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The influence of temperature on the structure of amorphous NiP was determined by means of x-ray and
thermal-expansion measurements. The results compare well with the theoretical predictions for the static x-
ray structure factor of an amorphous Debye solid. Observed changes in the structure factor with temperature
are of the correct magnitude to explain the temperature dependences of the resistivity of amorphous metals in
terms of the Ziman liquid-metal theory; this is taken as further experimental confirmation of the validity of
liquid-metal theory for electron transport in these systems.

I. INTRODUCTION

X-ray and thermal-expansion measurements
were performed to determine the influence of
temperature on the structure of glassy NiP. The
results are compared with the predictions of
theory for the static x-ray structure factor S(K)
of an amorphous Debye solid.! No detailed study
of this kind is available? at present, and our con-
clusions for NiP are expected to reflect the gen-
eral behavior of metallic glasses.

The results are of particular interest in the
area of electron transport in structurally and
compositionally disordered metals and alloys.
Previous experimental and theoretical works®~”
support the use of the Evans, Greenwood, and
Lloyd modification® of the Ziman liquid-metal
theory® to describe the resistivity of such sys-
tems. In the context of this theory the temperature
dependence of the dynamic structure factor de-
termines the temperature dependence of the re-
sitivity. The present structure measurements
show that the thermal disordering effects are of
the same magnitude as the temperature depen-
dences of the resistivity in metallic glasses, and
thus provide further experimental support for this
theory.

II. EXPERIMENTAL

The 20- and 25-at.% P samples were prepared
from baths and conditions similar to those given
by Cargill.!® Flat plates approximately 2 cm
X4 ¢cm X 0.4 mm and 4-mm-i.d. hollow cylinders
were prepared for x-ray diffraction and thermal-
expansion measurement, respectively. These
were obtained by electrodepositing onto flat copper
substrates or hollow copper cylinders which were
then dissolved in a chromic-acid-sulfuric-acid
solution without affecting the NiP sample.

A. X-ray diffraction

The intensity data were obtained using an auto-
mated Phillips diffractometer and XRG 5000 x-ray
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generator. Molybdenum and copper radiations
were used with a scintillation counter, a LiF dif-
fracted beam monochromator, and a pulse-height
analyzer.

A hot-plate sample heater was fabricated for
x-ray measurements at 22 and 220 C. This was
mounted on a modified diffractometer sample
holder. Temperatures were monitored with an
iron Constantan thermocouple. Stability during a
run was +2 C.

The intensity vs 26 scans were performed in
sections to permit frequent checks at reference
points before and after a scan to ensure that the
count rate remained stable. The counting time
intervals were selected to give sufficient accuracy
at the peaks and a reasonable total run time (8 to
16 h for a given section of the 26 range).

As with splat-cooled amorphous metals, we
found that irreversible structural relaxations
occur upon initial heating of the electrodeposited
NiP samples. Such difficulties were avoided by
first vacuum annealing the samples between mi-
croscope slides for four hours at 220 C.

B. Analysis of the x-ray data

A computer program provided by Wagner'! was
used to calculate the structure factor (or inter-
ference function). The measured intensities were
corrected for experimentally determined back-
ground and Compton modified radiations, and for
polarization. The “high-angle method” was used
to convert to electron units S,,(K) which is defined
as the ratio of the scattered intensity to the clas-
sical intensity from a single electron and where
K =47 (sin)/Xx. The structure factor S(X) is given
by

[S (K) - clcz(fl —fz)z]
S(E) === (e fi+cofo)? ’

where c, c,, f,, and f, are the respective concen-
trations and atomic scattering factors of nickel
and phosphorus. Defining F(K)=K[S(K)-1]

and G(7) =4n(p(#) - p,), we have the relation
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6=/ [ F(K) sin(r) dk . 5
() =
z
7G(r)+4mr?p, is the radial distribution function; 2
p, is the average atomic density. <0
The background was measured using a beam «|
stop, and the Compton contribution was deter- <
mined by scattering from an annealed crystalline L
nickel foil. This automatically eliminates any

“Compton down-scattering” which is a function

of monochromator geometry, but contains the
crystalline thermal diffuse scattering (TDS).'2
The known x-ray Debye temperature permitted

an empirical correction for the TDS using Sppg
al-e™ for fcc lattices midway between recipro-
cal lattice points.’®* We recorded the pure nickel
background at two temperatures, 22 and 250 C,

to obtain the proportionality constant and the TDS
term. The pure nickel Compton contribution was
then scaled down by approximately 8% in this re-
gion to give corrected values for Ni,,P,,. Empiri-
cal corrections were made throughout to account
for changes in air scattering and air absorption
from heating effects. The resultant S(K) oscillates
about unity, and only small oscillations of G(7)
about —47p, are seen for »<2 A which indicates
the validity of the procedures employed.

