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The electrical resistivity p of Ni-based ferromagnetic amorphous Nig,_,Fe,B¢Si, and
Ni;;_, Fe, Bi3Si, alloys with x=0 to 19 and x=0 to 15.4, respectively, was measured in the temper-
ature range 1.5-300 K. The temperature-dependent part of the magnetic contribution p,,,, to the
total resistivity was obtained by subtracting from the measured p at each temperature the electrical
resistivity of the corresponding Pauli paramagnetic Ni parent alloy (x=0). It is found that at low-
temperatures p,, has a 7°/> dependence, which near the Curie point T changes to a linear depen-
dence. Above the Curie temperature, p,,,, still increases saturating only at temperatures well above
Tc. At low temperatures the T3/? term of p,,,, decreases monotonously with increasing Fe concen-
tration, while the linear p,,,(T) term for T 5 T¢ is nearly independent of the Fe content. In the fer-
romagnetic range, both the temperature and the concentration dependence of p,,,, are found to be
in quantitative agreement with the predictions of the spin-disorder model adapted to the peculiari-
ties of the amorphous structure. It is also found that quenched disorder does not have any notice-
able effect on the characteristic resistivity p§ associated with the strength of sd exchange interaction.

I. INTRODUCTION

In crystalline and amorphous ferromagnetic metals and
alloys, there is a contribution p,,,, to the electrical resis-
tivity p which is closely associated with the magnetic be-
havior. For instance, the onset of ferromagnetic ordering
results in a sharp break in p(T) at the Curie temperature
T, as well as a considerably enhanced (compared to that
of nonmagnetic materials) temperature coefficient of
resistivity (TCR) (Refs. 1-5) a;=d Inp/dT. In crystal-
line ferromagnets the interaction of the conduction elec-
trons with the collective excitations (magnons) of the lo-
calized spin system at low temperatures gives rise to a T2
power law for p,,,, (Refs. 6-8), which has also been ob-
served in some Fe-rich ferromagnetic metallic glasses’
with a proportionality coefficient of roughly the same or-
der of magnitude. However, since in amorphous metals
electron-phonon scattering also leads to a T2 power law
for p at low temperatures,'® experimental identification of
these distinct contributions is difficult.” On the other
hand, measurements have also inferred a 7372 power law
for pp,,, in the spin-wave region,>!! which has its origin
in the amorphous structure and agrees with the theoreti-
cal predictions.!?

Despite the plethora of experimental data on the resis-
tivity of ferromagnetic amorphous alloys,! the
identification of the magnetic contribution to the total
resistivity in these materials, as well as the question of the
effect of quenched disorder on the magnetic scattering
mechanism, are still the subject of much discussion. Be-
sides the above-mentioned experimental difficulties in the
low-temperature region, the considerable number of sim-
plifying assumptions in most theoretical models'>!? fur-
ther hinders a straightforward comparison between
theory and experiment.

Transport properties of ferromagnetic materials are in-
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trinsically determined by the properties of the electron-
band structure, which, in contrast to that of nonmagnetic
metals, is characterized by the superposition of a broad s
band and a narrow d band with common Fermi energy.'*
Due to their large effective mass the d state do not con-
tribute directly to the charge transport. However, in
strong ferromagnetic materials the cross section for po-
tential scattering of s1 and s! electrons into hole states
in the d band can differ considerably. Besides the addi-
tive contributions of the individual scattering mecha-
nisms, the superposition of potential scattering and spin
scattering gives rise to an additional (mixing) term
in the total resistivity, causing strong deviations
from Matthiessen’s rule.!*!> The ratio of the partial re-
sidual resistivities of the s-sub-bands, a=p¢ /p{, which is
obtainable from measurements of the spontaneous mag-
netic resistivity anisotropy, determines the order of mag-
nitude of this additional contribution to p. This two-
current conduction (TCC) model originally suggested by
Mott,!® and developed by Fert and Campbell,'* has
turned out to be remarkably successful in explaining the
transport properties of crystalline ferromagnets. Up to
now these ideas have not been utilized for studying the
resistivity in amorphous ferromagnets. The difficulty is
that as evidenced by recent numerical studies,!”!® the
basic assumption of the TCC model that the d states do
not participate directly in the transport processes do not
necessarily apply to the 3d transition metal-based amor-
phous alloys. Therefore great caution should be exer-
cised while applying the TCC model to these materials.
The latter remarks considerably restrict the choice of
amorphous systems suitable for a quantitative test of the
existing theoretical transport models. To avoid compli-
cations associated with the mixing term in the total resis-
tivity, one should first investigate systems exhibiting
weak itinerant ferromagnetism in the sense of Stoner’s
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criterion and hence having negligible deviations from
Matthiessen’s rule. The Ni-rich amorphous
Ni;;_,Fe, B3Si;y and Nigy_  Fe, B,(Si, alloy series with
compositions close to the percolation threshold, x,, are
particularly suitable for this purpose, since the conduc-
tivity of the Ni parent alloys (x =0) is expected to be
dominated by the s-band contributions.!” While in both
of these systems the Ni parent alloys are Pauli paramag-
netic, substitution of a few at. %Ni by Fe gives rise to
long-range ferromagnetic ordering. Under appropriate
conditions, the resistivity of the Ni parent alloys can be
taken to be approximately the nonmaghetic part in the
ferromagnetic phase and used for identification of the
magnetic contribution p,,,,(7) from the total resistivity,
so that a quantitative analysis of p,,,, within the frame-
work of appropriate theoretical models is possible.

II. EXPERIMENTAL DETAILS

Amorphous Nigy—, Fe, B¢Siy (x £19) and
Ni;;_,Fe,B38i5 (x <15.4) alloy ribbons having a cross
section of about 0.02 X2 mm? were prepared by the rotat-
ing drum technique in an argon atmosphere. The amor-
phous nature of the alloy ribbons was verified by
x-ray diffraction technique using Mo Ka radiation.
Throughout this paper nominal compositions have been
used. A quantitative analysis of the actual compositions
of these alloys by means of a microprobe did not show
any deviations from the nominal composition of the in-
gots within the uncertainty of the measurement (1 at. % ).

