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Electron transport properties of amorphous (Zro 64Nio 36), „Al„alloys
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Measurements of the electrical resistivity p(T), thermopower S(T), and Hall coe%cient RH for a
series of rapidly quenched Zr-Ni-Al alloys are reported for concentrations from x =0 to 0.25. The
resistivity is large (p=200 pQ cm) and increases with Al content as does R&, which is positive for
all concentrations studied. The thermopower is positive but decreases in magnitude with Al con-
centration. A consistent qualitative explanation of the concentration dependence of p, R&, and S is

suggested.

I. INTRODUCTION

The electrical transport properties of amorphous
transition-metal alloys have been reviewed by Mizutani
and by Naugle. The behavior of the Hall coeScient in
these highly disordered alloys has been one of the more
interesting features. A positive sign for RH is common
for alloys comprised predominantly of the early transi-
tion metals. ' For early-transition-metal —late-
transition-metal and early-transition-metal —simple-metal
or —metalloid amorphous alloys, the sign of RH can
change from positive to negative as the concentration of
the early transition metal is decreased. This is particular-
ly well illustrated by measurements on amorphous Zr-
based alloys, Zr-Cu, ' ' Zr-Ni, ' Zr-Co, and Zr-Fe.
Weir et al. ' '" have proposed that the positive sign re-
sults from a negative dispersion for the s states produced
by s-d hybridization. They explain the change in sign
with increasing Cu concentration for Zr-Cu alloys in
terms of a dilution of the early transition metal. ' Yama-
da et al. ' have recently examined the behavior of RH for
a series of (ZrQ 67NiQ33), „Al alloys for Al concentra-
tions up to x=0.30. Although the value of the Zr con-
centration in this alloy series passes through the concen-
tration for which RH in the Zr-Ni alloys crosses over to a
negative value, RH remains positive and surprisingly be-
comes larger with increasing Al concentration (thus de-
creasing Zr and Ni concentration) for the Zr-Ni-Al alloys
of this series.

The occurrence of a negative-temperature coef6cient of
resistivity and a positive thermopower which is almost
linear in temperature are two other features in the
electron-transport properties which have been frequently
observed for amorphous transition-metal alloys and
which have received considerable attention. ' The ther-
mopower of Zr-Ni alloys is positive for large Zr concen-
trations, but then decreases to a quite small, but not yet
negative, value for smaller Zr concentrations. ' Gal-
lagher and Greig' have found that the Mott s-
d —scattering model' can account for the sign and mag-
nitude of the thermopower in amorphous Zr-Ni alloys.
In this model the sign of the thermopower is determined
primarily by the sign of the energy derivative of the d-

band density of states at the Fermi surface; a large posi-
tive derivative of the d-band density of states is associated
with a positive thermopower. It has also been suggested
that positive values of RH are associated with a positive
derivative of the d-band density of states at the Fermi en-
ergy. ' Nguyen-Manh et al. ' have provided theoretical
support for this observation based on the s-
d —hybridization explanation of the positive Hall
coeScient by Weir et al. ' '" Thus, thermopower mea-
surements may be helpful in sorting out the unexpected
dependence of RH on Al concentration reported by Ya-
mada et al. ' for amorphous (Zro 67Ni(j 33), ,A1 alloys.

We report measurements of the electrical resistivity p,
thermopower S, and Hall coeScient RH for a series of
melt-spun amorphous (Zro «Nio 36)&,A1 alloy ribbons
with x =0, 0.05, 0.10, 0.15, 0.20, and 0.25. Values of RH
and p( T) are in qualitative agreement with the results re-
ported by Yamada et al. ' for (ZrQ 67Nio 33), ,A1 al-
loys; however, we find systematic differences in the tern-
perature dependence of p and the composition depen-
dence of RH. The thermopower measurements are inter-
preted in terms of the Mott s-d —scattering model togeth-
er with a low-temperature enhancement due to the
electron-phonon interaction. ' A consistent qualita-
tive explanation of the dependence of p, S, and RH on Al
concentration is offered.

