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Electrical transport in amorphous metals is analyzed in the context of the Baym-Faber-Ziman
theory. The theory is generalized to incorporate electron mean-free-path effects through the
Pippard-Ziman condition on the electron-phonon interaction. Various model ¢ matrices are con-
sidered. The geometrical structure factors are modeled by Percus-Yevick hard-sphere forms and a
single-branch Debye phonon spectrum is assumed. Detailed results for electrical resistivity p versus
temperature T and the temperature coefficient of resistivity are presented for extensive ranges of
2krp/k, and electron mean free path. The results, incorporating the Pippard-Ziman condition, are
consistent with the observed p versus T in low-resistivity glassy metals. However, although in-
clusion of the Pippard-Ziman condition dramatically improves agreement with the data, quantita-
tive agreement is not obtained in high-resistivity amorphous metals.

I. INTRODUCTION

The electrical resistivity p of amorphous metals is usu-
ally described in the context of the diffraction model, i.e.,
in terms of the Baym-Faber-Ziman!~3 theory. The tem-
perature ( T') dependence of p(T) is essentially determined
by that of the resistivity static structure factor®> SP(K),
where K is the scattering vector. The resistivity is actual-
ly given by a weighted average of the product of SP(K)
and the absolute square of the scattering matrix element
or ¢ matrix® ¢(K) which is independent of 7. (It is to be
understood that references to a(K), SP(K), and t(K) are
to be generalized to the appropriate partial structure fac-
tors and constituent ¢ matrices in alloys.)

For transition metals, it is often assumed that back-
scattering (i.e., K~2kp, where ky is the Fermi wave
number) is dominant.” In such cases one has

p(T)/p(®) ~SB(2ks) /St (2ky) , (1)

where the T dependence of the resistivity static structure
factor is explicitly indicated and @ is the Debye tempera-
ture. The geometrical structure factor

aK)=~ 3 expliR-@—1)], 2)

m,n
where t is the averaged position vector for the mth ion,
plays the central role in determining SP(K) and hence
p(T). The scattering vector corresponding to the first
peak in a(K) is denoted k, and the ratio of 2kz/k, is
prominent in the diffraction-model description of electri-
cal transport in amorphous alloys.

To apply the diffraction model in the general case [not
restricted to the dominant backscattering approximation
of Eq. (1)], one requires expressions for SP(K) and
| t(K)|? for 0< K <2kp. SP(K) has been computed>®
for Debye phonon spectra and for model a (K), although,
in principle, one could employ a more realistic phonon
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spectrum and measured a (K). This is done for reasons of
simplicity and because a(K) can be nicely approximated
by analytic Percus-Yevick hard-sphere forms® for K in
the region of the first peak and because the details of the
phonon spectrum are believed to be unimportant in deter-
mining SP(K). The t matrix is usually approximated by
tabulated pseudopotential forms or in terms of expressions
involving scattering phase shifts” 1,(Er) evaluated at the
Fermi energy Ep for angular momentum quantum num-
ber I. The pseudopotential applications in liquids®!°
agreed reasonably well with experiment although there
were indications that the Born approximation was inade-
quate even for column-I and -II metals.!! The ¢-matrix
forms, which incorporate single-site multiple scattering,
are believed to be necessary for the treatment of most
glassy metals.

Many of the predictions of the diffraction model for
electrical transport in amorphous metals are approximate-
ly independent of ¢(K). Some of the results® are the fol-
lowing.

(i) The concentration dependence of p is determined
(essentially) by a(2kp), which can be approximated by
simple functions of 2kz/k,. (The concentration depen-
dence of kp is assumed to be known and k, is often as-
sumed to be fixed in this prescription.)

(ii) The temperature coefficient of resistivity (TCR) at
the Debye temperature is defined as

Cier= 981—'}3 3)

T=0

The diffraction model, in the “dominant backscattering”
approximation yields

3In[SP(2kp)]

o o (3"

T=e
Results based on Eq. (3) are independent of the actual
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constituents of the alloys and have the appealing attribute
of depending solely on 2kz/k, and the atomic arrange-
ment. For typical amorphous metals negative TCR is
predicted® for 0.9 <2kp/k, <1.1. (This range of 2kz/k,

is broader than that seen in liquid metals). The magni-
tude and sign of the TCR may be expressed in terms of
the Debye-Waller exponent 2 W (2kg), evaluated at T =0
and K =2kp, the averaged resistivity structure factor
A#(K), and the Debye integral I,, defined in Ref. 5.

(iii) At low temperatures, the SP(K) and hence the
normal-state resistivity varies like [1 + (72/6)a(T/®)?*]
independent of the sign of the TCR as defined in Eq. (3).
The constant a, which also appears in the standard ex-
pression for the Debye-Waller exponent, is given by

a=12%%k} /Mkp® 4)

for a Debye phonon spectrum, where # is Plank’s constant
divided by 27, M is the averaged ionic mass, and kg is
Boltzmann’s constant.

(iv) Small maxima in SP(K) are predicted in negative-
TCR cases. We denote the temperature corresponding to
the maximum in S? by Ts. The theory then yields the
result that both Ty and S%, (2kf)/Sfk(2kp)—1.0, and

thus p(T))/p(0 K)—1.0, decrease as 2ky approaches k,
from either side.

