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Thermopower and resistivity of amorphous metallic In-Sb near the metal-insulator transition
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We have measured the temperature dependence of the thermopower and resistivity of amorphous
In-Sb for several compositions near the metal-insulator transition. The thermopower, S, is observed
to correlate with the resistivity, p, such that |.S | «p®% and a deviation of the low-temperature
thermopower parameter from the expected behavior for an amorphous metal is in qualitative agree-
ment with a prediction for the effect of electron-electron interactions on the thermopower.

I. INTRODUCTION

Despite the interest in the behavior of systems near
and through the metal-insulator transition for nearly
twenty years there are very few reported measurements
of the thermopower in this regime. The major part of the
work on electrical properties in this area has concentrat-
ed on the resistivity. In a recent paper the thermopower
of amorphous metallic Tl-Te near the metal-insulator
transition was reported.! The authors observed first that
the thermopower increased as the square of the resistivi-
ty, and secondly a deviation from the expected behavior
at low temperatures that may be a result of the electron-
electron (e-e) interactions seen in the resistivity. Similar
behavior has been seen in only a few other systems.>>
There is also a lack of theoretical guidance regarding
thermopower behavior near the metal-insulator transi-
tion. In this paper we report further thermopower mea-
surements near the metal-insulator transition in the
amorphous metallic In-Sb system.

The thermopower, or Seebeck coefficient, of a material
is defined as the ratio of the electric field, E created in the
material by the distribution of the electrons in the pres-
ence of a temperature gradient, VT, to that temperature
gradient.

II. EXPERIMENT

In-Sb only exists in the amorphous state below room
temperature, so the resistance and thermopower mea-
surements were made in situ in a cryostat designed for
the preparation of samples by evaporation onto low-
temperature substrates. For the In-Sb system it was
found that the samples could be prepared in the amor-
phous state by using liquid-nitrogen cooled substrates.
Films containing up to 42% Sb were deposited at a pres-
sure of 1076 torr by evaporation from separate sources
for the indium and antimony. The films were then cycled
between 5 and 60 K while performing thermopower and
resistance measurements. The resistance of the films was
then monitored up to room temperature so as to detect
the disorder-order transition. Details of the measure-
ment apparatus and techniques are given elsewhere.!

III. RESULTS

Table I contains information regarding the preparation
and characterization of the samples. The annealing be-

38

havior is qualitatively similar to that observed in the me-
tallic TI-Te system! where the highest resistance samples
annealed to a semiconductor via an irreversible peak in
the resistivity. Superconductivity precursors were ob-
served in the samples with up to 32% Sb. The zero-
temperature resistivity, p(0), which is the value of the
resistivity extrapolated to T=0 ignoring superconductivi-
ty, has magnitudes ranging from 100 to 45000 uf) cm as
the concentration of Sb is increased. The temperature
dependence of the normalized resistivity, p/p(0), is plot-
ted in Figs. 1(a) and 1(b). In accordance with the Mooij*
correlation the temperature coefficients of resistivity
(TCR’s) are positive for samples with resistivities below
150 uf) cm and negative for those above. In their work
on amorphous InSb (50 at. % Sb) both Stuke’ and Cao
Xiao-wen® observe a negative TCR, while positive TCR’s
are seen over the entire composition range in liquid In-Sb
for which p=40-120 pQcm.” The thermopower,
presented in Fig. 2, is negative and increases in magni-
tude with the resistivity. Stuke® also reports a negative
thermopower for a-InSb.

IV. DISCUSSION

We turn now to a discussion of the results in Figs. 1
and 2 with an emphasis on the data for the highest resis-
tivity samples near the metal-insulator transition.

The samples with up to 30 at. % Sb display features

TABLE 1. Sample characterization. C is the composition in
at. % Sb, R.,,, is the resistance immediately after evaporation,
TCR is the value of the temperature coefficient of resistivity at
40 K, T, is the temperature at which annealing commences,
determined from the temperature dependence of the resistance,
and ¢ is the thickness of the sample.

