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We have measured the resistivity p(T) and the thermoelectric power Q (T) in the metallic

glass system. Nil „P„,with 0.143&x &0.243, prepared by chemical deposition and melt

quenching. We find that as x increases, p increases, a [=(1/p)dp/dT] decreases and be-

comes negative, and Q increases and becomes positive near x=0.18. These results agree
with the Mooij correlation and with a correlation of positive Q with high p and negative Q
with low p, which is also seen in many nonmagnetic metallic glasses. Thus the Nii „P„sys-
tem spans the range of behavior seen in many different metallic glasses. For x & 0. 175, p(T)
and Q(T) are very similar to those seen in iron-based ferromagnetic glasses. The only clear
difference between the transport properties of samples prepared by melt quenching and

chemical deposition is in the temperature dependence of g. We compare our results with

several theories for electron scattering.

I. INTRODUCTION

Electrical transport in metallic glasses has attract-
ed considerable attention because of features not
found in ordinary crystalline metals. For example,
some glasses consisting of a11oys of nonmagnetic ele-
ments, such as Beo4Tio&Zro I (Ref. 1), Cue, Zro „
(Ref. 2), or Cao sAlo 2 (Ref. 3) have large resistivities,

p, which decrease slowly and monotonically with in-
creasing temperature. The larger the magnitude of p
the more negative is the temperature coefficient of
resistivity, a = (1/p)dp/dT. In contrast, resistivities
of normal crystalline metals are usually smaller and
increase rapidly with increasing temperature. This
dependence in metallic glasses of n on the magni-
tude of p is an example of a general trend discovered
by Mooij in 1973. By looking at a variety of metal-
lic systems Mooij found that a was lo~er in systems
of higher p; in particular, most systems with p & 150
pQcm have a positive u and those with pg 1SO

pO cm have a negative a.
Another group of metallic glasses, containing

ferro- or antiferromagnetic elements, shows a second
kind of unusual behavior. Alloys such as FeQ 8BQ z

01 FeQ 32N1Q 36CrQ I4PQ IzBQ Q6 have positive values of
a at room temperature, however, a changes sign
below room temperature where the resistivity has its
minimum value. This is reminiscent of the Kondo
effect which occurs in nonferromagnetic crystalline

metals with a dilute amount of ferromagnetic impur-
ities. However, this effect is not seen in crystalline
ferromagnetic metals in which the spins of the lat-
tice cannot freely flip to scatter electrons. Thus it is
unclear whether the Kondo effect can explain the
minimum in p in ferromagnetic metallic glasses.

Another transport property in metallic glasses
which has interesting behavior is the thermoelectric
power Q(T). In the nonmagnetic metallic glasses
with a & 0, such as Ben 4Tio &Zro, (Ref. 1), Cuo sZro s

(Ref. 2), or Cao sAlo 2 (Ref. 7), Q(T) is small and
close to linear over a wide range of temperatures. In
crystalline metals, one has never observed linear
thermoelectric powers even though simple theories
of the thermoelectric power predict a linear depen-
dence of Q on T.

A correlation is seen between the sign of the ther-
moelectric power and the sign of the temperature
coefficient of resistivity (or the magnitude of p) in
nonmagnetic metallic glasses. The glasses men-
tioned above all have p & 1SO pA cm, a &0, and pos-
itive Q. In Pdo775CUQQ6Sio I6» which has p=85
)MII cm and a positive a, Q is negative. The correla-
tion of positive Q with high p and negative Q with
low p is very similar to the Mooij correlation exhi-
bited by these same glasses. There has been little
systematic investigation of the thermoelectric power,
however. The purpose of this paper is to report a
measurement of Q(T) in a single metallic glass sys-
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tern, Ni& P . By varying the composition in this
alloy the resistivity can be varied from 100 to 170
pQ cm (Ref. 9) (thus spanning the value 150 pQ cm,
the resistivity which appears as the crossover point
in the Mooij correlation). At the same time, o. is
positive at the lowest resistivities and decreases and
becomes negative as the resistivity is increased.
Therefore, we can observe Q in a single system
which spans the range of behavior of the resistivity
in nonmagnetic metallic glasses.

In Sec. II we discuss several models for scattering
mechanisms which can lead to a decreasing resistivi-

ty with increasing temperature and their predictions
for the thermoelectric power. Section III deals with
experimental technique. The results are presented in
Sec. IV, and a discussion follows in Sec. V.