The success of the diffraction model in describing elec-
trical transport in amorphous metals has been mixed. The
concentration dependence of the magnitude of p is ap-
parently well described. However, only qualitative agree-
ment with the T dependence has been obtained in low-p
alloys'>~1* and serious disagreements are seen in high-p
alloys.'>~!7  Some of the discrepancies between the
theoretical predictions and the data include (i) consider-
ably larger range of 2k /k, than predicted yields negative
TCR, (ii) the observed negative TCR’s are generally larger
than predicted (unless unreasonably small ® values are as-
sumed), and (iii) the quadratically increasing resistivity at
lowest T is often not observed (high-resistivity alloys even
exhibit monotonic decreasing p versus T in most cases).

The inconsistency of theory and experiment in the
high-p (i.e.,, p> 100 uQcm) cases has been viewed as an
example of Mooij phenomena!® or saturation effects.!®
Meisel and Cote!®> and Morton et al.'® formulated a gen-
eralization of the theory by incorporating the Pippard-
Ziman condition?*?! on the electron-phonon interaction.
The condition as stated by Ziman® takes the following
form: “Phonons whose wavelengths 27 /q exceed the elec-
tron mean free path A are ineffective electron scatterers.”
The concept had originally been applied to describe ul-
trasonic attenuation®' and was subsequently also shown to
be relevant to thermal conductivity?? and degradation of
superconducting  transition temperature’?® in high-
resistivity alloys. Incorporating this constraint into the
diffraction model yields improved agreement with experi-
ment in high-resistivity metals.

Recently, low-resistivity (p <100 pQcm) amorphous
non-transition-metal alloys were the subjects of detailed
experimental study by Mizutani and co-workers.!*> Deter-
minations of p(T) for 4<T <300 K, kg, and k, were
made. It had been expected “that the diffraction model

unadorned with saturation effects would give a good
description of electrical transport in such alloys because
of the relatively long electron mean free path A. Thus,
calculations were performed for a-MgZn.!? An effective
scattering matrix element (i.e., ¢ matrix) was constructed
to yield the observed magnitude of p, to have s and p
character only, and to satisfy the Friedel sum rule. The
geometrical structure factor was assumed to be of
Percus-Yevick hard-sphere form with 7=0.525. The re-
sult of this calculation was in qualitative agreement with
the data.!> However, when phonon ineffectiveness effects
with appropriate electron mean free path were incorporat-
ed, remarkable agreement was obtained, including such
features as (i) the magnitude of the TCR, (ii) the magni-
tude and position of the maximum in p(T)/p(6), (iii) the
shape and extent of the approximate (T — T,)*/? region
to the right of T}, (iv) the shape and extent of the quad-
ratic in T region, and (v) the position and magnitude of
the minimum in p(T’) observed near 5 K.

Calculations were also performed for four other values
of 2kg/k, employing the a-MgZn effective ¢ matrix and
electron mean free path. These results were used as a
basis for discussing electrical transport in general low-
resistivity alloys. A principal conclusion in that study
was that a procedure incorporating phonon ineffectiveness
into the diffraction model (as had been suggested for
high-resistivity amorphous metals'®) yields much better
results, especially in regard to low-temperature
“anomalies” in p(T) and the magnitude of the TCR.

The results of Ref. 12 suggested that further detailed
investigation of the implications of the diffraction model,
incorporating the Pippard-Ziman condition on the
electron-phonon interactions, were justified. We have be-
gun a program of such studies. Initial results were
presented at the Fifth International Conference on Liquid
and Amorphous Metals (LAM).?* This paper extends the
range of gpA investigated to considerably smaller values
(corresponding to p> 150 Q) cm) and presents p(T) re-
sults on a denser 2ky/k, grid and a broader selection of
model ¢ matrices is employed. The theoretical p(T)
curves provide a basis for the interpretation of the low-T'
behaviors seen in amorphous metals (especially nonmag-
netic alloys) and for the observed magnitudes of the TCR.

Reviews of the theoretical concepts described here and
summaries of the experimental data are given in Refs.
25-217.

II. THEORY

The Baym-Ziman-Faber! —3 expression for the electrical

resistivity is

3

—I,f— U2, (5)

prd

where B =127Q/e%VE, Q is the atomic volume, Vi is
the Fermi velocity, e is the electron charge, and
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|UK) | 2= 2 c;ic;SH(K)L (K)t;(K) where ¢; is the concentration of the ith constituent and, in
the Sham-Ziman approximation,?® incorporating the
Pippard-Ziman condition,?’ and for a Debye phonon spec-
[ 2 ci|4(K)| 2 cicjti (K)t (K) | I(K) trum, the partial resistivity structure factors are given by
(6)
|
® q 2 dg
—p—2W(K) o 9 dq oz =
SHK)=e = Fay(K) +-a— f d n(n ) +11FgA) [ LayK+7) (7
and
o k | 2
IP(K)=e= "B g |2 | [a|-L||L | nxnx)+1]F(gA), 8)
T |2kp f 4o D

where
_fw O g
- kBT o T dp
n(x)=(e*—1)"1, and F(gA) expresses the reduction in

electron-phonon interaction for small gA (where g is the
phonon wave number and A is the electron mean free
path). We employ the Pippard form?! in the calculations
presented here, i.e.,

ytan"ly 3

- 9)
y—tan—y )y

F(y)=£
o

The scattering matrix element (¢ matrix) of the jth con-
stituent is expressed in terms of scattering phase shifts
n{(Er) evaluated at the Fermi energy Ep for angular
momentum quantum number [/ as

2H
t;(K)=——""—7—
1 m(2mEg)2Q,

x S (21 + Dsingf(Ep)e PP (cos®) ,  (10)
)

where m is the electron mass, Pj(x) is the Ith Legendre
polynomial, and cos®=1—2(K /2ky)*®. These equations
are generalizations'>!*?* of those usually employed in
liquid- and amorphous-metal electrical-transport studies.
—J

II1. MODELS AND COMPUTATIONAL DETAILS

We do not present results for general alloy systems.
Two types of models, which we refer to as the “binary
substitutional model” and the “effective potential
models,” are discussed. We define them as folows.

