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Abstract

The magnetoresistance (MR) was measured at 200, 250 and 300 K in magnetic fields up to
B=12T for a nanocrystallized FegssCrioNbsCu;SiizsBs alloy. Both the longitudinal (LMR) and
transverse (TMR) component of the magnetoresistance decreased from B=0 to about 0.1T.
This could be ascribed to a giant MR (GMR) effect due to spin-dependent scattering of
conduction electrons along their path between two Fe—Si nanograins via the non-magnetic
matrix. Such a scattering may occur if the nanograin moments are not or only weakly coupled
in the absence of a strong exchange coupling (due to the high Cr content in the matrix) and/or
only weak dipole—dipole coupling is present (due to sufficiently large separations between the
nanograins). For larger fields, the GMR saturated and a slightly nonlinear increase in MR with B
was observed due to a contribution by the residual amorphous matrix. The anisotropic MR
effect (AMR=LMR-TMR) was negative for all fields and temperatures investigated. By
measuring the MR of melt-quenched Feio0-xSix solid solutions with x=15, 18, 20, 25 and 28, the
observed AMR could be identified as originating from the Fe—Si nanograins having a D03
structure.

Research Highlights

» Magnetoresistance (MR) of nanocrystallized FegssCrioNbsCu;SiizsBg up to 12 T. » Small
GMR effect due to non-aligned neighbouring Fe-Si nanograins. » For large fields, slightly
nonlinear MR due to the residual amorphous matrix. » Negative AMR of the Fe—Si nanograins
exhibiting the D05 structure. » Negative AMR reported on melt-quenched Feigo-xSix solid
solutions (15<x<28).
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1. Introduction

Due to their extremely good soft magnetic properties, there has been a long-standing interest
in FINEMET type nanocrystalline/amorphous composites [1]. Starting from an amorphous
precursor of the composition FesssNbsCuiSiizsBs, an appropriate heat-treatment causes a
partial crystallization [1] during which ferromagnetic (FM) Fe-Si precipitates with grain sizes in
the nanoscale regime appear in a residual amorphous matrix. The chemical composition of
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these nanograins is in the range of 15-22 at% Si, and these precipitates exhibit an off-
stoichiometric DOs; structure [2] (the stoichiometric form is the FesSi compound). Above the
Curie point (T.) of the amorphous matrix, i.e., in its paramagnetic (PM) state, the exchange
coupling between the magnetic nanograins is strongly reduced and, at sufficiently high
temperatures, the Fe—Si nanograins exhibit a superparamagnetic (SPM) behaviour [2].

Systems consisting of SPM particles embedded in a non-magnetic metallic matrix are called
granular magnetic alloys. It has been found in some granular metals, e.g. Cu(Co) or Ag(Fe) [3]
that, depending on the size and separation of the nanograins, there may be an interaction
between their magnetizations. Such an interaction may arise due to a dipole—dipole coupling
between the nanograin magnetic moments. As a result of this coupling, there will be a
correlation between the orientation of the magnetic moments of the individual nanograins.
Owing to this correlation, the apparent magnetic moment derived from the usual Langevin fit
of the field dependence of the magnetization of an SPM assembly can strongly deviate from
the actual individual cluster moment size. It has been demonstrated [4] and [5] that a FM
coupling between precipitated nanograins may exist also in FINEMET type nanocomposites
well above the Curie point of the residual amorphous matrix. At high temperatures, this
coupling arises mainly from a dipolar interaction between the nanograin magnetic moments.
Around the Curie point of the matrix, with increase in temperature a continuously diminishing
exchange interaction mediated by the matrix conduction electrons may still exist [2].

It has been reported [6] and [7] that granular metals can exhibit the phenomenon of giant
magnetoresistance (GMR) if the size of the SPM nanograins and the spacing between them is
in an appropriate nanoscale range. Therefore, one might attempt to observe a GMR effect also
in FINEMET type nanocrystallized alloys above the Curie point of the matrix. The
magnetoresistance measurements may eventually vyield also useful complementary
information on the degree of coupling between magnetic nanograins and can perhaps shed
some light on the origin of the interaction.

Whereas the magnetoresistance (MR) characteristics of amorphous alloys have been
extensively investigated in the past, e.g., for the Fe—P [8], Fe—B [9], (Fe—Ni)—(B—P) [10], Fe—Cr—B
[11], Fe—Cr—B-Si [12] and Fe—B-Si [13] systems and for two FINEMET type amorphous
precursors [14] and [15], relatively few studies have been devoted to nanocrystallized alloys.
Such investigations remained restricted to a Fe-Si-B alloy [13], two FINEMET type alloys
[14] and [15], a Fe—Cu-V-Si-B alloy [16] as well as some Fe-Zr—Cu and Fe—Zr—Cu—Ru [17]
alloys. It was only the last alloy system (Fe—Zr—Cu—Ru) in which the composition was taylored
in @ manner (by the addition of Ru) that MR measurements could be performed above the
Curie point of the residual amorphous matrix. As expected, a clear GMR effect, albeit very
small, could be observed after an appropriate nanocrystallization procedure [17].

It has been known [18] that replacing a small fraction of the Fe atoms by Cr atoms in FINEMET
type alloys results in a significant decrease in the Curie temperature of the residual amorphous
matrix of the nanocrystallized state. In some recent works, we have reported on the magnetic
properties of an alloy of the composition Fegs sCrioCuiNbsSii3sBs both in the as-quenched state
and in various stages of the nanocrystallization [4], [5], [19] and [20]. The addition of 10 at% Cr
resulted in a Curie point at around room temperature for the as-quenched amorphous alloy
[19] and [20]. Since in the nanocrystallized state the precipitated nanograins do not contain Cr,
the residual amorphous matrix further enriches in Cr and, thus, its Curie point is expected to
reduce down to even below room temperature.



