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Abshact Mtissbauer spectrooscopy has been used to follow the temperature-dependent 
magnetization in the temperahwe range 4.2-823 K ofthe amorphous as well as the nanoaystalline 
grains in partially crystallized FensCukN$Sif6,sB6 alloy. In nanocrystallized specimens, the 
magnetization behaviour of both amorphous and nanocrystalline components is significantly 
different from that of the bulk amorphous or aystalline Fe,%. Initially the nanocrystalline 
grains exhibit a superparamagnetic behaviour above the Curie temperarure of the amorphous 
matrix. With increasing density of nanocrystalline grains, the superferromagnetic interaction 
between the grains becomes imponant. 

1. Introduction 

Febased nanocrystalline alloys obtained by controlled partial crystallization of some Fe- 
C u - M i - B  amorphous alloys are being ~ studied extensively because of their excellent 
soft magnetic propeiies. These alloys exhibit a large saturation magnetization together 
with very low magnetoshiction (about [I]. Structural studies have shown that the 
nanocrystalline phase consists of non-stoichiometric BCC F%Si particles of approximate 
size 10 nm embedded in an amorphous matrix [I-31. Both the nanocrystalline and the 
amorphous grain boundary phases are ferromagnetic at room temperature and the excellent 
soft magnetic properties of this composite system occur as a result of the averaging over 
the two phases [4,5]. In order to understand ,the excellent soft magnetic properties of 
nanocrystalline alloys, it is important to understand the magnetic behaviour of both the 
amorphous matrix and the nanocrystalline grains and the interaction between the two. 

Because of the small crystallite size the nanocrystalline particles qualify as single- 
domain particles and may exhibit interesting magnetic properties associated with single- 
domain particles 161. ~ Indirect experimental evidence for superparamagnetism in 
nanocrystalline grains has been provided by Slawaska-Wainewska et al [7], through field- 
dependent magnetization measurements at elevated temperatures. Mossbauer spectroscopy 
is a unique technique which can follow the magnetization behaviour of both amorphous and 
nanocrystalline phases separately. Therefore, in the present work we have used Mossbauer 
spectroscopy in order to study the magnetization behaviour of the nanocrystalline grains 
as well as the amorphous grain boundary phase, and also to obtain information about the 
magnetic interaction between the amorphous matrix and the nanocrystals. 
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2. Experimental details 

Amorphous alloy ribbons, prepared by the melt-spinning technique, having the composition 
Fe73.5Cu1Nb3Sils,~Bs, were obtained from Vacuumschmeltz GmbH, Hanau. Thermal 
treatments were performed in a vacuum of mbar. An evacuated quartz tube containing 
the samples was dipped in a pre-heated salt bath for the isothermal treatments at 813 K for 
different periods of time in order to induce different degrees of crystallization. The various 
annealing times were 0 min (specimen AO), 2 min (specimen AZ), 10 min (specimen A10) 
and 25 min (specimen A25). 

Mossbauer spectra of the samples were taken using a "C0:Rh source. Temperature- 
dependent Mossbauer studies of these samples were carried out in the range 4.2-823 K. 
X-ray diffraction studies were made with a Siemens D5000 difiactometer using Cu Kor 
radiation. 

3. Results and discussion 

Figure 1 gives some of the representative temperature-dependent Mossbauer spectra of the 
specimens in an as-received state and after annealing at 813 K for different periods of 
time. The spectrum of the as-received specimen consists of a broad sextet characteristic of 
the amorphous state. In the spectra for specimens A10 and A25, several additional sharp 
lines indicate the presence of the crystalline phase. In specimen A2, because of the small 
amount of crystallization. the peaks due to crystalline phase can be seen only as small 
humps (figure l(b)). Additional evidence for the existence of nanocrystalline phase in this 
specimen is provided from the XRD data. 

The Massbauer spectra of specimens A0 and A2 were analysed with a distribution 
of hyperfine fields, while those of specimens A10 and A25 were analysed using the 
superposition of one amorphous component and four crystalline sextets corresponding to 
different iron sites in the non-stoichiometric Fe$i compound [3,8,9]: 

(i) iron atoms at site D; 
(ii) iron atoms at site A with four Fe near neighbours (Ad); 
(iii) iron atoms at site A with three Si near neighbours (As); 
(iv) iron atoms at site A with two Si near neighbours (As). 

