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Data are presented for the thermopower and electrical resistivity of amorphous and crystalline Ni;P,,.
Mean-free-path effects are large in the electrical resistivity but appear to be less significant in the
thermopower. The diffraction model, modified to include the Pippard-Ziman constraint on the electron-
phonon interaction, is used to derive an expression for the thermopower in high-resistivity systems. The data
on the amorphous phase are consistent with this modified diffraction model. The s-d .model predictions, in
contrast, are an order of magnitude too large and of the wrong sign.

I. INTRODUCTION

The diffraction model of electrical transport is
well established for ideal crystalline metals
(Bloch-Griineisen function') and for liquid metals
[Ziman theory® and its extension to transition met-
als by Evans, Greenwood, and Lloyd (EGL)*?].
The model has also been adapted to the study of
electrical transport in crystalline,® amorphous,®™*
and disordered alloys,® ™" and good agreement has
been obtained for the temperature dependences
and magnitudes of the measured resistivity p and
thermopower @ in many systems. However, sig-
nificant discrepancies are found between theory
and experiments in high-resistivity alloys
(p>150 uf cm).'? For example, (assuming back-
scattering dominant and a Debye phonon spectrum)
the diffraction model gives px1+AT? withA4 a
positive constant for temperatures 7' much less
than the Debye temperature © in all amorphous
metals, while systems with p>150 ufcm general-
ly exhibit pc1 ~AT2% We have shown'® that such
discrepancies can be understood in the framework
of the diffraction model by incorporating the Pip-
pard-Ziman mean-free-path condition on the elec-
tron-phonon interaction.’®* (The effect of the Pip-
pard- Ziman condition is to reduce the inelastic
part of the resistivity at the highest resistivities.)

Electrodeposited NiP alloys are well character-
ized and thus are excellent subjects for examining
theoretical models of transport in transition-met-
al systems. Their heat capacity,!® x-ray'® and
optical'” photoemission spectra, electrical resis-
tivity,'® and magnetic properties'® have been stu-
died. In addition, amorphous NiP alloys transform
into several crystalline phases of varying residu-
al resistivity. The extensive range of magnitudes
and temperature dependences of resistivity and
thermopower exhibited by these alloys subjects
any transport theory to stringent tests.

The electrical resistivity data reported here in-
dicate that strong mean-free-path effects are

present and are well described by the modifica-
tion of the diffraction model given in Ref. 13.
Thermopower, on the other hand, is not as sensi-
tive to electron mean-free-path effects since it is
determined primarily by elastic scattering in
these highly disordered systems. The present
thermopower results are in good agreement with
the diffraction model. On the other hand, the s-d
scattering model’*? (the principal alternative
theory in transition-metal systems) predicts the
wrong sign and magnitude for the thermopower of
these alloys.

II. THEORY

The diffraction model (extended Ziman theory3)
gives
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where all quantities are in atomic units (atomic un-
itof resistivity is 7/ Ry = 43.48 uQ cm), &, is the
atomic volume, kg is the Fermi wave number,

Eg is the Fermi energy,
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where 7! is the Ith scattering phase shift evaluated
at the Fermi energy on the ith component of the al-
loy, and \
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where ¢; is the concentration of the ith component,
S;; is the partial structure factor, and
F,,&)=P(1 - 24*)P,(1 - 2x?),

with P, the Ith Legendre polynomial.
The thermopower @ is given as (dropping com-
ponent indices)

Q= (ﬂszT/3 le 'Ep) ('E) ’ (4)
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where
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with

y=§kpzalm?k':/zamlm (6)
and
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(B is Boltzmann’ s constant, e is the electron
charge, and T is the absolute temperature). The
d-phase shift term and backscattering dominate
the electrical transport properties of transition-
metal (TM) alloys; thus
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The temperature and composition dependence of
the electrical resistivity in amorphous and dis-
ordered crystalline alloys is essentially deter-

mined by the (resistivity) partial structure fac-
fors. The thermopower is determined by deriv-
atives of the phase shifts and structure factors

as well.

