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The thermoelectric power of a number of magnetic and nonmagnetic amorphous metallic al-
loys has been measured as a function of temperature between 15 and 580 K. The temperature
dependence of the thermopower for the magnetic alloys is qualitatively different from that for
the nonmagnetic alloys. The data for the nonmagnetic alloys are consistent with the extended
Ziman theory for transport in liquid and amorphous metals. It is argued that the data for the
magnetic alloys are consistent with a model, based on the Kondo scattering of conduction elec-
trons by spins situated in low internal fields, which was recently proposed to explain the resis-

tivity minima observed in these materials.

Recent studies of electronic transport in metallic
glasses have revealed two distinctly different types of
anomalous resistivity behavior. Some of these
glasses show a small but monotonic decrease of resis-
tivity with increasing temperature, over as wide a
range as 4 to 600 K in some cases.'™ The amor-
phous alloys Cu-Zr (Refs. 3 and 4) and Be-Ti-Zr
(Ref. 5) are examples in this group, which consists of
many glasses having no magnetic constituents. The
other type of anomalous resistivity is found in amor-
phous alloys containing some ferromagnetic or anti-
ferromagnetic elements, such as Fe-B, Fe-Ni-P-B, or
Fe-Ni-Cr-P-B. In these, the resistivity shows a
minimum in the temperature range 10 to 300 K and
an approximate logarithmic increase of the resistivity
with decreasing temperature below the minimum.%’
Such resistivity behavior could have been associated
with the Kondo effect normally observed in crystal-
line alloys containing small amounts of magnetic
atoms, except for the fact that these glasses are
strongly ferromagnetic. As is well known, the large
internal field experienced by the magnetic atoms in a
ferromagnet precludes the possibility of their giving
rise to Kondo scattering of the conduction electrons.

Several theories have been proposed to explain the
negative temperature coefficient of resistivity,
a=(1/p) dp/dT, observed in metallic glasses. One
of these is the generalized Ziman theory of electronic
transport in liquid metals.""®° It deals with the nor-
mal potential scattering contribution to the electrical
resistivity as modified by the absence of periodic or-
der in a glass, and can lead to a positive or negative
value of « depending on the relative positions of 2kf
and k,, where kr is the Fermi wave vector of the
conduction electrons and k, denotes the position of
the first peak in the x-ray structure factor of the
glass. An alternative theory® '® proposes the ex-

istence of quantum-mechanical two-level tunneling
states for some of the atoms in a disordered solid.
The Hamiltonian for electrons scattering from the lo-
calized excitations arising from these tunneling states
is assumed to be identical with the Kondo Hamiltoni-
an, which can give rise to both a resistivity minimum
and a negative value of « over a wide temperature
range. However a recent calculation of this effect by
Black er al.,'! using parameters for the tunneling
model deduced from ultrasonic experiments, indi-
cates that this model would give a resistivity anomaly
three orders of magnitude too small to fit the data.

A recent work'? has resurrected the idea of a real
Kondo effect in explaining the resistivity minima ob-
served in the magnetic glasses. Instead of proposing
a structural modification to the Kondo theory, it con-
siders the spin-flip scattering of electrons from mag-
netic atoms sitting in regions of zero effective field.'?
That a small fraction of the magnetic atoms may ac-
tually exist in such field-free regions in a concentrat-
ed ferromagnet such as FeggoBg 20 has been demon-
strated by Grest and Nagel'? on the basis of Monte
Carlo calculations of the effective-field distribution
P (H) in such materials, and follows essentially from
the large disorder inherent in the glasses. This result
therefore reconciles the coexistence of Kondo-type
resistivity anomaly and ferromagnetism in these
amorphous alloys and implicitly predicts a difference
in the thermoelectric power behavior between mag-
netic and nonmagnetic glasses. Such a prediction
would not, however, follow from the tunneling-level
model which views both magnetic and nonmagnetic
glasses identicadlly as regards the effects of structure
on their transport properties. Besides these three,
other theories proposed to explain the negative « in-
clude the Mott s-d scattering model,* and those
that study the interference between phonon and im-
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purity scattering.!*

In order to identify the scattering mechanism
which most accurately describes the transport in the
glass it is necessary to study some transport property,
other than the resistivity, whose predicted behavior
in the various models will be substantially different.
In a previous communication® a study of the resistivi-
ty a and the thermoelectric power Q in a Be-Ti-Zr
glass over an extended range of temperature was re-
ported. It was shown there that both the negative
temperature coefficient of resistivity and the positive
thermoelectric power varying linearly with tempera-
ture observed over the entire range from 10 to 600 K
could be explained on the basis of the extended Zi-
man theory if the condition 2kf = k, was satisfied for
the alloy. However, this behavior of Q was not con-
sistent with the predictions of either the tunneling-
level model or the s-d scattering model. In this paper
we present a more extensive study of the thermoelec-
tric power of both magnetic and nonmagnetic
glasses.!®

