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Tunneling and conductivity measurements through the metal-insulator transition in amor-
phous Nb„Si& are reported. The authors observe the correlation gap A which varies with
resistivity and have related this to the metal-insulator transition as observed in the conduc-
tivity. The samples were prepared by a process which allows precise control of the Nb con-
centration. The results as a function of voltage, temperature, and concentration are com-
pared with current theoretical predictions.

PACS numbers: 71.30.+h, 71.50.+t, 72.15.Cz, 73.40.Qk

The metal-insulator transition in disordered
materials has been recently studied in several
transport measurements. ' ' All experiments in-
dicate that there is no minimum metallic con-
ductivity. ' In addition, tunneling measurements
have shown a strong anomaly in the density of
states at the Fermi level indicative of very strong
many-body contributions to the metal-insulator
transition. "Altshuler and Aronov' had earlier
shown that many-body effects were important. In
a phenomenological scaling theory McMillan' in-
corporated both localization and correlation ef-
fects on equal footing. He predicted a square-
root singularity N(F) =N(0)[1+ (E/b, )' 'I in the sin-
gle-particle density of states at the Fermi level
on the metallic side of the transition. This was
later verified by the tunneling experiments. The
parameter & was interpreted as a correlation
gap —the precursor of the energy gap in the sin-
gle-particle density of states which opens up on
the insulating side of the metal-insulator transi-
tion. At the metal-insulator (M-I) transition, &

goes to zero, &(0) goes to zero, and the energy
gap begins to open up.

In this Letter we report high-precision tunnel-
ing and conductivity measurements through the
metal-insulator transition in amorphous Nb„Si,
Our samples were prepared by simultaneously
cosputtering Nb and Si onto a substrate producing
a shallow concentration gradient. Unlike previous
measurements which had difficulty in producing
controlled, uniform concentration changes, our
method allowed us to measure the properties of
the amorphous material in a controlled and sys-
tematic way as we moved through the M-I transi-
tion in small, uniform increments. As in previ-
ous experiments we have observed a correlation
gap & which varies with resistivity. However un-
like previous experiments we have made low-tem-
perature transport measurements to correlate

our tunneling results directly with the metal-in-
sultor transition. In addition we have observed
the metal-insulator transition by the onset of the
breakdown of the single-step tunneling process
when the energy gap appears at the Fermi energy
and localized states appear in the Nb„Si, „. By
controlling concentration as easily as voltage and
temperature we can obtain experimental relation-
ships among them and in this Letter these are
presented and compared with current theoretical
predictions.

Our samples were prepared by cosputtering Nb

and Si from separate targets onto sapphire sub-
strates (see inset in Fig. 1). The films had a
thickness of -1000 A and the concentration, as
determined by Rutherford backscattering with 1.8-
MeV & particles, varied linearly from Nb„Si„
on one end to Nb4Si96 on the other. ' X-ray meas-
urements of the films showed them to be highly
disordered, demonstrating a liquidlike radial dis-
tribution function. To avoid edge effects for both
the tunneling and transport measurements only
the center region of the films (-0.5 mm wide) was
probed. For the conductivity measurements the
films were lithographically patterned after deposi-
tion to form a narrow stripe. 42 lead cross
stripes were then evaporated on and the conduc-
tivity of the 41 regions of the sample could be
measured as a function of temperature with a
four-terminal technique.

