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Temperature and concentration variation of the Hall coefFicient in amorphous Y-Al alloys
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We present the concentration and temperature variation of the Hall coefficient RII in amorphous
Y„All (with 0.60~x ~0.80) between 4.2 and 300 K. We find a positive RH for all samples and
discuss these results in view of recent models. Because of the difference in the temperature variation
seen from alloy to alloy, we conclude that the dependence on temperature is not due to one particu-
lar process but can be ascribed to the sum of different effects, such as electron-electron interactions,
spin-orbit interactions, and volume changes. We also discuss details of making small-area electrical
contacts which reduce the possibility of sample recrystallization.

I. INTRODUCTION

A detailed understanding of the electronic conduction
process in amorphous metals remains a significant prob-
lem today. This is especially true for the Hall conductivi-
ty in alloys where transition metals or rare earths are
present. In those systems the Hall coeScient 8&, which
takes the free-electron value ( —1/n ~e

~
) in simple amor-

phous alloys, can be positive or negative, depending on
the system studied. ' ' To explain the Hall conductivity
most models extend the Faber-Ziman theory by incor-
porating, in some way, the derivative of the density of
states at the Fermi level. " ' Although this approach
provides some qualitative understanding of the experi-
mental data, it is almost impossible to make an unambi-
guous quantitative comparison.

Recently, Trudeau et a/. , ' have shown that in the
nonmagnetically ordered amorphous systems Zr-Fe and
Zr-Co a large part of the observed Hall conductivity
comes from the presence of an extraordinary contribution
due to Berger's side-jump mechanism. ' This contribu-
tion comes from an interaction between the conduction-
electron spin S and the ionic orbital moment I., and re-
sults from a spin-scattering displacement of the center of
mass of the electron wave packet sideways by a value Ay
at each collision. Because this interaction is proportional
to the magnetization it has mainly been observed in mag-
netically ordered systems. However, by its proportionali-
ty to the square of the resistivity this mechanism is great-
ly enhanced in amorphous alloys where the resistivity is
at least an order of magnitude greater than that found in
crystalline alloys. Under these conditions an important
extraordinary contribution should be observable even in
paramagnetic amorphous alloys. Moreover, the tempera-
ture dependence of RH should follow the magnetic sus-
ceptibility as the resistivity is only weakly temperature
dependent. . These characteristics are observed in the
amorphous Zr-Fe and Zr-Co alloys. '

In this paper we present Hall data for the amorphous
Y Al& „system for 0.60~x ~0.80 between 4.2 and 300
K. The measurement technique is summarized in Sec. II.
Also presented in that section are several methods of
making electrical contact to the narrow ribbons studied,
with an attention to the geometrical form factor since
these samples are not easily shaped in the usual Hall
geometry. In Sec. III we present the variation of RH for
our Y-Al samples and in Sec. IV discuss both the abso-
lute values and the temperature variations observed in
the context of recent models.

II. EXPERIMENTAL DETAILS

Buttons of the appropriate alloy composition were
formed by arc melting under a titanium-gettered argon
atmosphere. The purity was 99.95% for Y and 99.999%
for Al. The amorphous ribbons were melt spun on to a
copper wheel (tangential velocity =50 m/s) under a heli-
um atmosphere. Details of the ribbon fabrication and
amorphicity analysis can be found in Richter et al. '

The normal size of the ribbons was between 0.60 and 0.80
mm in width with a thickness around 15 pm.

A. Data acquisition

Several experimental difhculties are encountered when
measuring Hall voltage in metallic glasses, principally,
the small voltages to be detected and the relatively large
sample resistivities. The large p value in conjunction
with the unavoidable misalignment of the Hall contacts
can result in resistive voltages up to 10 larger than the
Hall signal. Furthermore, to avoid Joule heating, the
sample currents must be limited to the milliampere re-
gion. To overcome these constraints, a sensitive ac
bridge that operates near 150 Hz has been developed. '

Alternating current eliminates the sensitivity to small
thermoelectric voltages which plague most dc measure-
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ments. ' With this bridge a relative change of 5 X 10 in
a 1-Q resistance is detectable so that a Hall voltage of 10
nV can be detected to a precision of 0.5% even in the
presence of 100 pV of resistive signal. However, the ab-
solute precision in the Hall coefficient is dominated by
the accuracy in the measurement of the sample dimen-
sions.

