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Amorphous alloys having the composition (Ni„Ptg &)p 75PD 25 where 0.20~ x~ 0.60, were
obtained by rapid quenching from the liquid state. X-ray diffraction measurements indicate
a high degree of structural disorder in these alloys and an atomic configuration closely simi-
lar to that in liquid metals. At room temperature, the electrical resistivity p of these alloys
lies between 160-185 @Oem, and the absolute thermoelectric power S between 1.9-2.5 p, V/'K.
On increasing the temperature from 4.2 to 420 'K, up to which the amorphous alloys are
stable, the resistivity of the alloy with &=0.20 decreases by about 2%,. the value of dp/dT
progressively increases with increasing Ni content, becoming positive at 0.50 &x &0.60. In
the range 80-300'K, the dS/dT of all alloys lies between 5-8X10 pVdeg . The electrical
behavior of these alloys may be treated in terms of electron scattering in disordered struc-
tures assuming the nearly free-electron model, in a manner analogous to Ziman's theory of
electronic transport in liquid metals. The dp/dT of these alloys is then qualitatively ex-
plained in terms of the temperature and composition dependence of the x-ray interference
function a{K), assuming an average number of -1.3 conduction electrons per atom in these
alloys. For the alloy with =0. 20, this implies a Fermi energy of 6.9 eV which corresponds
to the position of the first peak in a(Q. The thermoelectric-power results lead to the con-
clusion that the "average" form factor for scattering of electrons decreases with increasing
Ni/Pt ratio.

INTRODUCTION

In recent years there has been a continuing in-
terest in the study of the behavior of electrons in
disordered structures, especially as observed in
the case of glassy semiconductors and liquid met-
als. ' lt has been shown that the electrical trans-
port properties of metallic liquids are greatly in-
fluenced by the "pair" correlation present in their
structures. There is also a growing class of
gl@ssy metallic materials which may be obtained
by rapid quenching from the liquid state. The
bulk transport properties of such materials would
be expected to be predominantly influenced by
their intrinsic structural disorder, somewhat
analogous to the case of liquid metals. No experi-
mental investigation concerning the structural
scattering of electrons in such amorphous metal-
lic alloys appears to have been reported as yet.

In the present paper we report the results on

measurements of electrical resistivity and
thermoelectric power as a function of temperature
for a series of new amorphous alloys having the
composition (Ni„Pt, „), »P, z~ (0. 20& y& 0.60).
These alloys were obtained by rapid chilling from
the liquid state. The structure parameter in
terms of which these transport properties may be
discussed is the x-ray interference function, and
this was determined for two alloys having values
of x equal to 0. 20 and 0. 50. A detailed radial
distribution function study has led to the conclusion
that these alloys possess a higher degree of disor-
der than that known in any of the existing glassy
metallic alloys within their category.

EXPERIMENTAL

The starting materials were metal powders of
99.99+ purity and reagent grade red phosphorus
powder. The properly mixed alloy constituents
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FIG. 1. Electrical resistivity versus temperature of
amorphous (Ni„Pt& „)p»Pp.25 alloys normalized with re-
spect to the resistivity (extrapolated) at O'K. Not all the
data points have been shown.

were compacted into briquettes under 50000 (
pressure, and subjected to "reactive sintering" by
slowly heating them in evacuated fused silica cap-
sules up to 500'C and holding there for two days.
The sintered alloys were then melted by slowly
raising their temperature up to 650'C. The total
weight loss during alloy preparation was always
less than 2% by weight, and for this reason the al-
loys will be referred to by their nominal (unana-

lyzed) compositions. Rapid quenching from the
melt was effected using the piston and anvil tech-
nique~ in which the quenching rates approach 10 'C/
sec. The quenched foils were about 35 p. thick and
2. 5cm in diameter. Owing to the inexact repro-
ducibility of the quenching conditions, it was neces-

sary to always check the structure of the quenched
foils. This was done by taking their x-ray diffrac-
tion pattern in the region of the first broad band.
A step scan diffractometer using CuKn radiation
was employed. The presence of any microcrystals
could be detected by the appearance of a few

Bragg-like maxima superimposed upon the smooth
broad band characteristic of a glassy structure.

For electrical measurements, strips were cut
from the quenched foils. The electrical resistivity
was measured in the temperature range 4. 2-700'K
using the standard four-probe method. The Pt
leads were spot welded, and emf was measured
using a Leeds and Northrup-type K-5 potentiome-
ter. The relative values of resistance ratios are
estimated to be accurate within +0.01%. The
thermal emf's were also potentiometrically mea-
sured. For temperature measurements, Cu-con-
stantan thermocouples were spot welded on to the
specimen. The over-all uncertainty in the thermo-
electric-power measurements is estimated to be
+ 1%.

