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Electrical and galvanomagnetic properties of Feioo B„metallic glasses (13 & x &26)
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The concentration dependence of the absolute value of electrical resistivity p at room temperature,

the ferromagnetic anisotropy of the resistivity (FAR) (at 300 and 77 K), and the spontaneous Hall

constant R, (at 300 and 77 K) for Feloo „B (13&x &26) are discussed for the first time in the

same set of alloys. Theoretical calculations are made to clarify the nature of the resistivity variation

with boron concentration. The trend of increasing p with increasing x is shown from both theory

and experiments. The relation between FAR and the saturation magnetic moment M, for this series

is established once again and a possible explanation is suggested for the sharpening of the peak in

FAR versus x plots with decreasing temperature. R, shows a peak around x =18 and hence the

lack of validity for the most commonly used correlation R, =Ap is pointed out for this series. It is

clearly shown that the dominant mechanism for magnetoresistance in these metallic glasses is the

usual ferromagnetic anisotropy of resistivity.

I. INTRODUCTION

Amorphous ferromagnetic metallic alloys are particu-
larly attractive because of their low cost, soft magnetism,
and good mechanical properties. In recent years the study
of the electronic and transport properties of these systems
has been a subject of wide interest. The most significant
experimental results reported recently are the large abso-
lute values of the electrical resistivity, the very small tem-
perature coefficient of resistivity, very small values for the
ferromagnetic anisotropy of resistivity, and nearly
temperature-independent anomalous Hall coefficients.
The behaviors characteristic of these alloys are attributed
to the lack of periodic atomic arrangement in the amor-
phous state but the detailed mechanisms are not yet com-
pletely understood.

In the present investigation we have chosen a very sim-

ple transition-metal-metalloid metallic glass series, name-

ly, Feioo „B„(13&x & 26). Characterization of such
binary metallic glasses is important for understanding the
properties of more complicated amorphous systems. We
have studied the absolute values of the electrical resistivi-
ty, the ferromagnetic anisotropy of resistivity (FAR), and
the Hall effect in the Fe-B series. The temperature depen-
dence of the resistivity has already been studied by us in
the same series. ' All these experiments were done on
Feioo „B„(13&x & 26) manufactured by the Allied
Chemical Corp. Since the composition range is rather
wide it is ideal for studying the composition dependence
of the above galvanomagnetic properties. Also, any corre-
lation and comparison of physical properties are meaning-
ful if various measurements are made on the same set of
samples. This is especially true for metallic glasses.

The variations of the absolute values of the resistivity p,
the spontaneous Hall constant R„and the spontaneous
Hall conductivity yH with the boron concentration x are

S

reported for the first time in this work. The results of
magnetoresistance measurements are also included. The

A. Resistivity

Considering amorphous metallic glasses as frozen
liquids, one can apply Ziman's theory of liquid metals to
calculate the temperature and composition dependence of
the electrical resistivity as given by

30m Ap= 2 sin [F12(EF)]
me kFEI 0

X Il+[S (2k ) —1]e-"

where kF is the Fermi wave vector, Q is the atomic
volume, W(T) is the Debye-Wailer factor at a tempera-
ture T, ri2(E+) is the l =2 partial-wave phase shift at the
Fermi energy EF, So(2k~) is the structure factor at 0 K,
corresponding to k =2kF and A, and m and e have their
usual meaning. The asymptotic temperature dependence
of W( T) in the Debye approximation is given by

W(0)+4W(0) —,n (T/Op), T «Op
W(T)= .

W(0)+4W(0)(T/Op), T &Op

(2)

(3)

anisotropic magnetoresistance (p~~
—pi ), being an inherent

material property, does not depend on the initial magnetic
domain structure and remains unchanged by heat treat-
ment, etc. Thus one can compare other magnetic proper-
ties in terms of this quantity. The angle 8 between the
spontaneous magnetization M, and the ribbon axis for the
whole series is also reported for the first time. We have
tried to find out some new results for amorphous Fe from
extrapolation of our magnetoresistance and resistivity
data. An attempt is made to explain physically all these
properties in terms of structure, other physical properties,
and Invar anomalies in the Fe-B series.