The samples were in the form of ribbons of width
1—2 mm and thickness 30—60 um. The thermoelec-
tric power of each sample was measured relative to
that of a 99.999+% pure lead wire using the integral
method.> The absolute thermopowers were calculat-
ed using the new standard scale for lead obtained by
Roberts'¢ for temperatures up to 350 K. At higher
temperatures the standard values used were those of
Cook, Laubitz, and Van der Meer,!” which were ad-
justed to join smoothly with the scale of Roberts.
The uncertainty in the data was estimated to be
0.1 uV/K.

Figure 1 shows the data for amorphous Cug soZrg 5o
together with that reported previously’ on the metal-
lic glass Beg4oTig.50Zro.10 (Metglas 2204; Metglas is a
registered trademark of Allied Chemical Corp.). The
thermopower of Cu-Zr is positive and linear in T over
the entire temperature range 10 to 580 K, as it is for
the Be-Ti-Zr glass. The magnitude of Q is small in
both these samples and is more similar to that of a
noble metal than of a transition metal. We have also
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measured the resistivities of both samples and found
them to decrease monotonically with increasing tem-
perature over the entire range 10 to 580 K. For Be-
Ti-Zr and Cu-Zr, the decrease in resistivity over this
temperature range is about 9% and 6%, respectively.
Sinha' has measured the resistivity and thermoelec-
tric power of (Ni Pt;_.)0.75Po2s glasses as a function
of temperature, though over much more limited
ranges than is reported here. His resistivity measure-
ments showed that « was negative for the glasses for
which 0.20 = x =<0.50, and positive for the glass with
x =0.60. The thermoelectric power for all the sam-
ples was small (varying between 1 and 2.5 uV/K),
positive and linear in 7 in the range 80 to 300 K.
The abovementioned results are incompatible with
a Kondo-type theory®'® based on tunneling levels for
transport in these glasses. For if such tunneling lev-
els were truly an intrinsic feature of the glassy struc-
ture contributing to electronic transport then the
anomaly associated with Kondo-like behavior should
have appeared in the thermopower data. Within the
detecting capacity of our experiment (0.1 uV/K in a
total of 4.5 uV/K) no such structure has been ob-
served. This is consistent with the work of Black
et al.!' who predict that the tunneling-level anoma-
lies, if present, will be too small to be detected in an
experiment of such a degree of sensitivity. The ther-
mopower results are also incompatible with the pre-
dictions of the s-d scattering model.* !> According to
the Mott formula Q « [dIn p(E)/BE]E-EF, the ther-
mopower of elements with less than half-filled d
bands should be opposite in sign to the thermopower
of elements having more than half-filled d bands. A
recent photoemission experiment'® on Cu-Zr glasses
concludes that the electronic structure of Cu-Zr in
the vicinity of the Fermi level is mainly determined
by the Zr d band, which is less than half-filled. The
electronic structure of the Be-Ti-Zr glass can also be
expected to be similar to that of the Ti or Zr d band,
whereas that for Ni-Pt-P should be close to the nearly
full d band structure of Ni and Pt. The positive ther-
moelectric power observed in all three glasses then
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FIG. 1. Thermoelectric power of the nonmagnetic amorphous alloys Beg 49Tig 50Zrg 19 (Ref. 5) and Cug s¢Zrg so-
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directly contradicts the prediction of the s-d scattering
model.

The generalized Ziman theory, on the other hand,
is consistent with the temperature-dependent
behavior of the transport coefficients reported above.
The negative a of these glasses can be explained us-
ing the Ziman theory by assuming that the criterion
2k = k, is satisfied for each alloy.>>° (Here &, is
not necessarily the first maximum of the total in-
terference function but may be the maximum of one
of the partial structure factors.) The same criterion
also leads to a thermopower which is small, positive
and linear in T, as was pointed out before.> The fol-
lowing expression for the thermoelectric power is ob-
tained from the Ziman theory'®:

kAT

0 ="l

(3-29-3n , )

where
ZkF
q Es(zkp)lz(zkf)lz/j; [t Ck)|2S (k) 4(2kg) ~*k3 dk

S (k) denotes the structure factor, kp is the Boltz-
mann constant, and r depends on the energy depen-
dence of the t matrix, t(ko). From x-ray diffraction
studies we find k, =2.75 A™! for Be-Ti-Zr (Ref. 5)
and 2.73 A~ for Cu-Zr which, if k, =2kr (where we
emphasize that a strict equality is not necessary and
deviations of +15% can be tolerated), give Er=7.2
and 7.1 eV, respectively. The measured slopes of the
Q vs T curves for Be-Ti-Zr and Cu-Zr are 5.7 x 1073
and 7 x 1073 wV K72, respectively. Neglecting the
term r in Eq. (1) above, these results imply ¢ =2.3
and 2.5 for the two glasses. These seem to be rea-
sonable numbers if they are compared with a crude
estimate of ¢ from the definition in Eq. (1) with
again 2k, taken to be close to k,.

