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Amorphous alloys having the composition (Ni,Pt;_,)¢ 75Pg,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 uQcm, and the absolute thermoelectric power S between 1.9-2.5 uV/°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 x=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—8x10~3 uVdeg™%. The electrical
behavior of these alloys may be treated ih 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 x=0.20, this implies a Fermi energy of 6.9 eV which corresponds
to the position of the first peak in a(K). The thermoelectric-power results lead to the con-
clusion that the “average” form factor for scattering of electrons decreases with increasing
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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.!'2 It 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
glassy 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;_,)s. 15Ps. 55 (0. 20<x < 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, Pty_,)¢.75P¢.25 alloys normalized with re-
spect to the resistivity (extrapolated) at 0 °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 y thick and
2.5cm in diameter. Owing to the inexact repro-
ducibility of the quenching conditions, it was neces-
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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 CuK« 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°<260< 180° using MoK« 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. 7

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 p, at 0 °K.® The interest-
ing feature of these results is that dp/dT is nega-
tive for Pt-rich alloys. With increasing Ni content,

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

. - S.°

Alloy composition P30 x ( -g—p ) i S300 °k 9 ‘K
T/ r-300°k
(#Q cm +15) (107%°K™Y) @V K™Y (#V °K™Y)

(Nig,20Pto.80)0.75P0.25 185 -4.9 2.16 0.90
(Nig,30Pto,70)0.75P0.25 183 -4.7 2.28 0.86
(Nig, 40Pto,60)0.75P0.25 166 -3.9 1.97 0.85
(Nig,45Pt0,550.75P0.25 173 -3.4 1.90 0.91
(Nig, 50Pto,5000.75P0,25 164 -1.4 2.54 0.90
(Niy, gy Pto.40)0.75P0,25 170 +0.4 2.50 0.87
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FIG. 2. Temperature dependence of electrical re-
sistivity of an amorphous and crystallized (Ni, Pty 15
Py.25 alloy (x=0.20).

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 pQcm (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/d7, 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 alloys 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) 4m*#p(r) for the alloy as a
whole. * * The following equations for a(K) per
atom may then be written:

Kla(K)-1] = [~ 4m{pG) - p,] sinkrdr , 1)

THERMOELECTRIC POWER 4543
I T T T I I T
3.0~ =
_ i X=50]
<
L
S L _
\:}3.0(—2.0
[0 et
v i
=
3
a
Q20 10 4 X320
[0
5 | n
WL 40 80 120 4
[V}
S
g
& o} —
I
}_
[ N N S N A

0.03 80 160 40 320

TEMPERATURE (°K)

FIG. 3. Absolute thermoelectric power versus tem-
perature for two (Ni,Pt;_,)o 75Py,25 alloys.

a®)=1+0%" = 2 cnf D/ (Tmenfa ()

where K and 7 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 isthe 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 K,, we have

K =2k sind = (47/2) siné , (3)

where, & is the wave number, X is the wave length,
and 20 is the diffraction 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 K and eventually 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 lig-
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
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FIG. 4. Experimentally determined x-ray interference
function versus K(=4m/ASinf) for two amorphous
(Ni,Pty_y)g,75P0.25 alloys (thick curves). Dashed curves
show (schematically, following Ref. 23) a(K) at higher
temperature. The value of 2k for the number of conduc-
tion electrons per atom, Z=1,2,..., is also shown. The
vertical line represents the present alloy compositions
with Z=1.3.

contribution through s-d spin-exchange interac-
tion. *® In the following discussion, an interpreta-
tion will be provided of the electrical behavior of
present alloys in terms of the theories of electron
scattering in disordered structures. It appears
desirable therefore to briefly summarize at this
point, the experimental evidence indicating a high
degree of structural disorder in these alloys.