The lineshape of the amorphous component was taken to be a Voigt profile, in order to 
account for the distribution of the hyperfine fields. The lineshape of crystalline components 
was taken to be Lorentzian. The computer fits to the experimental data are shown by the 
solid curves in figure 1. Details of the fitting for some representative spectra of specimen 
A25 at 300 and 723 K are shown in figure 2 where all the subspectra corresponding to 
the crystalline as well as the amorphous components are plotted separately. The hyperfine 
parameters of different subcomponents of the room-temperature Mossbauer spectra of the 
specimens are given in table 1. The hyperfine parameters of the four crystalline subspectra in 
specimens A10 and A25 compare well with those of the non-stoichiometric Fe3Si [9]. The 
Mossbauer spectra at temperatures other than room temperature were fined by constraining 
the relative areas of different crystalline components to the values obtained from the fittings 
of the room-temperature spectra. The area ratio of the amorphous to crystalline components 
was taken as a free parameter, in order to take into account different recoilless fractions of 
amorphous and crystalline components. The relative areas of various crystalline components 
obtained from the fitting of the room-temperature data were used to obtain the composition 
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of the crystalline phase [3]. The amount of the amorphous phase in a partially crystallized 
specimen was determined from its percentage area at 4.2 K. 

Figure 3 gives the x-ray diffractogranis of the four specimens in the 28 range 35- 
55". The average crystallite size was determined from the line profile analysis of the [I101 
reflection of the nanocrystalline phase using the Scherrer method. The crystalline peak was 
separated from the amorphous background by subtracting the XRD pattern of the specimen 
A0 from that of the partially crystallized specimen after appropriate normalization. The 
crystalline peak was least squares fitted with a pseudo-Voigt profile (figure 4) in order to 
obtain accurate linewidths. The correction for the instrumental broadening was done by 
subtracting the width of the [110] reflection of a well annealed foil of or-iron from that 
of the nanocrystalline phase. Table 2 gives the fraction of the crystallized component 
as obtained from the Mossbauer spectra and the crystallite size determined from XRD for 
different specimens. 

3.1. Magnetization behaviour of amorphous components 

Figure 5 gives the temperature-dependent  hyperfine field of specimen AO. The solid curve 
represents the fit of the data with the theory of Handrich [lo]. It was found necessary to 
take a temperature-dependent exchange fluctuation parameter S of the form [ll, 121 

6 ( T )  = So(1 - aT2) (1) 

in order to achieve reasonably good fitting of the experimental data. It has been shown 
by Kaneyoshi et al 1121 that a distribution of magnetic moments, in addition to that of the 
exchange interactions, leads to a temperature-dependent S. A significantly large value of (Y 

in the present specimen indicates a relatively large distribution of magnetic moments. This 
large distribution of Fe magnetic moments may be attributed to the presence of Cu and Nb 
atoms which are known to reduce the magnetic moment of their Fe near neighbours [13]. 

Table 1. The hyperfine fields and relative areas of different subcomponents of room-tempemwe 
Mossbauer spectra of partially crystallized Fe73.$u~Nb3Si16,5B6 specimens. For comparison, 
the parameters of non-stoichiometric FejSi (18.4% Si). as taken-from [9], are also included. 

Filed oaramelers 

Crystalline sites 
Amorphous 

Specimen compnenl , D  Aq Ar A6 

A0 Bhf(T) 21.0 
~~ 

RA(%) LOO 

A2 B h f O  21.4 31.1 19.7 
RA(%) 94 3 3 

A10 BhrO 19.5 31.6 19.7 24.5 28.6 
RA(%) 54 ~ 15 17 I I  3 

A25 B w O  18.2 31.7 19.8 24.7 . 28.6 
RA(%) 44 17 20 14 5 

Feosi6Sialst BdT) 18.2 32.3 19.4 24.5 28.9 
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Specimen A0 
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(a) Velocity (mm/s) 

Figure 1. Temperatm-dependent M6ssbauer spectra of various specimens: (a) AO; (b) A2, 
(c) A10, (d )  A25 

Figure 6 gives the reduced hyperfine field of the amorphous component in specimens 
A10 and A25 as a function of reduced temperature. It is evident that the temperature 
dependence of hyperfine fields for these specimens is markedly different from that for 
specimens A0 and A2. The solid curves are the fits obtained with the theory of Handrich. 
However, the fits are rather poor, especially in the low-temperature region. This unusual 
temperature dependence of the hyperfine field of amorphous components may partly be 
attributed to increased fluctuations in exchange interaction as well as the magnetic moment 
originating from increased compositional inhomogeneity in the amorphous phase, and partly 
to the magnetic interaction with the crystalline phase. 