The purpose of the present work was to investigate the MR behaviour in the vicinity of the
Curie point of the residual amorphous matrix of a nanocrystallized Fegs sCrioCuiNbsSii3sBs alloy
in order to reveal a possible GMR effect of the granular alloy type, similar to the previously
reported case of a Fe—Zr—Cu—Ru alloy [17]. In order to better understand the MR features
observed for our nanocrystallized alloy, the MR measurements have been extended also to a
series of melt-quenched Fe-Si alloys with the DO; structure and having 15, 18, 20, 25 and
28 at% Si.

For the nanocrystallized alloy, at small magnetic fields, below about B=0.1-0.2 T, both the
longitudinal and transverse MR components decreased with increase in B. This was ascribed to
a GMR effect arising from the spin-dependent scattering of electrons for an electron path
between two Fe-Si nanograins through a non-magnetic matrix (granular-type GMR). At larger
fields, a slightly nonlinear increase in the MR was observed, which could be attributed to the
residual amorphous matrix. The MR data obtained on the melt-quenched Fe—Si alloys enabled
us to identify that the negative AMR effect observed in the nanocrystallized alloy originates
from two consecutive electron scattering events within the same Fe—Si nanograin. The small
saturation field (Bs=0.1 T) of the GMR contribution indicated that though the Fe—Si nanograins
are in a SPM state but due to their sufficiently large size their magnetic moments saturate at a
relatively small field.

The paper is organized as follows. In Section 2, sample preparation and characterization details
as well as measurement techniques are described. The experimental results for the magnetic
and magnetoresistance behaviour of the samples with various structural states are described
in Section 3. This is followed by a discussion of the individual magnetoresistance terms of the
nanocrystallized Fess sCrioCuiNbsSiissBs alloy (Section 4) and a brief summary of the present
results (Section 5).

2. Experimental

An alloy of the composition Fegs sCrioCuiNbsSiizsBs was prepared as a ribbon (~10 mm wide
and ~25 um thick) by melt-spinning. The nanocrystallized state was obtained by isochronally
annealing the amorphous ribbon at 825°C for 1h in a halogen-lamp furnace in argon
atmosphere [4]. X-ray diffraction (XRD) and transmission electron microscopy (TEM)
measurements were used to establish the amorphous state of the as-quenched ribbon as well
as to characterize the nanocrystallized state [4]. The same ribbons were used here as in our
earlier works [4], [5] and [19]. The nanocrystallized Fegs sCrioCuiNbsSii3sBs alloy was shown [4]
to consist of 12 nm DOz Fe-Si nanograins embedded in a residual amorphous matrix with an
average separation of 7 nm between them (19 nm average distance between nanograin
centers) and having a volume fraction of 20%. The Si content of the nanograins was about 15—
25 at% [2] and the Curie temperature of this Fe—Si phase was around 900 K [21].

The rapidly quenched crystalline Fe-Si ribbons (~1 mm wide and ~20 um thick) were also
prepared by melt-spinning. An XRD study revealed a DOs structure in these ribbons [21] and
their magnetic properties and zero-field electrical transport parameters have been reported
elsewhere [21] and [22].

The magnetoresistance was measured by a four-point-in-line method on 1-2 mm wide strips,
which were cut out of the ribbon pieces having a length of typically 5 mm for the Cr-containing
samples and 15 mm for the Fe-Si alloys. A magnetic field of up to B=12 T was applied in two
geometries in the ribbon plane: parallel and perpendicular to the current, which provided the
longitudinal (LMR) and transverse (TMR) magnetoresistance, respectively. The MR was defined



by the relative change in the resistance (R) as a function of applied field, B, and was expressed
as AR/R=[R(B)-Ro]/Ro where Ry stands for the resistance in zero external magnetic field. The
MR measurements were carried out by cycling the external magnetic field between the
maximum field values.

The FM—PM transition of the nanocrystallized state of the Fegs sCrioCuiNbsSii3sBs alloy ribbon
was studied by measuring the temperature dependence of the a.c. susceptibility in a home-
made apparatus at 6 kHz frequency with an excitation field of Bmax=2 uT.

3. Results
3.1. Nanocrystallized Fes3.5CrioNbsCu;Sii3.5Bg alloy

3.1.1. Temperature and field dependence of magnetoresistance

The experimental LMR and TMR data for the nanocrystallized state of the
Fees.sCrioCuiNbsSiizsBg alloy at 7=300 K are shown in Fig. 1a up to B=0.5T and in Fig. 1b up to
B=12 T, where the low-field data are also included. There is a good agreement between the
two datasets as indicated in Fig. 1b when comparing the thick and thin lines representing the
low-field and high-field data, respectively, for both the LMR and TMR components.

In the low-field data (Fig. 1a), one can see a small MR peak around B=0 for both the LMR and
TMR components. The MR saturates for magnetic fields of about B=0.25T after which a
slightly nonlinear increase persisting up to 12 T (Fig. 1b) can be observed (the apparent
asymmetry of the MR data, especially for the LMR component, is probably an instrumental
artifact due to the very high sensitivity applied and the very long measurement time—during a
full magnetic field cycle, typically 500—-800 data points were recorded, which were then
averaged over a certain range to achieve a sufficient signal-to-noise ratio).