B. Electrical contacts

One major problem in the study of the electrical prop-
erties in amorphous metals is the electrical contact to the
sample. This problem is particularly severe for Hall
effect measurements in narrow samples because of the
proximity of the voltage contacts. Two major contacts
categories can be distinguished: pressure and permanent.
The first does not damage to relatively thick amorphous
samples but can give some major difficulties by being
electrically noisy or by being mechanically unstable to
differential thermal contractions between the leads and
the sample. ' For the Hall effect this is an important fac-
tor since it can produce significant errors in the sample
form factor leading to systematic errors in relative as well
as absolute values of R~. The other contact category has
the leads fixed permanently to the sample. In this group
at least three major methods exist. A first uses conduc-
tive epoxy or paint. We have found that these contacts
can present three major difficulties. Firstly, a high elec-
trical noise level due principally to small fluctuations in
the contact resistance. Best results are achieved only
after careful curing of the conductive cement. Another
problem is the high resistance and relatively large area of
such contacts so that a non-negligible part of the current
fiows in parallel to the sample current. Finally, such con-
tacts are not very resistant to thermal cycling between
300 and 4.2 K.

A second method of electrical contact consists of direct
soldering using tin-lead solders, indium or other alloys.
Difficulties arise because proper bonding is sometimes
impossible on account of surface quality or chemistry.
However, the major problem arises from recrystallization
of the amorphous matrix around the contact point.

The third method is the spot-welding technique, where
a small wire (normally copper) is melted onto the sample
surface by a high-voltage discharge. This technique nor-
mally makes very stable and solid contacts but suffers one
major Aaw. Because of the high power used, recrystalli-
zation of the amorphous alloy around the point of con-
tact or at least formation of large structural defects often
occurs. For samples having a typical length of 3—4 cm
this recrystallization around the current or resistive leads
is normally negligible, when considering the ratio of the
damaged area to the total area between the contacts.
However, for the two Hall contacts, where the typical
separation is around 0.5 mm, this ratio is much more im-
portant. When the recrystallization can be as high as
30—50% of the total area it is certain that the transport
properties will be affected dramatically. Even if only
large structural defects are produced, they will alter the
current Aow pattern which will increase the misalignment
voltage and also cause some systemtic errors. In Fig. 1
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Fl~. &. (a) Sample of Y7oA130 showing damaged area doe to
the spot-welding of a 0.09-mm-diam copper wire; (b) enlarge-
ment of the same area.
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is a photograph of Y7pA13p with a spot-welded 0.09-mm-
diam copper wire. The damaged length covers = 100 pm
of the width of the sample. Two similar contacts would
easily modify 33%%uo of the width between the Hall con-
tacts. Furthermore, x-ray diffraction of this section of
the sample shows that a partial recrystallization has oc-
curred. Under these circumstances it is impossible to be
confident about the final result. Normally, one way to
minimize most of the effects of this recrystallization is to
cut the sample in the form of a cross, where the contacts
are placed on each of the sidearms away from the current
Aow. However, for very small or brittle samples it is
often not possible to cut them into this geometry so that
the contacts must be placed as close as possible to the
sides of the sample.

Because of all these constraints and the need for a high
precision in the relative as well as in the absolute value of
R~, we have used small aluminum wires (0.025 mm in di-
ameter) ultrasonically bonded to the sample. With the
right setting of power, contact time, and pressure, very
stable contacts can be made on most alloys, including
Zr-Fe, Zr-Co, Zr-Ni, Mg-Cu, and Y-Al amorphous al-
loys. However, because of their very small diameter the
wires are very fragile arid cannot be attached directly to
the sample holder terminal. For each contact, a bond
was made between the sample and a small copper pad to
which a copper wire had been soldered. To ensure inti-
mate thermal contact the sample and copper pads are
mounted on a small copper block covered with a thin
electrically insulating sheet. In Fig. 2(a) the contact area
is seen in detail. A high magnification of one contact
point [Fig. 2(b)] shows less damage than seen in Fig. I
and x-ray diffraction of the area confirms the absence of
noticeable crystallization.

Finally, it should be noted that when contacts are
made to the sample without sidearms not all the current
Aows between the contacts. As a result, the form factor
used in the calculation of the absolute Hall coeScient has
to include a term equal to the ratio of the contact separa-
tion divided by the sample width. Figure 2(a) confirms
that there is considerable advantage in determining the
correct form factor when using the microcontacts de-
scribed above. Measurements on different samples of the
same alloy, with different thickness and form factors, al-
low us to put an upper bound of S%%uo on the absolute error
of R&.

(b)

III. RESULTS

Table I gives values for R~ at 300, 77 and 4.2 K for the
four Y-Al samples studied, along with the room-
temperature resistivities and densities. The temperature
variation for the samples is presented in Fig. 3 and in
greater detail for the Y6pA14p system in Fig. 4.

