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Measurements have been made of the effect of hydrostatic pressure to 8 kbar, at room
temperature, on the electrical resistance of five transition-metal-based amorphous alloys
and their crystalline counterparts. The resistivity dependence of the pressure coefficient
of resistance of these alloys, and results from other alloys taken from the recent litera-
ture, exhibit a trend analogous to the Mooij correlation. The pressure coefficient of resis-
tance for crystalline and disordered systems and these data are discussed in terms of the
diffraction model of electrical transport. It is suggested that the observed correlation of
the pressure coefficient of resistance with resistivity is a manifestation of the breakdown
of standard theory for high-resistivity metals, i.e., another example of Mooij phenomena.

INTRODUCTION

One of the more interesting characteristics of
high-resistivity amorphous and crystalline alloys is
that they exhibit the Mooij correlation!: As the
resistivities p increase to ~ 150 p{}cm, the tem-
perature coefficients of resistivity (TCR) generally
become very small or even negative. A related
feature is that when p is ~150 pQcm it is diffi-
cult to increase its magnitude further; for example,
in high-resistivity systems p is relatively insensitive
to the structural changes which accompany phase
changes!; in high-resistivity systems, unusually
small changes in p occur upon melting? and during
order-disorder transformations.’ These characteris-
tics are commonly termed “saturation” effects:
When p> 150 pQcm, then / ~a (where [ is the
electron mean-free path and a the interatomic
spacing) and cannot be decreased further. This
constraint on ! is known as the Ioffe-Regel limit.*
Standard theory for electron transport no longer
applies in this limit; for example, the Bloch-
Gruneisen function® for crystalline alloys and the
extended Ziman theory® for amorphous alloys are
no longer valid.

Earlier, we gave strong evidence for failure of
the Ziman theory for high-resistivity amorphous
alloys®”: It was shown that, according to this
theory, the TCR of amorphous systems at low
temperatures should be positive in sign and the
resistivity p should increase in proportion to T 2
even when the high-temperature TCR is negative.
This behavior is not observed when p > 150 u) cm;
however, it is observed in lower-resistivity systems
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(o < 100 u cm), e.g., CuSn (Ref. 8) and AuSn
(Ref. 9). We thus concluded that saturation effects
dominate the temperature dependence of p in
amorphous alloys for p> 150 uQcm.

In the present paper, we report on the effects of
pressure on the resistivity of the amorphous and
crystalline phases of five alloys. Besides attempt-
ing to learn more about the influence of pressure
on transport in alloys, we were particularly in-
terested in finding evidence for saturation effects
in the pressure coefficients of resistance (PCR),
which is equal to d(InR)/dP | r, of high-resistivity
alloys, analogous to the effects seen in the TCR.
Amorphous alloys are convenient for this purpose
since they generally have high resistivities and the
transformations to lower-resistivity phases are easi-
ly obtained by annealing.

EXPERIMENTAL

The amorphous NiP and FeP samples were
prepared by electrodeposition using baths described
by Brenner'® (NiP) and Logan'! (FeP). Samples
28264 and BNi2 were prepared by Allied Chemical
Corp; the labels are their designations for alloys
available under the trademark Metglas. Sample B
was prepared by Dr. R. Maringer of Battelle
Memorial Institute. Sample compositions are list-
ed in Table 1.

The crystallized samples used in this study were
prepared by annealing the initially amorphous sam-
ples for approximately one hour near the crystalli-
zation temperatures. The FeP and BNi2 samples
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crystallized in one stage. The NiP and Metglas
28264 crystallized in two stages: a metastable cry-
stalline phase and then the stable crystalline phase.
Sample B crystallized in three stages but only the
first stage PCR was determined.

Sample resistances were measured using the
standard four-probe technique. Sample leads were
attached by spot welding or soldering. A Leeds
and Northrop six-dial potentiometer was used for
the voltage measurements. Pressures up to 8 kbar
were obtained in a Bridgeman — Birch-type cell
with a 50-50 mixture of pentane and isopentane as
the pressure-transmitting medium.