Figures 2 and 3 show the absolute thermopower of
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five ferromagnetic Metglas alloys as a function of
temperature between 15 and 580 K. In the low-
temperature range up to 300 K our thermopower
results for the Metglas alloys 2826, 2826A, and
2605A agree very well with those of Baibich et al., 2
who have recently published data up to 300 K from
measurements carried out independently in three dif-
ferent laboratories on three separately obtained
batches of Metglas alloys. For the Metglas 2605 alloy
our data agree well with that of Elzinga and
Schroeder in that work,?° but differs from the data of
the other two measurements by almost 1 uV/k at 300
K. Between 300 and 580 K our results for the same
alloy differ by the same amount from that of Teoh

et al.,* whose high-temperature data on Metglas
2605 alloy join smoothly with the low-temperature
data of Baibich and Muir (from Ref. 20) at 300 K. It
is at once seen that the behavior of Q for these sam-
ples is qualitatively different from that for the nonmag-
netic glasses shown in Fig. 1. For all magnetic sam-
ples the thermopower is negative, and has a negative
slope at low temperatures, i.e., below 100 K. Most
importantly, Q is not linear in T over any large range
of temperature and shows structure similar to that
observed in crystalline Kondo systems, i.e., nonmag-
netic hosts containing dilute amounts of magnetic im-
purities. The resistivities of all these alloys also show
minima similar to that observed in crystalline Kondo
systems. However, the glasses all contain large con-
centrations of magnetic elements and it is not im-
mediately clear why they should exhibit a Kondo-like
behavior. Table I shows the compositions and some
characteristics of the transport properties of the sam-
ples studied here.

The transport behavior of the magnetic samples
cannot obviously be explained by the use of the Zi-
man theory. The tunneling-level model may lead to
Kondo-like anomalies in the transport properties of
the magnetic glasses, but it fails to explain why simi-
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FIG. 2. Thermoelectric power of the amorphous magnetic alloys Feg 49Nig 49Po.14Bo.0s and Feg 33Nig 36Cro.14P0.12B0.06-
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FIG. 3. Thermoelectric power of the amorphous magnetic alloys Feq goBg 20, Feg 78M0g 02Bo 20, and Feg g5Sig 06Bo.12-

lar anomalies are not observed in the thermopower of
the nonmagnetic glasses as well. However, the work
of Grest and Nagel leads naturally to such anomalous
transport behavior in magnetic glasses only and not
in the nonmagnetic ones, whose positive and linear
thermopower result therefore does not conflict with
the central idea of this model.

In crystalline alloys the Kondo effect gives rise to
anomalously large structures in the Q vs T curves,
the magnitude of which can be ten times as much as
that observed in the present case. It is argued in the
following that this relative lack of structure in the
thermopower does not rule out the possibility of a
Kondo effect in the glasses. One reason for this is to
be found in the Nordheim-Gorter rule,'® according to
which the thermopower contribution from a given
electron scattering mechanism will be weighted by the
relative contribution to the resistivity arising from
that process. This relative contribution is given by
pk/pr, where pg is the Kondo contribution to the to-

tal resistivity, pr. For the magnetic glasses Baibich
et al.®® have estimated this ratio to be ~ 1073 from
the depth of the low-temperature minima observed in
their p vs T curves. This means that even the
unusually large Kondo contribution of 100 pV/K will
produce a structure in the thermopower only on the
order of 0.1 uV/K. Since this is below the detecting
capacity of the present experiments, they conclude
that the thermopower data do not exhibit any effect
of the Kondo scattering. However, for reasons
presented below, we believe that the above estimate
of the size of px/pr is incorrect since px is much
larger than that suggested by the apparent low-
temperature anomaly in the resistivity of these alloys.
This can be understood in the light of the work of
Grest and Nagel,'? whose calculations yield an
effective-field distribution P(H) in such glasses that
has a long tail extending through zero field to nega-
tive values of H. The Kondo contribution to a trans-
port coefficient J(J =p or Q) arising from this distri-

TABLE I. Transport data for amorphous alloys.