Electrical resistivity p was measured in the tempera-
ture range 1.5-300 K by means of a four-probe ac com-
pensation method.® The experimental setup for these
measurements could resolve a few ppm change in the
resistivity with ease. While the voltage contacts (~20
mm apart) were formed by thin gold wires of 25 um di-
ameter soldered to the sample (length ~30 mm) with a
low-melting, nonsuperconducting, soldering material
(BiysCdss), the current contacts were made by soldering a
bundle of several thin gold wires to the ends of the rib-
bons by means of In soldering material. During the sold-
ering procedure, special care has.been taken to avoid
structural relaxation, or in the worst case, crystallization
of the amorphous ribbons. The ribbons were placed on a
rectangular sapphire plate, and the gold wires were then
soldered to the conducting silver contacts which have
been diffused into the wafer at elevated temperatures. To
avoid stress-induced effects in the course of measurement,
no grease was used to affix the samples to the sapphire
support. The tensile gold wires allowed for changes in
the sample dimensions during thermal cycling. The sam-
ple temperature was monitored by calibrated Pt- and
Ge-resistance thermometers placed underneath the wafer.

The average cross-sectional area of each sample was
deduced from the weight, length, and density. The densi-
ty of the metallic glasses was derived from the density
function given by Aso et al.!® The accuracy in the abso-
lute values of p can be estimated to be better than 5%,
which can be ascribed mainly to the uncertainty in the
density data. During thermal cycling, changes in the
sample dimensions can occur because of finite thermal ex-
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pansion. Due to the lack of information about the
thermal expansion coefficients in the amorphous alloys
investigated, no corrections have been made, so that the
p(T) data, which have been normalized to the sample di-
mensions at T;,=273.15 K, should be taken as apparent
resistivity.

III. EXPERIMENTAL RESULTS AND DATA ANALYSIS

The temperature variation of the normalized resistivity
ratio r(T)=p(T)/p(T,), where T(;=273.15 K is the ice
point, along with the corresponding derivative
r'(T)=dr(T)/dT in the temperature range 1.5-300 K
for several amorphous Nig,_, Fe B;(Si, (x <19) and
Niy;_,Fe,B;3Si;q (x =15.4) alloys are shown in Figs. 1
and 2. The salient features of the »(7T) and »’(T) curves
can be summarized as follows: (i) the total fractional
change Ap/p in resistivity within the investigated tem-
perature range increases progressively with increasing Fe
concentration, reaching the exceptionally large value of
about 12% for x =11 at. %Fe, (ii) at low temperatures
(T'<11 K), p(T) goes through a well-defined resistivity
minimum at a temperature T, (see Table I), (iii) above
T ,in the increment of p with increasing temperature fol-
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FIG. 1. Temperature dependence of the normalized resistivi-
ty ratio p(T)/p(T,) (above) and the corresponding derivative
p'(T)/p(Ty) (below) of amorphous Nig,_, Fe, B;¢Si, alloys for
(@) x =0, () 5, () 7, (d),9, (e) 11, and (f) 19, where T,=273.15
K is the ice point. The inset (above) depicts the concentration
dependence of p(Ty).
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FIG. 2. Temperature dependence of the normalized resistivi-
ty ratio p(T)/p(T,) (above) and the corresponding derivative
p'(T)/p(Ty) (below) of amorphous Ni;;_, Fe, B3Si;, alloys for
(a) x =0, (b) 7.7 and (c) 15.4, where T,=273.15 K is the ice
point. The inset (above) depicts the concentration dependence
of p(Ty).

lows approximately a 7" power law with n=1.5-2,
which for the ferromagnetic compositions in the vicinity
of the Curie-point T changes to a linear (n =1) depen-
dence, (iv) the onset of long-range ferromagnetic ordering
leads to a break in the p(T) behavior, at which point the
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slope dp/dT rapidly decreases with increasing tempera-
ture, and (v) far above the Curie point, in the paramag-
netic range, p again varies linearly with temperature and
has a slope such that for all investigated compositions
within both alloy series seems to converge to the same
value.

The unusually large change in p(7) within the investi-
gated temperature range for compositions with x > x,
and the marked concentration dependence of Ap/p cer-
tainly cannot be explained solely by the diffraction mod-
el,’° which completely disregards the magnetic state of
the glassy alloys and attributes the magnitude and tem-
perature variation of p to the scatttering of the conduc-
tion electrons by the disordered ion cores with a muffin-
tin potential. The observed anomaly in p(T) at the Curie
temperature indicates that in these diluted amorphous
ferromagnets the magretic state, which close to the per-
colation threshold is subject to dramatic changes, exerts a
strong influence on the electronic charge transport. Con-
trary to the results previously obtained for concentrated
amorphous ferromagnets® exhibiting high Curie tempera-
tures, in the metallic glasses here the magnetic contribu-
tion to p is no longer small compared to that of the (in-
cremental) structural contribution, thus rendering a
unique identification of p,,,(T) possible.

Only within the localized picture of metallic magne-
tism and under the assumption of dominant s-band con-
tribution to the conductivity, a simple quantitative
analysis of the magnetic contribution Pmag(T) to the total
resistivity can be performed without using any particular
transport model, although one has to make an assump-
tion which can only be justified by the experimental re-
sults. This assumption pertains to the applicability of
Matthiessen’s rule which asserts the additivity of the
resistivities which would be expected if each of the physi-
cally distinguishable scattering mechanisms were present
alone. Accordingly, the total resistivity

P(T)= o+ P T+ prnagl T)+ A(T) (1)

of a ferromagnetic material is composed of four contribu-

TABLE 1. Compilation of some relevant experimental quantities of resistivity behavior in the amorphous Nig,_, Fe,B;¢Si, and
Niy;—Fe,B,3Si alloy systems. The density data have been calculated utilizing the function derived by Aso et al. (Ref. 19) for this

class of amorphous alloys.