At present, the only tractable model for describ-
ing electron transport in transition-metal systems is
the Evans, Greenwood, and Lloyd'? modification
of the standard diffraction model. Recognizing its
possible shortcomings,'® we nevertheless employ
this model because of its notable successes'* and
convenient form.

Incorporating the Evans, Greenwood, and Lloyd
modification the diffraction model expression'® for
the electrical resistivity in atomic units (N.B. atom-
ic unit of resistivity is #i/Ry=43.5 u) cm) is
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where the I sum in Eq. (6) runs over the position
vectors R, of the ith constituent ions and the J
sum similarly for the jth constituent. The sum in
Eq. (5) runs over the phonon wave numbers g and
branches A; M is the ionic mass. Polarization ef-
fects are ignored. The multiphonon terms cancel
the Debye-Waller factor e ~2%X) in the one-
phonon term in the dynamical structure factor in
Sham-Ziman approximation. For convenience, we
denote diagonal components of the partial-
structure factors with one index, e.g., S; =Sj.

The geometrical structure factors reduce to sums
of delta functions in the ordered-crystalline case
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where the resistivity static partial-structure factor

sfw=[" dco o Sy K@), @

with n (x)=(e*—1)~!, and S;j(K,w) is the Van
Hove dynamical partial structure factor. The oth-
er parameters in these expressions are as follows:
Qy is the atomic volume, ky and Ey the Fermi
wave vector and energy, 7] the [ phase shift
evaluated at the Fermi energy for the ith consti-
tuent, ¢; the concentration of the ith constituent,
Py(y) the Ith Legendre polynomial, # is Planck’s
constant over 21, kg is Boltzmann’s constant, and
T is the absolute temperature.

The dynamical structure factor in Sham-Ziman
approximation'®

——[a;(K+9)8(0+0g) +a;;(K—§)8(0—wg)] ,

(5)

r
and in the disordered cases (amorphous and disor-
dered crystalline) they are continuous functions of
the scattering vector K.'” (If we only include N
processes, the diffraction model yields the Bloch-
Gruneisen form for the resistivity.'>) The in-
gredients necessary to compute the PCR are ap-
parent in the above expressions. However, without
detailed calculations the required derivatives are
not generally available. We will, therefore, make
the usual approximations for transition-metal-
(TM) based alloys: TM d phase shift dominant and
Sem(2kg) >> S§\i(2kg) for i not TM. For disor-
dered alloys, one has

307

————CrmShm (2K Y™y .
onFEF ™STM(2kF) sin (77

Pd~=

(7a)

The corresponding expression for N processes in
TM-based crystalline alloys for a Debye phonon
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spectrum is
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where

a(K)=3(#K )} /Mkp® ,

Z is the electron to atom ratio, ® is the Debye
temperature, and J5(X) is the Debye integral:

X
J5(X)=f0 dx x’n(x)[n(x)+1] . (®)

We shall further simplify these expressions by
giving the high-temperature limiting terms and by
neglecting the inelastic parts of S§y(2kr) which
can be shown to make negligible contributions to
the PCR in disordered alloys. [One cannot invoke
this approximation if the temperature coefficient
of resistance (TCR) is of interest, since the phonon
contributions to the TCR are comparable in mag-
nitude to those contributed by the elastic term.!®]
Thus (for T'>®)
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for disordered and N-process crystalline cases,
respectively.

We shall now present expressions for the PCR
resulting from Egs. (9). First we note that the ex-
perimentally accessible PCR is related to the
theoretical quantity dlnp/dln¥ | 7 in an isotropic
material by
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where K= —dInV' /3P | 7 is the isothermal
compressibility. Noting that the Griineisen con-
stant,
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Egs. (9) yield
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for disordered and crystalline (N processes) cases,
respectively.

