological disordering does not determine the 
magnetic propenies. The peculiarities found are explained in terms of the local atomic 
SlNClure parameters depending on the number of Si nearer1 neighbours of an Fe atom. 

1. Introduction 

In studying the magnetic properties of disordered crystalline (DC) and amorphous 
transition-metal-sp element (T-sp) alloys the investigation of the influence of the sp- 
element concentration, the interatomic bond type and the topological and chemical 
disorder on the properties of these alloys has special significance. However, the 
role of each factor mentioned above is not clearly understood yet for the following 
reasons. 

(a) The range of amorphous alloy concentrations is limited. 
(b) There is no comparison of the magnetic parameters of the samples in 

(c) There are certain difficulties in interpreting the experimental results. 

AU this makes it necessary to carry out systematic studies of binary systems 
which can be produced in both DC and amorphous states in as wide as possiblc 
a concentration range. From this point of view the most suitable models are Fe-Si 
alloys. The results of investigating the magnetic properties of DC F e S i  alloys with 
less than 12 at.% Si [I-g and amorphous F e S i  films with more than 25 at.% Si 
[8-111 are known at present. In [12, 131 it was shown that by means of mechanical 
working in a mill a DC state could be easily obtained for Fe-Si alloys with more than 
10 at.% Si. Thereby one can carry out a detailed analysis of the magnetic properties 
of alloys in a wide concentration range both with topological and chemical disorder 
and with only chemical disorder. Mossbauer spectroscopy was used to determine 
the relationship between the magnetic properties and the local atomic environment 
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amorphous and DC states available in the literature. 
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characteristics by analogy to the well known Jaccarino-Mlker [14] model. A number 
of theoretical [15] and experimental studies of disordered alloys of transition metals 
such as Fe-V [16, 171, as well as ordered Fe-AI [18] and F e 4  [19] alloys in which 
integral magnetic parameters of the alloys were interpreted in terms of the local 
atomic environment characteristics, prove that this approach is also successful for 
studying T-sp disordered systems. 

In this work the results of studying the macroscopic and local atomic structure, 
and the average and local magnetic and hyperline parameters in DC Fe-Si alloys with 
up to 70 at.% Si are presented. The results are compared with the data obtained for 
amorphous F e 4  films. 

E P ELFukov et a1 

2. Experiment 

F e 4  alloys with 1.8, 4.0, 6.0, 8.6, 9.9, 11.2, 13.0, 15.0, 17.6, 21.2, 24.2, 26.6, 28.0, 
30.6, 33.0, 37.5, 50.0 and 70.0 at.% Si were melted in a vacuum induction furnace 
from pure components (99.99% Fe and 99.99% Si). The ingots of the alloys were 
homogenized for 6 h at 1423 K. The alloys produced were tested by chemical and 
x-ray analysis. The error in determining the Si concentration did not exceed 0.3 at.%. 

To obtain a DC state by means of mechanical working, samples with a previously 
k e d  single-phase state were used. The alloys with up to 25 at.% Si wcre annealed 
at 1073 K (for 1 h) to obtain maximal ordering of the DO, type; t h k  was followed 
by slow cooling to 773 K and then the alloys were kept at this temperature for 4 h. 
The alloys with more than 25 at.% Si and up to 33 at.% Si were quenched from 
1350 K into salt water. Under these conditions a single-phase state with a metastable 
superlattice of the DO3 type was obtained in the samples as was reported in [19, 
201. The sample with 37.5 at.% Si was annealed at 1173 K (for 48 h), quenched 
into salt water, ground into particles of 50-100 pm, annealed once again under the  
same conditions and finally quenched again. This procedure provided the maximally 
possible homogeneous state in this alloy with a hexagonal phase Fe&. According 
to the equilibrium diagram of the states [21], the FeSi and a-Fe,,&, phases were 
found in alloys with 50 and 70 at.% Si, respectively. Being highly ductile, the powder 
samples with up to 10 at.% Si were prepared by sawing massive ingots. Mechanical 
working of the alloys with more than 10 at.% Si was carried out for 3 or 4 h in 
a planetaly Pulverizette ball mill with mortars and balls made of WC. The average 
size of the powder particles was estimated according to the seconday-electron image 
obtained with a Jamp-1OS Auger spectrometer in scanning electron microscope mode 
and was found to be equal to 1-2 pm. 