Very similar magnetoresistance results were obtained also at 7=250 (Fig. 2) and 200 K (Fig. 3).

At all three temperatures, both the LMR and the TMR components decrease first when
increasing the magnetic field from B=0 up to a certain saturation field Bs that seems to
decrease as the temperature is reduced (see Table 1). The identical sign of this initial change
for both (LMR and TMR) components is indicative of a GMR effect caused by spin-dependent
scattering of conduction electrons when travelling through a non-magnetic matrix between
two magnetic regions in which the magnetization orientations are different from each other.

It can also be established from Fig. 1, Fig. 2 and Fig. 3 that the LMR and the TMR components
are not equal to each other at all fields in the investigated temperature range. Beyond the
saturation field, the difference is independent of the magnetic field. This behaviour is typical
for the anisotropic magnetoresistance (AMR) of bulk homogeneous ferromagnets [23],
[24] and [25] whereby the AMR is defined as the difference LMR-TMR. For the pure
ferromagnetic metals (Fe, Co and Ni) as well as for most FM alloys, AMR>0, i.e., the LMR
component is more positive than the TMR component.

In the present case, however, a negative AMR effect (AMR<0) can be observed (see Fig. 1, Fig.
2 and Fig. 3 and Table 1). Such a behaviour has already been reported previously for the
nanocrystallized state of a FessB13Sis[13], a Fe;2VsCuiSiieBs[16] and two FINEMET type alloys
[14] and [15]. On the other hand, in the amorphous state of Fe-based metal-metalloid alloys,



all reported magnetoresistance data [8], [9], [10], [11], [12], [13], [14], [15], [16] and [26]
indicate a positive AMR and the same was found even for sputtered amorphous Fe—Si thin
films [27] and [28]. Therefore, since in all the above listed nanocrystallized alloys as well as in
our one, the FM grains consist of a Fe—Si alloy with the DOs structure, evidently these grains
can be made responsible for the negative AMR effect observed in these nanocrystallized
alloys. This has already been suggested [14] and [15] on the basis of old MR data on bulk Fe-Si
alloys [29] and are supported also by MR results obtained more recently on crystallizing
sputtered amorphous Fe-Si thin films [28]. All this also constituted a motivation for us to
perform a more detailed study on the MR behaviour of rapidly quenched Fe—Si ribbons, and
the results are presented in Section 3.2.

Another feature of the results presented above for the nanocrystallized Fegs sCrioCuiNbsSiiz 5By
alloy (see Figs. 1b, 2b and 3b) is the slightly nonlinear increase in the MR up to the highest
magnetic fields investigated (B=12 T). Such a behaviour is typical for structurally disordered
weak itinerant ferromagnets at temperatures around the FM—PM transition as demonstrated,
e.g., for amorphous Fego-xMn,Zrip (0<x<16) alloys [30]. An evaluation of the high-field MR data
on our nanocrystallized Fegs sCri0CuiNbsSii35Bg alloy is presented in Section 4.3.

We have also measured the room-temperature MR of the as-quenched amorphous
Fees.sCrioCuiNbsSiizsBg alloy up to B=0.2 T. In this field range, no measurable MR could be
detected for either the TMR or the LMR components within an accuracy of at least 0.01%. This
is in agreement with the facts that the Curie point of the as-quenched amorphous state is close
to room temperature [19] and [20] and that the AMR may completely disappear in
ferromagnetic alloys even somewhat below the Curie temperature [31].

3.1.2. Magnetic characterization of the nanocrystallized and amorphous states

The temperature dependence of y.. for the nanocrystallized FesssCrioCuiNbsSiissBs alloy is
shown in Fig. 4. Due to the high Curie point (about 900 K [21]) of the Fe-Si nanograins in the
nanocrystallized Fees sCrioCuiNbsSiissBs alloy, the contribution of these nanograins to xac is
constant in the temperature range investigated (77—-300 K). Therefore, the y.. data displayed in
Fig. 4 reveal a FM—PM transition of the residual amorphous matrix. This observed magnetic
transition is fairly broad, it spans actually the whole measurement temperature range.
Nevertheless, it can be established that in the temperature range of the MR measurement
from 200 to 300 K applied for the nanocrystallized alloy, the amorphous matrix has already
mostly lost its FM state and is mainly paramagnetic. The rapid increase in the coercive field
from 100 to 300 K reported for this alloy [5] indicates a loss of exchange softening, which
provides evidence for the FM—PM transition of the residual amorphous matrix. This is further
supported by the results of the Mossbauer measurements [4] according to which the residual
amorphous matrix of a Fes3s5Cri0CuiNbsSiizsBs alloy nanocrystallized at 825K for 1h is
definitely paramagnetic at room temperature.

3.2. Room-temperature magnetoresistance data on the melt-quenched Fe-Si alloys

The room-temperature MR curves for the melt-quenched Fe-Si ribbons with 18, 20, 25 and
28 at% Si were qualitatively very similar to each other for each composition studied. The
experimental data for the selected FesoSiyo alloy are presented in Fig. 5. For B>0.1t0 0.2 T, i.e,,
beyond technical saturation, both the LMR and TMR components linearly decreased with
increase in magnetic field. Since the LMR component is more negative than the TMR
component at all field values, we get the anisotropic magnetoresistance AMR=LMR-TMR<O for
each composition, i.e., these alloys exhibit a negative AMR, just as the nanocrystallized sample.



