
PHYSICAL REVIEW B VOLUME 35, NUMBER 5 15 FEBRUARY 1987-I

Incipient localization and the thermopower analog of the Mooij correlation
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Several years ago, Mooij' pointed out a remarkable
correlation between the magnitude of metallic resistivity p
and its temperature dependence: For p & 150 pQcm, the
resistivity usually decreases as temperature T increases, in
contrast to the normal metallic behavior seen for lower-
resistivity systems. One widely quoted explanationz as-
sumed the applicability of the Ziman-Faber diffraction
model even to systems in which the mean free path is ap-
proaching the interatomic spacing, and ascribed the Mooij
correlation to T dependence of the structure factor when
scattering by phonons is ineffective. However, the resis-
tivity decrease is often much stronger than that of the
Debye-Wailer factor for the main peak in the structure
factor, which is very difficult to account for in the diffrac-
tion model. Indeed, structure-factor T dependence is more
clearly responsible not for the Mooij correlation, but for its
violation in low resistivity systems, such as Mg-Zn, that
show negative temperature coefficients of resistivity.
While inclusion of multiple scattering effects may influ-
ence the resistivity temperature dependence, there is now
considerable theoretical and experimental evidence
that incipient localization is likely to play a major role in
causing the Mooij correlation.

In this paper, I derive the principal effects of quantum
interference in backscattering (i.e., incipient localization)
on thermopower, and suggest a new thermopower analog
of the Mooij correlation. The previous suggestion of
Nagel" was that thermopower tended to be positive for
high-resistivity glassy metals (p & 150 p 0 cm) with a neg-
ative temperature coefficient of resistivity, which could be
accounted for by the Ziman-Faber model. But the prob-
able demise of the Ziman-Faber model as the cause of the
resistivity Mooij correlation naturally calls this explana-
tion into question.

The temperature dependence of the thermopower of
most nonmagnetic amorphous metals is perhaps rather
surprisingly well accounted for' ' by a linear bare ther-
mopower enhanced at low temperatures by the electron-
phonon interaction. ' Thermopower in glassy metals is
much simpler than that in crystals; because phonon drag is
suppressed by the disorder scattering, '7 there is little
change with temperature in the balance of scattering (i.e.,
disorder scattering always dominates over phonon and im-
purity scattering), and any Neilsen-Taylor higher-order
diagram contribution has the same T dependence as

electron-phonon enhancement. '

Figure 1 shows all thermopower-resistivity data pairs
for nonmagnetic amorphous metals of which I am aware
[except that the superseded data for MgZn (Ref. 19) are
omitted, and where similar data have been obtained by
more than one group only one data point is included]. The
plotted data for Mg-Zn glasses .are from Baibich, Muir,
Altuvnian, and Tu, with the resistivity p taken as the
average of that given by the two different methods used.
Data for Ca-A1, Cu-Zr, La-Ga, Pt-Ni-P, and Ti-Be-Zr are
taken from the review by Naugle, ' and those for Cu-Sn,
Mg-Cu, Ni-Nb, Pd-Ge, Pd-Si, and Pd-Si-Su from the re-
view by Mizutani (these reviews should be consulted for
the original data sources). I have also included more re-
cent data for Ca-A1-Ga, Cu-Hf, ' ' glassy Cu- Ti rib-
bons, ' amorphous Cu- Te films, Fe-Zr, La-A1, Ni-
P, zs Ni-Zr, s2 and Ta-Ir. Magnetic glassy metals, usu-
ally including Ni or Fe, tend to show negative thermo-
powers with resistivities typically in the range 100 to 170
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FIG. 1. Scatter diagram showing the correlation of thermo-
power parameter S/T for nonmagnetic amorphous metal alloys
with resistivity p. Most data are for about room temperature
(see text for data sources). Lines join data points for the same
alloy series where these show a large variation, those mentioned
in the text being specifically identified.
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Experimental data for a large number of amorphous metallic alloys are consistent with the ther-
mopower analog of the Mooij correlation being an increase of thermopower magnitude i S i as the
square of resistivity, with S of either sign and showing only small deviations from linearity in tem-
perature. We show that such behavior can arise from the reduction of conductivity by incipient
localization.
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with

Acr;„-Ce /(3n hL;„),

L;„=( 3' ll;„) 'I

(3)

(4)

In these equations l is the elastic mean free path, l;„ the in-
elastic mean free path (I;„»l in glassy metals), e is elec-
tronic charge, and C is a constant of size 1 to 3 depending
on choice of cutoff. '

Sivan and Imry have shown that metallic thermo-
power is given rather generally by the usual formula

S „dE — Ea(E)
f

eTa"
where f is the Fermi function, and E electron energy mea-
sured from the Fermi level. The incipient localization

p 0 cm. However, the thermopower characteristically
shows pronounced curvature arising from specifically
magnetic effects, ' so magnetic glasses form a special class
and are not considered here. To characterize the size of
thermopower, I have used the thermopower parameter
S/T rather than S, since it is only weakly dependent on
temperature for nonmagnetic systems. The temperature
of the resistivity measurements is not too significant in the
present context since it is also only weakly dependent on
temperature. Most of the data in Fig. 1 were taken at
room temperature, but the Cu-Sn film data are at 120 K.