From these results we note that the overall tempera-
ture variation of R~ is very small, with an average tem-

perature coefficient, v= ~R~(300 K) RIr(4 2K—)
~
/R~(4. .2

K) =6%. However, the shape of the variation is itself in-

teresting. On the one hand, a general increase between
30 and 4.2 K is noted. On the other hand, the behavior
between 300 and 77 K varies from sample to sample.

4% l44 I ~!Ii10 '&'

FIG. 2. (a) Detail of the area between the two Hall contacts
made by bonding ultrasonically very small aluminum wires; (b)
enlargement of the similar contact area with the aluminum wire
removed.



39 TEMPERATURE AND CONCENTRATION VARIATION OF THE. . . 13 215

TABLE I. Room-temperature density (Ref. 16), resistivity (Ref. 16), and Hall coeKcient at 300, 77,
and 4.2 K.

Alloy
system

Room-temperature
density

(g cm )

resistivity RH(300 K) RH(77 K) R&(4.2 K)
(pQcm) (10 "m A 's ') (10 "m'A 's ') (10 "m A 's ')

— YaoA12o

Y7oA13o

Y65A135

Y6oA14o

4.27+0.06
4.16+0.06
4.06+0.06
3.99+0.06

2.62+0.09
2.60+0.09
2.59+0.09
2.57+0.09

6.73+0.04
9.26+0.04
8.59+0.04
8.81+0.04

6.14+0.04
9.3+0.04

7.86+0.04
9.05+0.04

6.21+0.04
9.52+0.04
8.15+0.04
9.49+0.04

Y8oA120 and Y65A135 show a decrease, Y6OA14o shows an
increase, and Y»A130 is a practically stable value. This
already suggests that at least two diff'erent mechanisms
could be responsible for the overall temperature varia-
tion.

The absolute value of R~ is also unusual in that R~ is
positive and shows a small increase with the aluminum
content. Yamada et al. and Mizutani et al. ' have ob-
served a similar increase with Al content in

Cu5OZrso „Al and Ni5OZr50 Al alloys. It would seem
that these metallic systems with effective spherical Fermi
surfaces exhibit positive Hall coefficient which increases
on adding electrons (Al). Cu-Ti (Ref. 19) and La-Al (Ref.
6) alloys are also characterized by positive RH values
which increase with resistivity.

IV. DISCUSSION

A. Absolute value of RH

As mentioned in the Introduction the positive Hall
coefficient of disordered alloys remains controversial in

origin. The situation is further complicated by the pres-
ence of an extraordinary Hall term even for paramagnetic
amorphous alloys. Recently, the presence of this non-
classical extraordinary Hall conductivity has been con-
clusively shown in the case of the Zr-Fe paramagnetic al-
loys and was explained easily through the side-jump
mechanism proposed by Berger. ' The total Hall
coeflicient in an amorphous metal (where transition met-
als or rare earths are present) should then be written

2eR~=RO+R, y=RO+ p A. .
PoflPg g

where Ro is the ordinary (Lorentz) Hall contribution and
the second term, which is proportional to the valence
(Pauli) susceptibility y, is the side-jump term. In this
equation p represents the electrical resistivity and A, ,
the orbital matrix element which has a form related to
the Van Vleck susceptibility gvv.

Using the R, value (4X 10 m /A s) found for the Zr-
Fe alloys as an estimate and scaling for the larger Y-Al
resistivity, we estimate an R, of 10 m /A s in these al-
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FIG. 3. Hall coeScient RH as a function of the temperature for the Y-Al alloys: , 0, Y8oA12o, 0,~, Y~pAl~p ~ V Y65A135 + X,

Y6oA14o.
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B. Temperature variation of RH

Several mechanisms will contribute to the temperature
dependence of R~. A first is the relative volume change
due to thermal expansion which gives rise to a positive
temperature coefficient ~, =( I /RH )(dRH /dT) =7
X10 K '. This contribution can then give a total
change b,RH = 10 ' m /A s, which is about an order of
magnitude smaller than the one observed.

Another possible contribution to the temperature vari-
ation comes from the structural disorder present in amor-
phous systems; this disorder increases the electron wave-
function localization and enhances the electron-electron
interaction. However, Fukuyama " has shown that there
is no change to the value of RH associated with weak-
localization. On the other hand, Al'tshuler et al.
demonstrated that the increase in the electronic interac-
tions due to the diffusive motion, which is partly respon-
sible for the decrease in the conductivity at low tempera-
ture, ' has a direct effect on the Hall constant. They
showed that the relative change in R~ is related to the
conductivity variation by

( K/2)

FICx. 4. Details of the temperature variation of RH in Y«A14&
(the solid line is a guide for the eye; the dotted line is the &T
variation).