The shapes of the present a(K) as well as the
RDF curves are closely similar to those observed
for liquid metals. Particularly noteworthy is the
fact that unlike the case with all previously studied
amorphous metallic alloys, **~!7 there is no shoul-
der on the high-angle side of the second peak in
a(K) (Fig. 4). Consequently, the RDF does not
have a double peak beyond the first maximum, *
Also, the ratio of the second to first near neighbor
atomic distances 7,/7; (=1.86) lies within the
range observed for liquid metals, * and is signifi-
cantly higher than the values (1. 6-1. 8) observed
for the previously studied amorphous films. !¢
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The effect of structural disorder on the electron-
ic properties is best considered through the use of
the interference function a(K). The peaks in a(K)
curve correspond to ripples in the E-%.curve which
are similar to the sharper Brillouin zone effects in
crystalline solids.*® In theories of elastic scatter-
ing of x rays'® as well as of electrons® in disor-
dered structures, particularly by liquids in the lat-
ter case, the importance of a(K) has been recog-
nized for some time, More recently Ziman and
his collaborators®'’ # have shown that metallic con-
duction in simple liquids may be treated as a case
of weak scattering of electrons in the nearly free-
electron (NFE) model. The matrix element re-
sponsible for scattering is (El | U [Ez) , where U is
a nonlocalized pseudopotential operator, and El and
Ez are two states on the Fermi surface. The dif-
ferential scattering cross section may then be ob-
tained using the Born approximation. The equation
for the relaxation time = which appears in the so-
lution of Boltzmann transport equation may be writ-
ten in the following form:

1_mkg '”/zlu(K)[za(K)sinZG(l-cosze)dG, (4)

where wm is the electronic mass, EF is the wave
vector on Fermi surface, and V is the atomic vol-
ume. The value of 1/7 depends upon the square of
the Fourier component of the pseudopotential lu(K )Iz,
which acts like a form factor for electron scatter-
ing and upon the interference function a(K), which

is equivalent to a structure factor. Using Eq. (3),
the above equation may be rewritten as follows:

% = @mkp /1Y) |u®)|? a(K)) (5)

where (g(K)) = (1/4%5)[ ¢ (K) K*aK . )

Substituting Eq. (4) into the usual expression for
electrical resistivity, p=(Vm/Ze?) 1/r, we get

p=@mkp /12e*0%) ( |u(K)a(K)), (7)

where e is the electronic charge and Z is the
average number of conduction electrons per atom.
Recently the pseudopotential approach has been
extended to transition metals in which the partial
filling of the d band may be neglected.® Such a
situation probably exists in the present alloys
owing to the possibility of electron transfer from
phosphorus into the vacant states of Ni and Pt.
{1#(®)I1?) in such a case would then include the
sum of a transition metal pseudopotential form
factor and the form factor for a screened hybrid-
ization term.? However, we may assume( lu(K)[?)
to be a function of K only, 2! so that in discussing
the temperature variation of resistivity of amor-
phous alloys, a detailed knowledge of the individ-
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ual pseudopotentials is not necessary.

It is then possible to qualitatively explain the
negative temperature coefficient of resistivity of
amorphous (Nig, 20 Pto, s0)o, 75Po, 25 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 al.?® Here
2k falls on the position K of the first peak of
x ray a(K) and the observed decrease in peak
height of about 18% 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.2 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 - 130 ppm/°C for liquid zinc. It
should be pointed out that in the case of a solid
amorphous alloy like (Nig_ 50Pto_ go)o, 5P, 25, 2 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 Ez~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=k%/37% where p, 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 2ky, 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:

_PRAT (o1np(E)
e )y ©

where k5 is the Boltzmann constant. Upon sub-
stituting Eq. (7) into above, we get

2|u(@kp)|® a@kg) . 3le|Ep S
ﬂj’“PJu(K)Ff @@y ‘3+JFJ’kBL 7O

For the alloy (Nig, 50Pto, s0)o. 75P0, 25, the right-hand
side of Eq. (9) was evaluated using the experi-
mentally determined value of S3p9ox and Er =6.9,
eV, and is found to be equal to 5.0,. a(2kz)/a(K))
can be evaluated using the data in Fig. 4 and

is found to be ~4.2;. This gives a value of 0.6
for lu(2kz) 2/ 1u(K)I1?). 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 |u(2%,)1%/{1u(K)|2) appears
to be less than 1would 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 «(K)
is decreasing with increasing Ni/Pt ratio in the
alloy.

CONCLUSIONS

(1) Ternary alloys having the composition (Ni,
Pt,_.)o.75P0, 25 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 (Nig, s
Pty 50) 0, 715Po. 25 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/d T towards positive val-
ues on increasing x may be qualitatively explained
by the shift in the peak of a(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 Ni content.

ACKNOWLEDGMENT

The author would like to acknowledge with grat-
itude the kind help and encouragement of Profes-
sor Pol Duwez.



4546

*Work supported by the U.S. Atomic Energy Com-
mission.

IN. F. Mott, Advan. Phys. 16, 49 (1967).