The evolution of the AMR magnitude and the slope of the linear high-field MR sections with Si
content is summarized in Table 2 where the LMR and TMR values taken at B=0.8 T are also
displayed. It should be noted that whereas the linearity of the MR data beyond technical
saturation is well fulfilled for 20, 25 and 28 at% Si, both the LMR and TMR data tend to
decrease more rapidly than linear in the same magnetic field range for the sample with 18 at%
Si.

The transverse MR component exhibits a salient feature at low magnetic fields (Fig. 5b). The
MR first decreases slightly when B increases from 0 and it starts to increase only after a small
minimum. At technical saturation it then reaches a maximum before entering the linearly
decreasing section. The minimum field and the MR value at the minima are also provided in
Table 2. At present, the origin of this minimum is not clear.

The MR behaviour of the FegsSiis ribbon was rather inhomogeneous: ribbon pieces with either
AMR<0 or AMR>0 were found whereby the magnitude of the AMR was around 0.1%. This may
indicate that at this composition, the rapidly quenched ribbon, besides the phase with a D03
structure and having AMR<0, may also contain regions, where the bcc Fe-Si solid solution
phase with AMR>0 appears and the fraction of the two phases fluctuates randomly along the
ribbon length. It is noted that the relatively large error observed in the magnitude of the zero-
field resistivity of this alloy ribbon [21] could also have been a consequence of its random two-
phase nature.

4, Discussion

In the present paper, the main interest is focused on understanding the magnetoresistance
behaviour of the nanocrystallized Fegs sCrioNbsCu;SiizsBs alloy. It appeared from Section 3 that
the observed magnetoresistance may be considered to consist of three major contributions: (i)
a GMR contribution due to the spin-dependent scattering of electrons travelling between the
magnetic Fe-Si nanograins embedded in a more or less non-magnetic matrix, (ii) an AMR
contribution arising from the interior of the Fe—Si nanograins and (iii) a high-field contribution
attributable to the residual amorphous matrix having its magnetic transition temperature in
the vicinity of the temperature of the MR measurements. In the following, we shall discuss
these three major MR contributions by also exploiting supplementary magnetoresistance and
magnetic data reported in Section 3 on the same alloy and on other related alloy samples.

4.1. Low-field MR contribution: granular-type GMR due to magnetic Fe-Si nanograins in a
non-magnetic matrix

As Fig. 1, Fig. 2 and Fig. 3 demonstrate, in the temperature range from 200 to 300 K both the
longitudinal and transverse MR components have the same sign (negative) for small magnetic
fields. This indicates that the observed magnetoresistance in the low-field region can be
ascribed to the GMR effect. The phenomenon of GMR can occur in metallic magnetic
nanostructures, which consist of nanoscale magnetic entities separated by similarly
nanoscaled non-magnetic regions (magnetic/non-magnetic multilayers or granular alloys
containing small magnetic clusters embedded in a non-magnetic matrix). The separation of the
magnetic entities should be small enough so that conduction electrons when polarized by the
magnetization of one magnetic region can preserve this spin information till arriving at the
next magnetic region. If a current-carrying electron travels through the non-magnetic matrix
from magnetic region A to magnetic region B and the orientations of the magnetizations
(magnetic moments) of these regions are different, the electron undergoes a so-called spin-



dependent scattering in region B. If the magnetization orientations of these regions are the
same, no such spin-dependent scattering occurs. Therefore, in the latter case the resulting
resistance will be definitely smaller than in the first case whereas the “background” resistance
of non-magnetic origin remains the same in both cases. If the magnetization orientations of
regions A and B are different in zero external magnetic field, then we can observe the GMR
effect when aligning the two magnetizations parallel by a sufficiently large external magnetic
field. The magnitude of the GMR effect is larger, the larger is the difference of the
magnetization orientations between regions A and B in zero magnetic field.

According to the discussion in ‘Introduction’ and the magnetic data in Section 3.1.2, the
nanocrystallized Fegs sCrioCuiNbsSiizsBs alloy consists of magnetic nanograins embedded in a
residual amorphous matrix, which has a broad FM—PM transition just in the temperature range
of the MR measurements. The low-field magnetoresistance data (Figs. 1a—3a) of this alloy
show an initial decrease in the resistivity when increasing the magnetic field from B=0 for both
the LMR and TMR components. This behaviour is qualitatively similar to that of a previously
investigated nanocrystallized Fe—Zr—Cu—Ru [17] alloy and we can assign in both cases the
observed resistivity change to a GMR effect. However, there are also differences in the MR
behaviour of the two alloys, namely, whereas the MR curves for the Fe—Zr—-Cu—Ru [17] alloy
showed no saturation even in magnetic fields at least up to 1 T, the saturation fields of the MR
components, which can be ascribed to a GMR effect in our alloy, are much smaller (see Fig. 1,
Fig. 2 and Fig. 3 and Table 1). The large MR saturation fields for the Fe—Zr—Cu—Ru [17] alloy
arise because in this case the precipitated superparamagnetic nanograins are small for which
saturation can be achieved in very large magnetic fields only.

On the other hand, in our nanocrystallized Fees sCrioCuiNbsSii35Bg alloy the situation seems to
be different. From earlier studies [4], we know the size of the magnetic Fe—Si nanograins in our
nanocrystallized alloy: the average diameter is 12 nm and the average magnetic moment is
112 000 us. This relatively large moment leads to a much smaller saturation field (Bs=0.1-
0.2 T), which is comparable with the observed saturation fields of the MR components.