Metglas P300 K Pa2k’ Tmin® Q300 x Ferromagnetic
alloy Composition (uQcm) £300 K (K) uV/K T2
2826 Feg.40Nig.40P0.14B0.06 14515 0.962 26 —-0.90 537
2826A Feo_32Ni0'36CI’o_|4P0_1280.06 155+15 1.020 270 +0.25 250
2605 Feg 80Bo.20 13015 0.960 14 -3.00 647
2605A Fe0,78M00,0280.20 12015 0.992 7 & 80 —1.60 595
26058 Feg 82Si0.06Bo.12 140 £ 15 0.966 16 —4.60
2204 Beg.40Ti0.50Zr0.10 300 +30 1.060 None +1.85 Nonmagnetic
Cug soZrg 50 210+20 1.043 None +2.45 Nonmagnetic

2The entries in the columns p4 3 k/P300 K- Tmin- and 7, are from Ref. 7 except for Fe-Si-B and Cu-Zr, for which the data are

from the present work. The data for 2204 are from Ref. §.



21 THERMOELECTRIC POWER OF MAGNETIC AND NONMAGNETIC . . . 4053

bution should approximately be of the form

A
J(n = ITmPGaH @

where J(T,H) is the transport contribution due to
Kondo scattering from a single spin in field H. The
cutoff, A, in this integral is not known, but should
not extend to such high fields that the concept of
Kondo scattering from independent spins breaks
down. The temperature dependence of the resistivity
due to Kondo scattering from spins in low fields may
be approximated by the Hamann formula?? with 7 re-
placed by (T2 + H?)'2. Thus the divergent term In T
in the resistivity is replaced by In (72+ H?). In con-
voluting over P(H) in Eq. (2) this H-dependent term
smears out the low- T divergence, which might be the
reason why the observed anomaly in the resistivity of
the magnetic glasses is small compared to that in
crystalline alloys. However the behavior of the ther-
moelectric power does not change drastically due to a
small applied magnetic field.”> Therefore, unlike in
the resistivity, the convolution over P(H) does not
smear out the structure in the thermoelectric power.
What may happen, in large applied fields, is that the
peak in Q (T) will shift to higher temperatures.?
This would account for why the peaks we observe in
Q(T) seem to be at somewhat higher temperatures
than is usually observed in crystalline materials.
Although it is still important to use the Nordheim-
Gorter rule, it is difficult to estimate the size of
px/pr since px may be much larger than simply the
apparent divergence seen in the low-temperature
resistivity of these alloys.

It is possible to make some qualitative remarks
about the effects of Cr and Mo on the thermopower
anomalies observed. It is known that in crystalline
Kondo systems Cr produces a very small anomaly in
0, unlike the large negative anomalies produced by
Fe, Co, etc. It appears from the data of Fig. 2 that
even the small structure in Q observed in the Fe-Ni-
P-B glass is substantially washed out by the addition
of Cr, as is observed for the Fe-Ni-Cr-P-B glass.

This could be the result of an algebraic addition of

the Kondo anomalies separately produced by the
magnetic species in these samples. Similarly the ad-
dition of Mo, which has a d-band structure resem-
bling that of Cr, is seen to reduce the structure in Q
of the Fe-B glass, as shown in Fig. 3. By contrast,
the addition of Si is seen to further depress the ther-
mopower curves for Fe-B and Fe-Ni-P-B,% although
such behavior is not readily explained by the position
of Si in the Periodic Table. However, since the pres-
ence of even minute amounts of magnetic impurities
may produce substantial effects on the thermopower
in crystalline materials, there remains a fair degree of
uncertainty in the predictions of thermopower
behavior based only on the nominal compositions of
these glasses. For example, an analysis of the Met-
glas alloys 2605 and 2605S showed that the former
contained ~ 150 ppm Cr and — 1000 ppm Mn, while
the latter had ~ 750 ppm Cr and ~ 200 ppm Mn in
it. Such magnetic impurities might have made signi-
ficant contributions to the thermopower data.

In conclusion, our experiments appear to point out
a qualitative difference in the transport behaviors of
magnetic and nonmagnetic glasses. In the former the
resistivity shows a minimum and the thermopower a
Kondo-like structure, both of which are expected
results from the work of Grest and Nagel. In the
nonmagnetic glasses, the resistivity decreases with in-
creasing temperature and the thermoelectric power is
positive and linear in 7 over the entire temperature
range studied. Both these observations can be ex-
plained by the extended Ziman theory with suitable
assumptions about the relationship between the Fer-
mi wave vector and the partial structure factors.
These assumptions are also consistent with a model?*
for the stability of these glasses. The tunneling-level
model and the s-d scattering model appear to be in-
compatible with these two groups of thermopower
data.
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