The term 3lna (2kg)/3InV | 7 is not included in
Eq. (12a). This term is seen to be small in solids
as follows: once the arrangement of ions is
frozen-in, the effect of pressure is merely a uni-
form contraction of ionic spacings with no “rear-
rangements,” which nearly exactly cancels the ef-
fect of the expansion of kj with pressure. Equa-
tions (10)—(12) will provide the basis for the dis-
cussion of our room-temperature studies of the
pressure dependence of the resistivity in a variety
of TM-based disordered alloys and their crystalline
counterparts.

RESULTS

The relative change in resistance R (P)/R (0)—1
is plotted against P for amorphous and crystallized
NiP in Fig. 1. These data are typical of the alloys
investigated except that all alloys studied did not
form metastable crystalline phases. The amor-
phous phase has the smallest PCR and the largest
p. The Ni;P crystalline compound has the largest
PCR and the smallest p. The intermediate phase,
a disordered, metastable Ni P alloy,19 has inter-
mediate values of PCR and p. The change in
resistance in the alloys studied is linear in P for the
range of pressure (0 <P < 8 kbar) investigated.

Variation of the resistivity p of these alloys with
temperature has been determined at one atmo-
sphere.!> Figure 2 shows the results for the NiP
phases, whose pressure dependences are shown in
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FIG. 1. Relative change in resistance with pressure
for amorphous (a) and crystalline (I and II) NiP.

Fig. 1. The curves are of the type described by
Mooij and strongly imply that standard transport
theory fails to describe the temperature dependence
of these high-resistivity alloys. (The position that
Mooij phenomena implies failure of standard
theory is not universally accepted. See, for exam-
ple, Chakraborty and Allen.”)

The PCR and p values at room temperature for
the five alloys used in this study, in their amor-
phous and crystalline forms, are presented in Table
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FIG. 2. The temperature dependence of the electrical
resistivity of amorphous (a) and crystalline (I and II)
NiP.

I. The disordered phases have considerably larger
p and significantly smaller PCR magnitudes than
the corresponding crystalline phases in most cases.
Moreover, the PCR and p values of these alloys,
which differ widely in composition, suggest a gen-
eral decreasing trend in the magnitude of the PCR
with increasing p. In order to further investigate
this trend, data for amorphous metals
[Pdg;_,V,Sijg (Ref. 21), FegyB,, (Ref. 22),
Fe;sMo0,B0y (Ref. 22), FeyoNiygPsB 4 (Refs. 22 and
23), and BeyTiseZry (Ref. 22)], from the recent
literature, and data for related crystalline metals®*

TABLE 1. Resistivity and pressure coefficient of resistance of five alloys in their amor-
phous and crystalline phases.

Systems Resistivity Pressure coefficient
(@ cm) (1072 kbar ™)

NiP (Ni;;P,3)

Amorphous 142 —0.044

Crystalline (I) 77 —0.25

Crystalline (II) 51 —1.74
FeP (FC78P22)

Amorphous 141 —0.58

Crystalline 60 —0.91
BNi2 (NigyB 4SigCre¢Fey)

Amorphous 126 —0.12

Crystalline 51 —1.65
B (Ni63Cr128igFe4)

Amorphous 122 0

Crystalline 105 —0.22
28264 (FC32Ni36CT14P6B12)

Amorphous 144 —0.50

Crystalline (I) 138 —0.25

Crystalline (II)

94 + 0.89
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(pure Fe, Pd, and Ni, and the FeNi alloy series),
are plotted in Fig. 3 along with our data.
Approximately equal numbers of points to the
left and right of 120 u cm are shown in Fig. 3.
The points to the right of 120 uQ cm fall into a re-
latively narrow range of PCR values (0 to —0.6
kbar ™), while the points to the left of 120 uQcm
span a range of values at least an order of magni-
tude larger. (The solid lines form an envelope for
the data but have no theoretical basis.) Figure 3
suggests that the trend seen in Table I is general.