For determination of the interference function,
the entire x-ray diffraction pattern was recorded
in the range 12'& 2 & 180' using MoI|."n radiation.
A GE diffractometer fitted with a curved crystal
diffracted beam monochromator, a pulse-height
analyzer and a scintillation counter were employed.
The specimen consisted of four foils glued together
with Duco cement on a bakelite substrate. Such a
specimen may be considered to be infinitely thick
for the purpose of x-ray absorption corrections.
After making the corrections for polarization and
background, the observed coherent intensities (in
arbitrary units) were converted into those in elec-
tron units per atom (I',") using the high-angle
method.

RESULTS

Figure 1 shows the temperature dependence of
resistivity of the present alloys. The resistivity
values have been normalized with respect to the
extrapolated resistivity po at 0 'K. The interest-
ing feature of these results is that dp/dT is nega-
tive for Pt-rich alloys. Kith increasing Ni content,

TABLE I. Electrical resistivity (p) and absolute thermoelectric power (S) of amorphous Ni-Pt-P alloys.

Alloy composition

( ip 20 t0,80)0,75PO 25

(¹ip30 tp 70) 0 75PO 25

(Nip 40Ptp 60)0 ~ 75PO 25

(N 0 45Ptp 55)0~ 75 0o25

(»0 50P 0,50)0 75PO 25

(Nip 60Ptp 40)0 ~ 75PO 25

P300

(p, n cm+ «5)

185
183
166
173
164
170

1 ep

Pp 82 T= 3PP K

(10-'K ')

—4.9
—4.7
—3.9
—3.4
—1.4
+ 0.4

~300 K

(pV'K ')

2.16
2.28
1.97
1.90
2.54
2.50

(pV'K ')

0.90
0.86
0.85
0.91
0.90
0.87
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FIG. 2. Temperature dependence of electrical re-
sistivity of an amorphous and crystallized (Ni„Pt)~) 0 75

Po» alloy (x = 0.20) .
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dp/dT becomes less negative and changes sign
from negative to positive between x =0. 50 and
x=0. 60. The room-temperature resistivities of
all alloys are similar, and have values between
160 and 185 p, Q cm (Table I).

On heating slowly at a rate of 1.5'K per min
these alloys progressively transform into the equi-
librium crystalline phases at temperatures above
about 425'K (Fig. 2). The onset of devitrification
is marked by a small increase in the resistance
owing to the nucleation of microcrystals, and this
is followed by a rapid decrease until the recrystal-
lization is complete at-650'K. In the temperature
range 650- 300'K, the crystallized alloy has a rel-
atively large and positive dp/dT, and a room-tem-
perature resistivity which is about 30% of the value
for the amorphous phase.

The thermoelectric-power measurements were
made relative to copper and the results were then
converted into absolute units using the data of
Cusack and Kendall. All the aQoys show a linear
temperature dependence of thermoelectric power;
the S-versus-T curves for two typical alloys are
shown in Fig. 3. The values of S at 300 and 90 K
are listed in Table I.

The interference function a(K) was obtained from
the x-ray diffraction measurements. With a single
x-ray diffraction experiment on each ternary alloy,
it is not possible to obtain the six partial interfer-
ence functions corresponding to each of the "pair"
correlations present. The presently determined
a(K) shown in Fig. 4 corresponds to the convolu-
tion broadened weighted average atomic radial dis-
tribution function (RDF) 4' p(~) for the alloy as a
whole. ' ~' The following equations for a(K) per
atom may then be written:

Kta(K)-lj = f 4wr[p(x) —po] sinKrdh,

0'00 80
I

l60 240
TEMPERATURE ('K }
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FIG. 3. Absolute thermoelectric poorer versus tem-
perature for two (Ni„Pt~ &)p y5PO 2, alloys.

(2)

where K and x refer to the modulus of the diffrac-
tion vector in Fourier space and the position vector
in the real space, respectively; Po is the average
atomic density; m, n, . . . refer to the alloying ele-
ments Ni, Pt, . . . ; c is the atomic fraction; f is
the modulus of the x-ray form factor corrected
for anomalous dispersion. In the case of elastic
scattering from state k, to ka, we have

K = 2k sin8 = (4m/a) sine,

where, k is the wave number, X is the wave length,
and 28 is the diffr«ction angle. As may be seen in
Fig. 4, the function a(K) has fairly well-defined
peaks which get progressively smaller with in-
creasing values of R and eventuaQy degenerate into
very weak modulations about the horizontal line,
a(K) =1, which represents a completely uncorre-
lated structure.