The x-ray and resistivity structure factors for
amorphous Debye solids are discussed in Refs. 7
and 8. There is an extensive literature dealing
with the structure factors of liquid metals. The
(resistivity) partial structure factors can be sepa-
rated into elastic and inelastic components, Em-
ploying the Sham- Ziman approximation®® to the
multiphonon series, one obtains

S(K) = Sy(K) + S (K) , (11)
where the elastic component
Sy(K) =a(K) e 2V - (12)

with a(K) being the geometric structure factor and
¢ 2¥® the Debye-Waller factor; the phonon (or ine-
lastic) component for a Debye phonon spectrum is
given by
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where a(K) =3(nK)?/Mkg©, M is the average ionic
mass, q, and © the Debye wave number and tem-
perature, n(x) = (¢*- 1) is the phonon occupation
number, and x = yw/kyT=(q/q,)@/T) for a Debye
phonon spectrum. The lower limit y is determined
by the electron mean free path through the Pippard.
Ziman condition'®'* and is defined below. If the
resistivity is not too large, the entire phonon

" spectrum contributes, and y=0. In that case

S 1+AT?, with A a positive constant at low tem-
peratures (7 < @) since the coefficient of the +T*?
term in the inelastic term is approximately twice
as large as the -T2 term in the elastic term (aris-
ing from the Debye-Waller factor). We note here
that the 7 contribution to p, arising from the

K =0 singularity in a(K)' is negligible because of
the large weighting of K ~ 2k scattering in TM sys-
tems, and has never been observed.

The high electrical resistivity of amorphous
metals indicates that the electron mean free path
is short. In such cases the Pippard-Ziman con-
dition'* on the electron-phonon interaction must be
considered. Following Ziman, this condition may
be expressed as follows: phonons with wavelengths
longer than the electron mean free path A ave inef-
fective electvon scattevers. The low frequency cut-
off at ¢/q,=v in Eq. (13) is a direct consequence of
this condition. The factor y can be related to the
resistivity p as y=p/p*, with the saturation resis-
tivity

p* =3q,/27N (Ep)e* Vg, j (14)
where N(Ej) is the density of conduction states at
the Fermi energy and V. is the Fermi velocity.
For free-electron metals, p*~200—-300 u cm.
Expressing the resistivity partial structure factors

as explicit functions of ¥, one has for T2 30 and
y<1,

SUK,7)= a(K)e 24 (1 - 9)S4(K, 0) . (15)
Thus
P=0 eV (1= p/p*)pyy
_ Pt 2, Pip
T lep,/p* (16)

where p;, is the ideal-phonon resistivity (whlch is
approximately linear in T for 7> 30) and p,e™?" is
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the elastic component of the resistivity. [2W~2W
(2kz) is an effective Debye-Waller exponent.] This
expression is expected to apply to crystalline met-
als as well.'®

Equation (16) reproduces the observations of
Mooij'? concerning saturation effects. For exam-
ple, for p,= 0, pbecomes approximately T indepen-
dent as p;,~ p*; and for p0>%p*, negative tempera-
ture coefficients of resistivity (TCR) occur be-
cause of the dominance of the elastic contributions
to the resistivity for y>%, regardless of the posi-
tion of 2k, with respect to the first peak in the
structure factor.

The denominator in Eq. (16) will give rise to ex-
tra terms in the thermoelectric parameter:

Pip [
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where y and z are defined in Egs. (6) and (7) and
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We have dropped the i,j superscripts in Eqs. (18)
and (19) as before, and S¥(K) is the ideal-phonon
part of the ¢jth partial-structure factor. Consider
two special cases:

(i) Ideal-phonon resistivity is much less than
saturation resistivity (p,;,<< p*). The new terms
are small in this limit and Eq. (15) is recovered.
Thus, as long as p,,<<p*, Eq. (5) is a good approx-
imation to the thermopower, even in cases in
which saturation effects, generated by elastic
scattering (i. e., p,~ p*), are important in deter-
mining the TCR.