II. EXPERIMENT

Master alloys of (Zro «Nio 36)& „Al„with x=0, 0.05,
0.10, 0.15, 0.20, and 0.25 were prepared by melting
99.9%%uo-pure Ni, 99.6%%uo-pure Zr, and 99.999%%uo-pure Al in
an argon atmosphere using an arc furnace. Each alloy
was melted several times to ensure homogeneous mixing
of the constituent elements. The weight loss after melting
was found to be less than O. l%%uo in each case. Metallic
glass ribbons of (Zro «Nio 36), „Al, were prepared in an
argon atmosphere by induction melting the alloy ingot in
a quartz crucible and ejecting it onto a single-roller melt
spinner. The surface speed of the wheel was approxi-
mately 27 m/s. The metallic glass ribbons were approxi-
mately 1 —2 mm wide and 15—30 pm thick. The glassy
state of the ribbons was con6rmed by x-ray diffraction
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and differential scanning calorimetry.
The resistance was measured by the standard four-

terminal dc method in the temperature interval 1.5 —300
K. Room-temperature resistivities of the samples were
determined from the room-temperature resistance and
the geometrical factor of each sample determined from
the mass, density, length, and width. The density of each
sample was determined by the Archimedes method using
toluene as the liquid. The maximum contribution to er-
ror in the resistivity measurements comes from the uncer-
tainties in width and density measurements. The estimat-
ed absolute accuracy of resistivity is about 5%.

Thermoelectric power measurements were done using
the standard differential technique in which a 99.999%-
pure lead foil was used as the standard reference material.
The voltage AV and temperature difference AT across
two ends of the sample were measured using a Keithley
model 148 nanovoltmeter together with a digital voltme-
ter on its output and a calibrated Au-Fe thermocouple
with a Keithley model 181 nanovoltmeter. The tempera-
ture difference 4T across the sample was as small as
0.2%, but never more than 4% of the average tempera-
ture of the sample. For each measurement hV and AT
were averaged over 50—100 readings taken at an interval
of 0.5 —1 s to reduce the measurement error. Ther-
moelectric power data on lead by Roberts ' was used to
obtain absolute thermoelectric power (TEP) of the
(Zro «NiQ 36), „Al alloys. The estimated absolute error
in the measurement of TEP is about 5 —8% depending on
the temperature interval. The apparatus was the same as
used earlier in this laboratory for thermopower and resis-
tivity measurements. Further details including experi-
mental procedure and tests of the precision and accuracy
can be found in those references. ' '

The crystallization temperatures of the samples were
determined using a Perkin-Elmer differential scanning
calorimeter (DSC-2), and the superconductive transition
temperatures T, were determined from four-terminal-
resistance —versus —temperature measurements near T, .
A calibrated carbon-glass thermometer was used for the
T, measurements.

A three-terminal technique was used for the room-
temperature Hall measurements. The Hall leads were
spot welded to the sample. The Hall voltage as a func-
tion of field up to 1 T was measured with a Keithley mod-
el 147 nanovoltmeter. Typical measuring currents of 200
mA were used. The principal contribution to the uncer-
tainties in values of R~ arises from the uncertainties in
measurements of foil thicknesses and the width between
the probes. Measurements with thin Au and Pt foils indi-
cate an accuracy ofbetter than+10%.

with the density value 7.10 g/cm for a Zro635Ni036s
glassy alloy as reported by Altounian and Strom-Olsen.
The density of (Zrp«Nio36)] Al„glassy alloys de-
creases linearly as a function of x. Similar behavior has
been observed in other amorphous alloys. This result is
indicative of the linear dependence of x on the packing
fraction of aluminum in these alloys. A further analysis
of this result will be presented elsewhere.

The room-temperature resistivity of (Zro 64Nip 36)~
Al amorphous alloys versus x is shown in Fig. 2, and the
values are listed in Table I. A comparison of resistivities
of a-(Zro «NiQ 36), „Al with those of a-
(Zro67Nlo33)J-, Al„alloys reported by Yamada et al.
(also shown in Fig. 2) shows that there is good agreement
between the two. Our data as well as those of Yamada
et al. demonstrate that the addition of aluminum to Zr-
Ni amorphous alloys, at least for the compositions stud-
ied, increases the room-temperature resistivity.

The temperature dependence of p(T)/p(300 K) for all
amorphous (Zro 64Ni036), „Al„alloys is shown in Fig. 3.
All samples showed a negative temperature coefticient of
resistance. The concentration dependence of p(T) report-
ed here is significantly different from that reported by Ya-
mada et al. ' for (ZrQ67Ni033), „Al„alloys. Although
the shape of their normalized resistivity curves are some-
what similar, they find that the temperature dependence
of the normalized resistivity is greatest for x=0 and de-
creases as x increases. In contrast, as shown in Fig. 3, the
temperature dependence of the normalized resistivity for
our samples is smallest for x=0 and reaches a maximum
for x=0.15. To check our results, the resistance mea-
surements were repeated on three different sets of sam-
ples made at different times. No significant changes were
observed. The inclusion of a small crystalline fraction
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III. RESULTS 5.5.