The magnetization direction of each individual nanograin is fixed by the crystal anisotropy and
the exchange and/or dipolar interaction of the nanograins. In case the intergrain interactions
are not very strong or partly destroyed by the sufficiently high temperature, the nanograin
orientations can be random to some extent and this ensures that the magnetizations of two
neighbouring regions will be with high probability in a non-aligned state in zero magnetic field.
This configuration results in a larger resistivity in comparison with the case when the magnetic
nanograins are all aligned along the magnetic field. This is an important pre-requisite for the
occurrence of a GMR effect.

For the GMR effect, the resistance change is expected to be the same for any orientation of
the external magnetic field and the measuring current, i.e., LMR should be equal to the TMR
component, which is not the case for the nanocrystallized Fess sCri0CuiNbsSiizsBg alloy (Fig. 1,
Fig. 2 and Fig. 3). This is due to the presence of an AMR effect to be discussed in Section 4.2. To
get the isotropic GMR from the measured LMR and TMR data, we follow the usual procedure
[23] and [24] according to which, in the magnetically saturated state (B>B:), the isotropic
resistivity pis is defined as

(1)

pis=(1/3)pis+(2/3)prs



Here, pis and prs are the resistivities of the longitudinal (L) and transverse (T) component,
respectively, of the saturated state. In analogy, the saturation value of the isotropic GMR
contribution can be obtained as

(2)
GMR,=(1/3)LMR+(2/3)TMRs

where LMR; and TMR, are the saturation values of the longitudinal and transverse
components, respectively, which can be obtained by taking an average of the corresponding
experimental data in the field range B>B:.

The average saturation GMR; values established in this manner from the experimental LMR
and TMR components for B>B; for the nanocrystallized FegssCrioCuiNbsSiissBg alloy are
summarized in Table 1. It should be emphasized again that Egs. (1) and (2) are valid only in the
magnetically saturated state.

By looking at the experimental data in Figs. 1a, 2a and 3a, we can estimate an error of about
30% on the magnitude of the GMR (due to the uncertainty where to put the saturation
resistivity on the noisy and in some cases asymmetric MR curves; the latter feature created
owing to the electronic drift at the extremely high sensitivity that had to be applied as noticed
in Section 3.1.1). In spite of the noisy character of the experimental data, their reliability can
be further assessed from the fact that the separately recorded low-field and high-field MR data
are nicely superimposed for all three temperatures (see Figs. 1b, 2b and 3b) and Fig. 2a also
shows two independent sets of low-field data properly superimposed on each other.

Since we cannot be sure that the zero-field remanent state indeed corresponds to the
maximum degree of antiparallel magnetization alignment of neighbouring magnetic regions
(isotropic distribution of magnetic domain orientations), the reported GMR data represent a
lower limit only. Thus, whereas the presence of a clear isotropic GMR is unambiguous, the
actual GMR values can be higher than given here.

If we consider the data in Table 1, we can see that the observed GMR is very small. A
comparison with the room-temperature data obtained by Suzuki et al. on the Fe—Zr—Cu—Ru
alloy (see Fig. 3 of Ref. [17]) at our saturation field for 300 K (Bs=0.25 T) reveals that the GMR
in the Fe—Zr—Cu—Ru alloy is about 0.025%, which is larger than our corresponding value by
about a factor of 3. This larger GMR can be explained by the fact that in the Fe—Zr—Cu—Ru alloy
the grains are much smaller (i.e., their density can be much higher); thus the occurrence of
electron paths “FM nanograin - amorphous non-magnetic spacer - FM nanograin” is simply
more abundant. The larger grain size in our sample is also consistent with our smaller
saturation field as discussed at the beginning of this section.

The small value of the GMR can be caused by several factors. As noted above, though our GMR
is smaller, it is still comparable to that of the Fe—Zr—Cu—Ru alloy in the same low field (our Bs
value at 300 K). One important reason for the low GMR in these disordered nanocrystallized
alloys is due to the high zero-field (background) resistivity, which can be 100 pQ cm or more
(see Ref. [17]) since this quantity appears in the denominator of the definition of the
magnetoresistance: MR=AR/R. In addition, the amorphous spacer regions between the FM
nanograins have a very small mean free path for the conduction electrons (roughly equal to
the atomic spacing). A long mean free path is essential for having a large GMR; this situation is
realized in ferromagnetic/non-magnetic multilayers with pure non-magnetic metal spacers



and, then, the GMR decreases exponentially with spacer thickness. A partial collinearity of the
neighbouring nanograin magnetizations (non-complete random alignment) can also be an
important reason for the low GMR since we have no exact information on the residual
coupling between nanograins and the non-collinearity can indeed be small under all conditions
investigated. If this is indeed a significant factor for the low GMR, such a low level of non-
collinearity can also be a sign for a significant exchange interaction between the nanograins.
Although we do not have direct information about the strength of coupling between
nanograins, the temperature evolution of experimental data can still give us useful hints.
According to Section 3.1.2, although the FM—PM transition of the residual amorphous matrix
(spacer material) is fairly broad in our nanocrystallized alloy, the amorphous matrix is already
in the PM state at the highest temperature investigated (7=300 K). The saturation field values
summarized in Table 1 (Bs strongly increases with increase in temperature) give further
support to the picture that the nanograins are much more decoupled at 300 K (Bs=0.25 T) than
at 200 K (Bs=0.01T), speaking for a substantial reduction in the exchange coupling between
nanograins over the temperature range investigated. In line with this, the GMR is reported to
be —0.008% at 300 K and -0.005% at the two lower temperatures investigated. This can be
accepted as a significant decrease (by almost a factor of 2) when entering the FM temperature
range of the spacer even if it is hard to see this directly from the measured MR curves (Figs. 13,
2a and 3a) owing to the fairly high (inverse) AMR component present due to the bulk
behaviour of the Fe—Si nanograins as discussed in the next section.