DISCUSSION

The electrical resistivities of the present alloys
are similar in magnitude to those observed for liq-
uid transition metals. The negative value of dp/dT
for Pt-rich alloys is particularly interesting in
view of the fact that there is no experimental indi-
cation of localized magnetic moments. " In cer-
tain amorphous Pd-based alloys localized moments
are known to give rise to a negative resistivity



2.0—

& I.o—

0.0—

2.0—

o I.O—

II I I I

72 3 4 5 62

I I I I I

e e1ectron-tructural disord
f

The effect of »
d through the use o's best considereic propertie»s

( ) The peaks in a(&)the interference
the E-y, curve whic

function a + '
chcurve corresp pnd to riPPles»

Brilloujn zone effec ts inare similar to the sharp~~
n theories of elastic scatter-crystalline soli s.

f elect I'ons in ~i«ing of x rays a
b liquids in the la-

swellasof eecr
- t-s artlcularly ydered structure ~ p

~) has been recog-ortance of ater case, the p
ore recently Ziman andnize for some ™~

th t mta2].~ 23 have shownco],].aborators
e li uids may be ret ated as a caseduct~on in simple iq.

the nearly free-of electron»n0f weak scattering
model. The t element re-electron (NFE) mo '

' U k &, where Uisscatte»+g i ' '
and

sponsible for sca
'

1 o erator, and ki ana nonlocalized pseudopotentia
urface. The di-on the Fermi surare two states o

t' may then be ob-oss sectio~ mferential scattering
tion. The equationB rn approximationtained using the o

'
h pears in the so-~ time p whic aPfor the relaxation t

rt e uation may be writ-lution of o zB ltzmann transport equa ion
the following form:

0.0— I I

2 3 4

ten in

1 —cos28) de, (4)(~) ("(&)»n2e (1o

I

2 3 4 5 6 7
I I I I'

K(A-)

-ra interferenceimentally determined x-ray '

for two amorphouss E'(= 4m/A, Sin&) or w
d curves

(E) t h' hs ow
f th b ofvalue of 2kp or

The1 htion e e1 ctrons per atom, Z =

nts the presen a overtica 1 line represen s
with Z=1.3.

h s-d spin-exchang e interac-tribution throug s-con ri
'n discussion, an

'
ng

rovided of the electric

desirable ther
'dence indicating a 'gerimental evi encpoint, the exper' ' enc

e (K) s well as the
tural disor er ie

resent a aThe shapes of the p
closely similar o

s. '
1 noteworthy is thes. Particularly no e

h ll previously stu ie
th o ho 1-

he case wit a
amorphous meetallic aQoys, e ul

g - gle side o e
Consequently, e

~ 4be ond the first maximum.
f hbo

av
of the second to irs r

r, (= .86) lies within thea om't mic distances ~3 x,
rli uidmet s, ' ' fi-

'
he 1.6-1.8) b d' her than the values 1.

p -1for the previously studie am

/ If'V)( a(Jf) ~' a(Z)&,

where (g(Z')& = 1= (1/4u', )f'"g(Z) Jf'de .
E . (4) into the usual expressression forSubstitutmg q.

ec r' ' t — Vmtrical resistivity, p= Vm e

(1.z"a') ( ~.(If) ~"(If)&,

electronic charge and Z iswhere e is the e ec r
ber of conduction e ecaverage number

udo oten i at'al pproach has beenRece tly the pse p

p o ybl exists in e p
owing to the po

' '
1 c ronossibility of elec ron

ase would then include the

However, we may asization term.
that in discussingto be a function of K only, so a

'stivity of amor-variation of resis
1 d ofth i di d-a detailed knowle gephous alloys, a

(6)

k is the wavee electronic mass,
1-

where m is the e
d Vis the atomic vo-vector on Ferm i surface, an is

d upon the square ofume. The value oue of 1/~ depen s u

h eudopotential Iuonent of the pseuthe Fourier comp
f electron scatter-a form factor or e

h

which acts like a
f tion a(K), whse

' terference unc iing and upon the in
t Using Eq. (8),a structure fac or.is equivalent to a s

a be rewri 'tten as follows:the above equation may



E LEG TRICAL RESISTIVITY, THE RMOE LEG TRIC POWER 4545

o ko T f& Inp(E)
z=~

(8)

where k~ is the Boltzmann constant. Upon sub-
stituting Eq. (I) into above, we get

ual pseudopotentials is not necessary.
It is then possible to qualitatively explain the