The density measurements were done in order to calcu-
late the thickness of a sample accurately. The room-
temperature density variation of a-(Zro«Nio36)~ ~A1
alloys as a function of aluminum concentration x is
shown in Fig. 1 and values are given in Table I. The
room-temperature density value of the Zro 64Nio 36 glassy
alloy is 7.254+0.12 g/cm and agrees reasonably well
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FICx. 1. Density as a function of A1 concentration x for
amorphous(Zro 64Nio 36)& A1 a11oys.
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FIG. 2. Room-temperature (300-K) resistivity p as a function
of Al concentration x for amorphous (ZrQ 64NiQ 3{j), Al„alloys.
~—this work. —from Yamada et al. for amorphous
(ZrQ 67NiQ 33), „Al alloys, Ref. 12.
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FIG. 3. Normalized temperature dependence of resistivity,

p( T) /p(300 K) for amorphous (ZrQ 64NiQ 36) &
Al„alloys.

TABLE I. Values of the crystallization temperature T„y„and the superconducting transition temperature T, together with room-
temperature (300-K) values of the mass density p, resistivity p, temperature coefficient of resistivity a, thermopower divided by tem-
perature S/T, and Hall coefficient 8& for amorphous (ZrQ 64NiQ 36) ) Al .

0

0.05

0.10

0.15

0.20

0.25

0.30

Tcryst

(K)

679'
747"

718"
785"
764'

792'

800'

T.
(K)

2.54'
2.560'
2.68g

2.05'
2.33g

1.62'
1.810

pm
(g/cm )

7.25'
7.10'

6.96'

6.73'

6.53'

6.21'

6.00'

p
(pO cm)

178+9'
173'
179+6
171

186+9'
190+5

193+10'
198+5b

205+10'
206+5

214+ 11'
209+4

229+11'
213+6b

232+7'

(10 K ')

—0.96+0.08'
—1.15'
—1.3'

—0.96+0.10'

—1.50+0.05'

—15 +01'

—1.4 +0.1'

—1.50+0.05'

S/T
(nv/K2)

+8.3+0.4'
+7.1'
+7.8

+7.7+0.4'

+6.7+0.3'

+6.4+0.3'

+6.2+0.3'

+5.7+0.3'

RH
(m /C)

+0.94+0.2'

+2.0 +0. 1

+1 03

+1.2 +0.15'

+2.5 +0.2'
+54 +0 3

+4.2 +0.7

+6.7 +0.4'
+7.0 +0.7

+8.4 +0.4'

+8.9 +0.5

'This work.
Yamada et al. Ref. 12, for (ZrQ67N1Q 33)) Al .

'Altounian and Strom-Olsen, Ref. 23 for ZrQ 635NiQ 365.
Cochrane et al. , Ref. 9, interpolated.

'Pekala and Trykozko, Ref. 25.
Altounian et al. , Ref. 13, for ZrQ 67NiQ 33.
gYamada et al. , Ref. 38, for (ZrQ 67NiQ 33)]-
"Gallagher and Hickey, Ref. 19.
'Second of two exothermic peaks observed in DSC scans.
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can significantly alter the temperature coefficient of resis-
tance, but within the accuracy of the x-ray-diffraction
data there was no indication of crystallinity. We believe
that our reported temperature dependence is a real be-
havior of the amorphous phase and not due to small crys-
talline inclusions.

From Fig. 3 it is seen that the normalized resistivity is
not linear in the temperature over the range 1.5—300 K.
There is a slight positive curvature in the data from 290
to 200 K. At lower temperatures (T=20 K) the curva-
ture becomes negative. We believe that T=20 K is too
far from the superconducting transition temperatures for
superconducting fluctuations to be important. This be-
havior is also seen in the data of Yamada et al. not only
on (Zro 67Nio 33), Al, alloys, but also for other
(Zro 67Nio 33), M (M= B,Si,H) alloys as well.

The temperature coefficient of resistance (TCR) at
room temperature, a, is plotted against x for our results
in Fig. 4. The value of o. for ZrQ 64NiQ 36 is —0.96X10
K '. This values agrees well with the value —1.1 X 10
K ' of a ZrQ 67NiQ 33 amorphous alloy indicated by Ya-
mada et al. ' and the values —1.15 X 10 and
—1.3X10 K ' for ZrQ64NiQ 36 reported by Altounian
and Strom-Olsen and Pekala and Trykozko, respec-
tively. The magnitudes of a for our (Zro 64Nio 36), Al,
at higher Al concentrations alloys are appreciably larg-
er in magnitude, however, than those for
(Zro 67Nio 33) ~ Al„ indicated by Yamada et al.