C. Thermal expansion

The Dupont 942 thermomechanical analyzer
was used for thermal expansion measurements
on the amorphous Ni,;P,, samples. 1-cm sam-
ple lengths were selected to conform to the uni-
form temperature zone of the furnace. The dif-
ferential transformer was air cooled to prevent
convective heating and resultant hysteresis effects.
The system was calibrated with a 99.999%-purity
Al cylinder and checked against Pt and Cu stan-
dards. Agreement within +2% of the tabulated ex-
pansion coefficients was found.

III. RESULTS
A. Thermal expansion

The thermal expansion of an amorphous NiP
cylinder is shown in Fig. 1. Several cycles to
250 C were recorded in order to demonstrate the
structural relaxation effects which occur above
100 C in the unannealed samples. Similar effects
are observed in conventional glasses' and in
splat-coqled metallic glasses.!® Creep measure-
ments'® on amorphous Ni,;P,, also reveal the pres-
ence of these relaxations.

The rapid length contraction in the vicinity of
300 C is due to cystallization; in this region
Al/1=0.36% giving AV/V=1.1% which is predicted
for metallic glasses.!?
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FIG. 1. Thermal expansion of amorphous Ni;sPys.
Structural relaxations are evident in the initial cycles
at 250°C. Length reduction at 300°C is due to crystal-
lization.

The temperature range of interest for our x-ray
measurements is between 20 and 200 °C. The av-
erage expansion coefficient « in this range is
14.2x 107%/°C. For the fully ¢rystallized Ni, P,
sample, o =14.6%10"%/°C.

B. X-ray diffraction

The effects of temperature on the first two peaks
in the x-ray structure factors of a Ni,; P, sample
were examined in detail. Both peaks shifted to
lower peak positions K, on heating. Using a least-
squares second-order polynomial fit to between
10 and 20 data points in the upper 25% of the
peaks, AK,/K,=-0.27% for the first peak, and
-0.24% for the second. This is in accord with
the assumption of uniform thermal expansion which
gives AK,/K,= —a AT = -0.28% using our measured
value of a.

The relative changes in the Ni, P, structure
factor AS/S due to heating are shown in Fig. 2.
The thermal expansion shift was removed using a
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FIG. 2. Relative changes in the structure factor of
amorphous Ni;;P,s on heating from 22to 210°C. Data
are compared with the theory for an amorphous Debye
solid (@ =340 K). Also shown are the relative changes
in the Percus-Yevick hard-sphere alloy model due to
thermal expansion.
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variable power spline interpolation function curve
fit.?® The scatter in the data is primarily statis-
tical in origin. The main observations are (i)
AS/S is negative in the immediate vicinity of the
peaks and positive elsewhere; (ii) the magnitude
of AS/SAT is of the order of =10/ °C at the peaks
and generally larger and positive in the peak tails;
and (iii) the radiation missing from the peaks ap-
pears in the peak tails as indicated by the result
that 27 AS(K) =0 within experimental error over
this range of K values.

IV. DISCUSSION

The uniform thermal expansion indicated by the
uniform shift in the first two peak positions in
S(K) for NiP contrasts with the behavior reported
for liquid metals.!®?° For the latter, because of
structural rearrangements, the main peak either
remains at its original position on heating or may
shift to slightly smaller K, values while the second
peak shifts to larger K, values. This simpler be-
havior of amorphous metals, combined with a
factor of three or four smaller expansion coef-
ficients, permits convenient simplifications in the
analysis of resistivity data. For example, the
Fermi sphere diameter 2k can be assumed to
expand or contract to exactly compensate for any
peak shifts in the structure factor.® This also
relaxes the requirement, which exists for liquids,*
that the resistivity data be recorded under con-
stant-volume conditions for a proper analysis in
terms of the Ziman theory. We therefore consider
that amorphous metals provide a more straight
forward experimental test of the Ziman model
than is possible with liquids and have shown, in
fact, that it correctly predicts most of the ob-
served temperature dependences in disordered
and amorphous alloys over the entire range from
T=0°K."