II. BACKGROUND

Several scattering mechanisms have been pro-
posed to explain the negative values of a found at all
temperatures in metallic glasses: (a) scattering from
structural disorder, the Ziman theory, (b) Mott s-d
scattering, (c) scattering from structural two-level

systems, and (d) theories of incipient localization.
(a) In the Ziman theory the electrons scatter from

the disordered arrangement of atomic potentials. '

This can lead to both an increasing or decreasing
resistivity with increasing temperature depending on
the relative magnitudes of the Fermi wave vector
and the position of the first peak in the static struc-
ture factor. Originally proposed for simple liquid
metals, the Ziman theory has been extended to in-

clude liquid —transition-metal alloys. " Because of
the similarity of the disordered structures of metal-
lic glasses and liquid metals the Ziman theory has
subsequently been applied to metallic glasses. "

As in the case of transition-metal liquids, in a
glass containing a single transition metal the resis-
tivity is dominated by the d-wave phase shift and
backward scattering. By assuming independent
atomic vibrations, the resistivity as a function of
temperature for such a glass is approximately" '

30~ R
p(T) =

z
sin [gz(EF)]

me kpEFA

when T «8n (Sn is the Debye temperature) and as
T when T & 8&. The condition for a negative tem-
perature coefficient of resistivity in this theory is
when 2kF -k~ (where k~ is the position of the first
peak in the structure factor) in which case
Sp(2k~)~1. The measured change in the peak of
the structure factor with temperature approximately
accounts for the change seen in the resistivity in the
case of Nb] „Ni„x=0.4, 0.5, and 0.6. ' The Zi-
man theory also predicts a positive temperature
coefficient of resistivity when Sp(2k+) & 1. This will

happen if 2k+ is far from a peak in the structure
factor. With more than one transition metal a simi-
lar analysis holds except that the phase shift for
each transition-metal component and the partial
structure factors must be used. '

(b) Mott s-d scattering assumes that the electrons
near the Fermi surface can be divided into two
groups with very different mobilities. ' The more
mobile s or p carriers are strongly scattered into the
less mobile d holes at the Fermi surface. The resis-
tivity which is dominated by this scattering process
is proportional to the number of such holes, i.e., to
N~(E~), the density of d states at the Fermi energy.
In metals with partially full d bands Nq(E) changes
rapidly at EF and p decreases with increasing tem-
perature due to the thermal broadening of the elec-
tron distribution and the motion of the chemical po-
tential. With the use of a simplified model where

p(E) ccN~(E) and the density of states does not
change with temperature, the resistivity in this
theory is'

p(T)=p(0) 1 — (ksT) 3
ding

6 S~ dE

d Xg

dE' E,

(2)

If we assume for simplicity that the d band is nearly
full and that Ng(E)=C(Ep —E) (with Ez&Ep),
then

2

p( T) =p(0) 1 — (k~ T) (Ep EF)—
6

~[l+[S (2k ) —1]

Here k~ and Ez are the Fermi wave vector and ener-

gy, 0 is the atomic volume, gz(E~) is the d-wave

phase shift, Sp(k) is the static structure factor at
temperature T=O, and W(T) is the Debye-Wailer
exponent at temperature T. W(T) varies as T

Brouers and Brauwers' have considered the pos-
sibility that N~(E) does depend on temperature and
found that there is a significant smearing out of
Nq(E) with increasing temperature. Aside from the
effects of the thermal broadening of the electron dis-
tribution, this modification of Nz(E) and the shift
in Ez which is caused by it lead to a contribution to
the resistivity which can either increase or decrease
with temperature in a manner consistent with the
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Mooij correlation. When EF is close to a maximum
in N~(E), the resistivity is high and thermal smear-
ing causes N~(EF) and p to decrease with increasing
temperature. When Ez is far from a maximum in
Nd(E), the resistivity is low and the smearing causes
Nd(EF) and p to increase with increasing tempera-
ture. A more complete theory of s-d scattering must
take into account both the thermal broadening of
the electron distribution and the thermal smearing
of Nd(E). For our purposes we only need to note
that both effects produce a negative a when Ez is
close to a maximum in Nd(E) and that a becomes
more positive as [d(lnNd) jdE]~ and Nd(E+) are

decreased.
Mott has stressed that the model of s-d scattering

can only hold when there is a significant difference
in the mobilities of the s and d electrons. ' Thus
this model may break down for very-high-resistivity
materials where all mobilities are very low such as in
many metallic glasses.

(c) Two-level tunneling systems similar to those
proposed by Anderson et al. ' and Phillips in insu-
lating glasses have also been used to try to explain
some of the unusual electronic transport behavior in
metallic glasses. The interaction between these sys-
tems and the conduction electrons produces a contri-
bution to the resistivity which increases with de-
creasing temperature analogous to the Kondo effect.
Cochrane et al. ' used this model to explain the
low-temperature minimum found in the resistivity
of some metallic glasses, as mentioned in Sec. I,
which resembles the minimum seen in crystalline
Kondo systems. They calculated a term in p of the
form —Cln(T +6 ), where 2kzb, is the energy
splitting between the tunneling states. Tsuei has
suggested that this mechanism may be responsible
for producing a negative a at all temperatures in
high-resistivity metals. He found a better fit to p(T)
data in these metals with the form p(T)=p(0)
—Cln(T +b, ) than with the Ziman theory's linear
decrease in resistivity with temperature at high tern-
peratures.