An advantage of this sample preparation tech-
nique is that in all theories the universal parame-
ter is the resistivity while in an experiment one
measures a resistance. By virtue of all the sam-
ples being on the same substrate with the same
thickness and a width precisely determined by
photolithography the resistivities of each bin are
simply related to the resistance by the same geo-
metrical constant. Thus scatter in the data in
comparing the results of different resistivity sam-
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ples is reduced.
The samples for tunneling were prepared in an

identical manner except for a Nb backing film
sputtered prior to deposition of the Nb„Si, „films.
This Nb film reduced the spreading resistance in
the tunneling measurements. After deposition,
the tunneling samples were oxidized in air for
several days. The edges of the film were then
masked off with an insulating layer and lead cross
stripes were then evaporated on. This technique
produced 42 evenly spaced junctions along the
sample with similar properties with only the Nb

concentration slowly varying from one junction to
the next. A total of four samples were examined—two via tunneling and two via conductance. The
results for each measurement were the same to
within one bin spacing. In addition the M-I transi-
tion was at the same position on the sample for
all four films. This fact gives us confidence that
the samples are identical and so we can combine
the data for the various samples.

The resistivity was measured as a function of
temperature from 10 mK to 5 K for the two con-
ductance samples with a four-terminal bridge.
At the most metallic end (-20.5'%%uo Nb) the Nb„Si, „
was superconducting with a T, of 280 mK. The
T, 's decreased monotonically with decreasing Nb
concentration to zero at a concentration of 18.0%.

For those regions at Nb concentrations- less
than 18'%%uo the conductance was finite down to T -10
mK. The conductivity as a function of tempera-
ture for those samples was fitted by a power-law

dependence and the conductivity at zero tempera-
ture 0', was obtained. At low temperatures a'(T)
was not changing very much with temperature and
the values of 0, were almost independent of the
functional form used. In Fig. 1 we have plotted
the resultant 0, versus n. As the Nb concentra-
tion is decreased o, decreases smoothly and the
metal-insulator transition is reached at a Nb con-
centration of - 11.5%%uo. Two points should be
noted: (a) o, goes smoothly to zero at u, with
many samples having a o, well below the &

suggested by Mott. (b) vo is linear in (n -n, )/n,
in the limit oo- 0.'

The temperature-dependent part o(T), which is
the measured conductivity v (T) minus o„ is
roughly the same for all samples and has a value
of a(T)™7(0 cm) ' at 1 K. If one fits a power
law to v(T)-T~ one obtains a value N-0. 5-0.V

for all metallic samples excepting for that im-
mediately preceding the transition. This is in
rough agreement with the T' ' temperature depen-
dence een for Coulomb effects in Si:P.'

The tunneling measurements were performed at
2 K in a magnetic field just sufficient to suppress
the superconductivity of the lead counterelectrode
(- 2 kG). On the metallic side of the metal-insula-
tor transition we observed a square-root zero-
bias anomaly as previously seen in AuGe (Ref. 1)
and granular aluminum. ' This is shown in Fig. 2
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where we plot N(E) versus ~E. All of the curves
have been normalized at a voltage of 25 mV. The
deviation at voltages below 1 mV is due to ther-
mal smearing. As one approaches the metal-
insulator transition the singularity in the tunnel-
ing conductance becomes much stronger and the
density of single-particle states at the Fermi
level which is proportional to the conductance at
zero bias is found to decrease. This extrapolated
N(0) is shown in Fig. l.'0 Note the linear depen-
dence. The metal-insulator transition occurs
when the conductance extrapolated back to zero
bias reaches zero. The junctions beyond the
transition do not show a square-root dependence
of the tunneling conductance on bias voltage. On
the insulating side the curves indicate 'I;he opening
up of the energy gap but these data are not an ac-
curate measure of this gap.

Shown in Fig. 3 are the values of the correla-
tion gap & calculated from the data shown in Fig.
2 with the relation N(E) =N(0)[1+ (E/&)"']. The
values of these gaps range downward from sever-
al hundred millivolts and decrease to the small-
est measured value of 0.038 mV as the silicon.
concentration is increased. In addition Fig. 3
also shows data from another Nb„Si, „sample as

.well as data from granular aluminum. This
agreement is strong evidence that the correlation

gap depends only on one single parameter, the
resistivity, but is material independent.

The correlation gaps shown in Fig. 3 show an
approximately p, ' dependence on the resistivity
as shown by the straight line in the figure (p,
-=1/~.)