A. Binary substitutional models
We refer to systems which satisfy
a;;(K)=a(K) for all i,j (11)

as “substitutional,” since Eq. (11) will be obtained if the
alloy constituents are randomly substituted for each other
on a given network of sites. For binary systems satisfying
this condition, Eq. (6) reduces to
| UK) | 2=cic, | t1(K)—1,(K) | 2IP(K)
+ | e1t(K)+c,t,(K) | 2SP(K) . (6

We have obtained results for two cases.

1. Model A1: Constant t matrix (pure s-wave scattering)

Equation (5) reduces to

1 - 1
p=B [CICZAZ [ dx x*1Pkpx)+ | T 12 [ dx x3SP(2kFx) (12a)

=c,c;BAp(gpA,T/@)+B | t |2 (gpA,2ks /k,,T/O) . (12b)

One can conceive of an extensive class of ¢ matrices for
which Eq. (12a) would be approximately valid (A and t
would be averages of the actual linear combinations of ¢
matrices); for example,

A=|t(2kp)—1t,(2kg) |
and

=c1t1(2kgp)+coty(2kp)

T

might produce useful approximate expressions for the dis-
cussion of p (qpA,2kg /k,, T /).

2. Model A2: Generalized a-Mg, ., Zn, for x=0.225

The ¢ matrices in this model, representing Mg and Zn,
were employed in the calculations presented at the LAM
conference.?* The ¢ matrices were computed by the Slater
Xa method?® with Herman-Skillman® neutral-atom wave
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functions and free-electron Er, employing computer rou-
tines based on those given by Loucks.*® The Kmetko®!
value of Xa (viz., 0.75) was taken for Mg and Xa=0.85
was chosen for Zn in order to place the d bands in accord
with photoemission data.’> The resulting phase shifts
were 77(Ep)=0.354, 0.294, —0.057, and 0.002 and
7 &(Ep)=—0.175, 0.085, 0.034, and 0.001 for /=0 to 3,
respectively. The 7;(Er) for >3 were set to 0. (The re-
sults obtained for this potential will be seen to be well ap-
proximated by the constant—z-matrix results with
| t|2>>cic,42%)

B. Effective potential model

When the scattering ¢ matrices are all equal, i.e.,

t;(K)=tg(K) foralli, (13)
then
| Ug(K) | *=S§(K) | tz(K)|?, (14)
where
SE(K)= 3, cic;SH(K) . (15)
ij

One refers to tz(K) as the effective ¢ matrix and S§(K) as
the effective resistivity static structure factor. The
effective-potential results discussed in this paper assume
that S§ can be computed according to the usual prescrip-
tions with ag(K) again a Percus-Yevick hard-sphere form
with 7=0.525. Thus, these effective-potential results are
identical with  substitutional-model results when
t1(K)=t,(K). One might expect Eq. (13) to be a good ap-
proximation if the ¢ matrices are pseudopotential forms
(because they are generally very similar), or if the constit-
uents come from the same column of the Periodic Table
(e.g., a-MgZn). We have performed effective-potential
calculations for ¢ matrices (i) computed for Zn as
described in the generalized a-Mg 775Zng 5,5 model, (i) s-
and p-based forms described in Ref. 12, and (iii) the
pseudopotential-based forms given by Young, Meyer, and
Kilby,!! particularly for potassium.
We introduce the following normalized variables:

=T/0O (16)
e =0/a)C=1 00 | a7
a 9T | __,
2k (gpA,2kp/k,,T)
R |gpA, 2L o |= L | DA D) (g
k, a | r(gpA,2kp/k,,0)
and
1 | rplgpA,7)
RD(qDA,T)= p. rD(qDA,O) —1 l (19)

We refer to R or Rp as normalized resistivity differences.
We shall also denote by ¢, the result of replacing p by
r(gpA,2kp/k,,7) or rp(gpA,7) in Eq. (17). The ¢y, R,
and Rp, are approximately independent of a. [We shall
also use Eq. (18) to define a normalized R when p is sub-
stituted for r on the right-hand side (rhs).]
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Thus, in the constant—z-matrix substitutional model
(Model A1), one has

p(r)=p(0){1+a[KpRp(7)+KR(1)]} (20)
and
é%—’;ﬂ  ~Kp(ewp +Kewr 1)
* where
K=|T1|2(0)/[] T |%(0)+cic;A%p(0)] (22)
and
Kp=1-K . (23)

We have suppressed the gpA and 2kg/k, parameters in
these equations, and c,, and (c..)p are deduced from
r(7r) and rp(r), respectively. Equation (21) is approxi-
mate because we have neglected aRp(1) and aR (1) with
respect to unity.

IV. RESULTS
A. Substitutional models

1. Model Al: Constant—t-matrix substitutional model

Most of the results presented in this paper are comput-
ed for this model. The value of a was fixed at 0.168, but
the “normalized” results do not depend strongly on a.
We also assumed qp =k in all calculations. Thus, when
considering an alloy series one might have to allow for the
possibility that g, might be essentially constant while kp
varies with concentration. The geometrical structure fac-
tors were modeled by Percus-Yevick forms with 7=0.525
and include the Nk o term.