(d) The theory of localization has been used by
Jonson and Girvin and by Imry to explain the
Mooij correlation on very general grounds. These
theories also have the advantage that they begin in
the limit of strong scattering, i.e., assuming the elec-
tronic mean free path is very short as it is in rnetal-
lic glasses. The scattering mechanisms described
above, on the other hand, are essentially weak
scattering theories and may not be applicable in the
strong scattering limit. According to Jonson and
Girvin, in low-resistivity metals phonons scatter
electrons and the resistivity increases with increasing
temperature, whereas in high-resistivity materials
the adiabatic approximation breaks down and the

phonon dynamics must be included in any picture of
the conduction. The effect of the phonons when the
electron mean free path is very short is to increase
the mobility of the conduction electrons, even

though the electrons are not localized. The Mooij
correlation follows directly from this model. It is
produced by a competition between the two effects
of the phonons: increased scattering of electrons
due to increased disorder and the increase in mobili-

ty of electrons due to inelastic processes.
Imry's arguments based on the scaling theory of

localization lead to the same conclusions. As the
temperature increases the electron-phonon inelastic
mean free path decreases below the correlation
length which determines the resistivity in the scaling
theory in the extended phase. The resistivity is then
proportional to the inelastic mean free path arid,

therefore, decreases with increasing temperature.
Girvin and Jonson have shown that Imry's argu-
ments are essentially equivalent to their own.

Each of these theories is able to predict a decreas-

ing resistivity with increasing temperature. In order
to distinguish between them another transport prop-
erty must be measured. The thermoelectric power is
a good choice because it is very sensitive to electron
scattering mechanisms. In simple theories it is relat-
ed to the resistivity by the Mott formula

~'&a~ d 1
Q(~)

8 d 1IlP
(4)

dE

We briefly describe the predictions for Q for each of
the scattering mechanisms discussed above.

(a) The thermoelectric power Q(T) in the Ziman
heory i

m kgT
Q(T) = — (3—2q ——,r),E,

where kz is the Boltzmann constant, T is the abso-
lute temperature, and

S(2kF) &(2k@)~

2'f dk [4(2k~) k'S (k)
~

r (k)
~ ]

Here t(k) is the t matrix describing the muffin-tin
potential. The quantity r in the expression for Q(T)
is the energy dependence of the t matrix:

2kF

f 'dk[4(2k, )-'k'S(k)k, d
i
r(k)

i
'Idk, )

2kF

f dk [4(2k') k S (k)
~

t (k) ]

Note that Q(T) is linear in temperature and can be
either positive or negative depending on the magni-
tude of q. When 2k+ -k~ and S(2kF) is large then q
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is large and the thermoelectric power is positive.
The condition 2kF-k~ is also what is required to
make the temperature coefficient of resistivity nega-
tive and the resistivity large.

(b) In Mott s-d scattering the thermoelectric
power can have either sign depending on the relative
position of the Fermi level and the d-band density of
states. Since Q ~ [d(lnp)idE]E, and in Mott s-d

scattering p(E) ~ N~(E), then Q ~ [d(lnN~ ) IdE jF.

in this model. For example, if the d band is nearly
full this would predict a negative value of Q. The
smearing out of Nz(E) with temperature would not
change the sign of Q but would affect its magnitude.

(c) In real Kondo systems anomalously large ther-
moelectric powers of up to 40 pV/K are seen near
the Kondo temperature, the temperature characteris-
tic of the electron-lattice spin interaction. Scatter-
ing from structural two-level systems should pro-
duce an analogous effect. In metallic glasses the
anomaly will not be as spectacular as in crystalline
systems; the Nordheim-Gorter rule states that
scattering mechanisms contribute to the thermoelec-
tric power in proportion to their contribution to the
resistivity. In the model of Cochrane et al.
anomalies are expected at low temperatures in Q ( T).
If the two-level system scattering is causing a to be
negative at high temperatures as in the model. of
Tsuei, then Q(T) should show anomalies at high
temperatures as well.

(d) The localization theory of Girvin and Jonson
makes no prediction for the sign of the thermoelec-
tric power, but a linear Q (T) is not inconsistent with
their ideas.

A common behavior of the thermoelectric power
is seen in nonmagnetic metallic glasses with negative
temperature coefficients of resistivity —Q(T) is pos-
itive, nearly linear, and small. Negative a, large p
(p & 150 p, Q cm), and positive and linear Q ( T) have
been seen in Beo 4Tip sZrp &

(Ref. 1), Cup sZro s (Ref.
2), Nbp sNip s (Ref. 8), Cap 8Alp 2 (Ref. 7)
(Ni„Pt& )o.7sPo. 2s (for x &0.50), ' and Nio 76Pp 24.
Furthermore, Pdo 775Cuo O6Sio &65, which has a lower
resistivity than the above glasses (p =85 pQ cm), has
a positive a and a negative (but nonlinear) Q(T).
There is one system, La& „Ga, x=0.18 and 0.22,
in which the noted correlation between the sign of a
and the sign of Q(T) is not observed to hold. 29 In
magnetic glasses much more complicated behavior
is observed in the temperature dependence of Q.