(ii) Elastic scattering contributions are much
less than phonon scattering contributions tothe re-
sistivity (p,e?% < p,,). Inthis limit Ii{ =J%  so
that y=y* and z=2*, and

_ 1 Pip (l LOIN(Ey) )
- “Tip/p* (-2+y +Z)—p*+p” 2 *omE, )

(1)

We see that in this limit, appropriate to perfect-
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crystalline materials, the thermoelectric para-
meter is reduced by the same factor, 1+p,,/p*,
as is the resistivity, and there is an additional
correction term. In the limit of very large p,,,

-& goes to -1 for a free-electron density of states,
which is the standard result in the constant mean-
free-path case.?®

III. EXPERIMENTAL DETAILS

Amorphous NiP samples were produced by elec-
trodeposition using bath conditions established by
Brenner et al.** The composition of the samples
was determined by wet chemistry techniques. The
Ni concentration of all samples was approximately
74 at.%. Resistivity and thermopower were meas-
ured simultaneously using the four-probe arrange-
ment described by Middleton and Scanlon.?®> Cop-
per-Constantan thermocouples were spot welded
to the ends of the sample. A Leeds and Northrup
five-dial potentiometer was employed in the resis-
tivity determinations and a Keithley microvoltme-
ter was used inthe thermopower measurements.

IV. RESULTS

Resistivity p vs temperature T for amorphous
and crystalline phases is plotted in Fig. 1. The
amorphous phase exhibits a small positive TCR,
in agreement with earlier results'® which indicate
a crossover from positive to negative TCR near
T74-at.% Ni composition.

Raising the temperature beyond 500K led to a
rapid reduction in resistivity on crystallization to
the disordered Ni,P + Ni phase recently reported
by Vafaei-Makshoos ef al.?® Heating beyond 600 K
yields a transformation to the stable Ni P+ Ni
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FIG. 1. Electrical resistivity of amorphous and cry-
stalline NiP. Curve A: crystalline NigP (+Ni). Curve
B: disordered crystalline Ni, P, (+Ni). Curve C: amor-
phous Ni ¢Pyy. The solid lines are fits to the data using
Eq. (16); the fitting parameters are given in the text.
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FIG. 2. Thermoelectric power of amorphous and cry-
stalline NiP. Curve A: crystalline Ni;P @+ Ni). Curve
B: disordered crystalline Ni P, (+Ni). Curve C: amor-
phous Ni ¢sPy. The rapid drop in @ beyond 450 °C is due
to crystallization to the disordered Ni , P, phase.

phase and a corresponding large reduction in re-
sistivity. (The small residual resistivity for

Ni,P is expected for compound formation.) These
crystallization processes, seen in the resistivity,
have been characterized by calorimetry,?” x-ray
diffraction, ?” electron diffraction and microscopy, 2¢
and x-ray'® and optical-absorption'” studies. The
resistivity of amorphous and crystalline Ni z,P,,
between 4.2 and 300K has also been re-
ported.!®

Thermopower @ vs temperature 7 for the amor-
phous and crystalline phases is plotted in Fig. 2.
The thermopower of the amorphous phase is line-
ar in temperature over most of the range, with a
small negative deviation from linearity appearing
above room temperature. (Identical results were
obtained in two other samples of similar composi-
tion.)

Dramatic differences between the thermopower
results of the amorphous and crystalline phases
are evident. There is a 35% reduction in the ther-
mopwer on crystallization to the Ni , P, + Ni phase,
while the resistivity decreases by only 5%; and
the large peaks seen near 100 K in Ni, P, + Ni and
near 250 K in Ni,P+ Ni are not seen in the amor-
phous phase. If one assumes that the peaks repre-
sent extra contributions beyond the diffusion com-
ponent of the thermopower @,, then the overall
trends suggest that @, is linear in T' with Q,/T
~0.007 VK™ in the crystalline phases. This may
be compared with /7~ 0.013 uVK™ in the amor-
phous phase.