Figure 1 shows plots of Rp(qpA,7) versus 7 for
qgpA=2, 4, 6, 12, 18, and 300. We notice the following.
(i) Although for 7>>1 the Rp(300,7) curve is essentially
flat, Rp(300,7) still has a relatively large positive slope
near 7=1. (ii) Rp(18,7) is essentially flat near 7=1. (iii)

T
0.0 0.5 1.0
T

FIG. 1. Normalized resistivity difference [Eq. (19)] for the
| #1—t; |2 term in Eq. (12b) versus normalized temperature [Eq.
(16)] for the constant—z-matrix substitutional model. The
curves in Figs. 1 through 7 parametrized A4, B, C, D, E, and F
designate results for gp A =300, 18, 12, 6, 4, and 2, respectively.
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For gpA <18, all Rp(gpA,7) have negative slope near
7=1. (iv) Rp(12,7) exhibits a broad (relatively) large
maximum near 7=0.5. (We shall denote the value of 7
corresponding to maxima as 7,;. Hence, 73 =0.5.) (v) At
qpA =6, Tpy =0.3. (vi) There are usually small minima in
the curves which exhibit maxima. We denote the normal-
ized temperature corresponding to a minimum by 7,,.
Hence, 7, ~0.04 and 0.08 for gp A=12 and 6, respective-
ly. (vii) As gpA decreases, 75, decreases and 7, increases
until a critical value (gpA). is reached where the
minimum and maximum coalesce, and for gpA <(gpA),
monotonic decreasing behavior is observed. For
dpA <(gpA). the curves show a “knee.” At gpA=4, a
knee occurs near 7=0.2, and thus it appears that
(gpA).=~4. (viii) Rp(2,7) decreases approximately as the
square of 7 for 7~0.

Figure 2 shows cu(qpA,2kr/k,) plotted against
2kp/k, for the same gpA set (ie., 2, 4, 6, 12, 18, and
300). Note that the range of 2kp/k, corresponding to
negative ¢, expands as gpA decreases, and that even at
gpA =300 [which yields results undistinguishable from
those obtained in the standard Faber-Ziman theory, i.e.,
F(gA)=1 in Egs. (7) and (8)], a significant shift toward
larger 2kp/k, and a broader range of 2k /k, for negative
Cior 18 Obtained upon comparison with the dominant back-
scattering approximation.® If some (¢, )p(gpA), which is
defined in Eq. (21) and is independent of 2kp/k,, is
mixed in, the range of 2ky/k, corresponding to negative
C,. is increased for gpA < 18 and decreased for gpA > 18
with the actual mixture being given by Eq. (21). (For
most metallic glasses studied, gp A is less than 18.)

Figures 3—7 show sets of R(gpA,2kp/k,,T) versus 7

0.4 4

0.2
A
B
Cter 0 ¢
\/ D
E

-0.2 1
F

-0.4 1

-0.6 T T T

1 1.2 1.4

2k 'k

FIG. 2. Normalized temperature coefficient of resistivity, ¢y
[Eq. (17) for the averaged t-matrix term (i.e., the | ¢ z;+c5t; |2
term], in Eq. (12b) versus 2kr/k, for the constant—¢-matrix
substitutional model. (Parameters as in Fig. 1.)

1.0

0.0

T
0.0 0.5 1.0

o

FIG. 3. Normalized resistivity difference [Eq. (18)] for the
averaged ¢-matrix term in Eq. (12b) versus normalized tempera-
ture [Eq. (16)] for the constant—¢-matrix substitutional model
for 2kp=0.9k,. (Parameters as in Fig. 1.)

with gpA as a parameter (same set of values as in Figs. 1
and 2) for 2k /k,=0.9, 1.05, 1.15, 1.30, and 1.40, respec-
tively. All the curves in Fig. 3, for which 2kz=0.9k,,
show positive ¢, which decreases in magnitude as gpA
decreases. Small minima which move toward larger 7 as
gpA decreases are seen for gpA < 18.

Figure 4, for which 2ky=1.05k,, corresponds (approx-
imately) to the largest negative c,,. The maximum,
which at gp A =300 occurs for 73, ~0.3, becomes smaller
in magnitude and moves toward lower 7 as gp A decreases
to 12, with 73, ~0.15 for g A=12, while the correspond-
ing minima vary from 7,, =0 to 0.05. For ¢, A <6 mono-
tonic decreasing curves are exhibited. Figure 5, for which

-0.1

-0.2

0.02

(b)
F

-0.02 T
0.0 0.15 0.3

T

FIG. 4. (a) and (b) Normalized resistivity difference versus
normalized temperature as in Fig. 3 for 2kp=1.05k,.
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0.02

E
(b)
F

T
0.0 0.15 0.3

-0.02

FIG. 5. (a) and (b) Normalized resistivity difference versus
normalized temperature as in Fig. 3 for 2kp=1.15k,.

0.1

0.0

(a)
-0.14 P

R 000

-0.02 T
0.0 0.15 0.3

FIG. 6. (a) and (b) Normalized resistivity difference versus
normalized temperature as in Fig. 3 for 2kp=1.30k,.

2kp=1.15k,, is very similar to Fig. 4, except that the
negative ¢, are smaller, etc.

Figure 6, for which 2ky=1.30k,, exhibits a change
from positive to negative ¢, between ¢pA =300 and 18.
The curves for gpA=18 to 6 then show the same trends
in 7,, and 7, as seen in the curves for gp A=300 to 12 in
Figs. 4 and 5. The curve at gp A =4 is monotonic with a
knee at 7~0.2.

Figure 7, for which 2kp=1.4k,, is similar to Fig. 6
with a transition between positive and negative ¢, occur-
ring between gpA=12 and 6, with maxima and minima
and the expected trends in 7,, and 7, in the curves for
gpA =6 and 4, and with monotonic decreasing variation
for gpA=2.