The superconducting transition temperature of samples
with x=0, 0.05, and 0.10 are listed in Table I. The T, of
2.52 K for ZrQ 64NiQ 36 agrees well with the T, of 2.54 K
for NiQ 365ZlQ 635 as reported by Altounian and Strom-
Olsen. The change in T, is almost linear between x=0
and 0.10 with a slope of dT, /dx = —0.092 K/at. %. T,
for alloys with higher Al concentrations were below the
limits of this cryostat, 1.5 K.

Thermoelectric powers of (Zro64Nio&6), Al, alloys
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FIG. 5. Thermopower S as a function of temperature for
amorphous (Zr, «Nio 36) I — Al alloys. o —x=0, ~—x=0.05,—x=0.10, 0—x=0.15, +—x=0.20, and ~—x=0.25.

are shown as a function of temperature from 1.5 to 300 K
in Fig. 5. The thermopower for all samples is positive
over the entire temperature range and its magnitude de-
creases with increasing aluminum concentration. At
temperatures higher than 100 K, the thermopower is ap-
proximately linear in temperature, and there is a change
in slope near 75 K. The temperature dependence of the
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FIG. 4. Room-temperature (300-K) temperature coeffi-
cient of resistance o.=R ' dR /d T for amorphous
(Zro «Nio 36)1& Al„alloys as a function of Al concentration x.

FIG. 6. Room-temperature (300-K) values of thermopower
divided by temperature S/T for amorphous (Zro «Nio 36) I Al„
alloys as a function of x.
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FIG. 7. Room-temperature (300-K) values of the Hall
coefticient R~ for amorphous (ZrQ64NiQ36)$ Al alloys as a
function of Al concentration of x. 0—this work. —from Ya-
mada et al. , Ref. 12, for amorphous (ZrQ 67NiQ 33), „Al„alloys.
o —value interpolated from data by Cochrane et al. , Ref. 9, for
IZrQ. 64»0. 36)~

magnitude of the thermopower for Zr-Ni-Al alloys is
similar to that observed for amorphous La-Al (Ref. 16)
and Ca-Al(Ref. 22) alloys. The room-temperature values
of S/T as a function of aluminum concentration x are
shown in Fig. 6 and also listed in Table I.

The room-temperature (300-K) values of the Hall
coefficient RH of amorphous (Zro«Nio 36), „Al alloys
are listed in Table I and shown as a function of x in Fig.
7. Values of RH for amorphous (Zro67Nlo33)i „Al„al-
loys reported by Yamada et al. ' are also shown together
with the value for amorphous Zro64Ni036 interpolated
from data reported by Cochrane et al. Our result for
x=0, 0.94X 10 " m/C, is in excellent agreement with
the interpolated value from data of Cochrane et al. ,
1.07X10 "m/C, but it is approximately a factor of 2
smaller than the value reported by Yamada et ah. ' Al-
though the general trend of RH with composition x of
our measurements is in agreement with those of Yamada
et al. , the magnitudes of RH which we measure are ap-
preciably smaller than those reported by Yamada et al.
at low Al concentrations and somewhat larger at higher
Al concentrations. This is somewhat surprising since the
agreement between the room-temperature values of p for
the two sets of data is quite reasonable. The Hall
coefficient of amorphous Zr-Ni alloys changes appreci-
ably with the [Zr]/[Ni] ratio in this composition range,
but not so rapidly as to explain the relatively large
differences between these two series of Al alloys with al-
most the same [Zr]/[Ni] ratio. It is conceivable that the
compositional dependence of RH for the ternary alloy
system is more sensitive to the [Zr]/[Ni] ratio than for
the binary Zr-Ni alloy system due to subtle interplay be-
tween the Al s-p states and the Zr and Ni d states.

The crystallization temperatures T of amorphous
(Zro«Ni036)i „Al„alloys are listed in Table I. The cry-
stallization temperature of these alloys increases sharply

as aluminum is added initially, but eventually the in-
crease in T with x flattens out.

IV. DISCUSSION

A. Composition dependence of p, S,R~

Experimental results presented in the preceding section
show the following changes in the electron-transport
properties of amorphous (Zro«Ni036), Al, alloys as a
function of aluminum concentration which one would
like to explain.