X-ray analysis was carried out at room temperature using Fe K, radiation with 
an Mn filter. The Mossbauer spectra were recorded at 77 K with a constant- 
acceleration spectrometer (NGRS-4M), the y source being 57C0 in a Cr matrix. The 
spectra were processed in WO steps. First, the hyperfine magnetic field distribution 
P ( H )  was obtained and the average hyperfine field values ?? were defined using 
the usual algorithm for solving inverse incorrect problems [U], The best fit of 
the Mbssbauer specna of the samples with an Si content C of up to 28 at.% was 
obtained using a linear dependence between the isomer shift 6 and hyperfine field 
H; for higher concentrations the average isomer shift was used. Second, taking 
into account the peculiarities of the P ( H ) -  and 6(H)-dependences, the spectra 
analysis was performed by a discrete least-squares method. This procedure provided 
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Figure 1. X-ray diEmc1ion patterns of F e 4  
alloys wiul 37.5 and 50.0 al.% Si at 300 K 
before (curves 1 and 3) and after (CUNS 2 
and 4) mechanical working. 
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Figure 2. Mossbauer spectra of Fe-Si alloys at 77 K afler 
mechanical working: curve 1, 0 at.% Si; curve 2, 6.0 at.% 
Si; curve 3, 13.0 at.% Si; curve 4, 21.2 at.% Si; curve 5, 
24.5 at.% Si; curve 6, 28.0 at.% Si; curve 7. 33.0 at.% 
Si; cuwe 8, 375  at.% Si; curve 9, 50.0 at.% Si; cuwe 10, 
70.0 at.% Si. 

a more reliable determination of the local hyperfine magnetic fields H ,  and local 
configuration probabilities PK. 

The values of the specific saturation magnetization U of the alloys were obtained 
by linear extrapolation of the o( H)-dependences to H = 0, which were measured 
with a vibration magnetometer at 4.2 K. The temperature of magnetic orderlng was 
estimated from Mlissbauer spectroscopy and magnetic measurements. 

3. Results and discussion 

The structure of crushed F e S i  alloys was checked by x-ray diffraction and Mossbauer 
spectroscopy. 

Only broadened peaks of a BCC (A2) lattice structure were recorded in the 
diffraction diagrams of the samplcs with an Si content of up to 30.6 at.%, ordered 
B2 or DO3 superlattice lines were not found. The diffraction diagrams of the samples 
with 33.0, 37.5, 50.0 and 70.0 at.% Si had fewer lines than those of the initial state 
for these alloys, as seen in figure 1 for the samples with 37.5 and 50.0 at.% Si. 
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The MBssbauer spectra of crushed alloys (figure 2) essentially differ from the 
known spectra for ordered samples with an Si concentration of up to 33 at.% [13, 
23-25] and for the phases Fe& 1261, FeSi 1271, wFe,,8,Si, [28] and @-Fe.# [29]. 
On the other hand, the spectra for alloys with more than 20 at.% Si illustrated 
in figure 2 were similar to those for the amorphous Fe-Si films (9-111. A great 
number of non-equivalent positions characteristic of an atomic disordered state is 
clearly seen in the hyperfine magnetic field distribution P ( H )  obtained from the 
spectra (figure 3). 'Ib study the characteristics of the local atomic environment in 
detail the Mossbauer spectra were processed by a discrete method with a number of 
sextets equal to the number of centres in the local hyperfine field distribution found 
in the P( If)-functions. Only those maxima (figure 3) where amplitude changed 
regularly with increasing Si content in the alloys were considered. The data obtained 
concerning the probabilities Pfc of the local environment of Fe atoms ( IC is the 
number of Si nearest neighbours of the Fe atom) are illustrated in figure 4. In the 
same figure the full curves show the probabilities P;C for the coordination numbers 
Z = 8 (curves 1) and Z = 14 (curves 2) calculated under the assumption of random 
distribution of atoms of alloy components according to the equation 

From the figure it is seen that the experimental values agree with curves 1 (2 = 8) 
at C Q 15 at.% Si and with curves 2 (Z = 14) when C 2 33 at.% Si. 