A theory for the effects of temperature on the
structure factors of amorphous Debye solids was
given in an earlier paper.! For x-ray scattering®

S(K) = a(K) exp(-2M) + AXK)[1 - exp(-2M)], (1)

where

a(®) = (1/N) 2, explik - (i - )],

AX(K)=fold(q/qD)fZ—ﬂQa(_ﬁ+&) for T20,

exp(-2M) the Debye-Waller factor, © the Debye
temperature, J is the phonon wave vector, N is
the number of atoms in the sample, and g, is the
radius of the Debye sphere. Since g, is large
relative to the scale of the structural features in
a(K), as a very rough estimate, A*(X) can be taken
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FIG. 3. Comparison of the observed x-ray structure
factor of amorphous NigsPy5 with the Percus-Yevick
hard-sphere model (7n=0.525). Also shown is the com-
puted A* (K) assuming a Debye spectrum (7=295°K).

as unity. Equation (1) then reduces to that pre-
viously discussed by Cargill,*® Cote et al.,?® Nag-
el,?* and Wagner ef al.?®> For any detailed com-
parison with experiment however, the computed
values of A*(K) are required. The Percus-Yevick
hard-sphere expression®® for a(K) gives good
agreement® with the first peak in the measured
a(K) for NiP as shown in Fig. 3 and was used to
obtain A*(K). The result, using © =340 K, is also
shown in Fig. 3. Since A*(KX) is quite insensitive
to the choice of © and since metallic glasses all
have similar structure factors,’® A*(X) in Fig. 3
is considered appropriate for all metallic glasses.

These values of A*(K) were used in Eq. (1) with
0©=340K to calculate the relative changes in
structure factor on heating. The measured NiP
structure factor served to approximate a(K). The
results compare well with the observed AS/S val-
ues (Fig. 2) and provide experimental support for
the structure factor model described by Eq. (1).

With A*(K) =1, an effective Debye temperature
of =400 ° K is required to give agreement with ex-
periment. The structure in A*(X), in effect, re-
duces © and brings it into somewhat better accord
with the value (267 K) obtained from low-tempera-
ture specific-heat measurements. Among the pos-
sible reasons for the remaining descrepancy is
that © may be temperature dependent so that the
high-temperature x-ray © is larger. Alternative-
ly, the major contributor to the x-ray scattering
is the Ni-Ni partial structure factor,® which may
have a higher effective Debye temperature than
that of phosphorus. Some support for the latter
is found in the specific-heat data?’ which shows
that © is a decreasing function of P content.

The magnitude of AS/S in Fig. 2 and the negative
values at the structure factor peaks are both re-
flected in the resistivity data for metallic glasses.
According to the Ziman theory, the temperature
dependence of p is determined by the temperature
dependence of the structure factor so that negative
temperature coefficients result from an overlap
of 2k with the peaks in S(X). For transition-met-
al alloys, the temperature coefficient of p is ap-
proximately AS/SAT which, from Fig. 2, is
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~10™ K™ at the peaks. Positive and negative coef-
ficients of this magnitude are, in fact, typically
observed in amorphous metals.

In a previous paper,® detailed calculations based
on the Evans, Greenwood, and Lloyd modification®
of the Ziman theory were shown to be in very good
agreement with the measured resistivity of amor-
phous NiP. The magnitudes and composition de-
pendence of the resistivity and the transition from
positive to negative temperature coefficients of
resistivity were given correctly. In that calcula-
tion, the effects of temperature on S(K) were sim-
ulated by changing the packing fraction in the Per-
cus-Yevick alloy model?® to account for thermal
expansion. The resultant AS/S values are shown
in Fig. 2 for comparison. It was noted that this
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might underestimate the thermal-disorder effects.
The computed temperature coefficients of resistiv-
ity were ~35% smaller than the observed values.
As seen in Fig. 2, this is approximately the
amount by which our Percus-Yevick values under-
estimated the actual values of AS/S. Use of the
actual values would therefore produce excellent
agreement between calculated and observed tem-
perature coefficients.

In summary, experimental results on the effects
of temperature on the structure of amorphous NiP
are in good agreement with the theory for amor-
phous Debye solids. The data also provide re-
quired experimental support for the validity of
liquid-metal transport theory for amorphous and
disordered alloys.
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