(1) The room-temperature resistivity for all samples is
high (greater than 175 pQcm) and increases with the
aluminum concentration.

(2) The temperature coefficient of resistivity at 300K is
negative for all the samples studied. It becomes more
negative as small amounts of aluminum are added to the
parent alloy.

(3) The room-temperature thermopower of all the sam-
ples studied is positive and decreases with the aluminum
concentration.

(4) The Hall coe%cient is positive and increases with
the addition of aluminum.

In addition, earlier work of Yamada et al. ' on an
amorphous alloy system, (Zro67Nio33), „Al„, with a
similar composition reported similar behavior for p and
RH, but they also reported that(a) the density of states at
the Fermi level N(EF) decreases linearly with x, and (b)
the magnetic susceptibility y decreases with x. Although
measurements of N(e~) (specific heat) and y have not
been made on (Zr064Nio36)i Al„alloys of the present
work, nor are they available in literature, it can be safely
assumed that a similar variation with x would be found.

Theoretical works which are frequently used to inter-
pret or explain experimental data on the transport prop-
erties, especially electrical resistivity, of metallic glasses
are (a) Ziman's theory, (b) Mott's s-d —scattering model,
(c) scattering from a structural two-level system, and (d)
localization and electron-electron correlations. A discus-
sion of these is given in the review article by Naugle.
Recently Delgado et aI. ' demonstrated that the d-band
contribution was the dominant factor for electron trans-
port in amorphous La-based alloys. A major d-band con-
tribution appears, however, to be relatively uncommon.
A difference in sign between the thermopower and the
Hall coefficient across the alloy series appears to be one
indication of a significant d-band contribution, but that is
clearly not the case for the Zr-Ni or the Zr-Ni-Al alloy
series. Scattering from two-level defects and localization
and correlation effects may play a ro11 in the small tem-
perature dependence of the resistivity, but they are not
important for the thermopower, the Hall coefficient, or
the magnitude of the resistivity. Thus, we expect the
composition dependence of p and 5 to be at least qualita-
tively understandable in terms of the Ziman-Faber model
as extended by Evans et al. for transition metals or the
Mott s-d-scattering model. Gallagher and Greig' have
pointed out the similarity between the expression for the
resistivity given by Evans et aI. for the extended Ziman-
Faber model and that given by Brown eI al. for Mott



39 ELECTRON TRANSPORT PROPERTIES OF AMORPHOUS. . . 12 465

s-d scattering. They also found that the experimental
transport coefficients for a wide range of amorphous al-
loys including amorphous Zr, Ni alloys were in better
agreement with the Mott s-d model. Consequently, we
expect the Mott s-d —scattering model to be the preferred
simple model as well as somewhat easier to use.

The most satisfactory explanation of the positive Hall
coefficient which is routinely found for amorphous
transition-metal alloys dominated by an early-transition-
metal component is that based on the anomalous disper-
sion of s-like states due to s-d hybridization. ' "
Nguyen-Manh et al. ' have used a linear-response for-
mula derived by Morgan and Howson to show that the
contribution to the Hall coefficient from each band in a
simple approximation is proportional to the derivative of
the density of states of that band at the Fermi surface.
They find that the hybridization between the s-p and the
d bands leads to the anomalous dispersion for the s-p
band which, in turn, produces the negative energy deriva-
tive of the density of states for this band. They also
demonstrate for Zr, „Cu alloys that, if good
electronic-structure calculations are available, the linear-
response formalism permits calculations of both p and
R~ as a function of composition x that are in reasonable
agreement with experiment. Unfortunately, electronic-
structure calculations for Zr-Ni-Al alloys are not avail-
able, and it is doubtful that reasonable calculations for
such a complicated alloy system (two diff'erent transition
metals and a simple-metal component) can be performed
at this time. Although Nguyen-Manh et al. stressed that
their simple expression for RH was not valid, in general,
that the contribution due to the hybridized d states (for
o, S, and RH ) should not be negligible over the complete
composition range for amorphous Zr-based alloys and
that the Mott s-d model greatly underestimates the con-
ductivity contribution from the hybridized s states, we
wish to see if the simplest models capable of qualitatively
explaining transport in amorphous Zr-Ni transition-
metal alloys can provide a qualitative understanding of
the unusual effects of adding Al to these
(Zr, ~ Ni~ ), „Al„alloys. To date, experiments have
been reported only for Zr-rich alloys (y=0.33 and 0.36).
For those alloys the significant experimental effects to be
understood are (a) the increase of p with x, (b) the
dramatic increase of RH (positive) with x, and (c) the de-
crease of S/T or S (also positive) with x.