C Revap TCR T, t
(at. % Sb) (Q) (1073 K- (K) (pum)
16 7.1 0.03 180 0.7
20 6.5 —0.07 180 1.0
26 8.0 —0.32 180 1.1
30 5.7 —0.48 180 1.4
32 18.6 —1.46 100 1.3
40 69 —5.2 100 1.3
41 130 —104 100 1.3
42 257 —15.0 100 1.4
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which are explained by the Ziman-Faber theory
(diffraction model)® and its extensions.’ The resistivities
span 100-200 u€)cm, the TCR’s are small, and above
150 uQ cm they are negative. The existence of supercon-
ductivity precursors which obscure the low-temperature
behavior, and the lack of information on structure fac-
tors, limit analysis in terms of this Boltzmann-type
theory.

As the concentration of Sb is increased beyond 30
at. % the TCR’s become large and o (0) (zero-temperature
conductivity) tends rapidly to zero as expected near a
metal-insulator transition (Fig. 3). In this regime locali-
zation effects and e-e interactions are expected to play a
key role. The conductivity with localization corrections
can be written'®

oc=0g—Aoy+Ac,,, (1)

where o is the Boltzmann value, Ao, is the elastic
correction which reduces o 3 due to constructive interfer-
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FIG. 1. (a) Normalized resistivity vs temperature. The data
are for samples containing 16 at. % Sb (0O), 20 at. % Sb (A), 26
at. % Sb (+), 30 at. % Sb (), 32 at. % Sb (O), 40 at. % Sb
(V), 41 at. % Sb (« ), and 42 at. % Sb (O). (b) As in (a) for sam-
ples containing 16 at. % Sb (O), 20 at. % Sb (A), 26 at. % Sb
(+),and 30 at. % Sb ( X).
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FIG. 2. Thermopower vs temperature. The data are for sam-
ples containing 16 at. % Sb (O), 20 at. % Sb (A), 26 at. % Sb
(+), 30 at. % Sb (X ), 32 at. % Sb (), 40 at. % Sb (V), and 42
at. % Sb (O ). These measurements are limited by a small ( ~0.1
©V/K) systematic uncertainty associated with the calibration of
the reference leads which is comparable to the size of the scatter
in the data.

ence in the backscattering, and Ao, is the inelastic term
which reduces the interference term. The corrections are
expressed in terms of the elastic and inelastic scattering
lengths (/ and /,, respectively) and are given by

AO’elz Ce]ez/ﬁﬂ'zl N (2)
Ao, =C,e*/#m’L;, , (3)

where L;, = L(Il;,)!/? is the inelastic diffusion length, and
C, and C;, are constants of the order unity.

The temperature dependence of the conductivity is
dominated by Ao, through the inelastic scattering
length, [;,, which is primarily due to electron-phonon
scattering. It has been pointed out!! that by using stan-
dard results for electron-phonon scattering, i.e., /;, < 1/T
for T>®p and /;, < 1/T? for T <®, (@, is the Debye
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FIG. 3. Zero-temperature conductivity vs concentration.
The line is only a guide for the eye.
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temperature) the conductivity obtained would behave as
T'/? for T >®)p and be linear in T for T <®,, giving
negative TCR’s in agreement with the Mooij correlation.*
In a more recent paper!? it has been suggested that the
change over from T'/? to T behavior might occur around
%’OD.

At the lowest temperatures e-e interactions, which are
enhanced by localization effects, become important; a dis-
cussion of e-e interactions in disordered electronic sys-
tems has been published in a recent review article.!> It
has been predicted!* that e-e interactions give an addi-
tional T'!/? term in the conductivity that dominates at
low T.