II. THEORY
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where

fi kF
W(0)

8 Mk 0 (4)

As shown by Nigam and Majumdar, in the case of me-
tallic glasses po—p, where p is the resistivity measured in
zero external field (H,„,=0) and hence

(5)

where C takes care of the constants. Since we are calcu-
lating the room-temperature resistivity, in Eq. (5) we use
W(T) W(0—) from Eq. (3). Then Eq. (5) can be written
as

p =
4 So(2kF) +8 W(0) [ 1 —Sp(2kF )]

C T
kF4, OD

(6)

M is the atomic weight, kz is the Boltzmann constant,
and OD is the Debye temperature. In calculating the
resistivity of metallic glasses as a function of composition,
we assume that sin q2(EF) and 0 are approximately the
same for the whole series. Then, using EF ~kF, we can
write Eq. (1) as

I 1 [S (Zk ) —1]e—2[8'(T) w(0))I—'k. +'

+FAR ~p()/p ~pi/p

~Pi/s
cot 0= (12)

P(( I ). =(—~l (I/P ~P). /S ) (13)

(11)—(13) 4p((/)0 and bp)/)() are obtained by
extrapolating the bp/p versus W,„, curves to ~d. . . such
that H;„,=O.

Bhonke et al. have shown that Ap/p varies as T
The magnetic moment M, ()u~/Fe atom) also varies as
T ~ . Considering these two observations, Bhonke et al.
have suggested a relationship between them as

Also the anisotropic magnetoresistance pt~
—pi can be

written as

4p/p= AM, (14)
B. Magnetoresistance

po —pi sin 0+p~ jcos 0 (8)

where 0 is the angle between the current and magnetiza-
tion direction. Hence, the longitudinal magnetoresistance
1S

p[ /
po p/ [

pisjn t9 p((cos
~p~~/po-

po po

sin g,plI
—pi
po

OI

hp(~/po=RFARsin 8

The electrical resistivity of a polycrystalline ferromag-
net depends on the angle between the current density J
and the magnetization vector M. The longitudinal mag-
netoresistance ( J

~ ~M ) is positive while the transverse one
( J J.M ) is negative at low fields. The FAR is given by

Ap+FAR
po po

where pp is the resistivity in the demagnetized state. po
could be expressed as

where M, is saturation magnetic moment per Fe atom
and A and m are constants.

C. Hall effect

The Hall resistivity p~ in a polycrystalline ferromagnet
can be written as

pyy =Ey/~g =&p& +&,~ (15)

where J ~~X is the electric current density, E the electric—+
field, and B~~Z the magnetic induction. The first term
has its origin in the Lorentz force acting on the conduc-
tion electrons, and is present in nonmagnetic materials
also. Ro is the coefficient of the ordinary Hall effect.
The second term depends on the magnetization and is a
characteristic property of ferromagnets. The coefficient
R, is called the extraordinary or the spontaneous Hall
constant.

The spontaneous Hall effect depends on the magnetiza-
tion, that is, on electron spin, and since the spin must in-
fluence the transport process, this effect should depend on
the spin-orbit interaction. ' This effect also depends on
the scattering potentials created by impurities, phonons,
magnons, etc.

In ferromagnets, at ordinary temperatures R, is much
larger than Ao and can be written as

Similarly, the transverse magnetoresistance is

Api/po= —RFARCOS 0 .2

From Eqs. (9) and (10) we obtain

FAR +P
I

) /PO ~Pi /PO

and

—~pi/pocot 9=

(10)

R~ =Ap" (g 2), (16)

where A is a constant depending on the metal but not on
the temperature, and p is the resistivity. This relation, if
valid, clearly shows that the spontaneous effect is con-
nected with the electron scattering. In metallic glasses,
the validity of this relation (R, ccp ) is difficult to con-
firm experimentally because of the weak temperature
dependence of 8, and p, and also because small variations
in metalloid content have comparatively little effect on
the resistivity, which is dominated more by disorder.
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Nevertheless, in Sec. IV we tried to find out the validity
of this relation by comparing the concentration (x) depen-
dence of R, and p. The Hall conductivity ytt given by

pa RsMs
QH

p p
(17)

becomes almost independent of temperature or concentra-
tion if Eq. (16) is valid for R, .