V. DISCUSSION

A. Electrical resistivity

1. Crystalline phases

Curve A in Fig. 1 shows pvs T for Ni,P. The
residual resistivity is small and the resistivity in-
creases rapidly with temperature below 300 K.
Above 300 K a large negative deviation from line-
arity is evident, indicating a major loss of tem-
perature dependence for p. The solid line obtained
using p*=290 pQcm, p,,=0.27 T pQecm K™, and
po=0 in Eq. (16) fits the high-temperature (T 2 ©)
data well. [At lower temperatures y(= p/p*) is
small so that agreement between standard theory
and experiment is expected.]

Curve B of Fig. 1 shows p vs T in the disordered
Ni P, +Ni phase. The residual resistivity is
large and the temperature dependence of p is much
smaller than that of the Ni ,P phase over the en-
tire range of temperatures. The solid line was
obtained from Eq. (16) using p*=245 ufcm,

P, =0.29TuQcm K™, p,=130 pfcm, and effective
Debye-Waller exponent 2W =7/100 K. The satura-
tion resistivity p* and ideal-phonon resistivity p,,
deduced from the two crystalline phases are con-
sistent, the residual resistivity is determined
from the data, and the effective Debye-Waller ex-
ponent is reasonable for a system in which back-
scattering is dominant and the electron per atom
ratio is unity.

These results are examples of the universal
trend discovered by Mooij'? that the temperature
dependence of the resistivity of metals is lost as
p approaches 200 uf2cm, whether the origin of p
is electron-phonon scattering or disorder. The
usual explanation is that, as p approaches 200
uf2cm, the electron mean free path approaches an
interatomic spacing so that additional thermal dis-
order cannot further reduce the mean free path.
This is consistent with the ideas used to derive
Eq. (16)

2. Amorphous phase

Curve C of Fig. 1 shows p vs T for amorphous
NiP. The residual resistivity is higher than that
of the disordered crystalline phase, and the TCR
is smaller, suggesting that these results are ano-
ther example of the Mooij trend (i.e., mean-free -
path or saturation effects). However, the amor-
phous metal case is less clear since the standard
diffraction model predicts small TCR values for
amorphous metals. Nevertheless, careful analy-
sis of the temperature dependence of p in high-re-
sistivity amorphous metals shows that mean-free-
path effects are important, particularly at low
temperatures where the standard diffraction mo-
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del always predicts positive TCR while the high-
est resistivity (poké p*) amorphous and disordered
crystalline metals exhibit negative TCR.

B. Thermoelectric power

The thermoelectric power data are shown in
Fig. 2. The discussion will center on the thermo-
power of amorphous NiP (curve C) and its impli-
cations for transport theory. The crystalline
thermopower (curves A and B) will be considered
briefly at the end of this section. The principal
result for the amorphous phase is that the thermo-
electric power  is linear in 7 with a slope /T
=+0.013 uVK™. We shall compare this result
with the predictions of the diffraction model and
with the principal alternative for transition-metal
systems, Mott’s s-d model.?*?! Many authors
prefer the s-d model in transition-metal systems;
for example, Enderby and Dupree® have taken
this position because of difficulties encountered in
explaining the thermopower of liquid iron with the
diffraction model.