In this admittedly naive approach, we will ignore any
possible contribution to RH, o., or S from the d band. We
will use the simplest result for RH from Nguyen-Manh
et al. ' which relates RH to the energy derivative of the
hybridized s-band density of states,

dN, (E)
RH=

2ieiN, '(E~)
where a is a constant of order unity and N, (s) is the den-
sity of states of the hybridized s states. The s-d hybridi-
zation leads to negative values of dX, /d c, and thus a pos-
itive Hall coefficient when c.„ lies roughly in the lower
half of the d band. In the simplest form, that for free-
electron rather than hybridized states, the expression for

p in the Mott s-d —scattering model is'

(3)

24m RI Nd(c. p)
(2)

e Kokp
where Nd(e) is the d-band density of states, k„ the Fermi
wave number, I and ED=A Eo/2m are the width and
energy of the d resonance, and m is the electron mass.
The thermopower in this model is then

a 8 lnp
2I 2

3iei ae

m k~ 3 BlnXd+ T
as

where e is the charge of the electron, kz is the Boltzmane
constant, and ez=h k~/2m is the Fermi energy. A
problem with this model, as with the Ziman-Faber mod-
el, is the determination of the appropriate value of k+.
To determine the variation with x, we primarily need to
consider the relative variation of the quantities kz, cz,
N, (E~), Nd(s~), dN, /dc, , and dNd/ds

Ultraviolet-photoelectron-spectroscopy (UPS) mea-
surements for amorphous Zr-Ni alloys show that the
peak of the Zr d band lies somewhat above the Fermi en-

ergy while that for the Ni d band lies further below the
Fermi energy. Recent UPS measurements on Zro 67Nio 33
and (Zr067Ni)0 s~Alo» alloys show that as Al is added
both the Zr and the Ni d-band contributions to the spec-
tra are reduced equally in intensity. While it is difficult
to make an accurate estimate in decrease of Nd(cz) and
dNd(E)/dE, from these measurements a rough estimate
has been made. Based on Cp data ' Nd(s~) decreases by
19%%uo with addition of 15 at. %%uoA1 . Th eUP Sdat asho w
that the apparent decrease in N~ ( e ) is only about 9%.
An estimate of Nd

'
dNd/d s can be made from the UPS

data. If the UPS data are adjusted to give the same de-
crease in Nd on addition of 15 at. % Al as given by C~
measurements, it is found that this addition of Al de-
creases Nd

'
dNd /d e at the Fermi energy by roughly 3%.

If we do not make that adjustment, we estimate a de-
crease of 14%. A worst-possible-case estimate would be a
35% decrease Thus, a. t least for the [Zr]/[Ni] ratio of
these experiments and those of Ref. 12 one can assume
that the relative shape of N„(e) remains essentially un-
changed even though Nd(E+) is reduced when Al is add-
ed. The derivative of the s-band density of states dN, /de
is determined by s-d hybridization. %'e cannot know its
behavior except by detailed electronic-state calculations.
Instead, we argue that, since the change in R& with y in
Zr& Ni alloys for y=0.36 is one-half the change with
Al in (Zro 6~Nio 36), „Al„alloys, the eff'ect should be re-
lated, at least in the low-Al-concentration range, to
changes in the s density of states, i.e., when the [Zr]/[Ni]
ratio is held fixed, addition of small amounts of Al should
not affect s-d hybridization as strongly as it affects
N, (sz). Thus, the sharp increase in RH suggests a sharp
decrease in N, (s~) or equivalently k~ as the Al concen-
tration x is increased. Although Nz( e~ ) is reduced also
as x is increased, this simple model suggests that the kF
term in Eq. (2) will lead to an increase in p as observed.
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For the thermopower the variation would come from the
free-electron term which is negative and would become
larger in magnitude, whereas the positive contribution
from the d-band density of states would be relatively
unaffected. Thus, the model, with the assumption that
the dominant effect from the addition of Al is the reduc-
tion of the s-state density of states, provides a qualitative
description of the experimental observations of the
changes in RH, p, and S when Al is added to this Zr-Ni
amorphous alloy. Clearly the model is far too naive to
provide a quantitative estimate of the transport proper-
ties.