D. Correlation between magnetoresistance and Hall effect

%'hen a dc is passed perpendicular to the domain waHs,
due to domain-wall scattering, the Ohmic resistivity of
the sample is expected to increase. In a uniaxial fer-
romagnet, where the resistivity tensor has an off-diagonal
Hall component, Berger" has calculated, from Maxwell's
equations in the neighborhood of 180' domain walls, that
there is an increase in Ohmic resistivity. When a magnet-
ic field parallel to the easy axis removes the domain walls,
a negative magnetoresistance results which is given by (as-
suming wall spacing «sample width)

+ cot 0
P P

(20)

where bpj /p and hp~~/p are the transverse and longitudi-
nal magnetoresistance, respectively, and 0 is the angle be-
tween the current and magnetization direction.

III. EXPERIMENTAL

The Fe-B samples were in the form of thin ribbons,
typically 1 mm wide and 30 pm thick, and were cut to
—15 mm length, for all the measurements. The resistance
at room temperature was measured by a model 1608-A
impedence bridge (General Radio). This bridge has an ac-
curacy of 0.1% if the resistance is between 1 0 and 1

MQ. The length and weight of the same piece of samples
were measured and the density of these samples were tak-
en from the data of Hasegawa and Ray. ' Thus, the abso-
lute values of resistivity of these samples were calculated
from these measured quantities. The error in the resistivi-
ty values ( —3—15 %) is introduced mainly by the inaccu-
racy involved in the rneasurernents of weight and length.

The ferromagnetic anisotropy of resistivity at 300 K
and liquid N2 temperature (77 K) was measured by a
four-probe dc method described elsewhere. ' For both the
transverse and longitudinal magnetoresistance measure-
ments the orientation of the sample was such that the ap-
plied field H„, was parallel to the ribbon plane. A resis-

Here p' is the resistivity in the absence of walls and P is
the tangent of the Hall angle C&H and is given by

f3= tan@H = PII

px

On the basis of this theory, Majumdar and Nigam' have
formulated a correlation between rnagnetoresistance and
the Hall effect given by (taking the above mechanism as
well as the usual ferromagnetic anisotropy of resistivity)

tivity change of a few parts per million could be detected
in our measurements.

A fiber-glass-reinforced plastic sample holder was spe-
cially designed for the measurements of Hall resistivity at
300 and 77 K. Arrangements were made to have pressure
contacts for the two current probes. Because of the irre-
gularity of the width of these samples, it was very diffi-
cult to use pressure contact for both the Hall voltage
probes. Also, because the samples were very thin, they
formed a ridge if the pressure was applied from both sides
across the width of the samples. Keeping this in mind,
one of the voltage probes was soldered with low-melting-
point Cerroseal-35 solder and a pressure contact was used
for the other voltage probe to minimize the misalignment
voltage. This sample holder was then enclosed in a cryo-
stat which was placed in a Varian 15 in. electromagnet in
such a way that the applied field, H,„„was perpendicular
to the sample plane. The Hall voltages VH were directly
read on a Keithley 148 nanovoltmeter under the reversal
of both currents and magnetic fields to eliminate thermal
and misalignment voltages, respectively. The spontaneous
Hall constant R, was calculated from the low-field slope
of the pH (= VHt/I, where t represents thickness of the
sample and I is the sample current) versus the H,„, plot,
s.e.,

~PH
R, = for T&T, .

0CXt +
1 P

The measurements on different pieces of the same sample
and also on the same piece were repeated several times.
The Hall voltages VH at different field values were quite
reproducible in these runs. The error of —S —10% in the
values of R, mainly comes from the uncertainty in the
measurement of the thickness of these samples which are
very nonuniform.

The final values quoted here are the averages of the
values obtained in two or three different measurements.
This also includes the sample-to-sample variation.

