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Positive Hall effect in paramagnetic amorphous Zr-Fe
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We present measurements and analysis of the Hall e8ect in amorphous paramagnetic Zr-Fe.
From the correlation between the Hall coeScient and the valence susceptibility me show that the

Hall efFect is dominated by an anomalous contribution due to the side-jump effect, the 6rst time

such a contribution has been clearly identi6ed in an amorphous paramagnetic system. %'e propose
that the anomalous contribution accounts for the positive value of the Hall coeScient seen in many

amorphous alloys.

I. INTRODUCTION

The positive Hall coefficient, Rtt, seen in many amor-
phous metals remains a puzzle. According to the most
widely used model of electron transport in noncrystalline
metals, the Faber-Ziman theory, Rtt should take its free-
electron value —1!n

~

e ~; and though there have been
attempts to extend the model to account for the positive
sign, none have succeeded in describing the data quanti-
tatively. An alternative approach, adopted by Cochrane
and co-workers, has been to invoke the anomalous Hall
effect, specifically the so-called side-jump contribution.
As explained by Bergeri the effect results from the in-
teraction between the conduction-electron spin S and the
ionic orbital moment I.. The resulting spin-orbit scatter-
ing displaces the center of mass of the electron wave
packet sideways at each collision and leads to an addi-
tional contribution to the Hall conductivity.

In crystalline metals the anomalous Hall effect is usual-

ly seen in ordered magnetic systems, where the large
magnetization results in a strong contribution. In amor-
phous metals the contribution is enhanced by the large
value of the electrical resistivity p. In the present article
we provide evidence that in the paramagnetic amorphous
alloys Zr, „Fe„,close to the critical composition for fer-
romagnetism (x -0.4), the Hall effect is in fact dominat-
ed by the anomalous contribution. These systems are
therefore the first paramagnetic metallic glasses in which
the anomalous Hall el'ect can be unequivocally identified.

II. KXPKRIMKNTAL TECHNIQUES

Samples of amorphous Zr-Fe were prepared by conven-
tional melt-spinning techniques. Details of sample
preparation and characteristics are given elsewhere.
Ribbons were typically 25 pm thick 2 mm wide. The
Hall resistivity was measured in a field of up to I T using
a high-resolution ac bridge, modified to permit automat-
ic balance control and data acquisition by microcomput-

er. The magnetic susceptibility was measured in a field

up to 1.7 T by an automated alternating-force magneto-
meter under microcomputer control. Hall resistivity and
magnetization data were taken for temperatures in the
range 4.2-300 K, and subsequently analyzed for fields
above 0.5 T. This choice was made to limit the inhuence
of sample inhomogeneities which can affect the measure-
ments at lower fields.

III. RESULTS A,ND DISCUSSION

At Fe concentrations below 25 at. % both Rtt and X
are temperature independent, but as the Fe content is in-
creased the temperature variation grows rapidly, becom-
ing very pronounced close to the critical composition for
ferromagnetism (-38 at. % Fe). The relative variation
of Rtt is greater than that of X in the sense that its pro-
portionate change between room temperature and 4.2 K
is greater but the general behavior of the two parameters
is similar, as shown by Fig. 1. In fact both have the same
functional dependence, namely of the form 3+8/(T
+8) with the possible exception of the 37.5 at. % Fe,
which is right on the verge of ferromagnetism. The
Curie-Weiss form of the susceptibility is expected on the
basis of the theory of spin Suctuations in strongly
enhanced paramagnets. s A detailed analysis of the mag-
netic behavior will be published elsewhere.

To interpret the above data we assume that the Hall
resistivity p&

——8+8 is the result of two contributions:
one the normal term, Ro8, due to the Lorentz force and
the other an extraordinary (or anomalous) term due to
the side-jump ptt, so that

As outlined above, pz is usually only important in fer-
romagnets where it gives rise to a Hall resistivity propor-
tional to the magnetization. However, the effect is not
specific to ferromagnetism, but rather results from the
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side-jump contribution depends on the position of the
Fermi level in the Zr d band. The less-than-half-filled
band of Zr should result in a positive contribution to the
Hall coefBcient, ' as required in the present case.