The model can be carried further, however, to make a
qualitative prediction of the compositional variation of
the transport properties of Ni-rich amorphous
(Zr, Ni ), Al„alloys. For the Ni-rich alloys RH is
negative and S is small but positive. ' Similar arguments
to those above for Zr-rich alloys indicate that the addi-
tion of Al to the Ni-rich alloys would lead to a large in-
crease in the magnitude of RH which should remain neg-
ative, an increase in p and a decrease in S which should
become negative. Although experimental values of the
transport coeScients of Ni-rich Zr-Ni-Al alloys are not
presently available, these alloys probably can be prepared
in the amorphous state by standard rapid quenching
techniques.

B. Temperature dependence of p and S

p =3 +8 exp
po

(4)

where A, B, and 6 are fitting parameters and po is the
resistivity at 300 K. Mizutani has found that the param-
eter 6 is strongly correlated to the Debye temperature
OD, and an increase in OD leads to an increase in A.

We initially tried to fit our data (Fig. 3) to this expres-
sion for the resistivity ratio given above. However, it was
found that not only was the fit not good, but it was not
possible to find unique values of parameters 3, B, and b, .
One could find different values of these parameters
without affecting the fit tremendously. We, therefore,
looked into other possible explanations for the results.

Recently, many workers have analyzed resistivity data

Recently, Mizutani has given a short review of
electron-transport properties of metallic glasses. He has
concluded that the temperature dependence of resistivity

p of group-V metallic glasses, simple-metal glasses like
Ca-Mg-Al (for the definition of group-I —V metallic
glasses, see Mizutani'), can be explained using the gen-
eralized Faber-Ziman theory in which the Debye-Wailer
factor predominantly determines the temperature varia-
tion of p. On the other hand, metallic glasses in group-
IV, nonmagnetic transition-metal glasses like Cu-Zr, Ti-
Cu, Y-A1, Ti-Ni, and Zr-Ni-A1, show a temperature-
dependent resistivity which cannot be explained within
this theory. Mizutani has used extensive experimental
data on group-IV metallic glasses to show that the tem-
perature dependence of these metallic glasses is well
represented by the empirical relation

on metallic glasses in terms of weak-localization and
electron-interaction effects. Howson and Howson and
Greig have discussed the importance of quantum
corrections on the resistivity of metallic glasses. These
corrections become important in the regime when a
significant interference between scattered partial waves
takes place as electrons propagate between two scattering
events. There are two major corrections to the
Boltzmann equation in this regime: (l) the localization
efFect, and (2) modification of electron-electron interac-
tion. Howson gives the expression for the tempera-
ture-dependent part of the conductivity due to the effect
of localization,

where L; (T)=l, l, /2, l, is the elastic mean free path, and
J'; is the inelastic mean free path. This expression leads to
the temperature dependence of o.~ as

T for T (8D/3,
T' for T &0'~/3.
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This different temperature dependence of o.z in
different regimes arises due to the T dependence of the
inelastic mean free path below OD /3, instead of the usual
T dependence because the requirement for momentum
conservation is relaxed in amorphous metals. Above
SD/3, l, should vary as T ias usual wit-h ~L propor-
tional to T'

To analyze our resistivity data within the framework of
localization eff'ects, we have plotted p(300 K)/p(T),
which is proportional to o(T) versus T/8D and
(T/OD)' for various samples as shown in Figs. 8 and 9.
Values of OD are taken from Yamada et al. ' for
(ZrQ 67NiQ 33), Al„, alloys. From these figures it can be
seen that the temperature dependence of u is in good
agreement with the predictions of Eq. (5), i.e., it varies as



39 ELECTRON TRANSPORT PROPERTIES OF AMORPHOUS. . . 12 467

1.00

0.98.

O
O
PO

&0.96-

03 0.4 05 06 07 08 09 10 11 12
(r/e, )
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T' from approximately OD/3 to OD and as T below
OD/3 to about OD/10. Above 8D there is a significant
departure from a linear dependence on T' or T. Al-
though we have data for only a small temperature range
above OD, the conductivity appears to vary approximate-
ly as T . We note that a T dependence would be expect-
ed from the Mott s-d —scattering model. The tempera-
ture dependence of o. for these alloys is consistent with a
contribution from localization effects plus a term from
Mott s-d scattering. Delgado et al. ' observed a temper-
ature dependence of o. for melt-spun La-Al alloys that
was in good agreement with localization predictions also,
but the temperature dependence of splat-quenched alloys
of the same concentration was very different even though
the other transport properties (p and S) were almost
identical. They argued that crystalline inclusions corre-
sponding to a few percent of the sample were probably
present in the splat-quenched samples. They also ob-
served small structure in the thermopower measurements
with samples containing very small amounts of crystal-
line inclusions. No such structure was observed for the
samples of this report. Some caution must be exercised in
the interpretation of the temperature dependence of o
since the effect is very small and there are many effects
that 'can contribute, some fundamental and some artifacts
of the particular samples.