IV. RESULTS AND DISCUSSION

A. Resistivity

In Fig. 1 we have plotted the absolute value of the resis-
tivity p at 300 K against x, the boron concentration. The
experimental data show an increase of p with increasing
boron content. The total variation of p over the entire
composition range is -30%%uo. Theoretically, p can be cal-
culated from Eq. (6). The values of W(0) for the
Fe~oo „B„series are obtained from Eq. (4) using kz, M,
and OD (see Appendix I) as found in an earlier work. ' Al-
though it is very difficult to obtain a precise estimate of
S(2k+) from S(k) versus a k graph, ' we still have to
take account of its variation with x because it plays a sig-
nificant role in Eq. (6). The values of resistivity thus cal-
culated also increases with increasing x as shown by the
theoretical curve in Fig. 1 for comparison.

Fukamichi et a/. ' have also studied the variation of
absolute values of p with concentration x in
Fe~oo „B„(14&x&22) metallic glass series. They too
have found an increase in resistivity with increasing x, but
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FIG. 1. Experimentally found resistivity p,„„,and theoretical-

ly calculated resistivity pth y at room temperature vs x, the
boron concentration for Fe-B metallic glasses in the range
13 &E (26.

their samples show a variation of 10% in the range
(14&x (22). As it is clear from Fig. 1, the theoretical
curve shows a rather sharp change over the entire range of
composition. This overestimation of p might be a result
of overestimating the structure factor S(2kF), which is
(as mentioned earlier) very difficult to estimate precisely
from the available plots. An additional error in calculat-
ing p may also come from the fact that we have taken the
values of S(2kF) of a different set of samples, prepared
under different conditions [Fukunaga et al. ' measured
S(k) on splat-cooled Fe-B amorphous alloys, whereas the
alloys which we have used are melt-spun]. Also, accord-
ing to Eq. (6), we needed the values of Sp (2kF), i.e., S(k)
at 0 K, but the available data were taken at room tem-
perature. Still, in the absence of exact values of Sp (2kF),
we have used these structure-factor plots to compute
theoretically the behavior of p. Hence, our theoretical
plot of p versus x should be taken just as a guide to show
whether p decreases or increases with x.

The. main contribution of the electrical resistivity of
pure transition metals arises from resonance scattering.
The addition of metalloid atoms increases the number of
conduction electrons and thus increases kF. Because of
this addition the structure factor S(k) plays a significant
role in the resistivity of metallic glasses. With increasing
x (boron content), 2k+ moves more towards EC~ (the most
probable nearest-neighbor distance in K space) and thus
increases the value of the resistivity.

3Q
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Magnetoresistance of Fe8&B&6
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FIG. 2. Magnetoresistance Ap/p against external magnetic
field H,„, for a typical sample Fe&4B~6 for longitudinal ( J iiM }
and transverse ( JlM ) orientations at 77 and 300 K.

B. Ferromagnetic anisotropy of resistivity {FAR)

In Fig. 2, we have shown a typical result of our mag-
netoresistance measurements. At low fields, the longitudi-
nal magnetoresistances, Ap11/p, are all positive and rise
rather fast with increasing field, whereas the transverse
ones, bp~/p (in magnitude always larger than bpii/p), are
all negative and drop much slower with increasing field.
At higher fields both of them show negative slopes due to
less electron-magnon scattering.

We would like to point out here that, in measurements
of the transverse magnetoresistance, the sample alignment
with respect to the magnetic field plays an important role
at low fields. If the sample is misaligned, the transverse
magnetoresistance at low fields will show positive values,
as observed by Fukamichi et al. and Kern and Gonser. '

They have attributed this positive value to the initial
orientation of some of the domains in the direction per-
pendicular to the field and parallel to the current. How-
ever, according to our observations, this sort of positive
value of Apq/p will show up in the magnetoresistance
measurements, in both possible orientations of the field
with respect to the ribbon plane [(i) H perpendicular to
the ribbon plane and (ii) H parallel to the ribbon plane],
only if the-alignment of the sample is wrong. Since longi-
tudinal magnetoresistance, bp~~/p, saturates much faster
with field than Ape/p, even a slight misalignment will in-
troduce a positive value which overshadows the inherent
negative value of Ape/p. The only merit of choosing the
second type of orientation is that this spurious positive
transverse magnetoresistance will be much smaller in this
orientation because of the small value of the demagnetiz-
ing factor. Hence, it is much easier to avoid the misalign-
ment effect in this orientation.
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As shown in Fig. 3, the RFAR ——bp/p versus x plot
shows at room temperature a broad maximum around