Let us assume that in the concentration range from 15 to 33 at.% a disordered 
state with a random set for coordination numbers Z from 8 to 14 and with a random 
distribution of Fe and Si atoms for every 2 is realized. In this case the values of 
probabilities of the local configuration can be calculated according to the relations 

cnp = ( C  - 0.15)/0.18. (3) 

The calculated values P$=8-'4 (curves 3 in figure 4) account for the experimental 
results of PK in the concentration range from 15 to 33 at.% Si. 

Hcnce, x-ray and Mossbauer studies allow us to draw the conclusion that Fe- 
Si alloys are in a DC state after mechanical working. However, with increasing Si 
concentration a transition from a disordered BCC lattice with Z = 8 to a disordered 
crystalline structure with Z = 14 occurs. 

The specific saturation magnetization data U and magnetic ordering temperature 
values T, obtained for DC F d i  alloys arc illustrated in figures 5 and 6, respectively. 
The same figures show the well known reported data for DC alloys with less than 
12 at.% Si 11-71 and for amorphous films with C > 25 at.% Si 19, 101. Note that 
in the present work we have failed to measure T, for DC alloys with an Si content 
from 12 to 23 at.%. For these alloys the temperature of magnetic ordering exceeds 
the temperature of the disorder-xder transition (according to 1301, about 600 K) 
and thus, while measuring T,, the alloys were ordered according to the DO, type. 
The Values of u(C) and T, (C)  for the DC alloys rich in Si agree with the data for 
amorphous films and are much lower than could be expected judging by curves 1 in 
figures 5 and 6, which are linear extrapolations of the initial part. 
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Figure 3. Hypedine field distribution Figure 4. Concentralion dependences of the local 
functions P ( H )  of F e 4  alloys after configuration probabilities PI,(C) in Fe-Si alloys after 
mechanical working: curve 1, 0 at.% Si; mechanical working: 0, experimental data; curves 1, values 
curve 2, 6.0 at.% Si; cuwe 3, 13.0 at.% calculated for a binomial distribution of atoms with Z = 8; 
Si; curve 4, 21.2 al.% Si; CUNe 5, curves 2, values calculated for a binomial distribution of atoms 
24.5 at.% Si; curve 6, 28.0 at.% Si; curve with Z = 14; curves 3, values calculated for a random set 
1, 33.0 at.% Si; curve 8, 37.5 at.% Si. of the coordination numhen Z from 8 to 14 with binomial 

distributions of atoms over each Z. 

20 40 60 
Csi  (at%] 

Figure 5. Specific saturation magne- 
tization of disordered ctystalline and 
amorphous F e 4  alloys at 4.2 K 0, 
thiswork t, [3,4]; x.  [9, lo]; curve 
1, linear extrapolation; curve 2, val- 
ues calculated for Z = 8; curve 3, 
values calculated for Z = 14; curve 
4, values calculated for 2 = 8-14. 

The hyperfine magnetic field distribution functions P( H )  (figure 3) obtained from 
of the hyperfine magnetic the Mossbauer spectra allow us to find the mean values 
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fields using the equation 
- 
H ( C )  = / H P ( H ) d H  

Figure 6. Curie temperalure of dis- 
! ordered cwlallinc and amorphous 

(4) 

without any prior information concerning the characteristics of the local atomic 
environment. Here, ?? is analoAous to the integral magnetic parameters U and 
T,. In figure 7 the values of H found for 77 K are indicated as open circles. 
On comparing the data for DC and  amorphous^ [g-ii] alloys, one can draw the 
conclusion that = 0 for 50.0 at.% Si, which disagrees with the results of the 
magnetic measurements presented in figures 5 and 6; u(C)  and T , ( C )  -t 0 for 
60 at.% Si. 'RI specify the type of dependence P(C) in the alloys with a high Si 
content the spectra of the alloy with 50 at.% Si in its initial state and after mechanical 
working in mill were obtained at 6 K Mechanical working was found to give rise to a 
magnetic component of weak intensity with a maximum field not exceeding 15 T The 
value g-5 T-cilcuiated-a&iding to~equation (4) fora mined aiioy~with 50 at.% 
Si is indicated by a full circle in figure 7. The considerable dserence from w = 0 
for an amorphous film with 50 at.% Si is due to high-temperature (about 100 K) 
measurements of Miissbauer spectra in 19, lo]. Thus, the critical value of the Si 
content at which ?? = 0 could be estimated for DC and amorphous alloys is 60 at.%. 
On the whole the dependence v( C) is non-linear. At C cz 10 at.% Si there is a 
deviation from curve 1 in figure 7 obtained by linear extrapolation of the initial part. 
The change in the slope angle of ??( C) takes place in the concentration regions at 
about 15 and 33 at.% Si. 