4.2. AMR contribution of the ferromagnetic Fe—Si nanograins

As it was mentioned in Section 3.1.1, the MR data on the nanocrystallized
FeessCri0CuiNbsSiizsBg alloy (Fig. 1, Fig. 2 and Fig. 3) indicated the presence of a negative AMR
effect, i.e., AMR=LMR-TMR<O. In line with this finding, the MR data on the melt-quenched Fe—
Si alloys (Section 3.2 and Fig. 5) exhibited the same behaviour. This suggested to ascribe the
observed negative AMR effect in the nanocrystallized alloy to the Fe—Si nanograin precipitates
with the DOs structure in agreement with the former works [14] and [15].

Having established the isotropic saturation contribution GMR from the experimental data
(Figs. 1a—3a), we can now trace out the individual magnetoresistance contributions due to the
ferromagnetic Fe-Si nanograins, namely, the saturation value of the longitudinal
magnetoresistance component of the Fe—Si nanograins can be obtained as

(3a)

LMRs=LMR(Fe-Si)+GMR

and, similarly, for the transverse component we have
(3b)

TMRs=TMR(Fe-Si)+GMR

where LMR; and TMR; correspond to the average saturation values (B>B;) of the experimental
data in Figs. 1a—3a as in Eq. (2). The average LMRs(Fe-Si) and TMR;(Fe-Si) values are also
summarized in Table 1 for each temperature investigated. In contrast to the GMR, which is
derived from an averaging of the LMR and TMR components, for the AMR the error can be
larger (maybe 50%) since it derives from the difference of the LMR and TMR saturation values.



In this manner, the average saturation magnetoresistance data for B>B; in Table 1 represent
the individual saturation contributions arising, on the one hand, from a GMR effect due to
electron scattering events along a path connecting two neighbouring Fe—Si nanograins with
non-aligned magnetization and, on the other hand, from electron scattering events within the
FM Fe-Si nanograins (the bulk AMR effect).

An AMR effect arises if two consecutive electron scattering events occur within the same FM
region, i.e., within the same Fe-Si nanograin. By using available structural and electrical
transport data, we can make an estimate if such electron scattering events can happen in the
nanocrystallized alloy. The electronic mean free path (8.) can be estimated by using the
formula [32]:

(4)
fe [nm] =9.2(r,/a,)" / plpf2em]

where a, is the Bohr radius, p the resistivity and r; the radius of an equivalent sphere ascribed
to a conduction electron, which can be derived from the conduction electron density n via the
relation 1/n=4rt(rs)3/3. The ratio rs/a. ranges [32] from 2 to 6 for all metals. By taking rs/a.=4 as
the mean value, we may estimate the mean free path as €.[nm]=150/p [uQ cm] (the
uncertainty may amount to a factor of about 2). We will use the same expression for the Fe—Si
nanograin material. According to Ref. [21], the room-temperature electrical resistivity of Fe—Si
alloys with the D03 structure is about 100 uQ cm for Si contents from 15 to 20 at%, which is
just the concentration range of the Fe—Si nanograins [2]. Thus, we get that the electronic mean
free path in the nanograins is about 1.5 nm (within a factor of 2). Since the average Fe—Si grain
size is about 12 nm [4], this means that a conduction electron undergoes numerous
consecutive scattering events within each nanograin, contributing to an AMR effect typical for
the bulk Fe—Si material. This gives us a further justification for ascribing the AMR contribution
observed in the nanocrystallized alloy to the Fe—Si nanograin phase.

We can also account for the fact that the magnitude of the AMR contribution due to the
nanograins in the nanocrytallized alloy is apparently much smaller than the AMR of the melt-
quenched Fe-Si ribbons with Si contents of 18 at% and above, namely, the nanograins are
embedded in an amorphous matrix and the high background resistivity of the latter strongly
reduces the magnitude of the measured magnetoresistance ratio and of its all components.

A further argument that the observed AMR component cannot arise from the residual
amorphous matrix is that the AMR is expected to strongly reduce when the temperature rises
close to the vicinity of the Curie point (and becomes actually zero above T.) whereas our MR
measurements were performed close to or above the Curie point of the amorphous matrix.

For characterizing the electrical transport in FM metals, it is customary [24], [25], [33] and [34]
to introduce an asymmetry parameter a=p./p " where pJ and pI correspond, in terms of
the two-current model of Mott [25] and [33], to the resistivities of the independent > and |,
conduction channels, respectively. On the other hand, it is also a basic feature of the Mott
model [25], [33] and [34] that in d-band metals the carriers of the electrical current, mainly s-
band electrons, can be scattered also into d-band states and the scattering probability is
proportional to the density of d-band states Ng(Er) available as final states for the scattered s-
electrons at the Fermi level Er. This means that the main source of resistivity is the s—d
scattering mechanism of conduction electrons. In this sense, we get that pJ «Nqy(Ef) and