Data supporting these predictions for the temperature
dependence of the conductivity due to incipient localiza-
tion and e-e interactions have been reported!""'%13 by a
number of workers. The conductivity data for our
highest resistivity samples, plotted in Figs. 4(a) and 4(b),
are consistent with a linear region above 15 K [Fig. 4(a)]
and a T'!/? behavior at low temperatures [Fig. 4(b)].
These results give further support to the predictions con-
cerning the effects of incipient localization and e-e in-
teractions.
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FIG. 4. (a) Conductivity vs temperature for samples contain-
ing 41 at. % Sb (@) and 42 at. % Sb (H). (b) Conductivity vs the
square root of the temperature for the same samples as in (a).
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The T'/? conductivity may be written in the form'®
o(T)=0(0)[1+(kT/A)' ], @

where A is the e-e correlation gap that vanishes at the
metal-insulator transition. Although the derivation of
Eq. (4) has been superseded!>!” it is still useful for com-
parison with other experimental results. For a wide
range of materials it has been observed!®!® that the data
lie on the common curve A ~p~2. In Fig. 5 we have plot-
ted log;o A versus log,qo for our data near the transition,
and the common line for previous data.'® Our data lie
within a factor of 2 of this line as did the data for the TI-
Te system near the transition.!

Our main interest is the behavior of the thermopower
near the metal-insulator transition, a subject which has
received very little attention both theoretically and exper-
imentally. It has been suggested that the initial effect of
weak localization should cause the magnitude of the ther-
mopower to increase with the square of the resistivity,? 2
and this is indeed supported by some of the data in the
literature."!> A further suggestion that this correlation
may change to |S | ~p near the metal-insulator transi-
tion?2! does not appear to have been tested. With these
predictions in mind we investigated the relationship be-
tween our resistivity and thermopower data. We find
that across most of the concentration range our data are
well described by the single relation |S | «p%2¢ (Fig. 6).
It should be noted that the points below 30 at.% Sb
(p <200 cm) are not accurately described by this curve,
but they can be forced to fit | S | «p?.

The temperature dependence of the thermopower far
from the metal-insulator transition is not expected to be
affected much by localization corrections which should
be overshadowed by the larger nonlinear electron-phonon
enhancement term. Figure 7 shows our data for the ther-
mopower parameter (S /T) with theoretical fits based on
enhancement calculations.?? These fits, which are within
the uncertainty of the data, will be discussed in another
paper.?> Here we are concerned with the deviations from
the expected low-temperature behavior seen in Fig. 7.
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FIG. 5. A logarithmic plot of the correlation gap (A) vs
resistivity. The solid line (A ~p~?) is a universal fit to existing
data given by Hertel et al. (Ref. 18).
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FIG. 6. The magnitude of the thermopower vs the resistivity

to the power of 0.26 (there is a 20% uncertainty in the ex-
ponent). The values are those at 40 K.

For the samples containing 16 and 20 at. % Sb this is
likely to be an affect of superconductivity, but for the
higher resistivity samples (where the deviation is in the
opposite direction) another explanation is required. It
has been suggested?” that e-e interactions may introduce
a small T'/? term in the thermopower parameter at low
temperatures, resulting in an enhancement of the expect-
ed S /T behavior. Our S/T data show such an enhance-
ment, i.e., a more negative value, at low temperatures
(Fig. 7) and we speculate that the effect of e-e interactions
seen in the resistivity may also be the cause of the unex-
pected low-temperature behavior in the thermopower.

V. CONCLUSION

In conclusion we have measured the temperature
dependence of the thermoelectric power and resistivity
for the glassy metal In-Sb with compositions near the
metal-insulator transition. The magnitude of the thermo-

power correlates with the resistivity giving |S | «p®26.

Temperature (K)

FIG. 7. The ratio of the thermopower to the temperature vs
temperature (symbols as in Fig. 2). The solid lines are theoreti-
cal curves for the enhanced thermopower (Ref. 22). These fits
are discussed in another paper (Ref. 23).

For the samples closest to the transition there is a devia-
tion from the expected thermopower behavior at low
temperatures which we suggest is the result of the e-e in-
teractions indicated by the T'/? dependence of the low-
temperature conductivity. The e-e correlation gaps im-
plied by our data are in reasonable agreement with the
observation that A~p_2, falling within a factor of 2 of
the universal fit.
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