The values of the average isomer shifts ?? relative to a-Fe 'found in thc course of 
obtaining the P(H)-functions are presented in figure 8 together with the data from 
the literature on amorphous films [9-111 and DC alloys of low Si concentration [B]. 
Within the limits of measurement errors no difference was found between ?? for the 
amorphous and DC alloys. 
- Thus, from the coincidence of the concen:ration dependences a ( C ) ,  T,(C), 
If( C) and 6 for amorphous and DC samples we can draw one of the main conclusions 
of this work topological disorder does not affect the fundamental magnetic properties 
of F o S i  alloys. 

To explain the concentration dependences of the magnetic properties, let us 
compare the experimental values of the average parameters r ( C )  and v(C) with 
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Flgum 7. The average hyperhe magnetic fields in Figure S. The average isomer shift values 
disordered crystalline and amorphous F e S i  alloys: 0, relative to 0-Fe in disordered crystalline and 
this work (77 K); e. this work (6 K); x,  (9, lo]; 0, [Il l ;  amorphous FeSi alloys: 0, this work; X,  

curve 1, linear extrapolarion; curve 2, values calculated tor [23]; ., [Ill; A. 19. IO]. 
Z = 8; curve 3, values calculated for Z = 14; curve 4, 
values calculated for Z = 8-14. 

the values calculated by means of the following characteristics of the local atomic 
environment of Fe atoms: m K ,  local magnetic moments of an Fe atom; HK, local 
hyperfine fields on an s7Fe atom nucleus; PE, probabilities of local configurations of 
a Fe atom with K atoms of Si as nearest neighbours: 

H ( C )  = C H K G ( C )  (5)  
- 

K 

~ ( c )  = A ( C ) C ~ , P , Z ( C )  (6) 
K 

where A is the coefficient of proportionality between U and m. 
Not only PE but also H, were found by a discrete computational method of 

processing Mossbauer spectra. The analysis of the local hyperfine field H ,  data 
proves that they actually do not depend on the concentration of Si in the alIOyS. 
When averaged over the concentration range, the HK-values considered (figure 9, 
curve 1) demonstrate a non-linear dependence on the number K of Si atoms in the 
first coordination shell. With K 2 3, one observes a sharper drop in H,, with 
HK = 0 for K = 7. The non-linear behaviour of the local hyperfine magnetic fields 
is brought about by the change in interatomic F e 4  bonds from (Fe) 4sp-(Si) '3p for 
the first two Si nearest-neighbour atoms of an Fe atom to (Fe) 3d-(Si) 3p for the 
third and subsequent atoms [31, 321. 

The form of m,(K) was derived from the following experimental data. 
(1) The results of magnetic neutronographic measurements [33, 341 for a 

stoichiometric ordered Fe$ alloy show the presence of two local magnetic m O " 5  
on Fe atoms in accordance with their two non-equivalent sites in a DO3 unit cell 
mu = (2.2-2.4)@, and m4 = (1.2-l.4)gB 
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Figure 9. The dependences 01 lhe local 
hypefine field HI< (curve 1) and magnetic 
moments m~ per Fe atom (curve 2) on the 
number of SI nearest neighbours of an Fe atom 
for disordered crystalline Fe-Si alloys. 

.,, ,, . ,, , ~~ I__i , 

(2) According to [30, 351 there is little difference between m,, m2 and m,; they 
slightly decrease relative to m, = 2 . 2 ~ ~  as shown in [35], by approximatcly 0 . 0 6 ~ ~  
for each of the first two Si atoms in the  nearest Fe-atom environment. 

(3) In contrast with [35], where it was assumed that the local magnetic moment on 
an Fe atom became zero with eight Si atoms, in this work according to the Mossbauer 
studies carried out it was assumed that m7 = 0. The latter does not contradict the 
known data 1361 in accordance with which a monosilicide FeSi with a single local 
configuration-seven Si atoms as nearest neighbours of an Fe atom-is a paramagnet 
up to liquid-helium temperature. 

The mK(K)-dependence plotted in figure 9 (curve 2) agrees with that of [35] 
except for m7 = 0 and considerably differs from the ‘step’ Jaccarino-Wker [14] 
model. 