Most of the metallic glasses examined experimen-
tally exhibit either high-resistivity behavior (p & 150
pQ cm, a & 0, Q & 0) or low-resistivity behavior
(p& 150 pQcm, a&0, Q&0). The alloys Ni~ „P„
provide a single-alloy system in which the resistivity
can be smoothly varied from the low-resistivity re-

gime to the high-resistivity regime. At the same
time, o; is positive when p is low and decreases with
increasing p. The thermoelectric power of one sam-
ple has been measured previously (Nip 76Pp 24) and a
positive linear Q(T) was found from 77 K to room
temperature.

Ni is a ferromagnetic element, however, and the
metallic glasses Ni& „P„have interesting magnetic
properties. In electrodeposited Ni& P Berrada
et al. found that samples with x &0.18 were weak
homogeneous ferromagnets. The Curie temperature
and the saturation magnetization decreased rapidly
with increasing x. Above x=0.18 the glass is weak-
ly paramagnetic with a susceptibility which de-
creases with x. ' Minima in p( T) were seen near 10
K similar to those seen in iron-based ferromagnetic
metallic glasses.

III. METHOD

Amorphous Ni&, P„samples were produced by
three methods. Samples in the range
0.143 &x &0.219 were prepared by chemical reduc-
tion as described in Ref. 32. The solutions used con-
tained NiC12 for x=0.143 and NiSO4 for the others.
Rapid quenching of the melt, as described in Ref.
33, produced amorphous samples with x=0.181,
0.202, and 0.213. The sample containing the highest
concentration of phosphorus (x=0.243) was made
by an electrodeposition technique described in Ref.
34.

Electron microprobe analysis was used to measure
the composition x (phosphorus atomic fraction) and
homogeneity hx (Table I). Absolute accuracy in x is
+0.01; relative accuracy in x between samples is
+0.005. Most of the samples were homogeneous but
several showed microscopic inhomogeneities across
their thickness (see Table I). All samples were ex-
amined for traces of crystallinity by x-ray diffrac-
tion; none was found. Analysis was performed for
transition-metal impurities by atomic absorption
spectrophotometry. The results are listed in Table I
for the major magnetic impurity.

Thermal behavior was observed by differential
scanning calorimetry (DSC) at a heating rate of 10
K/min. We found features similar to those
described by Clements and Cantor in chemically
deposited samples in the range x&0.18. The glass
Ni&, P„with x =0.143 produced three exothermic
peaks (Fig. 1). The first, a broad and shallow peak
from 500 to 560 K, corresponds to crystallization of
the glass into a fcc solid solution of P in Ni accord-
ing to Clements and Cantor. The peaks at high tem-
perature, 605 and 620 K, were attributed to rear-
rangements from the disordered crystal to ordered
crystalline phases. Schmidt et al. attribute the low
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Composition, x
(at. fraction P)

~ TABLE I. Ni& P„sample composition, preparation, and homogeneity.

Preparation Inhomogeneity, Ax Major magnetic Temp. of
method' (at. fraction P) impurity (at. ppm) first DSC Peak (K)

0.143
0.172
0.175
0.181
0.196
0.202
0.213
0.219
0.243

C (NiC12)
C (NiSO4)
C (NiSO4)

Q

C (NiSO4)

C (NiSO4)
E

0.009
& 0.002

0.007
& 0.002
& 0.002
& 0.002

0.003
& 0.002

0.006

Fe (12)
Fe (65)
Fe (63)
Fe (351)
Fe (78)
Co (677)
Fe (278)
Fe (201)
Fe (581)

530,605
603
603
600
620
630
612
610
550

C is chemically deposited, Q is melt quenched, and E is electrodeposited.

first peak to crystallization of Ni-rich clusters. The
second and third peaks they attribute to the crystal-
lization of the rest of the glass and to a separation of
the crystalline phases, respectively. With one excep-
tion, the other samples showed one exothermic cry-
stallization peak. The temperature at which the
peak occurs, Tz, increases with x, from 603 K at
x=0.172 to a maximum of 630 K at x=0.202.
Above x=0.202, T& decreases to 550 K at x=0.243
(Table I). The maximum in T~ at x=0.202 in our

chemically deposited and melt quenched samples
differs from the monotonic decrease in Tz with in-

creasing x seen in electrodeposited Ni& P, by
Cote. The sample with x=0.175 had two narrow

peaks, at T=603 and 612 K, similar to the second
and third peaks of the sample with x=0.143. The
similarity with the double peaks found in x=0.143
may be due to the inhomogeneity of the x=0.175
sample (see Table I), causing islands of lower P con-
centration.

The resistivity of the samples at room tempera-
ture were measured by the four-probe resistance
method. Length, mass, and density measurements
were used to determine the sample dimensions. The
overall accuracy in the resistivity measurement is
+4—9%.

The temperature dependence of the resistivity was
measured from T=4—295 K. The temperature was
measured by a AuFeoo7% Chromel thermocouple.