The effect of mixing in some Rp(gpA,7) according to
the prescription in Eq. (20) is to increase the size of the
maxima, to increase 77, and to decrease 7,,. Also, if the
difference term were dominant (i.e., Kp>>K), then p
would vary as ¢{(1—c;) rather than as a(2ky) for an al-
loy series.

It is also interesting to consider families of p-versus-r
curves for fixed gpA. We show detailed results for
gpA =12 and 6 in Figs. 8 and 9. These figures exhibit in-
teresting trends with 2kp/k,. In addition, for a gpA
value between 12 and 6 (actually at gpA =~ 10) monotonic
decreasing p versus 7 begins to occur for small ranges of
2kp/k,. We see, in particular, that R (12,2kg/k,,7) does
not decrease monotonically with 7 for any 2kg/k,, while
there is a small range of 2kp/k, for which
R (6,2kp/k,,T) decreases monotonically with 7. As gpA

0.14 B

(a) l\

0.0 0.5 1.0

-0.14

0.02

-0.02
0.0

FIG. 7. (a) and (b) Normalized resistivity difference versus
normalized temperature as in Fig. 3 for 2kp=1.40k,.
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0.0 0,l15 0.3

0.01

R 0.00]

-0.01 T
0.0 0.15 0.3

T

FIG. 8. (a) and (b) Normalized resistivity difference versus
normalized temperature as in Fig. 3 for gpA=12. The parame-
ters are 2kgp/k, values. Parts (a) and (b) are from the left and
right of 2kr/k, corresponding to the largest negative ci.

decreases, the range of 2kp/k, corresponding to mono-
tonically decreasing p versus 7 expands.

For gpA=12 the maximum negative ¢, occurs for
2kp/k, ~1.05. Figure 8(a) shows a selection of curves for
2kp/k,>105 and Fig. 8(b) shows those for
2kp/k, <1.05. Negative-c,, curves exhibit maxima (at
Tpr) and minima (at 7,,); positive-c,., curves exhibit mini-
ma. As [2kp/k,—1.05| increases, T) increases,
R(12,2kp /k,,Tp) increases, and 7, decreases. Eventual-
ly, values of 2ky/k, are reached for which positive ¢,
occurs and the maxima are gone; however, there are still
small minima and 7, continues to decrease as

0.005

-0.005

FIG. 9. Normalized resistivity difference versus normalized
temperature as in Fig. 3 for gpA=6. The parameters are
2krp/kp values.

|2kp/k, —1.05| increases. The largest minimum occurs
for 2kp /k, ~1.00 and decreases in both directions.

The curves in Fig. 9 (gpA=6) show all the features
seen in Fig. 8; in addition, Fig. 9 exhibits several mono-
tonically decreasing p-versus-r curves for the range of
2ky/k, near 1.05. For considerably smaller gpA, the p-
versus-7 curves are monotonically decreasing and vary as
1— AT? near =0 for all 2k in the vicinity of k,.

2. Model A2: Substitutional a-Mg,; . Zn, for x=0.225

The substitutional a-Mgg 775Zng 2,5 model matrix ele-
ment (and others for different x) was employed in an ear-
lier study of electrical resistivity in low-resistivity amor-
phous metals.'”> A denser set of 2kr/k,,qpA values is
studied here.

Figure 10 shows cy versus 2kp/k, with gpA as a pa-
rameter. (There is a slight difference between this graph
and that shown in Ref. 24 since the interpolation is now
conducted on a finer grid.) One sees that the curves are
very similar to those obtained with constant ¢ matrix (Fig.
2). The principal difference appears to be that the
substitutional-model (A2) curves are shifted to the left
with respect to those computed for the constant—z-matrix
model (Al). (For example, for gpA=300, model A2
yields negative c, for 0.97 <2kp/k, <1.18 with max-
imum negative ¢y, at 2kp=~1.03k,, while model Al
yields negative cy, for 0.99 <2kp/k, <1.22 with max-
imum negative ¢y, at 2kp~1.05k,.) The substitutional
a-MgZn model also yields slightly larger maximum
negative-c,., values.

Employing Eq. (18) again to define R(qpA,2krp/k,,7)
with p substituted for » on the rhs yields graphs of the
form shown in Figs. 3—9. Except for the shifts in

0.4 4
300
0.2
/18
. 9
Cter 0
4.5
-0.2 4
-0.4
-0.6 T T T

1 1.2 1.4

2k /k,

FIG. 10. Normalized temperature coefficient, of resistivity

cier [Eq. (17)], versus 2kp/k, for the a-Mg;Zn; substitutional
model. The parameters are gpA values.
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FIG. 11. Normalized-resistivity difference [p substituted for
r in Eq. (18) versus normalized temperature for the a-Mg;Zn;
substitutional model with gpA=12. The parameters are
2kp/k, values. (N.B. Normalization is with respect to p at
7=0.01 rather than 7=0 in this and the next figure only.)

2kp/k, discussed in regard to Fig. 10 the families of
R (gpA,2kp /ky,,7)-versus-1 curves produced by model A2
appear to be essentially the same as the
R(qpA,2kp /k,,7)-versus-7 curves from model Al.