In the critical region, the temperature dependence of the hypefine field may be written 

(2) 

TC being the Curie temperature. In amorphous femomagnets this behaviour is found to hold 
over a much larger temperature range extending well beyond the critical region 1141 and 
Mossbauer measurements have been used to estimate the critical exponent p.  

Figure 7 gives the fit of the high-temperature magnetization data of the specimens A0 
and A25 with equation (2). It is evident that for specimen A0 the hypefine field follows 

as 

&(T) = A(Tc - T)' 
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Figure 1. (Continued) 
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equation (2) down to about 425 K (i.e. 0.71Tc), while for specimen A25 the above relation 
holds down to about 375 K (i.e. 0.65Tc). Table 3 summarizes the results of the least- 
squares fitting of the high-temperature dara, of all the four specimens, with equation (2). 
Perusal of table 3 shows that initially TC exhibits a,small increase upon annealing for 2 min, 
which may be attributed to the structural relaxation associated with annealing. For a longer 
annealing time a decrease in TC .with increasing crystallization is a consequence of the 
enrichment of the amorphous phase in boron. In the as-received specimen the value of 
the critical exponent fi  is close to the theoretical value for a three-dimensional Heisenberg 
ferromagnet [15]. With increasing crystallization the value of j? decreases and for specimen 
A25 it attains a value in between that for three-dimensional and two-dimensional systems 
/15]. It may be noted that, as the amount of crystalline phase increases, the thickness of 
the amorphous grain boundary phase decrease; for a sufficiently thin grain boundary layer 
the dimensionality cannot be taken as 3, and low-dimensional magnetic behaviour should 
be observed: Here it should be noted that, although the spins in the grain boundary layer 
also interact with those in the crystallites, this interaction is much weaker than that between 
the spins within the grain boundary layer. This is supported by the fact that there exists 
a well defined TC for the amorphous layer which is only slightly affected by increasing 
the amount of nanocrystalline phase (causing an increase in the interaction of the spins of 
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SDecimen A25 

I I I 
-5 0 5 

Velocity (mm/s) 
Figure 2. Details of the fitting of the Mlissbauer spwra of specimen A25 at 300 and 123 K. 
The five subcomponents correspond to ( U )  Fe atoms in the amorphous phase, (b)  Fe atoms on 
D sites, (c) Fe atoms on Aq sites, (d )  Fe atoms on AI sites and (e) Fe atoms on As sites 

Table 2. Values of the crystalline component, crystallite size and lattice parameter for samples 
A2, A10 and A 2 5  

Fraction of crystallized Crystallite Lattice 
component size parameter 

Specimen (S)  (nm) 6) 
A2 4.0 4.6 5.153 
A10 33.1 10.4 5.665 
A2S 43.0 9.3 5.619 

the amorphous layer with those in crystallites). Thus, the temperature dependence of the 
magnetization of the amorphous layer is mainly determined by the interaction between the 
spins within the amorphous layer. 

On the assumption of a uniform thickness d for the amorphous grain boundary layer 
(figure 8). the total volume of the amorphous phase can be written as 

V, = sd/2 (3 ) 



~~ ~ 

Mossbauer study of magnetic interactions in F e n s  Cul Nbj Sile.sBa 2243 

v 

._ m c 
e, +J c 

35 40 45 50 E 
20 in degrees 

J 

Figure 3. X-ray diffractogram of h e  four specimens in h range 3 S  < 28 c 55'. 
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Figure 4. X-ray diffraetogram of specimen A25 after submting he contribution due to 
amorphous component The solid curve r e p ~ e n l s  a least-squares fit of the data with a pseud- 
Voigt profile. 

Table 3. Results of the least-squares fitting of the higbtemperature data for the four specimens 
AO, A2, A10 and A25 

Specimen (K) A (K) B 
Temperature range Tc 

A0 424-5-596 ~~ 2.86 600.5 0.35.~ 
A2 423-57.6 3.17 608.4 0.33 
A10 372-526 2.90 567.6 0.33 
A25 375-573 3.92 578.0 0.26 
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Figure 5. Tempemure-dependent hyperfine field for Fiyre  6. Reduced hyperfine field of the amorphous 
specimen AO. The solid c t "  represen& the fit of the component for specimens A I 0  and A25 The solid 
data using the lheoly of Handrich with a temperature- curve represents the fit of the data using the theory 
dependent exchange fluctuation parameter S.  of Handrich with a temperaturedependent exchange 

fluctuation parameter S. 