negative temperature coefficient of resistivity of
amorphous (Nio oo Pto oo)o qoPo» alloy by making
the following two assumptions: (a) 2k~ for this
alloy is approximately equal to the value of K cor-
responding to the first peak in a(K). (b) The first
peak of a(K) broadens and decreases in height
with increasing temperature. Such a temperature
dependence of a(K) was experimentally established
for a liquid Cu-Sn alloy by Halder et a/. Here
2k& falls on the position E, of the first peak of
x ray a(K) and the observed decrease in peak
height of about 18/o for a 360'C temperature in-
crease is adequate to explain the negative dp/dT
of this alloy. The neutron diffraction work of
Wingfield et al. on liquid zinc also indicates a
general tendency towards a temperature-induced
broadening in the a(K) peak; however, the change
in the peak height was found to be too small to ac-
count for a temperature coefficient of resistivity
(TCR) of about —130ppm/'C for liquid zinc. It
should be pointed out that in the case of a solid
amorphous alloy like (¹o.aopto. oo)o. vsPo. oo a very
small decrease in a(K) peak height would be nec-
essary to explain its TCR of -49ppm/'C. The
situation is schematically illustrated in Fig. 4.
The position of the first peak in a(K) corresponds
to a Fermi energy E~= 6. 9 eV and an average num-
ber of conduction electrons per atom Z= 1.3.
These quantities are related by the NFE relation
Zpo =@/3v where po is equal to the experimental-
ly determined density of 0. 063 atoms/A'. An in-
crease in the Ni content of the alloy causes a
shift in the first peak of a(K) towards higher K val-
ues. ~ This would have the effect of gradually
moving 2k~, corresponding to the same value of
Z, towards a region where a(K) increases with
increasing temperature. Such a region, of course,
corresponds to a positive dp/dT. The presently
estimated number of 1.3 s electrons per atom for
amorphous Ni-Pt-P alloys is significantly higher
than that (0. 5 —0.6) known to exist in Pt or Ni.
Such a high number would suggest that the phos-
phorus atoms in such alloys exist in a highly ion-
ized state, and contribute their valence electrons
into the conduction band.

Ziman's theory can also be used to obtain in-
formation on another derivative of resistivity,
namely, dp/dE. Thus, for the diffusion part of
thermoelectric power, S, we have the following
expression:

2~u(2k~))' a(2k, ) 3)e)Z~ S

( iu(K) i') (a(K)) oV, (9)

For the alloy (Nio ooPto oo)o,oPo» the right-hand
side of Eq. (9) was evaluated using the experi-
mentally determined value of S3ppoK and Eg =6 94

eV, and is found to be equal to 5. 04. a(2k„)/(a(K))
can be evaluated using the data in Fig. 4 and
is found to be -4. 23. This gives a value of 0.6
for lu(2k~) I /( l u(K) 1') . In view of the simplifica-
tions made in the theory, such numerical values
must be considered as indications only of the or-
der of magnitude of the corresponding qualities.
However, the fact that lu(2k~}}'/(lu(K}l') appears
to be less than 1 would suggest that in this alloy
u(K) is decreasing with increasing values of K. If
we assume the present alloys to be associated
with a constant value of Z, it means that the
"average" form factor for electron scattering u(K)
is decreasing with increasing Ni/Pt ratio in the
alloy.

CONCLUSIONS

(1) Ternary alloys having the composition (Ni„
Pt, „)o qoPo oo where 0.20 —X 0. 60, may be ob-
tained in the glassy state by rapid liquid quenching
technique. The atomic configuration in these al-
loys closely resembles that found in liquid metals.
Their electrical properties can be interpreted in
terms of electron scattering in a disordered
structure, assuming a spherical Fermi surface
(NFE model).

(2) The negative dp/dT for amorphous (Nio oo

Pto oo) o 7oPo oo appears to be due to its high Fermi
energy of about 6. 9eV; this corresponds to the
position of the first peak in its x-ray interference
function a(K) at which a(K) decreases with in-
creasing temperature. Assuming a constant num-
ber of conduction electrons per atom of -1.3, the
progressive change in dp/dT towards positive val-
ues on increasing x may be qualitatively explained
by the shift in the peak of n(K) towards higher K
values; this causes K(= 2k~) corresponding to the

alloy composition move into a region where a(K)
increases with increasing temperature.

(3) On the basis of the observed linear temper
ature dependence of the positive thermoelectric
power of these alloys, it would appear that the
"average" form factor for electron scattering de-
creases with increasing ¹icontent.
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The electron-phonon contribution to the ultrasonic attenuation and the electrical resistivity
of potassium at low temperatures is calculated using a number of different pseudopotentials.
Serious discrepancies are found between the calculated values and the experimental data re-
ported by Natale and Rudnick.