DISCUSSION

The trend in the PCR with p exhibited in Fig. 3
is quite striking since a plot based only upon the
ordered-crystalline alloys would exhibit no trend
and would cover a broad range of positive and
negative values as seen in the left-hand part of Fig.
3. This suggests that the PCR values exhibit
behavior which is analogous to that of the TCR
values in the Mooij correlation: As stated earlier,
the standard explanation for the Mooij correlation
is that at p~ 150 u) cm, the electron mean free
path [ is near the interatomic spacing a and cannot
be decreased further; in other words, the Ioffe-
Regel condition* applies. Another consequence of
[ ~a limit is that dlnp/dIn¥V ~O0, so that the Ioffe-
Regel condition provides a common explanation
for the apparent anomalous effects in both the
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O crystallized
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FIG. 3. The pressure coefficient of resistance PCR
plotted against resistivity for data from Table I and
Refs. 21—24. The solid lines represent the envelope
suggested by the data.
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TCR and PCR of high-resistivity alloys. However,
it is also possible that the effect may be a simple
consequence of the disappearance of the Gruneisen
term in the standard theory for disordered systems
[Eq. (12a)]. We attempt to shed some light on
these questions by considering some specific exam-
ples.

Pure transition metals. Although naive con-
siderations suggest that d7,/0ln¥V | <0 (for ex-
ample, a decrease in volume should energetically
favor the more compact d orbitals as compared
with sp orbitals), band-theory results give
a1n,/0InV | 7 =0 with 9,~7Z4/10 in pure
ordered-crystalline TM’s.”> Thus, this theory sug-
gests that

dmp |, e
ap |~

for pure-crystalline TM’s. This result agrees well
with the experimental findings in these metals.’
(N.B. The theoretical ideas concerning 7, above
were used to explain dT, /dP by Ratti, Evans, and
Gyorffy?®; T, is the superconducting critical tem-
perature in pure TM’s.) The small value deduced
from the band-theory work for d7,/0InV | 7 is also
consistent with the small values of K found?® in
TM’s and suggests that pressurization does not
easily alter the d-level occupancy. One expects
d1,/0InV | 7 =0 again for pure amorphous TM
since the atomic volume of the amorphous phase is
very near that for the crystalline phase and the
compressibilities K are about the same®’; thus a
much smaller PCR is predicted for pure amor-
phous TM’s. No data exist for such systems be-
cause the amorphous phase of pure metals can
only be retained at very low temperatures.

Transition-metal alloys. Theoretical predictions
for an,/3InV | ; for TM alloys are not available.
Thus, one must try to understand the behavior of
these alloys by examining the available data alone.
The most striking feature of these data is that in
many crystalline TM alloys | dlnp/0P | 7| is con-
siderably larger than 2yK.?* Such data imply that
971,/0InV | 1 values in crystalline TM alloys are
large and of either sign, and suggest that the same
condition should obtain in the related amorphous
TM alloys. This indicates that standard theory
fails to explain the trend seen in Fig. 3. and that
this trend is therefore a further manifestation of
Mooij phenomena.

Another approach to the TM alloys was taken
by Lazarus.?! He implicitly assumed that
07,/3InV | ; type contributions to the PCR should
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be small leading to the conclusion that his ob-
served zero value for the PCR in the Pdg, _, V,Sig
was consistent with Ziman theory. Clearly, no
firm conclusions can be drawn without better in-
formation on d7,/0InV | ; for TM and TM alloy
systems.

Finally, note that if the trend seen in Fig. 3 is a
manifestation of the breakdown of standard theory
(the most likely case in our view), then the implica-
tion is that the elastic (structure scattering) com-

ponent of p “saturates” at approximately the same
value of p (i.e., 150 uQ cm) as that for the inelastic
(phonon-scattering) component. This follows from
the fact that the elastic component contribution to
the PCR is dominant in amorphous metals. The

inelastic and elastic components of p contribute
terms of the same order to the TCR; the Mooij

correlation, which correlates the TCR with p can
be explained by means of “saturation” of only the
inelastic scattering component of p.’
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