Figure 7. Fit of the high-temperature hyperfine field 
data of the amorphous component for specimens A0 
and A25 with equation (2). 

s being the total surface area of the nanocrystalline grains. Further, taking a spherical shape 
of the nanocrystals, the volume fraction occupied by the amorphous phase can be written 

Figure 8. Schematic diagam of rhe microsmcturr 
of nanocrysallized specimen used for calculating the 
thickness of the grain boundary layer. 

as 
3d 

(4) 

r being the average radius of the nanocrystalline grains. If we neglect the difference between 
the densities of the two phases a rough estimate of the grain boundary layer thickness is 

V. 
1--=- 
f - V , + V ,  3d+2r  

(5 )  

where fa and fc are the fractional amounts of amorphous and crystalline phases, respectively. 
Using the data in table 2 the thickness of the grain boundary layer for specimen A25 is 

2r fa 
3 f c  

d = - -  
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estimated to be about 42 A. This is an upper estimate since any shape of the crystallites 
other than spherical would give a lower value of d. In such a thin layer, two-dimensional 
effects should become important. 

In the low-temperature range, the temperature dependence of magnetization arises from 
the excitation of the long-wavelength spin waves. Following the Heisenberg model, the 
temperature dependence of the hypefine field can be written as 

&f(T)/Bhf(O) 1 - B(T/Tn)”’- C(T/TC)’”. (6) 
Figure 9 gives the reduced hyperfine fieid of specimen A0 as a function of ( T / T c ) ~ / ~ .  
The solid curve represents the least-squares fit of the data in the temperature range 
0.0 < T/Tc  < 0.8 with equation (6). The fitted values of E and C are 0.33 and 0.23, 
respectively. These values agree reasonably with those for the specimens with similar 
composition [16]. 

I I 

Figure 9. Reduced hyperfine held of specimen A0 as a 
0.0. 0.; ak 0.; 0 ’  .a 1 6  function of (T/Tc))12. The solid c w e  represents the 

fit to the data with equation (6). (T/Tc)’” 

The low-temperature hypefine field data of specimen A2 also follow equation (6) with 
B = 0.28 and C = 0.27. For specimens A10 and A25, the low-temperature hypertine 
field does not follow equation (6). Since the amount of nanocrystalliue phase in these 
specimens is significantly large, a temperaturedependent interaction between the amorphous 
and nanocrystalline phases could be one possible reason for the deviation of the temperature 
dependence of low-temperature magnetization from equation (6). 

Perusal of figure 6 shows that around 75 K the hypefine field shows a steeper rise. If 
we take the dispersion relation for the spin waves as [I71 

E ( K )  DK2 (7) 

h = 2n(D/kBT)’Iz. (8) 

the wavelength of the spin waves at a temperature T may be written as 

With decreasing temperature, the wavelength of the spin waves will increase. When the 
wavelength becomes comparable with the width of the grain boundary, the excitation of 
the spin waves will be hindered, causing a steeper increase in the hyperfine field. In some 
nanocrystalline specimens with composition very close to ours, the value of the spin-wave 
stiffness constant D is found to be 188 meV AZ [161. Using this value for D for our 
specimen, the temperature at which the wavelength of the spin wave becomes 42 A is 
estimated as 50 K. Because the estimated value of  42 A is &e upper bound to the value 
of d, the agreement between the calculated and the experimentally observed temperature at 
which a steeper increase in EM is observed is reasonably good. 
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3.2. Magnetization behaviour of crystalline components 

The size of nanocrystals in the present specimens is small enough to qualify them as 
single-domain particles [6]. Several interesting magnetic effects are associated with such 
a small particle size. In the case when the thermal energy kBT is comparable with the 
magnetic anisotropy energy KV of a singledomain particle, the magnetic moment of the 
particle exhibits superparamagnetic relaxation and the hyperfine field collapses to zero. Even 
below the superparamagnetic blocking temperature, the hypefine field may be reduced to 
a value below that for the bulk system because of the thermally excited fluctuations of the 
magnetization vector in directions close to an easy direction of magnetization (collective 
magnetic excitations). 

For specimen A2, because of the small amount of the crystalline component, it was 
not possible to determine accurately the temperature dependence of different hyperfine field 
components. However, from figure l(b) it is evident that the hyperfine field of the crystalline 
component decreases concurrently with that of the amorphous phase and collapses to zero 
around the Curie temperature of the amorphous phase. Thus, in this specimen the crystalline 
phase exhibits superparamagnetic relaxation, with its blocking temperature below the Curie 
temperature of the amorphous phase. 