The accuracy in p( T)/p(4. 2 K) is +IX 10
The thermoelectric power was measured relative

to &99.999%-pure Pb from T=4—440 K. The in-

tegral method was used; one end of the sample was

kept at a constant temperature while the other end
was raised in temperature. The derivative of the
voltage measured with respect to temperature gives
the relative thermoelectric power. Below room tern-

perature the absolute thermoelectric power of lead
was taken from the scale of Roberts. Above room
temperature the scale of Cook, Laubitz, and Van der
Meer was used, adjusted to fit smoothly with the
Roberts scale. The absolute thermoelectric power of
the sample is obtained by subtracting the absolute
thermoelectric power of the Pb standard from the
measured relative thermoelectric power. Tempera-
ture was measured by copper-constantin thermocou-
ples. A Keithley 180 nanovoltmeter was used to
measure the sample vs Pb emf. Above T=40 K, the
accuracy in Q(T) is +0.05 pV/K in the samples
with x (0.181, and is +0.10 pV/K in the samples
with higher x.

IV. RESULTS

The absolute resistivity at room temperature
p(295 K) as a function of phosphorus atomic frac-
tion x is shown in Fig. 2. The resistivity increases

180—

I I I

450 500 550 600 650

T(K)

160-

140—

120—

100- 0
)

0.15 0.20 0.25

X (ot. fraction P)

FIG. 1. Differential scanning calorimetry data taken at
10 K/min for Nil „P„samples with x =0.143 and 0.202.

FIG. 2. Resistivity vs x, the atomic fraction of phos-

phorus.
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FIG. 7. Average second derivative of Q ( T)
( d Q/d T ) in picovolts per cubic degrees Kelvin vs phos-
phorus atomic fraction.

FIG. 6. Log-log plot of the thermoelectric power vs
temperature for the x=0.202 and 0.243 samples. The
straight lines 1ng=lnC+ B lnT are fitted to our data
above 80 K [C(x=0.202)= —3.262, B(x=0.202)=0.704,
C(x =0.243) = —2.932, and B(x=0.243) =0.763].

from positive to negative, and the thermoelectric
power increases smoothly from negative to positive.
The decrease of a with p follows the Mooij correla-
tion; a changes sign near p=150 pQ cm, the same
resistivity value which appears in that correlation.
The change in sign of the temperature coefficient of
resistivity as the composition is varied has already
been observed in Ni&, P„by Cote as well as in

many other metallic glass systems. '

What makes our results on the Ni&, P system
special is that the phosphorus content can be varied
sufficiently so that as x is changed, the behavior of
Q as well as of p and a smoothly spans the variety
of electrical transport phenomena seen in many dif-
ferent metallic glasses. The resistivity of Ni& „P„
near x=0.15 is low (100 )ttQcm), a is positive, and

Q is negative as is also seen in the metallic glass
Pdp 775Cup psSip &65. The resistivity of Ni& „P„with
x=0.243 is high (170 )MQcm), a is negative, and Q
is positive as is the case in many high-resistivity me-
tallic glasses [e.g., Bep 4Tip 5Zrp t, Cup 5Zrp 5, or
(Ni„Ptt „)p75Pp25 with x &0.50]. Positive ther-
rnoelectric power is a general feature of metallic
glasses with high resistivity and negative Q is
characteristic of low-resistivity metallic glasses. In
Ni& „P we see the thermoelectric power increase
rnonotonically with the resistivity: At the lowest
resistivities Q & 0 and at higher resistivities Q ~ 0.
Just as Ni& „P„is an example of the Mooij correla-
tion between a and p, this alloy system also exhibits
a correlation between Q and the size of p.

The dependence on composition of the resistivity,
the temperature dependence of the resistivity, and
the size of the thermoelectric power can be inter-
preted in terms of the Ziman theory of electron
scattering. As the phosphorus content increases the
average valence of the alloy also increases so that

2kF will increase with increasing x. When 2kF is
approximately equal to kz, the resistivity will be
large [since p~S(2kF)], a will be negative, and Q
will be positive. Thus for the sample x=0.243, we
find the largest values of p and Q and the most neg-
ative value of o. for all the samples studied. For the
lowest values of x, 2kF & k~ and p will be small, a
will be positive, and Q negative. This is seen in the
alloys x =0.143 and 0.172. Thus as phosphorus con-
tent increases, p increases, n decreases and changes
from positive to negative, and Q increases from neg-
ative to positive.

Note that the compositions where a=0 and Q=O
are not the same because of the differing depen-
dences of p(T) and Q on the position of 2kF relative
to kz. From Eq. (1) it can be seen that a=O when
S(2kF)=1, and from Eq. (5) Q=O when q = —,

1

4 ~

Our results contradict the prediction of Cote and
Meisel for the compositional dependence of the ther-
moelectric power. Using Ziman theory and an esti-
rnate of the contribution to the effective valence of
0.5 electrons per Ni atom and 5 electrons per P
atom, they calculated the same compositional depen-
dence of p and a as we see, but predicted a slow de-
crease in the magnitude of Q (300 K) from 3.20
pV/K at x=0.15 to 2.51 pV/K at x=0.25. A
somewhat lower estimate for the phosphorus contri-
bution to the effective valence will place the Fermi
wave vector lower with respect to the first peak in
the structure factor and the Ziman theory would
then predict an increasing thermoelectric power as a
function of x as we see in our data. Given the lower
effective valence, however, Cote and Meisel's esti-
rnate for the resistivity and its temperature coeffi-
cient would not agree as well with the measured
values. In Ni08&P0», Esposito, Ehrenreich, and
Gelatt"' calculate an even larger value for the effec-
tive valence z*=2 corresponding to 2k+ g kz. Their
Ziman-theory calculation of the resistivity gives a
value in fair agreement with experiment, 169
pQ cm, but implies a negative thermoelectric power