The factor cr, /A, in Eq. (2) implies that the contribu-
tion is independent of carrier mobility. Therefore, since
E„ is known to be in the Zr d band, ' Eq. (2) implies that
the overwhelming contribution to o.H comes from Zr d
states. Moreover, the Van Vleck susceptibility of Zr is
known to be unusually large, ' suggesting that A, , is
signi6cant for the Zr-rich alloys under investigation.
Neglecting other contributions we combine Eqs. (2), (3),
and (4) to give

2

&"=2 "„q'x,.(s, ) .

In the present system (S, ) =X„B/p+zgpa where X, is
the relative valence susceptibility. ' Thus

PH 2eIIe= =~0+ p'x. ...&. =so+~,x„.
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FIG. I. Temperature dependence of the Hall coeScient (a),
and magnetic susceptibility (Ref. 14) (b) of Fe„Zr& „ for x =33
(), x =35 (0), andx =37.5 (A).

The measured susceptibility, X, may be written as
X=X +X +Xvv where both X „and X~& are temper-
ature independent. Thus the temperature dependence of
both RH and X come about through X„and a plot of RH

spin-orbit interaction between the charge carriers and the

iona. Several workers ' "have shown that the interac-
tion contributes a transverse conductivity OH, indepen-

dent of the details of the scattering potential, given by

SJ
PH /eo'„'=, =+2 ay, =+2 ay, ,
P2 AkF ',. A

where o; is the contribution to the zero-field conductivity

of the carriers of type i and A; their mean free path. '

hy, is the magnitude of the side jump at each collision

and is given by

I

30

ay=a, .(S, )k, . (3)

(S, ) is the mean value of the electron spin along the field
and A,, ~ is the efFective spin-orbit interaction

~,.=~,.m y ~ "~
(&)

n F

A, is the atomic spin-orbit parameter and I the overlap
integral (between the conduction-electron wave functions
and the Zr-ion wave function). The form of Eq. (4) shows
that A,, is related to the Van Vleck susceptibility Xvv,
which is given by a double summation over aB the occu-
pied states:

Xv„——g i
(1.) ( /E„E, E &E„. —

Although gvv is positive, the sign of A, , and hence the
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FIG. 2. Linear dependence of the Hall coeScient on the
magnetic susceptibility for Fe„Zr& „. x =33 (~), x =35 (0),
and x =37.5 (4, ). The lour curve shows the lower left-hand
portion of' the upper curve in greater detail. The solid line is a
least-squares 6t to all the points and has a slope

8, =4.3+0.I &10 m /As.
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against X should be linear. Furthermore, as these alloys

span a narrow concentration range over which only the
magnetic enhancement factor is changing, we should ex-

pect to 6nd the same straight line for all three alloys.
This striking result is shown in Fig. 2, where we note that
the linear behavior is in fact followed over about two or-
ders of magnitude in X. From the slope in Fig. 2 we
deduce Rs ——4.3+0.1X 10 m /As (Q m/T).

As a point of comparison we estimate Rz directly from

Eq. (6) using X„„/2lsoN'z, P,2s to aPProximate the matrix
element in the expression (4) for A,„.Taking as typical
values, 2, , -0.1 eV, I-O. I, d-0. 32 nm, X„v=1.03
)&10, p=1.7pQm, and Nz, ——3.5X10 m we find

Rs ——1.2X10 m /As. Given the uncertainty of the
various parameters we consider the agreement between

the measured and estimated values to be a strong support
for the proposed model.

%e conclude with the proposal that the same anoma-

lous contribution is responsible for the widespread obser-
vation of positive Hall coefficients in metallic glasses with
open d bands. The important ingredients are a significant
spin-orbit coupling, a large density of states, and a large
resistivity. These criteria are met for the many Zr-, Ti-,
Hf-, La-, and 7-based alloys where positive Hall
coefficients are found. Of equal signiffcance is the free-
electron-like Hall coefficient of the Ca-Al (Ref. 16) alloys
in spite of their high resistivities. Neither Ca nor Al pos-
sess the crucial spin-orbit coupling required to activate
the side-jump mechanism.
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