p NNy (Er). Since in d-band metals usually Ng(Ef)>>Ns(Er), the asymmetry parameter o can
now be written as a=Nqy (Er)/Nar(Er). For strong itinerant ferromagnets (SIF) in which the
majority spin d“*-band is full and only minority spin d{ -band states are present at the Fermi
level, we have, therefore, Ngy (Ef)>>Nqr(Ee), i.e. a>>1. For SIF metals and alloys, theory predicts
[34] that the AMR is positive and typically larger than +1%. For weak itinerant ferromagnets
(WIF) for which both majority spin d“I*-band and minority spin d{,-band states are present at
Ee, Nay (Ee) and Ny (Ef) are typically comparable to each other and either of them can be larger
than the other, i.e., both cases a>1 and a<1 may occur. Therefore, for WIF metals and alloys
[34] if a>1, the AMR is predicted to be positive but its magnitude remains typically below +1%
whereas for a<1, the AMR is negative and not exceeding —-1%. These conclusions were based
on considerations of electrical transport results on dilute ferromagnetic alloys and on such
systems they were indeed found to be well obeyed by both the magnitude and the sign of the
experimental AMR data [34].

It may be instructive to compare the AMR results and their interpretation for Ni-rich
ferromagnetic Ni—Cu and Ni—Cr alloys. For the Ni—Cu system, the AMR is positive with a
maximum of about +7% around 10 at% Cu at 4.2 K [35]. According to the band structure
calculations of Vernes et al. [36], in the whole ferromagnetic regime N(Eg) is dominated by the
Ni minority band d{, states and, therefore, Nay (Er)>>Ng1(Er) from which we get a>>1. In this
way, the large observed positive AMR values are well explained on the basis of the two-current
model of AMR [34]. For Ni—Cr alloys, the AMR is negative at low temperatures [37],
[38] and [39], varying between -0.2% and -0.3% in the concentration range of 1-7 at% Cr [39].
It has already been suggested [39] that the negative AMR values in these Ni—Cr alloys are due
to the presence of Cr virtual bound states at the Fermi level. Band structure calculations [36]
have, indeed, revealed the presence of Cr d-band virtual bound states at the Fermi level in a
way that N™MEr)>N (Er). This leads finally to pM>p, and a<1, well explaining the occurrence
of a negative AMR in this system on the basis of the model of Campbell et al. [34].

Unfortunately, this picture does not seem to be applicable for pure Fe metal and for Fe-Si
alloys. The WIF character of body-centred cubic (bcc) Fe is well demonstrated by band
structure calculations [40], [41] and [42] with NMEf)>N (Er). The FesSi compound with the
DOs; structure was also found to exhibit WIF behaviour by band structure calculations
[42] and [43] and, here, it was obtained that NMEe)<N (EF). (It should be noted that band
structure calculations for disordered bcc-FessSizs alloys [44] also indicated the relation
N (Ef)<N (Er).) Therefore, according to the model of Campbell et al. [34], bcc-Fe is expected
to have small negative AMR whereas experiments indicate small positive AMR [25] and [33].
On the other hand, FesSi(DO0s) is expected to have small positive AMR but, as we have shown
above, this phase has a small negative AMR. Apparently, the currently available model [34] is
not capable of accounting for the sign of AMR in bcc-Fe and in Fe=Si alloys; therefore, further
theoretical work is needed to resolve this problem. The inadequacy of this model in its original
form to certain alloy systems has already been pointed out by Banhart et al. [45].

4.3. High-field MR contribution of the residual amorphous matrix

In any metals, even if non-magnetic, there is a MR contribution due to the effect of a magnetic
field on the electron motion [24] and [25] and this gives rise to a quadratic increase in the
magnetoresistance with increase in magnetic field. Apparently, this contribution is negligible in
the present nanocrystallized alloy since the data in Figs. 1b, 2b and 3b suggest a monotonic,
slightly nonlinear increase in MR beyond technical saturation (Bs) in the whole range of
temperatures investigated.



As noted in Section 3.1.1, for the as-quenched amorphous FegssCrioCuiNbsSiizsBs alloy no
measurable room-temperature MR could be detected up to B=0.2 T for either the TMR or the
LMR components within an accuracy of at least 0.01%. This is due to the fact that at 300 K the
as-quenched amorphous state is not ferromagnetic but paramagnetic and the narrow field
range did not allow us to reveal a quadratic dependence of MR on B, if there is such a
component at all, in the paramagnetic state for this amorphous alloy.

It should also be mentioned that if there is an AMR component whether positive or negative,
then, beyond technical saturation we should also expect an approximately linear weak
decrease in the observed MR with increase in magnetic field [23], [24] and [25]. This is due to
the fact that for B>Bs an increasing magnetic field can induce an increase in the magnetization
against thermal demagnetization (so-called paraprocess [24]). This field-induced increase in
magnetic ordering results in a decrease of that component of the resistivity, which is due to
the magnetic disorder, i.e., the total resistivity decreases. However, if the Curie point of that
particular phase, which gives rise to the AMR effect (ascribed here to the Fe—Si nanograins
with T. of around 900 K [21]), is much higher than the temperature of the MR measurement,
the magnetization is almost completely saturated and, therefore, the resistivity decrease with
increase in magnetic field is extremely small. In fact, for the present nanocrystallized alloy we
could not identify such a component since the MR was found to increase rather than decrease
with magnetic field beyond technical saturation (see Figs. 1b, 2b and 3b).