Density (273.15 K) ar (273.15 K) T in Tc

Material (g/cm®) (uQ cm) (ppm/K) (K) (K)
NigyB,6Siy4 8.35 77.12£3.5 125.6+2 10.07+0.1
Fe Ni;oB,¢Si4 8.33 81.76+3.7 157.1+2 16.121+0.2
Fe,Ni,gB;¢Siy 8.32 87.69+3.9 144.5+2 6.081+0.2
Fe3Niy,B,Si, 8.31 88.00+3.9 124.8+2 723402
FesNiysB,Si, 8.28 93.63+4.2 125.642 3.81+0.1 54.7+0.3
Fe,;Ni,;;B;¢Si, 8.26 98.83+4.4 130.7£2 3.90+0.1 98.0+0.3
FeygNi; B, Siy 8.23 104.43+4.7 162.0£2 3.65+0.1 146.3+0.3
Fe,NigoB¢Si 8.20 108.33+4.9 208.2+2 4.17+0.1 191.9+0.3
Fe,,Nig, B, Sis 8.10 110.24+4.9 483.8+2 9.06+0.1 > 300
Ni;;B,;3Si;q 8.12 87.93+4.0 130.3£2 9.30+0.2
Fe, ,Nigo ;B3Sij 8.02 111.1245.0 100.0+2 10.50+0.2 75.040.3
Fe,s 4Nig; ¢B3Si0 7.92 121.19+5.0 237.142 6.20+0.2 299.1+0.3
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tions: a temperature independent residual resistivity p,
(which can also contain a magnetic contribution), two
temperature-dependent terms p,(T) and p,,,(T) caused
by electron-phonon (e-ph) interaction and scattering of
the conduction electrons on the disordered local magnet-
ic moments, respectively, while the fourth term A(T) is
due to deviations from Matthiessen’s rule. This composi-
tion of p implies that in the limit T—0 K both of the
temperature-dependent terms p.,(7T) and p.,,,(T) vanish.
Above the Curie point within the spin-disorder model, a
constant magnetic contribution [pp,,,(T >>T,)=const] is
expected. On the other hand, experimental' and theoreti-
cal'® results show that the phonon contribution PputT)
has a linear T dependence for T X ®;, (=Debye tempera-
ture). Hence, assuming A(T) to be negligibly small, ex-
trapolation of the high temperature (T>>7,, TR ®p)
part of the experimental resistivity curve to T—0 K
leads to

P3 =p0+pmag( T> Tc ) ’ (2)

from which the constant paramagnetic spin-disorder
resistivity p,,, (T >>T,) can be deduced.

Another procedure for obtaining p,,, follows from a
comparison of the transport properties of the magnetic
and the isostructural nonmagnetic materials. Assuming
again the validity of Matthiessen’s rule, the total resistivi-
ty of the magnetic (M) and nonmagnetic (NM) samples
can be expressed as

PMT)=p{ +p i (T)+pumag(T)+AM(T) (3a)
pM(T)=pp™ +pNM(T)+ANM(T) . (3b)

Subtracting the experimentally known residual resistivity,
Egs. (3a) and (3b) can be written as

Prea T)=p™(T)—p¢!
=p(T)+prag( T)+AM(T) (4a)
and
P T)=p"M(T)—pt™M=pM(T)+ANM(T) . (4b)

Since ppp(T—0 K)=pp(T—0 K)=pp,,( T—0 K)=0,
from the difference

p*(T)=pM(T)—pN3(T)
=pM(T)—pXM(T)+ AM(T)— ANM(T) +p o T)
(5)

one can again obtain the paramagnetic spin-disorder con-
tribution from an extrapolation of the high-temperature
portion of p*(T). The present analysis allows the
identification of magnetic resistivity contributions
for the whole ferromagnetic range, provided that
[PE(T) —pp(T)] <<ppeg(T) and that deviations from
Matthiessen’s rule can be neglected.

Although the procedures for identifying the magnetic
resistivity contributions described above have been suc-
cessfully applied to a large number of crystalline al-
loys,?°~?? up to now they have not found favor in the
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analysis of resistivity data for amorphous ferromagnets.
In the following, we show that a similar procedure can be
applied to amorphous systems.

Before proceeding to discuss our experimental results
in the light of above-mentioned methods for measuring
magnetic resistivity contributions, it is appropriate to
make a few comments on the assumptions inherent in this
type of analyses. Alloying can affect the resistivity in
several ways. In the dilute limit, the impurities act as lo-
cal disturbances in the “ideal” amorphous structure of
the host alloy, and as such contribute to the residual
resistivity. . Beyond the dilute limit, alloying may
significantly alter the electronic band structure, changing
thereby those parameters which partially determine the
resistivity of the host alloy. Particularly in amorphous
alloys, small changes in the Fermi wave vector, kp, may
result in drastic changes in the nonmagnetic resistivity
contribution, and may even reverse the sign of its temper-
ature coefficient o (Ref. 10). Besides, alloying is often
accompanied by changes in the elastic properties and
thus also modifications in the phonon spectrum, which
can affect the “ideal” resistivity. In contrast to crystal-
line metals for which the (nonmagnetic) normalized resis-
tivity pyn(T)/p,n(©p) falls approximately on a single
universal curve, the situation for amorphous metals turns
out to be more complicated, owing to the absence of such
a universal relationship.

In view of recent specific-heat measurements per-
formed on the same alloy series as those under considera-
tion, the last possibility stated above can be ruled out.
These investigations indicate that, on account of a rough-
ly concentration-independent Debye-temperature 8, the
details of the phonon spectrum are ndét significantly al-
tered over the range of purity studied here. Significant
changes of the host resistivity may arise only from a
shift of the Fermi wave vector k; on alloying. Within
the free electron approximation, the shift of
kp=~k2[1—(x/3)0(AZ /Z,)] depends upon the difference
AZ=Z,—Z of the effective valences between the host
(Z, for NigyB¢Si4 and Nis;B,3Si,o) and the impurity (Z
for Fe). Consequently, the range of applicability of the
Pmag identification process is restricted to appropriately
low Fe concentrations.

Another complication is that on one hand in all the al-
loys studied an additional scattering mechanism becomes
effective at low temperatures (7 <11 K) leading to an in-
crease in the resistivity with decreasing temperature, and
on the other hand, the experimental results show strong
evidence of the persistence of the temperature depen-
dence of p,,,, far into the paramagnetic range. Therefore,
both the determination of the residual resistivity and the
extrapolation of the high-temperature range are subject
to a certain inaccuracy.