First we discuss the diffraction model predic-
tions of the thermopower. For glassy NiP it is
found® that the ideal-phonon resistivity p,, was'
small compared with p, which is less than p*. K
we assume that the dominant terms are given by
the I =2 phase shift in Ni, we can use Eq. (5) and
the approximate Eqs. (8)—(10). The scattering
phase-shift contribution to (-¢) of Eq. (5) is given
by z=-4.4. Thus the structural contribution y

" must be positive and larger than 6.4 to explain the
positive thermopower in amorphous NiP. This
will occur if the Fermi sphere diameter 2k, cor-
responds to the rapidly increasing portion of the
main peak of the Ni-Ni partial structure factor,
which is exactly the same condition required to
explain the temperature and composition depen-
dence of the electrical resistivity of amorphous
NiP. One obtains @/7T~ +0.006 uVK? using the
values of Sy;_y; (K) measured by Waseda et al.28
(Calculations based upon Percus-Yevick partial
structure factors as used in Ref. 6 yield /T val-
ues in the range from 0.008 to 0.011 uVK™) Con-
sidering the crudeness of the approximations in-
corporated in these computations, the results re-
flect good agreement with experiment and provide
support for the diffraction model description of
transport in amorphous transition-metal alloys.

This support appears even stronger if we con-
sider the predictions of the s-d model for NiP.
The electronic structure studies indicate that the
Fermi energy E, is in the rapidly decreasing part
of the d-band density of states Ny (E). According
to the s-d model p is proportional to N,(E,) and so
the thermoelectric power is proportional to

<Glnp) o (8 10N, (E) )

3E Jpp E /g,

From the x-ray photoemission (XPS) results'® on
amorphous NiP an optimistic estimate of /T
would be -0.3 VK™, which is an order of magni-
tude too large and has the wrong sign. Similar
discrepancies between the s-d model predictions
and measured thermopower in amorphous BeZrTi
were reported by Nagel.

The liquid Ni case is related to the question of
the thermopower of the noncrystalline NiP system.
The initial agreement?® of the predictions of the
EGL theory with the thermopower of liquid Ni
(see Ref. 21) was based on the choice of 2 for the
electron to atom ratio, which places 2k, to the
right of the first peak in the structure factor and
gives a negative value for y in Eq. (5). Later re-
sults suggest that the appropriate electron to atom
ratio is closer to 1, which places 2k to the left of
the peak in the structure factor and yields a posi-
tive value for y. We therefore expect this to ad- -
versely affect the agreement with experiment, and,
in fact, a subsequent calculation,* using 1 for the
electron to atom ratio gave @ =-12 uVK™ vs
-38 VK™ for the measured value** for liquid Ni
at 1489°C. Although the sign difference between
the thermopower of amorphous NiP and liquid Ni
is consistent with the diffraction model, serious
questions remain regarding the calculated value
for @ in liquid Ni. Mott?® has suggested, for ex-
ample, that the EGL model may be inadequate for
pure transition elements.

Because of the high resistivity of amorphous
NiP, saturation effects may be present in . We
have assumed that NiP corresponds to the case
presented in the theory section in which py, << p*
and elastic scattering is dominant; however, a
negative deviation from linearity is seen in the
data for @ at high temperatures, suggesting that
pyp is large enough to generate a significant nega-
tive contribution to @ [Eq. (17)].

The thermopower data for the crystalline phases
are shown in curves A and B of Fig. 2. Large
peaks are seen below room temperature, in strik-
ing contrast to the results in the amorphous phase.
In particular, although the resistivities of the dis-
ordered Ni P, + Ni phase and the amorphous phase
are quite similar (large p,, small TCR), there is
a large difference between the thermopower data.
Since the electronic structure (as determined by
XPS) appears to be essentially the same in these
phases this may be a result of the differences in-
herent between amorphous and crystalline struc-
tures. Magnetic effects cannot be ruled out, how-
ever, until the magnetic properties of the crystal-
line phases are better established at these compo-



sitions.

In conclusion, the diffraction model provides a
consistent picture of the transport properties of
amorphous NiP alloys. It is clearly superior to
the s-d model in this system, although there is
evidence of breakdown in the diffraction model at
the highest resistivities. Incorporation of mean-
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free-path effects (through the Pippard-Ziman con-
dition) into the diffraction model yields good agree-
ment with transport properties at the highest resis-
tivities in amorphous and disordered crystalline
NiP alloys; related mean-free-path effects are
seen in thermal conductivity®' and ultrasonic at-
tenuation.®?
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