There is another difference which could be discerned in
such graphs. For model A2, the gpA required for the
equivalent curves (i.e., with the shift of 2kz/k, incor-
porated) is slightly larger than for model Al. For exam-
ple, the a-MgZn matrix-element results for gpA=12,
which are shown in Fig. 11, look very much like those for
the constant ¢ matrix at gp A =10 (not shown); in particu-
lar, the A2 model at gp A= 12 exhibits a range of 2kr/k,
for which monotonic decreasing R (12,2kr/k,,7) is ob-
tained. However, for the R scale appropriate for 7 be-
tween O and 1 and the model-Al and -A2 p-versus-r
curves, a strong family resemblance is seen for the same
gpA. (When one examines p versus 7 for an R scale ap-
propriate for 7 between O and 0.3, the correspondence is
improved, for example, by comparing curves for model
A2 with 2kg /k, shifted at gp A=12 with those of model
Al at gpA=10, i.e., shifting gpA as well as 2k /k, im-
proves the correspondence.)

Other results, based upon the substitutional a-MgZn
model for a selection of 2kp/k, and gpA values, were
presented in Ref. 24. A general conclusion to be drawn is
that the R-versus-7 curves for model A2 are well approxi-
mated by R-versus-r curves for model Al. The K depen-
dence of the ¢t matrix for the a-MgZn substitutional
model apparently only slightly increases the phonon inef-
fectiveness for a given gpA and increases the “effective
2kp/k,” with respect to the constant—z-matrix model.

B. Effective-potential models

1. Model Bl: a-MgZn adjusted s ard p model t matrix

This model was discussed for 2kp~1.1k, (the ap-
propriate condition in the a-Mg,Zn,_, alloys) in Ref. 12.
The s and p phase shifts were adjusted to satisfy the
Friedel sum rule and to give the observed magnitude of p
with all other phase shifts zero. The R-versus-7 curves
for this model are essentially equivalent to those for the
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FIG. 12. Normalized resistivity difference versus normalized
temperature for the potassium pseudoatom effective-potential
model with gp A =12. The parameters are 2kr/k, values.

a-MgZn substitutional model (or R-type curves deduced
for the constant—t-matrix case with small 2kz/k, and
qpA shifts).

2. Model B2: Pseudopotential scattering matrix elements

We noted in Ref. 12 that the p-versus-r curves for a-
MgZn could not be well represented by pseudopotential
results. We suggested there that the problem with the ap-
plication of diffraction models incorporating pseudopo-
tentials could be in the use of the Born approximation.
Thus, the work of Young, Meyer, and Kilby,11 in which
single-site multiple scattering on pseudopotentials was
treated to produce sets of scattering phase shifts, seems
especially interesting. We have performed calculations
based upon the pseudoatom phase shifts of Young, Meyer,
and Kilby.!! Figure 12 shows a selection of results com-
puted for the potassium pseudoatom phase shifts for
gpA=12 and a set of 2kp/k, values which span the
range for negative c. All the p-versus-r curves exhibit
relatively large maxima and 73, >0.35. The potassium
pseudoatom—phase-shift results are quite similar to those
described in Ref. 12 for Born-approximation pseudopoten-
tial>> in Mg and Zn and are representative of our calcula-
tions for all the monovalent-pseudoatom phase shifts
given in Ref. 11.

3. Model B3: Zn-phase-shift effective t matrix

The Zn phase shifts used in model A2 are used to de-
fine this effective ¢ matrix. Results based upon this ¢ ma-
trix were given in Ref. 24. The magnitude of these phase
shifts are comparable to those of the monovalent pseudoa-
toms (model B2), but the results more closely resemble
those of the constant ¢ matrix except that the magnitudes
of the maximum negative c¢,,’s are larger, the range of
2kg/k, for negative c, is smaller, and the gp A value re-
quired for monotonic decreasing p-versus-7 is larger.

V. DISCUSSION

The effect of saturation (as treated in this paper) is to
reduce the electron-phonon interaction. We have assumed
that the longitudinal Pippard function F(y) defined in
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Eq. (9) gives a reasonable representation of the reduction
of the electron-phonon interaction at small gA. Although
we have not done extensive studies of the sensitivity of the
results to the specific form assumed for F(y), we believe
that the results do not depend strongly on how one
smoothly interpolates between the small and large gA
limits for which exact expressions are available.

With regard to the suitability of applying the longitudi-
nal Pippard function to general phonons, we might con-
sider the corresponding transverse Pippard®! function,

s y: A ©)
2 [(14yHtan~ly—y 2

F,(y)=

Evaluation of F(y) and F,(y) indicates that the functions
differ at most by about 6% for 1<y <100, and by less
than 8% for 0.1 <y<1. Thus, for our purposes, F(y)
would represent the reduction in electron-phonon interac-
tion of transverse as well as longitudinal phonons.

The semiclassical nature of Pippard’s derivation has led
to questions pertaining to the validity of using the simple
Pippard functions to describe phonon ineffectiveness.
Schmid?® addressed these objections by considering the
electron-phonon interaction in finite—mean-free-path
metals on a more exact quantum-mechanical basis. He
succeeded in demonstrating that, for s-wave scattering
and other reasonable approximations, (i) the longitudinal-
phonon Green’s function appears only in combination
with the longitudinal Pippard function, and (ii) the
transverse-phonon Green’s function appears in combina-
tion with a form that agrees with the transverse Pippard
function at small gA. Thus, one may expect that for less
restrictive assumptions the Pippard functions approxi-
mate the mean-free-path—dependent reduction of the
electron-phonon interaction.

Furthermore, it has been demonstrated that ultrasonic-
attenuation?>** and thermal-conductivity data?? are ex-
plained by Pippard’s theory. In addition, we have shown
that the degradation of T, in imperfect strong-coupling
superconductors®® and the major resistivity anomalies (i.e.,
Mooij phenomena) in high-resistivity crystalline and
amorphous metals!® are consistent with predictions of a
model incorporating phonon ineffectiveness in the manner
described here.