The data, as illustrated by Naugle ' for selected sys-
tems, do indicate a correlation between S and p, although
less clear than that' between the temperature coefficient
of resistivity and p. There is some support for the hy-
pothesis" that S becomes positive for p & 150 p 0 cm, al-
though as recognized in previous works ' the La-based
alloys are an exception. The correlation coefficient r of
S/T and p is 0.64, which is highly significant statistically:
For 79 data pairs a coefficient of 0.53 or higher between
normally distributed random variables would arise only
with a probability of 1 in 10 . However, the negative S
data points also appear to show a trend toward becoming
more negative as p increases. For this reason the correla-
tion coefficient between ~S/T~ and p is higher (0.71)
than that between S/T and p. We also note that the corre-
lation coefficient between

~
S/T

~
and higher powers p" is

a little larger still (r 0.81+'0.01 for n 2 ton 5).
Having presented the experimental evidence for the ex-

istence of a correlation between
~
S

~
and p independently

of any theoretical model, we now investigate the effect of
incipient localization. The Mooij correlation in resistivity
can be understood in terms of incipient localization from
the following expression ' for conductivity:

a ag Aa ~+La;„

where a~ is the Boltzmann conductivity, Aa, ~ is the reduc-
tion at low T due to constructive quantum interference in
backscattering:

Ao„Ce /(3K2hl ),
and d a;„represents the effect of the destruction of this in-
terference as inelastic scattering (by phonons) increases
with temperature:

terms ha, ~ and Acr~ in the conductivity will give rise to
corresponding terms AS, ~ and hS;, in the thermopower:

S Sg+ d S,) —hS;„, (6)

where Se is the Boltzmann thermopower (including elec-
tron-phonon effects). These terms are evaluated as

hS, / (aa,)/cr) (Sg+A81nl/8e) (7)

AS;„(ha;„/a) [Sg+ 2 A(81nl/8e+81nl;„/8e)], (8)

Sg [I +kg" (T)]Sgb+Xg"(T)gT,

Sgb (m kg T/3e) (8 Inane/8e),

[I+g&"(T)](z kjfT/3e)

(9)

(10)

where Xs (T) is the electron-phonon enhancement of ther-
mopower due to energy renormalization, '6 and the term
involving the constant g in Eq. (9) gives the effect of veloc-
ity and relaxation-time renormalization, and Neilsen-
Taylor higher-order diagrams. ' ' The experimental
data' indicate that gT is usually smaller than Sgb

The physical meaning of these expressions is as follows.
Sgb is the bare Boltzmann thermopower in the absence of
the electron-phonon interaction, while Sg includes the
electron-phonon interaction effects that give rise to the
characteristic low-temperature knee in glassy-metal ther-
mopower, but are small at high tern ratures. These ef-
fects have been discussed previously. 6's The main effect
of incipient localization arises from the term KS,~ given by
Eq. (7), since ho, ~ is much larger than ha;, for 1&&l
First, the Boltzmann thermopower Sg (whichever its sign)
is amplified because conductivity is reduced. Second,
there is an additional term involving 8l/8e because the ef-
fect of incipient localization may vary across the Fermi
level (being largest where the mean free path is smallest),
and so altering the energy dependence of conductivity.
These two effects are more likely to add than cancel since
8'/8e is partly determined by 81/8e. The predicted tem-
perature dependence of thermopower is still essentially
that of Sg, i.e., linear except for the electron-phonon
enhancement effect.