loys. From (1) the value of R, depends on the resistivity
which is —1.5 times greater in the Y-Al system (giving an
increase of -2.3). Furthermore, if we look at the weak-
localization study of the same samples ' we find that the
spin-orbit characteristic time (which depends mostly on
the Y atoms) is very close to the one found in Zr alloys,
giving basis to the fact that the spin-orbit coupling con-
stant (even if smaller in the Y alloys) is probably not that
different. It should be emphasized that both these R,
values are very large when compared to the ones found in
crystalline ferromagnets, underlining the enhancement
brought about by the strong scattering, i.e., the high
resistivity. Taking a value for the Pauli susceptibility,
y =3.7 X 10, leads to an estimated side-jump com-
ponent R,y=4X10 " m /As. This terin is thus of the
same order as the measured RH supporting its impor-
tance for the present alloys.

To reemphasize, the extraordinary contribution does
not require the presence of a long-range, ordered magnet-
ic state but rather arises from the spin-orbit interaction
between the spin of the moving electron and the orbital
moment of the atom shell. Also, this process does not de-
pend on the carrier mobility and for that reason is dom-
inated by d electrons because of their high density of
states. A complete understanding of the Hall effect in
amorphous transition-metal alloys clearly has to include
the presence of this term. Unfortunately, there is to date
no detailed theory that can give the value of the effective
number of conduction electrons in transition metals in
order to calculate precisely the Lorentz term R o.

b.RH( T) b.o I( T)—2
RH(0 K) 0(0 K)

Olivier et al. ' have shown that in the same series of
Y-Al alloys the correction to the conductivity due to
electron-electron interaction results in an increase in the
conductivity of about 0.2% from 4.2 to 20 K. For this
temperature interval a decrease in RII =0.4% is then ex-
pected. Furthermore, since the dominant process in the
electron-electron interaction (for these systems) is the
enhanced interaction between electrons and holes (in-
teractions in the so-called "diffusion channel" ) due to
spin splitting, the variation of R& could be written as

~Ra(T) 2.6p(0 K)
RH(0 K) v'2

X ——k (F) —+
3 2 13

where g3(x) is a field-dependent function with
fi=g p~B/kii T. In this equation A, '(F) is a
conductivity-renormalized value of the effective Coulomb
interaction constant, F, for the case of the triplet state of
spin J= 1. The function g3(x) was defined by Lee and
Ramakrishnan and an analytical approximation can be
found in Ousset et al. Finally, in this equation D is the
electronic diffusion coefficient and p(0) the T=0 resisitvi-
ty.

Neglecting any magnetic enhancement (the magnetic
susceptibility is small and the magnetoresistivity data
show no presence of such effect ) and restricting the
analysis to temperature above 4.2 K we find then for
Y6oA14o (Fig. 4)
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gH(T)=9. 33X10 "—6.76X10 ' T' m /A . (4)

This value for the T' slope is three times greater than
the maximum predicted value that can be expected from
(3) using D =5X10 rn /s (see Ref. 21) and taking
AJ='(F)=0. Even if part of this temperature variation
arises from this mechanism, it is clear that it cannot be
used to explain the entire temperature variation from 4.2
to 300 K, as proposed by Gallagher et a/. Bergmann
and Fukyama have clearly demonstrated that the
electron-electron interaction is very dependent on the
phase coherence between the two interacting electrons,
which is rapidly destroyed by inelastic scattering as the
temperature is increased.

Finally, a third possible contribution to the tempera-
ture variation of RH arises from the extraordinary term
proposed in the previous section for the change of sign of
R~. The temperature-dependent part is given by the
product p y; the small decrease in p with T is then con-
sistent with the variation shown for the Y6pA14p system.
However, a complete picture will have to wait for the
direct measurement of the small temperature variation of
the susceptibility in these materials.

V. CONCLUSION

We have reported on the temperature and concentra-
tion variation of the Hall constant in the amorphous Y-

Al alloys, between 60 and 80 at. %%uoof yttrium . Wehave
shown that the positive Hall coefFicient observed in all al-
loys is consistent with an important extraordinary Hall
contribution. The temperature variation of RH is still
unaccounted for completely. The predicted e-e term at
low temperatures is much smaller than the variation ob-
served. Moreover, it is not possible to evaluate the tem-
perature dependence of the proposed extraordinary term
for lack of susceptibility data. It seems evident, however,
that the final explanation will have to include a complete
analysis of all these mechanisms and that complete sus-
ceptibility, resistivity, and magnetoresistivity as well as
thermal expansion data will have to be included in the
analysis.

It would also be of interest to expand the range of al-
loys to follow the crossover in sign of the Hall effect from
the Al-rich to the Y-rich regions. We are currently at-
tempting to sputter such alloys to extend the range of
stable amorphous alloys in this system.
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