The constant—¢-matrix model (model A1) yields results
which are essentially equivalent to those obtained from
the other models studied thus far. The monovalent-
pseudoatom results (model B2) can be made to conform
with the results of the other models if fairly large adjust-
ments in gpA are allowed. Thus, the model calculations
yield p(7) forms which are essentially determined by
structure alone. The effect of the different z-matrix forms
is merely to change the 2kr/k, and gpA parameters ap-
propriate to a given p(7), i.e., drastically different z-matrix
forms yield essentially equivalent p-versus-7 curves.

Some of the effects of employing the integral expres-
sion, Eq. (5), rather than the usual dominant backscatter-
ing expression include (i) the center of the range of
2kp/k, yielding negative cy, is shifted to higher values,
(ii) the range of values of 2kp/k, for negative c, is in-
creased, (iii) not only are the small maxima in p versus 7

predicted in Ref. 8 for dominant backscattering retained
in the averaging process, but in some regions of 2kz/k,
the maxima are actually enhanced by the mixing in of
some positive-c,, components of SP (from smaller
K /kp).

Phonon-ineffectiveness effects can be seen in the cy
plots of Figs. 2 and 10. The shifts of the positive to nega-
tive ¢y, crossover points produced by going from
qpA =300 to 18 are comparable in magnitude to those
produced by going from dominant backscattering to the
integral form in the unsaturated theory.

Figs. 3 through 7 illustrate phonon-ineffectiveness ef-
fects for a variety of 2kg/k,. The curves for gpb A=300
are indistinguishable (on the scales of the figures) from
the results of standard theory (gp A= ). Significant de-
viations from the g, A=300 case are apparent already at
gpA=18. Results (not shown) of other calculations at
specific 2kp/k,’s indicate that the deviations from
Ziman-Faber theory could be observed for gpA>30.
Thus, phonon ineffectiveness should be considered in
determining the p-versus-7 behavior of virtually all known
amorphous metals.

If the partial (geometric) structure factors and ¢ ma-
trices are known, the resistivity will be expressed as a
linear combination of integrals of the form appearing in
the substitutional model. One could parametrize this
more general case in terms of a value for gp A and a set of
weights and 2kz/k, values for each partial contribution
to p. In the simplest case one could keep the constant—t-
matrix approximation; however, generalizations are obvi-
ously possible. A treatment along these lines could lead to
observable differences with respect to the substitutional
model if the partial—structure-factor peaks are well
separated and gpA is not too small. (It is doubtful, for
example, that one could discern differences between an
appropriate substitutional model and a calculation based
upon partial—structure-factor peaks separated by 10% for
qpA < 15 unless the partial structure factors and/or ¢ ma-
trices were of dramatically different form.)

If the low-energy part of the phonon spectrum is
Debye-like, then qualitatively different results would not
be obtained at low temperatures even if the true phonon
density of states and dispersion relations were incorporat-
ed into the models. However, it is possible that more real-
istic spectra might significantly alter results for 7>1. We
have not yet explored this question.

The results presented here were obtained on the as-
sumption that gp =kp. In treating this problem in a gen-
eral way one might equally well have, for example, as-
sumed gp to be fixed. The value of gp influences the
magnitude of the temperature-dependent effects and one
could improve the theoretical procedure for a given alloy
series by using the best available values for qp and kp.
The 7-dependent parts of p [R(7) or c¢.] for a fixed gp
and a gqp =k calculation would differ by less than +20%
for1<Z <4.

Faber-Ziman theory and hence our results yield p(7) at
constant volume. Thus, in experimental tests of the
theory, thermal expansions must be considered. One gen-
erally assumes that 2kp/k, is essentially T independent
because x-ray data®®37 indicate that kﬁﬂo is constant over
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extensive temperature ranges (which is consistent with the
intuitive notion that only the scale of the structure of an
amorphous metal should change during thermal expan-
sion), and because of the free-electron model, which im-
plies that k3Q, is also T independent. However, volume-
dependent effects in the scattering matrix elements can be
significant. These effects can be incorporated in the dif-
fraction model in a straightforward manner. For exam-
ple, Hafner*® found that thermal-expansion effects were
appreciable in first-principles pseudopotential-based
diffraction-model studies of p(T) in liquid and amorphous
Mg7Zn3.

Our primary objective is to describe the implications of
the generalized Baym-Faber-Ziman theory (incorporating
Pippard-Ziman phonon ineffectiveness) which are deter-
mined primarily by the structure of metallic glasses. The
results for all the model ¢ matrices studied do indeed ex-
hibit a strong family resemblance. Even the monovalent-
pseudoatom results, which are essentially pseudopotential
results, are viewed as part of this family, although large
adjustments in gpA and 2kp/k, are required to make
them conform. We consider an adjustment of less than
15% in gp A or less than 3% in 2ky /k, as “small.”

To compare computed results with data, one would be-
gin with measured parameters or free-electron approxima-
tions, for example. The important parameter gpA is es-
timated (free-electron model) by

gpA=644(Z /2)V Y kpag) [p/(1luQcm)]~', (24

where ay is the Bohr radius. [Note that we relax the
gp=kr condition to obtain Eq. (24).] The appropriate
gpA will, in general, not be one of those shown in the fig-
ures. Usually, one of the curves given will yield a good
approximation. However, one can do better. Linear inter-
polation for R or ¢, on In(gpA) will yield excellent re-
sults for 2<qgpA<18 and good results for
18 < gpA <300. For example, to obtain R(8), use

In(-#)R (6)+In($)R (12)
R(8)= ,
In(12/6)

since curves are given for gpA=12 and gpA=6. This
procedure could be employed to account for the T-
dependent changes in gpA in a self-consistent manner;
however, in practical cases this effect would be only bare-
ly perceptible even in extreme cases (e.g., an extreme case
might be a 10% reduction of p from 0 K to room tem-
perature. In such cases a slight upward curvature in p
versus T would be generated near room temperature. A
single iteration would yield the entire effect within 1% of
the change in p.)