Figure 10 gives the dependence of the reduced hyperfine fields of the three main 
crystalline components of specimen A25 on the temperature. All the three components 
follow similar temperature dependences within experimental error. Therefore, in the 
following discussion, the analysis has been done taking the average of the three components. 

o,2u o.oo 200 400 600 ' "" 800 :oL 200 400 600 800 
Temperature (K) Temperature(K) 

Figure 10. Reduced hyprfine fields of the three main 
crystalline components A4. AS and Ab. for specimen 
A25 as a function of temperature. 

Figure 11. Variation in reduced average hyperfine field 
of the crystalline components for specimens AI0 and 
A25 wiIh temperature. 

In the low-temperature region, the reduced hyperfine field was found not to follow 
equation (6). A fit of the data in the temperature range 4.2-150 K, of both specimen A10 
and specimen A25 with a relation 

&f(T)/Bhf(O) = 1 + bT" (9) 

gave the value of the exponent n close to unity, indicating an almost linear temperature 
dependence in this range. In the high-temperature region, specimen A10 exhibits a faster 
decrease in &(T) compared with specimen A25 (figure 11) although from table 2 it is 
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evident that the compositions as well as the sizes of the nanocrystalline grains in the two 
specimens are the same. This peculiar behaviour of the magnetization may be understood 
in terms of the superferromagnetic  interaction^ between the nanocrystalline grains. In the 
present system, since the thickness of the grain boundary layer is quite small, the magnetic 
dipole interaction between neighbouring grains would cause a ferromagnetic coupling 
between them, given by 

where K; is the magnetic coupling constant for the interaction between the crystallites i 
and j ,  and M; is the magnetization of the ith crystallite. A modified mean field theory for 
such a system gives the temperature-dependent hyperfine field as [18,19] 

where L[] is the Langevin function, Bo(T) is the hyperfine field of the bulk and 
magnetic transition temperature given by 

is the 

The temperature-dependent hyperfine field of the nanwrystalline phase at a temperature 
above the Curie temperature of amorphous phase, and in the presence of dipole interaction 
between the grains, will be given by equation (1 1). Since the compositions and the size of the 
nanocrystalline grains of specimens A10 and A25 are the same, the average magnetizations 
M j  of a grain are expected to ,be the same in the two specimens. However, since the 
degree of crystallization in the specimen A25 is higher, the average spacing between two 
nanocrystalline grains in this specimen will be smaller than that in specimen A10. This will 
lead to a higher value of KZ and hence of Tp in specimen A25 Therefore, according to 
equation (1 I), the variation in hyperfine field with temperature for specimen A25 should be 
slower than for specimen A10. This agrees with the experimental data in figure 11. Thus, 
the observed temperature dependence of the hyperfine field of the crystalline component 
may be understood in terms of a superferromagnetic interaction between the nanocrystalline 
grains. 

In the low-temperature range, equation (11) gives an almost linear temperature 
dependence of the hyperfine field [18]: 

In the present system, at low temperatures the amorphous phase is also in ferromagnetic 
state and will therefore contribute to the effective magnetic field at a nanocrystalline 
grain. However, this will not significantly modify the linear temperature dependence of the 
hyperfine field, as given by equation (13). Thus, the observedlinear temperature dependence 
of the hyperfine field in the temperature range 4.2-140 K for specimens A10 and A25 
provides further evidence for a superferromagnetic interaction between the nanocrystalline 
grains. 
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4. Conclusions 

The main conclusions of the work can be summarized as follows. 
In the as-prepared amorphous state, the magnetization behaviour of the specimen is 

similar to other transition-metal-metalloid metallic glasses with a broader distribution 
of exchange interaction and of magnetic moment. In the low-temperature region the 
temperature-dependent magnetization can be described in the terms of spin-wave excitation. 

In partially crystallized specimens, the magnetization behaviours of both amorphous and 
nanocrystalline components are significantly different from those of bulk amorphous and 
crystalline Fe& In the critical region of the amorphous component, as the thickness of 
amorphous grain boundary decreases with increasing crystallization, the low-dimensional 
effects become evident. In the low-temperature range, the temperature dependence of the 
hyperfine field of amorphous component does not follow a T3I2 behaviour. Around 75 K 
the hyperfine field of the amorphous phase exhibits a steeper rise due to damping of spin 
waves when the wavelength of the spin wave becomes comparable with the width of the 
amorphous grain boundary layer. 

The size of the nanocrystalline grains qualifies it as a singledomain particle. 
Superparamagnetic relaxation is observed in the specimen annealed for 2 min. In the 
specimens annealed for longer times an increased number density of nanocrystalline grains 
cause a ferromagnetic interaction befween them, modifying considerably the temperature 
dependence of their magnetization in both the low- and the high-temperature regions. 
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