Incipient localization will, however, produce a small ad-
ditional nonlinearity in thermopower via the second cor-
rection term hS;„arising from the destruction of the back-
scattering interference by inelastic scattering, since Dam is
T dependent. First, hSI reduces slightly the enhancement
of Boltzmann thermopower Sg in Eq. (7) as T increases.
Second, there is another term involving 8L;,/8, that de-
pends on whether the destruction of backscattering in-
terference is greatest above or below the Fermi level. It
can be seen that the form of the T dependence in the ther-
mopower parameter S/T will be approximately the same
as that in the resistivity p, and would most often be a
reduction in the thermopower amplification due to inci-
pient localization. This nonlinearity in S is, in fact, the
closest analog of the Mooij correlation, since both are pro-
duced by the inelastic scattering term h, a;.„. But a change
in slope of a similar relative size to the change in p (i.e.,
typically a few percent or less) is not easy to see when the
usual electron-phonon enhancement effect produces an in-
crease in slope of up to 100% as T decreases. ' However,
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Naugle et al. ' found a decrease in S/T at high tempera-
tures larger than that expected from electron-phonon
enhancement in the Ca-Al and Ca-Al-Ga alloys of highest
resistivity, which raises the possibility of a contribution to
nonlinearity from incipient localization.

We can deduce the dependence of S on p as follows.
d o,~ depends on 1 ', and so is approximately proportional
to resistivity p, at least when disorder scattering represent-
ed by the Boltzmann resistivity pg is dominant. Thus our
prediction from Eq. (7) for the initial resistivity depen-
dence of the thermopower correction due to incipient local-
ization is

(12)

for constant Bag/Be and Bl/Be. Sivan and Imry3 have al-
ready investigated the critical behavior near the metal-
insulator transition by substituting in Eq. (5) the conduc-
tivity given by scaling theory. They find for their model
(that omits inelastic scattering) that S remains linear in T
until the mobility edge is of order kgT from the Fermi lev-
el, its magnitude diverging like p as the transition is ap-
proached. For their case, where the mobility edge was
below the Fermi level, S takes large negative values, but if
the nearest mobility edge were above the Fermi level, S
would diverge to large positive values. Thus we expect the
increase of I S I as p increases to be a rather general and
ultimately very large effect, going initially as p2 and later
near the metal-insulator transition as p.

Returning now to the experimental data, we note that
since the magnitude and sign of Sg depend sensitively on
electronic structure, a wide range of thermopower values is
expected for different systems. The scatter of the data in

Fig. l amply fulfil this expectation. For example, the ther-
mopower of Ni-Zr and Ni-P alloys decreases strongly with
little variation in p (although this behavior may be associ-
ated with the appearance of magnetism and its charac-
teristic negative thermopower at higher Ni concentra-
tions). Nevertheless, my prediction that the increase

I AS,~I in IS I goes as p does find support from the data,
as indicated by the correlation coefficients quoted above.
A correlation between I AS, ~ I and p2 would cause

I S I
=

I AS,i+Sa I also to show a correlation with p~, but
with more statistical scatter as S~ varies. The observed
correlation between I S I and p is therefore evidence in
favor of my prediction. This is illustrated more clearly in

Fig. 2, which shows the trends of S and p2 with concentra-
tion for the three alloy systems in which the resistivity
reaches the highest values (in which incipient localization
effects should be largest): These trends are remarkably
similar. (Again we use S rather than hS,~, but clearly
trends in hS, ~ will be reflected in S provided Sg does not
show larger variations. )

We now consider very briefly other effects on thermo-
power. The Ziman model mechanism of Nagel" may still
operate to produce a tendency for positive thermopowers,
particularly for the low-resistivity glasses [although cur-
rent calculations for Mg-Zn (Ref. 35) give the 'wrong
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FIG. 2. Correlation between trends in thermopower parame-
ter S/T and squared resistivity p (at about 300 K) for the amor-
phous alloy series with highest resistivities: Ca& „Al„(from
Naugle, Ref. 21), Ca60AI„Ga40-„(from Naugle et al. , Ref. 23),
and Ta& -„Ir„(from Rathnayaka, Trodahl, and Kaiser, Ref. 4).
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trend as a function of concentration]. Another mechanism
possibly affecting S is the Ioffe-Regel criterion36 1~ A,/2
relating an electron's minimum free path to its wave
length X,: For the nearly free-electron case the criterion al-
lows shorter free paths above the Fermi level and so pro-
duces a positive contribution to thermopower as 1 ap-
proaches its minimum value. I have not considered
electron-electron interaction effects that are likely to af-
fect thermopower, like resistivity, principally at the lowest
temperature. '

In summary, it has been shown that the effect of inci-
pient localization is to increase thermopower magnitude

I S I initially as p2. The analog of the decrease in resistivi-
ty with T for high-resistivity glassy metals is a small
change in thermopower slope of a similar relative order of
magnitude (that is masked to some extent in practice by
the usual electron-phonon enhancement effect). I have
presented all the available data for nonmagnetic amor-
phous metals and shown that they are consistent with these
predictions: The correlation coefficient between I S I and

p is 0.8, and there is a marked similarity in the concentra-
tion dependences shown in Fig. 2.
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