Owing to the negligible changes below the minimum,
the residual resistivity p§ can be set equal to p(T ;).
The problem of extrapolating p* from the high-
temperature range is more difficult. While #'(7) for the
composition x =7 of the B¢Si,— (x =7.7 of the B3Si, )
system is almost constant (i.e., p~T), for higher Fe con-
centrations it exhibits a marked curvature even at

23,24
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T =300 K. In fact, we found r'(T) for different composi-
tions converge to that of x =5 (x =7.7 for the second
system) at sufficiently high temperatures. Thus, in order
to obtain pg§, these high-temperature resistivity curves
(which have been generated by linear extrapolation of the
dr /dT data) can to a good approximation be extrapolated
to T=0 K using the slope of that of x =5 (x =7.7).
Thereafter p,,,, can be determined using Eq. (2). The re-
sidual p*(0) in the subtraction method is obtained from
an analysis of the limiting low-temperature behavior of
pmag'

Figure 3 depicts the constant paramagnetic resistivity
Pmag at high temperature in both alloy systems studied
here as a function of Fe concentration. The error bars re-
sult from the absolute accuracy of the electrical resistivi-
ty, and the scatter in the data due to the two: namely, ex-
trapolation and subtraction methods used. We note that
in both systems pp,,(T >>T,) exhibits within the error
limits a linear dependence on Fe concentration with a
slope of (1.03+0.07 uQ cm/at. %Fe for the B(Si, and
(0.90+0.10) uQ cm/at. %Fe for the B ;Si,, alloy series,
respectively.

The results of the subtraction analysis are shown in
Fig. 4, where the temperature-dependence part of p,,,, as
a function of temperature has been plotted. In both sys-
tems the corresponding Pauli paramagnetic composition
[NigoB;Si, (Ref. 25) and Ni;;B 351, (Ref. 26), respective-
ly] serves as the nonmagnetic basis alloy. The curves in
Fig. 4 exhibit a marked change in slope at the ferromag-
netic ordering temperature, T,, determined from a de-
tailed magnetization study,?® which within the error lim-
its specified in Table I corresponds to the temperature
where the derivative dr /dT attains its maximum. Satura-
tion of p,,,, can only be observed far above T, where the
curves are essentially flat. Above T'R 2T,, there is no evi-
dence of any temperature- or concentration-dependent
scattering mechanism, which cannot be accounted for by
that of the corresponding Ni parent alloy. The slight de-
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FIG. 3. Variation of the constant paramagnetic resistivity
contribution p.,(T>>T,) of amorphous Nig,_,Fe,B;cSis
(closed circles) And Ni;;_ Fe, B,3;SI,, alloys (crosses) with com-
position. The least-squares-fit straight lines through the data
points are also shown.
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crease of p,,, with temperature for T>>T, at low Fe
concentrations should not be ascribed to deviations from
Matthiessen’s rule, but rather to the resistivity of the
basis alloy (NigyB;Sis), which at room temperature ex-
hibits a somewhat higher TCR than that of the ferromag-
netic compositions. As can be seen from the increase of
Pmag between T, and the flat portion of the curves, short-
range magnetic correlations of the spin system can be
detected well into the paramagnetic range. Below T, to
a good approximation p,,,, is a linear function of temper-
ature with a slope B (see Table II) which for within both
alloy series studied is roughly independent on composi-
tion. Careful examination of the low-temperature behav-
ior reveals an asymptotic T3/? power law for Pmag a8
T —0 K with a proportionality constant A4 (see Table II),
which progressively decreases with increasing Fe concen-
tration. The magnitudes for both 4 and B are compara-
ble to those of crystalline diluted ferromagnetic al-

loys.20-22
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FIG. 4. Temperature dependence of the separated incremen-
tal magnetic resistivity contribution pu,,,(T) of amorphous
Nigo— . Fe,B¢Si, (above) and Nij;_ Fe,B,;Si;, alloys (below).
The arrows locate the respective transition temperatures 7.
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TABLE II. Parameters characterizing the magnetic and electronic properties of various magnetically diluted amorphous
Nigo— , Fe, B,6Sis and Ni;;_ , Fe,B,3Si;o alloys. Numbers in the square brackets denote extrapolated values, while parentheses enclose
the temperature range used for the fit of the respective parameter. Average local magnetic moments u, pg., fn;, and stiffness constant
D of the amorphous B;;Sis-alloy series have been taken from Ref. 32. Corresponding values for ug, and uy; of the amorphous B,3Si,
alloys have been calculated by means of published hyperfine field (HF) and magnetization () (Ref. 26) utilizing the HF coupling pa-
rameters determined in Ref. 32 for the a-Nig,_ , Fe, B¢Si, system (for details see text).

A
w/TM  ppe D pu(T>>T.) a3(2kp) Pmag(0) B (nQcm/K3?)

Material (ug)  (up) (ug) (MeV A2) () cm) Expt. Calc. (uQ cm) (nQ cm/K) Expt. Calc.

FesNi;sB¢Siy 0.215 1.80 0.109 24 3.39+0.2 4.0 5.8 1.1 43.5+1.2 6.05+0.19 2.83
(35-54 K) (11-26 K)

Fe,Ni;;B;cSis 030 1.84 0152 35 5.49+0.3 24 44 1.5 429+12  5.65+0.17 1.58
(60-97 K) (10-30 K)

FegNi; B Siy 0.38 1.87 0.191 42 7.82+0.3 1.9 3.7 2.0 44.8+1.2 5.284+0.16 1.26
(90-145 K) (8-30 K)

Fe NigBSiy 0.46 1.88 0.234 51 9.34+0.3 1.8 32 2.6 45.6+1.2 4.26+0.13 1.01
(140-191 K) (11-34 K)

Fe,4Nig;B,Sis [0.79] [1.88] [0.45]  [86.4] [16.1] 2.0 6.2 1.74+£0.09 0.64
(66-202 K)

Fe, ;Nig :B13Sij, 0.177 1715 0.006 40 3.82+0.3 55 122 1.3 38.740.5  3.4940.13 1.97
(60-75 K) (28-55 K)

Fe,s «Nig; ¢B1sSi;p 0.581 1.731 0294 59 10.74+0.5 2.0 2.6 3.6 40.7£0.5  2.95+0.12 0.93
(180-225 K) (11-46 K)

IV. DISCUSSION

The similarity between the temperature and concentra-
tion dependence of p,,,, of the amorphous Fe-Ni alloy
series studied here and that of crystalline ferromagnetic
alloys suggests a common origin for the potentially
significant electron scattering mechanisms, so that it is
reasonable to invoke known thoeretical models for crys-
talline ferromagnetic alloys when seeking an explanation
for the present results. In particular, the rough agree-
ment in the paramagnetic resistivity contribution per Fe
atom in the investigated glassy alloys with that in crystal-
line Fe (Refs. 27 and 28) indicates that the frozen disor-
der does not exert any noticeable influence on the dom-
inant magnetic scattering mechanisms. However, before
coming to the main concern of this paper and embarking
upon a detailed investigation of the separated magnetic
resistivity contribution p,,,,(7), one has to provide a
thorough theoretical justification for the decomposition
of the resistivity data described in the preceding section
as to pinpoint the attainable accuracy for p,,,(T).