- x = 16, in agreement with the results obtained by Fukami-
chi et al. This maximum, again at x =16, becomes
more prominent at the lower temperature of 77 K. This
type of characteristic variation of FAR with concentra-
tion is quite similar to the variation of many other physi-
cal properties like density, ' ' magnetorestriction, ' coor-
dination number, ' ' magnetic moment, etc. Kemeny
et al. ' have shown that even the crystallization process
changes from a two-step mechanism to a one-step mecha-
nism as boron content x changes from x (15 to x ) 15.
From Eq. (14) it is clear that a peak in the magnetic mo-
ment versus x plot implies a peak in the RFAR versus x
graph. If we use M, at 4.2 K (Ref. 20) in this series for
correlating it to our FAR data at 77 K (M, at 77 K will
not be much different from that at 4.2 K), the log-log plot
between RF&R and M, shows a straight line. Equation (4)
is thus well verified for this series and we obtain I =27
and A =5.3&10 ' . In these metallic glasses the peak in
the M, versus x plot becomes smeared out with increasing
temperature. So, from Eq. (14), a similar behavior is also
expected in the RFAR versus x graph with a more prom-
inent peak. It is clear from Fig. 3 that our RFAR versus x
plot at room temperature is broader as compared to that
at 77 K.

From Figs. 1 and 3 we have tried to predict the FAR
and the resistivity of amorphous Fe at 300 K by extrapo-
lating these plots to x =0. Our results show that the
FAR of amorphous Fe is negative ——0.4% (for crystal-
line Fe it is + 0.5%) and the resistivity of amorphous Fe,
p, „, is found to be =1&&10 Qm (as compared to the

Table I gives the values of the longitudinal and trans-

verse magnetoresistances bpii/p, bptlp, and the FAR for
all the samples at 300 and 77 K. Table II shows the 8
values calculated from Eq. (12) with the help of bpii/p
and bpt/p (given in Table I). It can be seen that 8 values
calculated by this equation lie between 30 —40', in accor-
dance with the values given by Bhonke et al. and
Hasegawa, O'Handley, and Mendelsohn.

C. Ha11-effect studies

In Fig. 4 we have plotted R, and y~ at room tempera-
ture, as functions of the boron content x. It is clear that
R„ like many other properties of Fe-B glassy alloys,
shows a peak around x =18, whereas yH falls sharply
around x =20.

O'Handley has discussed the spontaneous Hall coeffi-
cient R, of amorphous FesoB2o. It is argued that R, of
Fe8o82pccp because it falls on a universal R, versus p
graph. It also seems to satisfy the relation by ccR, /p
(by is the magnitude of the side jump) by giving
by=1 X 10 ' m, comparable to that of crystalline
transition-metal alloys (also =10 ' m). This agreement
between by values and the point for FesoBzo falling on the
R, versus p graph for crystalline materials seems to be a
mere coincidence. As can be seen from Figs. 1 and 4, R,
does not vary as p". In fact this relation given by Eq. (16)
(R, =Ap") makes the assumption that any band-structure
differences due to the additives are negligible, the alloys
are dilute (-5%), and R, is governed mainly by scatter-
ing. As shown by Suzuki et al. ,

' the composition depen-
dence of the coordination number, the density, and the
binding energy of the Fe 3d band clearly show that
around the composition range from 14 to 16 at. % boron,
there is a drastic modification in the topological arrange-
ment of the Fe atoms in the Fe-B glassy alloys. These
studies suggest that the 8 atoms occupy an interstitial po-
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x at 300 K.

FICz. 4. Spontaneous Hall constant R, vs the boron concen-
tration x (13&x & 26) at 77 and 300 K and the variation of yH S

with boron concentration x at 300 K.
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TABLE II. Values of 0, the angle between current and mag-
netization (from magnetoresistance measurements), and P, the
tangent of the Hall angle (from Hall effect and resistivity mea-
surements) of Fe~oo „B„samples.

x (at. %%uo)

P tanAH pH ~p
(10 ')

13
16
18
20
22
26

3.86
3.65
4.11
3.81
1.42
1.70

38.9'
40.7
34.9'
34.4'
34.6'
28.6'

sition in the low boron-content alloys and with increasing
boron content, these atoms take the substitutional posi-
tions in the alloy. Thus the band structure is severely al-
tered around the eutectic composition, and hence Eq. (16)
should not hold for these alloys.