The temperature variation of the thermopower is
shown in Fig. 5. Above about 75 K the thermopower
varies linearly with temperature, but below 75 K a gradu-
al change of slope to a larger value takes place producing
a "knee" in the data near this temperature. Similar data
have been reported for a number of nonmagnetic metallic
glasses' ' '2 ' and interpreted in terms of electron-
phonon energy renormalization, velocity and relaxation-
time renormalization, and the Nielsen-Taylor higher-
order effects. For the simplest case, values of the
electron-phonon —interaction parameter A. may be deter-

mined from the ratio of S(T))8D)/T to the low-
temperature limit of S(T)/T. Estimated values of A,

determined in this fashion are 0.63, 0.55, and 0.51 for
comparison with estimates of A, from the superconducting
transition temperature T, based on the McMillan formu-
la of 0.58, 0.54, and 0.49 for alloys with x=0, 0.05, and
0.10, respectively. The values are in reasonable agree-
ment for the three samples for which we could measure
T, . The principal effect on superconductivity due to the
addition of Al to amorphous Zr-Ni alloys appears to re-
sult from the reduction of the electron-phonon coupling.
This is somewhat peculiar since amorphous simple metals
generally are very strong-coupling superconductor s
with k =2.0—2.6, whereas the amorphous transition-
metal alloys generally have intermediate coupling with
values of A. =1.7—1.9. This raises the interesting question
of how and why the electron-phonon coupling changes
from strong to intermediate in going from an amorphous
predominantly simple-metal alloy to an amorphous
predominantly transition-metal alloy. Unfortunately, Al
can be incorporated only up to 25 —30 at. % in these al-
loys. A more complete analysis of the electron-phonon
renormalization contribution to the thermopower along
with T, measurements for the amorphous alloys with
higher Al concentrations (x =0.1S, 0.20, and 0.25) will be
presented elsewhere.

V. SUMMARY AND CONCLUSIONS

The addition of Al to amorphous Zr-Ni alloys strongly
influences the electron-transport properties. For Zr-rich
alloys the addition of Al greatly increases R~, increases
p, decreases S, and decreases the superconducting transi-
tion temperature T, . The assumption that the addition
of Al to the alloy reduces the s-state density of states, to-
gether with the simplest version of the Mott s-
d —scattering model for the thermopower and electrical
conductivity and with a simplified expression based on
the s-d —hybridization model to explain the positive Hall
coefficient, is in qualitative agreement with the experi-
mental observations of the transport coefficients. This
model is clearly too naive, but perhaps the general ideas
are correct. More detailed calculations are required.

This experiment, together with those from Mizutani
and co-workers, ' ' ' indicates that the Zr-Ni-M (where
M is a simple metal such as Al, Ga, or Sn) amorphous al-
loys would be well suited as a rigorous test for the more
recent ideas concerning transport in amorphous
transition-metal alloys, particularly for the effects of s-d
hybridization. ' ""' These types of amorphous al-
loys provide the opportunity to study the interplay be-
tween the simple-metal s-p states, the Ni d resonance
which lies below cF and the Zr d resonance above c~. It
is hoped that the development of new experimental data
for these alloys and even the use of such a naive model in
analysis of the experimental results will lead to efforts to-
ward more realistic calculations for these admittedly elec-
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tronically complex systems.
The analysis of the temperature dependence of the

thermopower and the concentration dependence of the
superconducting transition temperature indicates that the
depression of T, is due to a decrease in the electron-
phonon —coupling constant A, . For simple-metal-rich
amorphous alloys we expect A, to increase. It may be pos-
sible to find a simple-metal —transition-metal alloy where
the evolution of A, could be studied from the simple-
metal-rich side to the transition-metal-rich side. This
evolution has not been documented experimentally, ex-
cept on the extreme ends of the alloy system, and there is
no coherent theoretical picture of why it changes. We
find that the temperature dependence of the resistivity of
these alloys is better described by weak-localization
eff'ects rather than the exponential form [Eq. (4)] given by
Mizutani. ' The addition of Al, which may behave as a
metalloid in these alloys, enhances their stability against
crystallization.
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amorphous Zr-Ni-Sn alloys at this [Zr]/[Ni] ratio and Ni-rich
amorphous Zr-Ni-Al alloys. We are continuing efforts to
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