Our procedure for obtaining py,,, is mainly based on
the assumption of dominant s-band contributions to the
conductivity and the applicability of the extended Faber-
Ziman (EFZ) theory to the amorphous alloy systems in-
volved. Recent numerical studies!””!® on the electronic

charge transport in liquid and amorphous 3d transition

metals and alloys have indicated substantial contributions
of d electrons to conductivity in these materials, and
hence raised some doubts on the applicability of the
diffraction model to systems whose Fermi energy is locat-
ed within the d band. Nevertheless, several reasons can
be adduced for the applicability of EFZ theory to the Ni
parent compositions of the present amorphous alloy

series. Theoretical investigations on resistivity behavior
demonstrate not only that, e.g., in liquid Ni, the s-band
contribution should dominate the conductivity,17 but the
EFZ theory gives a value for p (~74 uQ) cm) in good
agreement?’ with that observed experimentally ( ~83 uQ
cm). Moreover, p(T) of the (Pauli paramagnetic) amor-
phous Nig,B¢Si, and Ni,;B,;Si,, parent alloys is close to
that of liquid Ni, so that it is not unexpected that both
the magnitude of resistivity and its variation with tem-
perature can be quanitatively explained on the basis of
the EFZ theory if one follows the approach adopted by
Cote and Meisel'® for explaining the p(T) behavior in a-
Nigo., P, alloys. In particular, from the proposed trans-
port models discussed so far, only the latter approach can
reproduce the experimentally observed asymptotic quad-
ratic and linear temperature dependences for p at low
(T <<Op) and high (T R ©) temperatures, respectively.
Keeping in view the experimental finding that within the
composition range studied in the present work, the
Debye-temperature ©, of the amorphous alloys does not
change significantly,?>?* approximating the structural
part of p in (dilute) Fe containing alloys in the above al-
loy series as that given by p(T) in isostructural Ni parent
alloys is definitely justified. The main uncertainty in the
estimation of p..,.(T) then could arise from the fact that
the amount of quenched disorder present in the host alloy
need not be exactly the same as that in the Fe-substituted
alloys, and hence making the subtraction procedure un-
certain in this sense (see Sec. III).

The magnetic contribution p,,,, to the resistivity in
amorphous ferromagnets has been investigated theoreti-
cally by several authors.'>!>2°  Within the framework of
the spin-disorder model, Richter et al.'?'? have calculat-
€d Ppap( T) for an amorphous Heisenberg ferromagnet at
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both low and high temperatures, using the spin-wave
(SWA) and molecular-field approximations (MFA), re-
spectively. However, their theory treated the homogene-
ous case of a one-component amorphous ferromagnet,
and has thus a limited applicability to the present pseudo-
binary systems. Adopting a suggestion of Herzer,?! here

W. H. KETTLER AND M. ROSENBERG 39

we generalize the expressions for p,,.(7T) derived by
Richter et al.'»!* to multicomponent amorphous fer-
romagnets by allowing for static spin inhomogeneities. It
turns out that the generalized expressions for p,,,.(7),
ie.,

|
ra/2es) (ke || 2 kpT |?
SWA( 1y — ¢ 2 B ™ B
(T)=p§{{S;)2a;(2ky) |1+ +—(S;) (for T<<T,) (6)
pmag pO{ c“3 F 477'2<S,~)c D 3 c 2k%~D c
and
Prag (D =p§[ ((S7) 1) 2a3(2kp)+{S,(S; + 1)) —{{SF) ({SF) 7+ 1)), +{GP™(T)),] (for TST,), @)
[
where arising from the elastic two-center contributions, as indi-
) cated by the appearance of the averaged structure factor.
§= 37 M2 2, In the paramagnetic region, the scattering of the conduc-
2 e*4Ep ° tion electrons by magnetic atoms has mainly single-site
n character, so that for T>>T, the (constant) magnetic
a,(2kp)=(n +1)f d l% Eg— a,(q), resistivity contribution
F F
pmg(T>>Tc)=p3(S,~(S,4—i~l))C 9)
and ‘
2 z contains no structural information.
G (T)= Bhi{S) 2(S87) 7 Equations (6) and (7) describe the electrical resistivity

cosh(Bh,)—1 exp(Bh;)—1

do not differ in form from the results of Richter et al.'?13
although some of the physical parameters take on new
meanings. In these expressions S{ denotes the z com-
ponent of a localized atomic spin S; at position R;, and
(--+ )7 and (---), denote the thermal expectation
value and the configurational average, respectively.
Furthermore, D denotes the stiffness constant given by
the magnon dispersion relation hcoq=Dq2, and T and §
are the gamma- and Riemann zeta-functions, respective-
ly. Furthermore, Q,=a? is the atomic volume, k; and
Ey the Fermi wave vector and energy, J,; the mean value
of the sd-exchange integral, while m, e, #, and kg
(B=1/kyT) have their usual meanings. The spatial fluc-
tuation of the magnetic moments is expressed in the
quantity a;(2ky), a weighted integral over the longitudi-
nal part of the static magnetic structure factor>!
an(@=L 5550 ol ig(R,~R)]—~Nb
WOTN & sz TR R e

which in the homogeneous case, i.e., S; =Sj=S, reduces
to the static geometric structure factor a(q). In the ex-
pression for p.,,, derived within the MFA [Eq. (7)] the
effective local exchange field H,(R;), which is related to
h; by hy=gugH_(R;), is left unspecified. Here, g is the
Landé factor, and py is the Bohr magneton.