Now, in Fe~oo 8, boron is nonmagnetic and hence
with decreasing boron concentration we expect an increase
in R, . As is clear from Fig. 4, between x =26 and 18 R,
increases with decreasing x as expected, but for
13 &x & 18 there is a fall in the R, values. This sort of
unexpected behavior of R, for alloys x(18 can be ex-
plained by the Invar anomaly of Fe-B glassy alloys.
Fukamichi et al. , Hasegawa and Ray, and Hiroyoshi
et al. have shown that the Fe-8 alloys show Invar
characteristics around 13 &x & 17 at. %%uoboron . Als o, the
specific-heat study of these alloys by Matsuura et al.
shows an unusually large value of y (the electronic
specific-heat coefficient) far exceeding the band-structure
contribution. They attribute this unexpectedly large y
value for the B-poor alloys, to the ferromagnetic instabili-
ty, or magnetic inhomogeneity closely related to the oc-
currence of Invar effect. Keeping in mind our R, versus
x plot, we suggest that due to the occurrence of Invar
characteristics in this series of alloys around x =18, the
R, values start falling. The unexpected behavior of the
Hall conductivity yH (R,M, /p ) automatically follows
from the unexpected type of dependence of R, on p.

D. Correlation between Hall effect and magnetoresistance

The correlation given by Eq. (20) could not be establish-
ed in these metallic glasses. The reason behind this failure
is very obvious. In Fe8OB2o, the scanning electron-
microscope studies show that the domains (-600 pm in
width) lie parallel to the ribbon axis with the mag-
netization oriented at 20 -30 off the ribbon axis in the
plane of the sample. Due to the typical shape of these
samples (thin, long ribbons), measurements of magne-
toresistance and Hall effect are made in the orientation
where the current flows parallel to the ribbon axis. It is
clear from Sec. IID that when current flows parallel to
the domain walls the Berger's mechanism" does not come
into the picture. Hence, the normal ferromagnetic aniso-
tropy of resistance is the only dominant mechanism for
magnetoresistance as measured in the present orientation.
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V. CONCLUSIONS

We conclude the following.
(i) We have found experimentally the concentration

dependence of the absolute value of the room temperature
resistivity p and verified theoretically for the first time the
experimental trend.

(ii) The importance of correct sample alignment and the
advantage of using one orientation (H~

~

ribbon plane) over
'the other (HJ. ribbon plane) when measuring the trans-
verse magnetoresistance are pointed out.

(iii) The relation between the FAR and the saturation
magnetic moment M, (hatt/Fe atom) for the series is estab-
lished once again. A possible explanation is suggested for
the sharpening of the peak in plots of the FAR versus x
with decreasing temperature.

(iv) The concentration dependence of the spontaneous
Hall constant A, in this series is examined experimentally
for the first time. A physical explanation is given for the
occurrence of the peak in the R, versus x plot.

(v) The lack of validity of the most commonly used
correlation, Rq ——Ap", is pointed out for this series.

(vi) The usual ferromagnetic anisotropy of resistivity
seems to be the dominant mechanism for magnetoresis-
tance in this series.
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APPENDIX

In our earlier paper' we had calculated OD assuming a
T dependence of resistivity (coming from electron-ion
potential) in the temperature range 80 & T & 150 K. In the
process we had neglected the magnetic contribution which
might contribute at low temperatures (e.g., T& 100 K).
Nevertheless, in the case of FespBzp a detailed analysis of
the resistivity data in the temperature range (20 & T & 100
K) was done to find out the magnon contribution to the
resistivity. A least-squares fitting procedure was used for
this purpose. The resistivity data were fitted to a power
law of the form
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samples.

In fact, if we consider the presence of both T and T ~

terms the least-squares fitting gives an unphysical nega-
tive b as shown above.
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