References 12 and 24 demonstrated that Pippard-Ziman
phonon ineffectiveness produced significant effects in
low-resistivity (p=~50 pu{cm) amorphous alloys so we
cannot make a clear-cut separation into high- and low-
resistivity metals. We shall, somewhat arbitrarily, consid-
er an alloy to have high resistivity if gpA is small enough
to produce monotonic decreasing p(7). For example, for
the a-MgZn substitutional model or for the constant—i-
matrix model, gpA <10 would correspond into high resis-
tivity. Equation (24) shows that kr and Z, as well as p,
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play a role in determining “high resistivity” under this
definition.

Interesting phenomena (viz., low-temperature maxima
and/or minima) occur in low-resistivity amorphous alloys.
Good agreement with the observed size and position of
the minima and maxima in p(7) and reasonable agreement
with the ¢, can be obtained with either the constant—¢-
matrix or the a-MgZn substitutional model with small ad-
justments of parameters. A single value of a, consistent
with kr and M, fits the entire range of p versus 7 with a
value of the Debye temperature (usually) consistent with
tabulated values of the resistivity Debye temperature
(denoted as ®@g). This choice of ® might be considered
an adjustment to the thermal Debye temperature; ®; usu-
ally differs from the thermal value by less than 30%.%°

The predicted c-versus-2kz/k, curve for these
models also appears to have the observed form (i.e., nega-
tive ¢y, persists to quite large 2kp/k, and there is rela-
tively small variation in the magnitude of the ¢, for a
range of 2ky /k, near the maximum negative value).

Most glassy metals fall into the high-resistivity
category and there are many alloy series which exhibit a
transition to monotonic decreasing (i.e., high-p) behavior.
There are examples of high-resistivity amorphous metals
which yield results consistent with the model calcula-
tions.** However, the typical case'’ differs from the
theory on critical analysis of the low-temperature form of
p(1) and/or the size of the positive deviations from linear-
ity in p(7) near 7=1. This problem is only partially al-
leviated by accounting for variations of gpA as p de-
creases with increasing 7 for appropriate a values. Actu-
ally, the agreement is reasonably good in many of these
high-p alloys when based upon the standards usually ap-
plied to the fitting of resistivity data to diffraction-model
results.

The origin of the discrepancies in the high-resistivity
alloys is not known. Some possibilities would include (i)
realistic phonon spectra, (ii) appropriate f-matrix forms,
(iii) additional scattering mechanisms related, for exam-
ple, to two-level systems,*' (iv) saturation effects in the
elast‘i‘czz scattering contributions, and (v) incipient localiza-
tion.

VI. CONCLUSIONS

Diffraction-model calculations, incorporating the
Pippard-Ziman expression to represent phonon ineffec-
tiveness and employing a number of model ¢ matrices,
have been performed. Although the results are not very
sensitive to the exact form of F(gA), the Green’s-function
analysis of Schmid® and a variety of experimental results
controlled by the electron-phonon interaction support the
use of this procedure.

The results for low-resistivity (gpA>10 or p<100
pf)cm) amorphous metals agree well with the extensive
body of data obtained for such systems by Mizutani and
co-workers. The alloys studied by these workers are ex-
ceptionally well characterized so that direct comparisons
are possible. Such features as low-temperature minima
and maxima in p for negative-c,, cases and their varia-
tions with gpA and 2kp/k, are reproduced. In addition,
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the experimental trends of the cy, with 2kp/k, are ex-
plained; in particular, the shift relative to dominant-
backscattering results and the extended range of 2kg/k,
for negative ¢, are explained. Good agreement with the
data is obtained with only small adjustments in 2kp/k,
and/or gpA for all the scattering matrix models treated,
except for the pseudopotential-based ?-matrix models,
which require larger adjustments of the parameters. The
larger adjustments in 2kg/k, and gpA required to make
the pseudopotential-based calculations conform suggest
that systems which are well described by pseudopotentials
might yield p-versus-r curves that appear to be incon-
sistent with those obtained in the low-resistivity alloys
studied thus far.

New features are predicted for high-resistivity
(gpA <10 or p> 100 1 cm) alloys. In particular, mono-
tonic decreasing p versus 7 is predicted for gpA-
dependent ranges of 2kp/k,, and in the short mean-free-

path limit (gpA<1), the low-T limiting form
p~poll—AT?) with A>0 is predicted. This type of
behavior is well known in high-resistivity alloys. Howev-
er, except for a few cases, the agreement between theory
and experiment is only qualitative. In particular, the pro-
nounced sigmoidal character of the measured p-versus-r
curves is not adequately explained.

Note added. Hafner®® and others claim that we omit a
term in our diffraction-model exposition. This is in-
correct. The origin of this discrepancy rests in the defini-
tion of the geometrical structure factor. Hafner*® impli-
citly employs a geometrical structure factor equal to that
defined here in Eq. (2) minus N8k, The contribution
arising from N& o, which is treated separately by Hafner,
is then claimed to be missing from our equations. We
have, in fact, discussed the magnitude of the contribution
arising from this term to p, for example, in Ref. 12.
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