7596 CARINI, NAGEI. , VARGA, AND SCHMIDT

on the order of —5 pV/K.
As Espositio et al. have emphasized and as com-

parisons between calculated and experimental values
show, the transport properties depend sensitively on
the free parameters in the Ziman theory, especially
E~ and 2k+. The Ziman theory gives the qualitative
dependence of p, a, and Q on composition in

Ni~ ~P„with many other metallic glass systems.
The calculated magnitudes of the transport proper-
ties are only roughly correct, however. In addition,
the Ziman theory is a weak scattering perturbative
theory. Thus its applicability is questionable in met-
als in which the electron mean free path is very
short.

The Ziman theory is consistent with the Mooij
correlation in predicting a decrease in a as p in-
creases in any particular alloy system. However, it
does not predict the universal dependence (from one
alloy system to another) of the sign and magnitude
of a on the magnitude of p. In particular, it does
not indicate why the value p=150 pQ cm should be
the crossover between positive and negative values
of a.

Results similar to the Ziman theory have been ob-
tained without assuming weak scattering or needing
to define 2k~. Nicholson and Schwartz nonpertur-
batively calculated the effect on the electronic prop-
erties in a disordered metal by the first peak in the
structure factor. They found a minimum in the
electronic density of states which was correlated to
the position of the first peak in the structure factor.
The minimum in the density of states produces a
maximum in the resistivity as a function of energy.
Raising the temperature will decrease the peak of
the structure factor and the minimum in N(E) will
not be as deep. Systems with EF near the minimum
in N(E), i.e., those with high resistivities, should
have negative temperature coefficients of resistivity.
These results are very similar to what happens in the
Ziman theory when 2kF is near k~. This calculation
indicates, therefore, that the qualitative features
predicted by the Ziman theory may actually be
relevant to metallic glasses in the highly resistive re-
gime. This theory, along with the localization
models of Jonson and Girvin and Imry are the only
ones explicitly suited to strong scattering systems.

On the negative side, the Ziman theory predicts a
linear dependence of the thermoelectric power on T,
and as we have seen none of the thermoelectric
powers we measured are linear at all temperatures
(Fig. 5). At the lowest phosphorus concentrations
(x =0.143, 0.172, and 0.175) the thermoelectric
powers are not even a monotonic function of T and
are reminiscent of those seen in iron-based fer-
romagnetic metallic glasses. In the samples of
higher P concentration (x ~ 0.18), Q(T) is monoton-

ic and has less structure in its temperature depen-
dence.

The positive thermoelectric power of high-
resistivity metallic glasses such as Beo 4Tio 5Zro &

(p =300 pQ cm) or Cuo 5Zro 5 (p =200 pQ cm)
are very linear over a very wide range of tempera-
tures. The negative thermoelectric power of
Pdp 775Cuo O6Sio &s5 (p =85 pQ cm) departs markedly
from linearity. The straying from the linearity in
nonmagnetic metallic glasses with low resistivity
may be explained by hypothesizing another scatter-
ing mechanism, and using the Nordheim-Gorter re-
lation. Thus in high-resistivity metals where the
scattering is dominated by the disorder, the ther-
moelectric power is quite linear. In low-resistivity
metals the contribution from disorder to the resis-
tivity is less and other scattering mechanisms such
as s-d scattering can make a larger proportional con-
tribution to Q ( T).

The observed transport behavior cannot be ex-
plained by the Mott s-d scattering model over the
entire composition range. Low-temperature heat-
capacity measurements in Ni& „P indicate that as
x increases from 0.15 to 0.25, N(EF) decreases by a
factor of 3. The s-d model predicts that p will de-
crease as x increases since p~Nd(EF) and that Q
will be negative since Q~[d(lnNd)ldE7)E . The
measured resistivity increases with x, however, and

Q changes sign in the middle of the composition
range.

It has been suggested that Mott s-d scattering may
contribute to the resistivity at low-phosphorus con-
centrations where the d band is not full. The resis-
tivity in this composition range is fairly low, and,
therefore, s and d electrons may have different
mobilities. Mott s-d scattering in a metal with a
nearly full d band produces a negative contribution
to the thermoelectric power. The negative ther-
moelectric power we find below x=0.18 is con-
sistent with the existence of Mott s-d scattering.
The Nordheim-Gorter relation states that scattering
mechanisms contribute to the thermoelectric power
in proportion to their contribution to the resistivi-
ty. Thus in our low-phosphorus alloys in which
the resistivities are low the negative thermoelectric
power produced by Mott s-d scattering is likely to be
significant. As x is increased, Nd(EF) decreases,
and so the s-d scattering contribution to the resis-
tivity and negative contribution to the thermoelec-
tric power will decrease. Therefore, the thermoelec-
tric power should become more positive as x is in-
creased which is what we observe. The decrease in
Mott s-d scattering in competition with an increase
in disorder scattering with increasing x could ex-
plain insensitivity of the resistivity to changes in x
in the range x &0.18 (see Fig. 2).
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The two-level system scattering model of Tsuei
can account for a negative a in Ni& „P with
x=0.243. His structural model for the two-level
systems in transition-metal —metalloid metallic
glasses predicts an increase in the number of such
systems as the metalloid concentration increases
above 20%. The contribution to the resistivity
from electron scattering by two-level systems in-