The dependences x( C) and U( C) for Z = 8 calculated according to equations 
(5) and (6) are presented as curves 2 in figures 7 and 5, respectively. It is obvious 
that the non-linear behaviour of H ( K )  and m ( K )  allows us to explain the non- 
linearity of p( C) and U( C) in the region of 10 at.% Si. At the same time, for an 
Si - content greater than 15 at.%, the amount by which the calculated dependences 
W( C) and U( C) exceed the experimental values increases as the Si content increases. 
On the other hand, z(C) and n(C) calculated for Z = 14 and shown by curves 
3 in figures 5 and 7 agree well with the experimental values of and U obtained 
for DC alloys in this work and with those in [9, IO] for amorphous FeSi films for 
C 33 at.% Si. Thereby, the facts that the hyperline magnetic field as well as the 
specific saturation magnetization approach zero in DC and amorphous FeSi alloys 
in the region of 60 at.% Si is accounted for by the character of the dependences of 
H (  K )  and m( I<)  in which H ,  = 0 and mK = 0 for K = 7, as well as by the 
realization of a local atomic structure with the coordination number for the nearest 
neighbours of an Fe atom of Z = 14 in the region of high Si concentrations. Finally, 
in the range of 15-33 at.% Si the experimental results are explained by the z( C)- 
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and u(C)-dependences calculated according to equations (2) and (3), using P i ( C )  
for a random set of coordination numbers Z from 8 to 14-curves 4 in figures 5 and 
7. Thw, a satisfactoly description of the concentration dependences of the magnetic 
properties of DC Fe-Si alloys is achieved by using a model in which for C < 15 at.% 
Si a disordered BCC lattice with 2 = 8 is realized; for C I 15-33 at.% Si, within the 
BCC structure, local atomic arrangements with a random set of coordination numbers 
of the nearest Fe-atom environment from 8 to 14 are formed; with C 2 33 at.% Si, 
structures with the coordination number 2 = 14 are developed. 

The cause of the concentration phase transition which considerably affects the 
properties of the F e S i  alloys can be qualitatively understood from the following 
experimental evidence and considerations. In [25, 371 it was stated that it was 
prohibited for Si atoms pairs to be at the distance of nearest neighbours in the BcC 
lattice of equilibrium F e S i  alloys. As was shown in [38, 391 the occurrence of S i 4  
pairs gave rise to the formation of their own 3p bands and, as a result, the interatomic 
interaction of 3p states acquires considerable importance. One can suppose that at 
the characteristic interatomic distances of the nearest neighbours (about 0.24 nm) 
between Si atoms, repulsive forces appear, resulting in local distortion in the BCC 
lattice. With increasing Si content in alloys and consequently with increasing number 
of S i S i  pairs, these local distortions eliminate the difference between the first (Z = 8)  
and the second (2 = 6) coordination shells in a distorted BCC lattice, 

4. Conclusions 

(1) The measured concentration dependences of the magnetic properties (Tecilic 
saturation magnetization U,  Curie temperature Tc and average hyperfine field H) and 
of the isomer shift a of DC Fe-Si alloys coincide with those for F e 4  amorphous films. 
This proves that topological disorder does not determine the physical properties. 

(2) Thc pecularities of the concentration dependences found in the regions of 
10, 15 and 30 at.% Si can be explained in terms of the local atomic environment 
parameters. (a) The change in interatomic F e S i  bonds with three or more Si atoms 
appearing as nearest neighbours of the Fe atom results in a bend in the dependences 
of the local characteristics H, and mK on the number of nearest Si atoms and in 
their becoming equal to zero with li7 = 7. The bend is manifested by non-linear 
behaviour of the concentration dependences of the macrophysical properties in the 
region of 10 at.% Si. (b) The change in the local atomic structure character with 
increasing Si content from 15 to 33 at.%, which is manifested in a change in the 
coordination number Z from 8 to 14, results in a sharp drop in the U -  and H-values 
(with given local parameters mK and H, when the Si content increases) and their 
becoming zero at about 60 at.% Si. 

(3) The state of alloys in the concentration range from 15 to 33 at.% Si can 
be characterized by a random set of coordination numbers 2 from 8 to 14 with a 
statistical distribution of Fe and Si atoms for each Z. 
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