Common to both expressions (6) and (7) is the magnetic
residual resistivity

Pmag(o)zp(c)a3(2kF)<Si >§ (8)

in terms of magnetic quantities. Concentration depen-
dence of the constant paramagnetic resistivity contribu-
tion [Eq. (9)] is due to that of the individual atomic spins.
From the linear dependence of p,,,,(T >>T,) on x (Fig. 3)
in both amorphous alloy systems one might be tempted
to ascribe the paramagnetic resistivity contribution to the
presence of Fe alone assuming thereby that Ni stays non-
magnetic. As evidenced by recent Mdéssbauer and mag-
netization measurements>? performed on the a-
Nig,_,Fe,B((Si, alloy system, this implication is
definitely wrong. These investigations reveal that, while
the average Fe moment (ug,) stays essentially constant at
about 1.84up over the composition range studied here,
the average Ni moment (uy;) rises linearly from 0.11up
for x =5 to about 0.23ug for x =11, and the change in
the total saturation moment per 3d transition metal atom
(1) with alloy composition can be regarded as being en-
tirely due to the variability of the individual Ni moments,
;> With respect to their environment.

No information on the individual mean magnetic mo-
ments up, and py; is presented available for the a-
Ni,;_,Fe,B,;S8i;, alloy series. However, for an estimate
of these quantities one can resort to published data®® for
the Fe hyperfield (HF) and the saturation moment (u) in
these materials. pg, then approximately follows from the
phenomenological relation HF(x)=apg(x)+bu(x),
where a~12.8T/ug and b~1.5T/uy for the a-
Nig,_, Fe, B;¢Si, system.*? Since the electronic structure
in the two amorphous systems within the concentration
range under consideration is very similar, this procedure
is certainly justified. It turns out (see Table II) that also
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for the a-Ni,;_,Fe,B38i;, system, the average local Fe-
moment within the composition range investigated stays
approximately constant at pg.~1.7ug, while for x >x_
Ni develops a small magnetic moment which is quite sen-
sitive to changes in the local environment.

To investigate the theoretical linear correlation [Eq.
(9)] between the paramagnetic resistivity contribution
and the expectation value (S?), p.,..(T >>T,) for the in-
vestigated a-Nig,_, Fe,B¢Si4 and a-Ni,;_ ,Fe, B3Si, al-
loys is plotted in Fig. 5 as a function of the
configurationally averaged quantity {S;(S;+1))., which
has been calculated using the experimentally determined
average local spin quantum numbers S; (see Table II).
Figure 5 reveals that p,(T>>T,) indeed exhibits a
linear variation with (S,;(S;+1)),. This observation
strongly suggests that the paramagnetic resistivity contri-
bution py, (T >>T,) is governed by the local magnetic
moments and implies an almost constant strength of the
sd-exchange interaction for Fe and Ni. The straight line
in Fig. 5 has been obtained by Weiss and Marotta?’ for
crystalline ferromagnetic 3d metals and alloys. From its
slope [p§=1(31.3£2)uf) cm] the parameter J; describing
the strength of the sd-exchange interaction can be es-
timated. Assuming Ep=(8%+2) eV, Q,=(17.6£3) A?,
and using the experimental value for p§, one finds
| 7,41 =(0.75%0.13) eV, which is quite close to the com-
monly accepted value of about 0.5 eV (Refs. 8 and 33). In
view of the approximations leading to Eq. (9), however,
no serious attention should be paid to the exactness of
this figure. It should also be mentioned that the strength
of the sd-exchange interaction has been estimated on the
basis of a free electron approximation, and should be con-
sidered as an effective strength for the combined effect of
s-s and s-d scattering processes.® In a more rigorous
derivation of the electrical resistivity of transition metals,
one should evaluate the temperature-dependent transport
integrals using realistic conduction-electron states.

The MFA is believed to provide a rough description

10(S(S +1)).

1+(S(S+1)) [(S?)./(S):—a;(2kg)]
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FIG. 5. Constant paramagnetic resistivity contribution

Pmag{ T>>T,) of amorphous Nigo_,Fe,B,¢Sis (closed circles)
and Niy;_,Fe,B3Sij, alloys (crosses) as a function of
(S(S +1)),. The straight line through the data points has been
previously determined by Weiss and Marotta (Ref. 27) for crys-
talline 3d metals and alloys.

for p.,,, at intermediate temperatures, so that Eq. (7) is
appropriate for explaining the experimentally observed
temperature dependence and concentration dependence
Of pmag for TST,. To facilitate a direct comparison
with theory and between different samples the normal-
ized resistivity ratio A7, (T) =[ppae(T) = pmag(0)]/
[Pmagl Te ) —Pmagl0)] is plotted in Fig. 6 as a function of
the normalized temperature T /7T,. The figure reveals
that Ar,,, exhibits a rough linear variation with temper-
ature for TS T,, with a slope which progressively in-
crease with decreasing Fe concentration. Expanding
Arp,g in powers of (T, —T) and using conventional
molecular-field theory to express { {(S7?) )2 as a function
of temperature, one obtains for T — T,

Ar T)~1

mas C (S(S+1)2S2+25+1)),

which agrees with the experimentally observed linear
variation of Ar,,. with temperature, and depends solely
on the averaged magnetic structure factor a;(2ky) and
the structurally averaged magnetic quantum numbers. In
order to obtain an estimate of a;(2ky), Eq. (10) has been
fitted to the Ar,,(7T) data in the temperature range
0.95ST/T.<1. Values of a;(2kg) deduced from the
fitted parameters using the experimentally determined
magnetic quantities S; are listed in Table II. We note
that a;(2kgp) can be quite large and decreases with in-
creasing Fe concentration, converging to the homogene-
ous case a3(2kp)~1. Assuming a random distribution of
spins over an amorphous matrix, ie., a,(q)
=(S?),/(S;)*—1+a(q), the magnitude of a;(2kr) can

(S(S+1)),—a;(2kp){S)?

) (10)

r

also be theoretically estimated. The calculated values for
a;(2kgp) are of comparable magnitude as those deter-
mined experimentally (see Table II), and exhibit the same
dependence on composition.