At voltages much greater than & the tunneling
density of states no longer obeys the functional
form N(E) =N(0)[l+ (E/&)"3] but crosses over to
the form N(E) -E"'. For samples with gaps & 1
mV, this crossover was seen to occur for E - &
where & is the correlation gap obtained at low
voltages. It was observed that near the transi-
tion, the region where N(E) varied as E"' be-
came rather small resulting in greater uncer-
tainty in b, . This is evident in Fig. 3 for high p, .

Our experimental observations can be sum-
marized as follows. In amorphous Nb„Si, „ there
is a metal-insulator transition at a Nb concentra-
tion of - 11.5%%uo as shown by the conductivity and
the tunneling density of states. (a) At that transi-
tion, N(0), o, - (n -n, ), i.e., are linear functions
of concentration. (b) For «&, N(E) - N(0)[1
+(E/&)'"]. (c) For E&&, N(E)-E"'. (d) The
correlation gap & -p, '- (n —n,)". And (e) o (T)- cr,(1+nT"') and o(T) is roughly independent of
00 for all metallic samples.

ln the theory of McMillan' the correlation length
$ is related to the concentration by

(n-n,-) "

&o0—
with & expected to be close to 1. His second pa-
rameter q relates the energy and length scales.
in the critical region. He predicts 1&g & 3. He
also predicts the following relations:

IO 2—

N(0) t3 3 (»)
(2b)

Taking (1) and (2) and comparing with (a) we ob-
tain

—v(g —3) =1,

(-1)(-v) =1;
(4a)

(4b)
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FIG. 3. The correlation gap A vs resistivity for
Nb„Si, „as well as for granular aluminum (Hef. 2).

and combining (1) and (3) and comparing with (d)
we obtain

QV =+2, (5)

(4) and (5) then imply q —2, v - 1. McMillan also
predicts the functional form N(E) —N(0) [1 + (E/
&)"3] observed in the tunneling for E«. Finally
he predicts the functional form z (&) =o,[1+(AT/
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&)"'1. This gives approximately the temperature
dependence we see as well as the fact that o (T)
—v, is independent of &,. His form implies & (I')
—o, —o,(kT/&)"' which is independent of o, be-
cause &- po '. It also predicts the right magni-
tude. For example, from our tunneling data for
p =0.0211 cm we obtain a correlation gap of
3.25 mV. These imply [o,(kT/b, )]'~'=7.8 (0 cm) '
at T = 1 K which is in good agreement with our
conductance measurements.

In their theory Gefen and Imry" have performed
a self-consistent calculation taking into account
both localization and interaction effects. They al-
so define two parameters g' and ~'. In their theo-
ry for E»& they obtain N(E) -E" "which im-
plies q' - I from our data. They find N(0) -$"
which also implies g' -1. In addition for E &6
they find a square-root dependence for the den-
sity of states, N(E)- [1+(E/6)"']. However,
they find o,- ] " ")which is inconsistent with
our results.

Lee" has pointed out that both theories have
used the renormalized density of states N(E) to
calculate the Thomas-Fermi screening constant
K in v' =4&e'N(E). The screening length there-
fore diverges when N(E) goes to zero. Instead of
N(E), I ee has suggested that one should use the
thermodynamic density of states d~/dp which
does not contain any singularities. This screen-
ing term is used by Gefen and Imry in the calcu-
lation of ao, and so may explain the inconsistency
of their prediction with our results.

In conclusion we have observed the metal-insul-
ator transition in amorphous Nb„Si, „by tunneling
and transport measurements. Our results have
shown that the zero-bias anomaly in the density
of states can be correlated with the conductance
to obtain the exponents in the scaling theories of
localization. In addition we have shown that the

correlation gaps seen in amorphous materials at
the metal-insulator transition are a universal
function of resistivity independent of other mate-
rial parameters.
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