creases as the number of two-level systems increases.
Therefore, with increasing metalloid content p will
increase, and, since electron-two-level system
scattering decreases with temperature, cx will de-
crease. A major objection to applying the two-level
system model to explain the existence of a negative
a at high temperatures in metallic glasses has been
the absence of corresponding anomalies in Q(T} at
those temperatures. ' Instead, Q(T) is very linear at
high temperatures in metallic glasses with negative
a such as Cuo 5Zro 5. In Nio 757Po 243 Q ( T) is cer-
tainly nonlinear but it is difficult to see why two-
level system scattering would cause anomalies in

Q (T) for this glass but not in Cuo qZro & if they are
causing a negative a in both glasses.

Since the dependence of a on p follows the Mooij
correlation, our resistivity data are consistent with
the localization theories of Jonson and Girvin and
of Imry. These theories give no explanation for
the compositional dependence of p or Q, however,
nor do they explain the correlation of positive Q
with large values of p.

Several explanations have been proposed for small
deviations from perfect linearity in Q (T). The ther-
moelectric power of many metallic glasses is linear
over a wide range of temperatures but extrapolates
to a positive value at T=O. Closer examination at
low temperatures by Gallagher revealed that the
slope of Q(T) was greater than at high tempera-
tures. He attributed the enhanced slope at low
temperatures to electron-phonon mass enhancement,
significant when T «8D. Not all nonmagnetic me-
tallic glasses have enhanced slopes at low tempera-
ture, however. Nio36Zlo64 and CaosAlo2 (Ref. 8)
have linear Q (T) at a high temperature which extra-
polate to negative values of Q(0), and Cuo 5Zro qFeo ~

has a linear Q ( T) within error from well below SO to
about 250 K. In the present case, the low-
temperature slope is larger than at higher tempera-
tures, but the high temperature Q(T) is not linear
even allowing for a positive intercept at T=O (Fig.
5). Another explanation was given in the case of
Nip 76Pp 24 by Cote and Meisel. Their measure-
ment of the thermoelectric power showed a lower
slope above 300 K than below that temperature and
their data were linear in T between 80 (the lowest
temperature measured} and 300 K, extrapolating to
near zero at T=O. They explained the difference in

slope by the Pippard-Ziman condition: Phonons
with wavelengths longer than the electron mean free
path are ineffective electron scatterers. Their calcu-
lation, incorporating this into the Ziman theory,
predicted a decrease in the magnitude of the slope of
Q(T) at high temperatures. Our data show such an
effect for all compositions except x=0.175 and
0.181; the magnitude of the slope of Q(T) continu-
ously decreases with increasing temperature. For
example, in our samples with x g0.20 we see a de-
crease in dQldT of approximately 20% between the
temperature range 100& T&300 K and the range
300& T&400 K. Quantitative comparison with the
calculation of Cote and Meisel is difficult since the
parameters of the theory are hard to determine, but
a 20% decrease seems to be of the correct order of
magnitude. On the other hand, metallic glasses with
higher resistivities such as Cup 5Zrp & or
Bep 4Tip 5Zrp ~ do not show the predicted decrease in
the slope of Q ( T) above 100 K.

The decrease of structure in Q (T) as P content in-

creases may also be related to the concurrent change
of ferromagnetic properties in amorphous Ni, „P„.
The structure of Q ( T) changes around x =0.18, the
composition below which ferromagnetism increases
rapidly with decreasing x. The second derivative of
Q(T) decreases with increasing x and changes sign
at that composition. As already mentioned, these
changes may be caused by s-d scattering below
x=0.18 where the d band is not yet full. The simi-
larity of the temperature dependence of p and Q in
this range of compositions with those seen in iron-
based ferromagnetic metallic glasses suggests that
they may have a magnetic origin. The structure in

p(T) and Q(T) of iron-based ferromagnetic metallic
glasses is highly sensitive to the addition of small
amounts of a transition element which also chariges
the magnetic properties. For example, 2% Mo in

Fep 8pBp 2p decreases the Curie temperature from 647
to S95 K, changes the single minimum in p(T) at
T= 14 K to two minima at 7 and 80 K, and washes
out much of the structure seen in Q(T) of
Fep 8pBp 2p. Equally dramatic differences are seen
between Feo.4oNio. 4oPo. i&Ho. o6 ( Tc =537 K) and

Feo 32Nio 36Cro i4Po. &2Bo.os ( Tc =250 K). Without
the Cr, the minimum of p(T) is at T=26 K, but the
minimum moves to T=270 K with Cr. ' The ther-
moelectric power of Fep 4pNip 4pPp ]4Bp p6 is negative
below T=450 K and has minimum near T=250 K,
while Q(T) of Feo3zNio 36Cro ~4Po ~qBoo6 is mono-
tonic and positive above 150 K.