Let us now estimate the magnetic residual resistivity,
Pmag(0), which cannot be determined experimentally. Ac-
cording to Eq. (8), it can be calculated using the experi-
mental values for p§,{S;)2, and the mean value for
a;(2kgp). In both systems investigated, py,,(0) increases
linearly with Fe content, although it contributes at most
5% to the total residual resitivity. The contribution of
about 0.27 uQ cm/at. Fe to the residual resistivity is con-
siderably smaller than that to the paramagnetic resistivi-
ty contribution p,,,,(7 >>T.). The MFA on the whole is
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Fe Nigy ,B,gSi,

Fe,Ni,; ,ByaSigg

FIG. 6. Normalized incremental magnetic resistivity contri-
bution Armag( = [pmag( T)—pmag(o)]/[pmag( Tc )—pmag(o)]r of
amorphous Nigy_,Fe B Sis (above) and Ni,,_ Fe,B,;Si,, al-
loys (below) as a function of the reduced temperature T/T, for
(@) x =35,(b) 7,(c) 9, (d) 11, and (a) x =7.7, (b) 15.4, respectively.

found to be in fairly good agreement with the experimen-
tal results except in the paramagnetic range (TR T,),
which will be considered later.

When the temperature is lowered from 7, the ex-
ponent of the power law gradually increases, reaching a
limiting 72 behavior for Pmag at low temperatures. In
contrast, the theoretical low-temperature expression for
Pmag LEQ. (6)] consists of two terms: one is from two com-
peting processes, namely incoherent and elastic electron-
magnon scattering, both yield a T3/? dependence, while
the other represents the coherent spin-wave contribution,
varying as T2 An estimate of the relative importance of
the 73/? and T? terms, assuming a ~2.6 A, kp~1.5
A 7!, and D ~50 meV A2 indicates that within the tem-
perature range investigated the 73/ term exceeds the T2
term by at least 2 orders of magnitude. Thus, we have
Prmag! T)~T3’? in amorphous ferromagnets for T <<T,.
It remains to be seen whether the observed composition
dependence of the coefficient of the T3/2 term agrees with
the theoretical expression

3/2
a’ky

D

I'(3/2)5(3/2)
47 (S, ),

A =Pl 0)
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and whether the magnitude of A4 is also reasonable.
Values for A calculated from this relation, using
a~2.6 A and the experimental data for p,,,,(0), {S;),
and D, are given in Table II along with the corresponding
experimental data. From these values, it is evident that
the theoretical values for A are within a factor of 2—4 of
those of the experiment, and exhibit the same dependence
on the composition. The fact that the difference between
the theory and the experiment for both systems investi-
gated are of the same order can be taken to be an addi-
tional justification for the averaging during the estima-
tion of a;(2ky). At low Fe concentrations it is just the
magnitude of a;(2ky) that pushes the theoretical values
for A close to the experimental ones. However, the
remaining discrepancy between the calculated and experi-
mental values for 4 can be traced to the breakdown of
the MFA in the critical region, where the Ar,,.(T) data
have been fitted to Eq. (10) in order to arrive at a numeri-
cal estimate for a;(2k;). Consequently, the spin-disorder
model appears to be remarkably successful in accounting
quantitatively for the p,,,,(T) behavior in the diluted
amorphous ferromagnetic alloys investigated here if al-
lowance is made for static spin inhomogeneities in the
theoretical electronic transition rates. In this sense, the
present results unambiguously justify the decomposition
of the resistivity according to Matthiessen’s rule, as well
as the assumption of dominant s-band contributions to
the conductivity within the range of purity studied here.

The low-temperature T°/> dependence for p,,, ob-
tained here for diluted glassy ferromagnetic alloys differs
considerably from our earlier data’® for concentrated Fe-
rich amorphous ferromagnets, which exhibit a 7% low-
temperature behavior for p.,,. The reason for the
difference is that in the former case, due to the small
number of moment-bearing (Fe) atoms, the inelastic, in-
coherent scattering of electrons from long-wavelength
spin waves dominates over the inelastic, coherent spin-
wave scattering as well as the elastic scattering from the
randomly distributed temperature-dependent local spin
inhomogeneities. With increasing Fe concentration, the
elastic spin-disorder scattering contribution starts to be-
come comparable to that from the inelastic, incoherent
spin-wave scattering, so that for concentrated (Fe-rich)
amorphous alloys these contributions (both varying as
T3/2, but having different signs) are roughly of the same
magnitude and almost cancel each other, leaving the in-
eltzzstic, coherent spin-wave contribution, which varies as
T

However, deeper physical understanding of these inter-
relations requires certain refinements of the transport
model used so far that, e.g., completely disregards the
spin splitting of the conduction band giving rise to
marked deviations from Matthiessen’s rule in crystalline
ferromagnetic alloys.!*!* Due to exchange splitting of
these sub-bands, the properties of electrons near the Fer-
mi level depend on their spin direction, and in particular
spin-flip scattering (such as electron-magnon scattering)
can contribute to the total resistivity by transferring elec-
trons between sub-bands. On the basis of a combined
spin and potential scattering, Herzer’! has recently gen-
eralized this TCC model to amorphous ferromagnets.
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The expression derived for the total resistivity can be
written as follows:

2

(1+a? ) pmag(T)

1—a

p( T)&p0+2 1+a

(1) + [ (11

aszT
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where, apart from a small temperature-dependent contri-
bution, p, represents the (structural) residual resistivity,
Pmag( T) according to the temperature range is identical to
Eq. (6) or (7), and p,Lf,g( T) is a mixing term that can be
ne%lected within the MFA. In the spin-wave region

pmag T) is given by

3
72 kyT

_ £ _
pIL(T)=pE(S,), ”3/2’ 3/2) 14, (2kp)—ay(2kp)]

. (x — )n —1 e
In(y): ymindx (e;‘v_l)z
and  yi,=B(A/Ep)*Dk} Ja{(S7)1).), which
takes into account that for the coherent scattering of the
conduction electrons from the s 1 to the s | sub-band (and
for the reverse process) a minimum momentum
Gmin = |k —k}| is required.