As described in Section 3.1.2, the FM—PM transition of the residual amorphous matrix in the
nanocrystallized state is around 200 K and, therefore, the MR data presented in Figs. 1-3 were
obtained in the vicinity of the Curie point (7). It was also noted in Section 3.1.1 that the
observed field dependence of MR in the high-field region is very reminiscent of the behaviour
of that of disordered weak itinerant ferromagnets around the FM-PM transition. We may
therefore attempt to analyse the high-field MR data along the same line as performed by
Srinivas et al. [30] for an amorphous FessZrio alloy up to 4.5 T magnetic fields. The Curie point
(T¢) of this alloy is 227 K [30], i.e., very close to that of the residual amorphous matrix of our
nanocrystallized alloy. Srinivas et al. [30] found that for 7=0.881T. and T=1.233T,, the field
dependence of the MR can be well described by a power function MRocH” with the exponent n
being 0.56 and 0.71, respectively, for the temperature below and above T..

Following the work of Srinivas et al. [30], we have also tried to fit our high-field MR data for
the nanocrystallized alloy to a power function and these fits are shown by thick dashed lines in
Figs. 1b—3b for each measuring temperatures. The exponent n was found to be 0.80 (LMR),
0.77 (TMR) for T=200 K, 0.41 (LMR), 0.77 (TMR) for T=250 K and 1.18 (LMR, TMR) for T=300 K.
For the two lowest temperatures (200 and 250 K), these data compare well with those of
Srinivas et al. [30]. However, our exponent value is higher than 1 for 7=300 K and, being
definitely above the Curie point of the residual amorphous matrix, this may already indicate
the presence of a slight quadratic contribution in the high magnetic fields we used.

5. Summary

The  magnetoresistance  behaviour was investigated for a  nanocrystallized
Fess.sCrioNbsCu;SiissBe alloy in the vicinity (200, 250 and 300 K) of the Curie point of the
residual amorphous matrix in magnetic fields up to 12 T. The initial decrease in the resistivity
for magnetic fields below about 0.1 T could be interpreted as arising from a GMR effect due to
spin-dependent scattering of conduction electrons along their path between two Fe-Si
nanograins via the non-magnetic matrix. For larger fields, the GMR saturated and a slightly
nonlinear increase in the MR with B was observed, which could be ascribed to the contribution



by the residual amorphous matrix. By measuring separately the longitudinal and transverse
MR contributions, it could be established that the AMR is negative in this nanocrystalline alloy
for all fields and temperatures investigated. From MR data obtained on melt-quenched
Fe100-xSix solid solutions with x=15, 18, 20, 25 and 28, this latter component could be identified
as originating from the negative AMR of the Fe—Si nanograins, which exhibit the D03 structure.
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Table 1. Saturation values of the MR contributions for the nanocrystallized Fegs sCrioNb3zCu;Sii3.5Bs
alloy: saturation field (B), anisotropic magnetoresistance (AMR), average saturation giant
magnetoresistance component (GMR;), LMR; and TMR; components of the Fe—Si nanograins. The
errors of the magnitude of the GMR and the AMR which were estimated along the lines as given
in the text are 30% and 50%, respectively.

Temperature (K) | B; (T) AMR (%) GMR; (%) |LMR(Fe-Si) (%) |TMR, (Fe-Si) (%)
200 0.01 -0.004 -0.005 -0.003 0.0015

250 0.10 -0.010 -0.005 -0.007 0.0035

300 0.25 -0.015 -0.008 -0.010 0.005




Table 2. AMR magnitude, high-field slope of the MR curves, LMR and TMR values (at
0.8 T), field value Bmin, where the TMR component has a minimum value at low fields
and value of the TMR at the minimum for the rapidly quenched Feigo-xSix alloys with the
DO;3 structure.

. High-field

?a'tf/snte"t AMR (%) |MR  slope (L)'_‘QRT(%) at ;Z":(%) ) Bin (MT) | TMRuin (%)
(%/T)

18 019 |-0.05(2) -0.19 0 0.04 -0.025

20 020 |-007 022 ~0.02 0.03 ~0.015

25 050 |-021 -0.53 -0.03 0.01 -0.020

28 032 |-017 ~0.36 ~0.04 0.015 |-0.015




Figure captions

Figure 1. (a) Experimental data (solid lines) for the longitudinal (LMR) and transverse (TMR)
magnetoresistance of the nanocrystallized Fess sCrioNbsSiizsBoCus alloy measured at 7=300 K in
low magnetic fields (up to B=0.5T). (b) Experimental data (solid lines) for the longitudinal
(LMR) and transverse (TMR) magnetoresistance of the nanocrystallized Fegs sCrioNb3SiizsBsCuy
alloy measured at 7=300 K in magnetic fields up to B=12 T (thin solid lines) with the low-field
data from (a) indicated with thick solid lines. In (b), the thick dashed lines show the fits of the
data to the expression AR/RxH". The fitted values of n are provided in Section 4.3.

Figure 2. The same as Fig. 1 but for 7=250 K.
Figure 3. The same as Fig. 1 but for 7=200 K.

Figure 4. Temperature dependence of the real (black squares) and imaginary (red dots)
components of the a.c. susceptibility (xac) for the FesssCrioCuiNbsSiizsBs alloy after
nanocrystallization under optimum heat-treatment conditions (1 h for 825K). (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Figure 5. Room-temperature longitudinal (LMR) and transverse (TMR) magnetoresistance
curves of a rapidly quenched FegoSiyo alloy ribbon with the DO; structure in magnetic fields up
to (a) B=0.8 T (black solid squares and triangles) and (b) 0.15 T (red circles and reversed open
triangles). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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