The system Ni& P and these iron-based metal-
lic glasses show a common decrease in the structure
which appears in their thermoelectric powers as the
magnetic properties are varied whether by changing
the relative concentrations as in Ni& „P„orby the



7598 CARINI, NAGEL, VARGA, AND SCHMIDT 27

addition of a different magnetic element as in the Fe
containing metallic glasses.

The Ni& P system can be compared with the
ferromagnetic metallic glass system Fe& 8 . The
Curie temperature in Fe&,B„ increases slowly with
increasing x from 509 K at x=0.125 to 647 K at
x=0.20 (Metglas 2605). The temperature coeffi-
cient of resistivity is positive and decreases as x in-
creases from 0.13 to 0.16 and remains approximately
constant in the range 0.16&x&0.26. The ther-
moelectric power is negative and approximately con-
stant above 300 K similar to the Ni& P, samples
with x =0.143 and 0.172. The value of Q near room
temperature has a smooth minimum as a function of
x near x=0.20. The compositional dependence of
Tc, a, and Q is much weaker in Fe~,B than in
Ni& ~P~. The magnitude of p, the positive e, and
the negative and nonmonotonic Q(T) seen in

Fe& „B~ is very similar to what is seen in Ni& P~,
x=0.143 and 0.172. Two interesting differences can
be seen though. The Curie temperature decreases
with increasing x in Ni& „P„but increases with x in

Fe& „B„.The thermoelectric power increases with
x in Ni& „P and becomes positive for xp0. 18
while Q decreases with x in Fe& „B„becoming
more negative. As already mentioned, the features
of p(T) and Q(T) are dramatically altered by 2%
Mo as in Fep 78Mop ppBp pp. The effects on the
Ni& „P„system of adding such elements may also
be quite interesting.

Finally, we can consider the effect of the prepara-
tion technique on the transport properties. The ma-
jor difference between the quenched and chemically
deposited samples was in the temperature depen-
dence of the temperature coefficient of resistivity,
a(T) (Fig. 4}. In the chemically deposited samples,
a(T) has a maximum near 80 K, while in the
quenched samples a(T) increases above 80 K. The
thermoelectric power, on the other hand, seems to be
insensitive to the preparation technique. No corre-
sponding differences in the temperature dependence
of Q are obvious between the quenched samples with
x=0.202 and 0.213 and the deposited samples with
x =0.196 and 0.219 (Fig. 5}. The quenched
x=0.181 sample and the deposited x=0.175.sample
are in the composition range where Q(T) changes
both its sign and its curvature as x is varied. In
both samples, Q(T) has negative curvature at low
temperature and positive curvature above about 200
K.

The difference in a(T) could indicate differences
in the local atomic order between quenched and
deposited glasses. Using 'P NMR measurements of
the Knight shift E and the field-dependent

linewidth parameter k ~, Bakonyi et al. found
greater inhomogeneities among 'P sites in Ni& „P„
glasses prepared by chemical deposition from a
chloridic bath than in those prepared by dc electro-
deposition and melt quenching. Lashmore et al.
found two distinct dependences of E on x in

Ni& „P„,0.10&x&0.25. Their results in samples
prepared by chemical deposition, melt quenching,
and pulse electrodeposition are very similar to those
seen by Bakonyi et al. in the same composition
range, E decreases with increasing x, but in their dc
electrodeposited samples K is lower and changes lit-
tle with x in the same range. Lashmore et al. attri-
bute the difference in E(x) to two distinct amor-

phous structures and note that by annealing the
samples prepared by the other methods E changes to
a value similar to that seen in the dc electrodeposit-
ed samples of the same composition. The existence
of two amorphous structures is also supported by
the difference in crystallization temperature between
Cote's electrodeposited samples and our melt
quenched and chemically deposited samples. Cote
found that the crystallization temperature decreased
monotonically with increasing x from 657 K at
x=0.154 to 557 K at x=0.254. We found a max-
imum in the crystallization temperature of 630 K at
x =0.202.

In conclusion„we have measured the temperature
dependence of p and Q in a single metallic glass sys-
tem Ni& „P„. We find that as x increases p in-

creases, a decreases and becomes negative, and Q in-

creases and becomes positive. These results are in
agreement with correlations between p and a and be-
tween p and Q seen in many metallic glasses. At
low-phosphorus concentrations, x & 0.18, the trans-

port properties are similar to those seen in iron-
based metallic glasses, and as x increases above 0.18,
the transport behavior becomes more similar to
what is seen in nonmagnetic metallic glasses. The
dependence on x of p, a, and the size of Q are quali-
tatively consistent with the Ziman theory although
it seems probable that other scattering mechanisms,
such as s-d scattering, are important in the samples
with low P concentration. There is a clear effect of
the preparation technique on the transport proper-
ties only in the temperature dependence of a.
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