°H. Krebs, J. Noncrystalline Solids 1, 455 (1969).

3p. Duwez, Am. Soc, Metals Trans. Quart. 60, 607
(1967).

4A. K. Sinha and P. Duwez (unpublished).

P. Duwez, in Techniques of Metals Research, edited
by R. F. Bunshah, (Interscience, New York, 1968),
Chap. 7, p. 347.

D, R. Harbur, J. W. Anderson, and W, J. Maraman,
Trans. AIME 245, 1055 (1969).

K. Furukawa, Rept. Progr. Phys. 25, 395 (1962).
8At temperatures below 10—14°K, there was a small
anomalous increase in the resistivity for all alloys, the

total increase at 4.2 °K being about 0.05%. This effect
appears to be associated with about 35 ppm of iron im-
purities present in the alloys and is probably caused by
localized impurity states [see, e.g., J. Kondo, Progr.
Theoret. Phys. (Kyoto) 32, 37 (1964); D. Kim, Phys.
Rev. 146, 455 (1966)]. Therefore, for extrapolation of
resistivities to 0 °K, allowance was made for such con-
tributions due to impurities, and only the data above 14 °K
were used. A very similar effect has been previously
observed in certain nonmagnetic Pd-based amorphous
alloys [P. Maitrepierre, J. Appl. Phys. 41, 498 (1970)].
°P. Duwez (private communication).

10N. Cusack and P. Kendall, Proc. Phys. Soc. (London)
72, 898 (1958).

R, Kaplow, S. Strong, and B. Averbach, in Local At-
omic Avrangements Studied by X-Ray Diffraction, edited
by J. B, Cohen and J. E. Hillard (Gordon and Breach,
New York, 1966),

2Magnetization measurements made in the temperature
range 80~300 °K using a null~coil pendulum magnetometer

ASHOK K.

SINHA 1

showed that the magnetization of these alloys varies be-
tween 0.001 to 0.01 emu/g; it is independent of field
(2<H<8.5kG) and is constant with respect to temperature
between 80 and 300°K. Magnetoresistivity measurements
at 4.2°K and in fields up to 8kG indicated only a small
positive value for Ap(H)/p.

8¢, C. Tsuei and R. Hasegawa, Solid State Commun.

7, 1581 (1969).

Y4¢, N. J. Wagner, J. Vac. Sci. Technol. 6, 650 (1969).

153, C. H. Lin and P. Duwez, Phys. Status Solidi 134,
469 (1969).

16p, 1, Maitrepierre, J. Appl. Phys. 40, 4826 (1969).

!TB. G. Bagley and D. Turnbull, J. Appl. Phys. 39,
5681 (1968).

83ee, e.g., N. F. Mott, in Liquid: Stvucture, Proper-
ties and Solid Interactions, edited by T. J. Hughel (Else-
vier Publishing Co., Inc., Amsterdam, 1965), p. 152.

R, W. James, The Optical Principles of the Diffrac-
tion of X~Rays (G. Bell and Sons, London, 1962).

%K. S. Krishnan and A. B. Bhatia, Nature 156, 503
(1945).

23, M. Ziman, Phil. Mag. 6, 1013 (1961).

22¢, C. Bradley, T. E. Faber, E. G. Wilson, and J. M.
Ziman, Phil. Mag. 7, 865 (1962).

BW. A. Harrison, Phys. Rev. 181, 1036 (1969).

2w, A, Harrison, Pseudopotentials in the Theory of
Metals (Benjamin, New York, 1966).

%N. C. Halder, D. M. North, and C. N. J. Wagner,
Phys. Rev. 177, 47 (1969).

B, F. Wingfield and J. E. Enderby, Phys. Letters
27A, 704 (1968).

*'In Fig. 4, the Z values for amorphous (Nig,sPto.500.75
Py,o5 have been marked using the experimentally deter-
mined value of p,=0.067 atoms/A3 for this alloy. The
two a(K) curves have been lined up along Z=1.3.

PHYSICAL REVIEW B

VOLUME 1, NUMBER 12

15 JUNE 1970

Ultrasonic Attenuation Due to Electron-Phonon Interaction in Potassium

T. M. Rice

Bell Telephone Laboratovies, Muvvay Hill, New Jevrsey 07974

and

L. J. Sham*

University of California at San Diego, La dJolla, California 92037
(Received 29 January 1970)

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.