According to Eq. (11) the temperature dependence of p
is crltlcally dependent on the residual resistivity ratio
a=pd/pd. In view of the low magnetic moment?®*? and
high density of states at the Fermi level?>** the present
glassy alloys can be considered to be weak itinerant fer-
romagnets with a= 1, so that the contribution of the mix-
ing term to p in Eq. (11) should be negligibly small.
Equation (11) then reduces to the one-current conduction
model [Eq. (6)] used in our analysis, thus leaving all con-
clusions unchanged. With increasing Fe concentration,
however, amorphous 3d transition metal metalloid alloys
tend to become strong ferromagnets (i.e., a starts in-
creasing from 1), and hence the mixing term in Eq. (11)
comes into play. Since the factor [a,(2kp)—a3(2kg)] of
the T3/? term in Eq. (12), which strongly depends on the
magnetic short-range order and for a dense random pack-
ing of magnetic atoms is negative as well as near unity, in
concentrated amorphous (nearly strong or strong
itinerant) ferromagnets it almost compensates the corre-
sponding T3/? contribution of the second term in Eq.
(11). Consequently, in agreement with our previous inter-
pretation of the experimental results, the TCC model pre-
dicts that in Fe-rich amorphous alloys the inelastic,
coherent T? spin-wave scattering contribution should be-
come increasingly important at the expense of the inelas-
tic, incoherent, and elastic scattering contributions as a
increases.

We now return to the behavior of p,,, in the critical
and paramagnetic regions. While the conventional MFA
[Eq. (7)] correctly predicts the variation of p,,,, with tem-
perature for T S T,, it fails to account for the marked
temperature dependence of p,,, for T = T, (Fig. 6). Be-
cause of the single-site character of the MFA in the
paramagnetic range, this failure is not unexpected. In the
vicinity of the ordering temperature, critical scattering of
the conduction electrons on the fluctuations of the spin-

+ k%D IS/Z(ymm) ’

I(ymin)—
1Y min 2kFD

D

[

system is the dommant mechamsm and governs the
transport processes

In the diagram for Ar,,,, =f(T/T,) (Fig. 6), the slope
of Ar ., for TS T, varies only slightly with alloy compo-
sition, whereas above T, the curves fan out strongly.
This effect is very pronounced for the B;;Si,, alloy series.
The considerable variation of p,,,, in the paramagnetic
range clearly demonstrates the persistence of short-range
magnetic ordering in these materials over a wide range of
temperatures above T, a fact which is also corroborated
by recent Mdssbauer measurements>® on similar metallic
glasses, and is basically responsible for the nonmonoto-
nous variation of the critical exponent y of magnetic ini-
tial susceptibility.’” Keeping in mind that the slope of
Pmag in the spin-wave region is considerably enhanced
through the appearance of the weighted integral over the
static magnetic structure factor in the theoretical pp,,(T)
expression, in the paramagnetic region the magnitude of
dpPmag/dT should likewise be. dictated by the present
short-range magnetic order. Thus, in excellent agree-
ment with the experimental results, dp,,,/dT should as-
sume the largest values for those compositions exhibiting
lowest ordering temperatures. Moreover, in both amor-
phous alloy systems investigated the ratio

mag(T>>T )/Ar e (T,) progressively decreases with
increasing Curie temperature, and concurrently the re-
duced temperature range €=|T —T,|/T,, in which
short-range correlations of the spin system persist, be-
comes narrower approaching the width expected for
homogeneous crystalline ferromagnets. Whereas in pure
crystalline ferromagnets short-range spin correlations die
out rapidly within € <0.1 (Ref. 35), in the present amor-
phous alloys it may extend up to e=3. In this sense, di-
luted magnetic glasses exhibit a unique p,,,(T) behavior
in the paramagnetic range.

Besides the peculiarities of magnetic resistivity contri-
bution p,,,, in diluted amorphous ferromagnets above the
transition temperature, in these materials there are also
striking deviations from the p,,,,(T) behavior normally
observed in homogeneous crystalline ferromagnets in the
asymptotic critical region. While in crystalline systems,>’
in the immediate vicinity of Curie point, dp,,,/dT exhib-
its the typical A-shaped pattern, which is characteristic
also for the magnetic specific heat capacity C,,,,, in the
diluted amorphous ferromagnets investigated dp/dT
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shows only a very weak singularity at T, (see Figs. 1 and
2). Assuming that the real critical region in the amor-
phous systems is of comparable size as that of the crystal-
line ferromagnets, i.e., 6=|T—TC|/TC <0.03 (Ref. 34),
we should be able to detect an increase of dp,,,/dT in
the ferromagnetic range as T—T,, at least for those
compositions with the highest ordering temperatures.
Thus, if such an increasing of dp,,,,/dT is present at all,
it must be confined to an interval of at least (T, —T7T)<1
K. Finally, we mention that attempts to take advantage
of the proportionality between the magnetic contribution
to specific heat, C,,,,, and dp,,,,/dT in the critical re-
gion®® to obtain the asymptotic critical exponent a and
the ratio of critical amplitudes from the dp/dT data have
turned out to be unsuccessful, because of insufficient
knowledge of the resistivity behavior within the critical
region.

V. CONCLUSIONS

The resistivity characteristics of amorphous ferromag-
nets is due to a complicated interplay of various scatter-
ing mechanisms. It was shown that for the diluted amor-
phous ferromagnets investigated the contribution p,,,
produced by spin scattering can be separated in the whole
temperature range only assuming the validity of
Matthiessen’s rule. The magnetic contribution, pp,,,, to
the resistivity is small compared to the structural one,
but it essentially determines the temperature dependence
of the total resistivity in the ferromagnetic range.
Analysis of p,,,, within the spin-disorder model allows
the following conclusions to be made: (i) the constant
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paramagnetic resistivity contribution ., (T >>T,) is
governed by the individual average local magnetic mo-
ments, (ii) the quenched disorder does not exert any no-
ticeable influence on the resistivity quantity pg charac-
teristic for 3d metals and alloys, (iii) at T = T,, both mag-
nitude as well as concentration and temperature depen-
dence of p,, are in satisfactory agreement with the
theoretical predictions if the amorphous structure is tak-
en into account by allowing for static spin inhomo-
geneities in calculating the electronic transition rates for
spin scattering, (iv) the difference of p,,,, in the paramag-
netic range compared to that at T, which cannot be ex-
plained within the simple MFA, is associated with the
spin inhomogeneities, which also govern the magnitude
Of P, in the ferromagnetic range, and (v) dp/dT exhib-
its only a very weak singularity at 7., which does not al-
low the extraction of the asymptotic value of the critical
exponent a of the specific heat.
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