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Studies of the Tunneling Density of States in Disordered Materials
3 ZE 45 - NSC 87-2112-M-009-041
PATEAR 8T8 A1 BZE8FTAH A

ERHFA AR

-~ P X

BRI E T =R FRELELNE
% EFREFEE B A MR ¥R E 6y 81t -
¥E B R ) 6 4R 4% 8 H 3 B bb ) 7T sA4F B —
%27 AR RREIA Fthan o #5587 2%
BRER  RMAERABRESFRLOTRE
THREFERAABRGERE T MALKEE
IEH FR2EGESEEE)E KM A > K
3R 5 R RS L LT 0 EEF
ERMBHET-ETERIAE-BREF
wGnEEERE -

Mo sk ee  BmEY FAFR
B~ ETRBRERE -EF-TTERA -

Abstract

We have performed electronic tunneling
density of states and resistity
measurementsin three dimensional Cu,Ge;..
films spanning from the weakly and strongly
localized regimes. We found that the
Coulomb anomaly in tunneling density of
states in the strongly localized regime is very
profound and gows m strength with
resistivity. The data suggest that the disorder
enhanced electron-electron interaction effects
can drive the crossover from weak disorder to
strong disorder in CuGe alloy system.

Keywords: CuGe alloy, Coulomb anomaly,
the degree of disorder, tunneling density of

1

B R REEFHIE A

states, the electron-electron interaction
effects.
=~ % BB

The effects of static disorder on the
electrical properties of disordered systems
have been studied for more than two decades.
It is generally accepted that both localization
and disorder enhanced electron-electron
interaction effects play important roles[1,2].
In particular, theornies taken both effects mto
account can account for most experimental
results in temperature dependent transport,
magneto-resistance, and the depression in
density of states at the Fermi energy i the
weakly disordered regime (kg¢>1 where kg is
the Fermu wave number and ¢ 1s the elastic
mean free path)[1,2]. However, when the
degree of disorder of the system is increased
leading to the weak-to-strong localization
crossover, both theories based on
perturbation method are certainly not
adecuate any more[3]. The physical picture
near the crossover 1s still unclear.
Experiments such as electron tunneling that
can probe electron-electron interaction effects
are of great value.

In this work, we have performed
tunneling measurements of the density of
states n a series of three dimensional CuGe
samples spanning from weakly to strongly
disordered regimes. The goal is to understand
how does the electron-electron mteraction
effects evolve through the crossover. The



data shown below indicate that the disorder
enhanced electron-electron interaction effects
have sigmficant influences in drving the
crossover from one regime to the other and
become very important in the strongly
disordered regime.
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Our three dimensional Cu/Ge;., films
were made by thermal evaporation at a rate of
about lnm/s in a vacuum(<3x10 ‘torr). The
alloy sources were fabricated by a standard
arc-melting method in a pure Argon gas. In
order to study the tunneling sensity of states
In the CuGe films, a AVAIO,, strip had been
previously deposited se1ving as
counter-electrode and barmer, respectively,
for the tunneling junction,
Al(20nm)/AlO,/Cu,Ge;.x. Thicknesses of
CuGe samples were about 500nm and
junction areas were about 0.2 mm’ measured
by surface profile probe, Dektak III. Electron
tunneling and transport measurements were
performed using standard techniques in a
pumped Helium cryostat. The tunneling
conductance was obtamed by numercal
differentiation of the cwmrent-voltage
charactenstics of the junction.

The conductance of ALAIO,/Cu,Ge;..

tunnel junction at a wvoltage V and
temperature T 1s given by
e J
G(Vy=c Je o) e DI (1)
o aeV) g

where E 1s the single particle energy measured
relattve to the Fermu energy, N(E) 1s the
density of states for the investigated CuGe
sample, and f(E+eV,T) 1s the Ferm
distnibution. ¢ 1s proportional to the density
of states in Al and tunneling probability, both
of which we assume to be energy and
temperature independent. We neglect the
thermal smearing represented by of/d(eV) |4

in the integral since observed features in
G(V,T) are much broader than thermal energy
kgT. Therefore, G(V,T) 1s proportional to
N(E) and reveals corrections to N(E) due to
the disorder effects.
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Figl shows the normalized junction
conductance for four Cu,Ge;., samples, sl,
s2, s4, and s6, at T=15K. All samples
demonstrate a Coulomb cusp near the zero
bias voltage (the Fermi energy). A slightly
difference in junction conductance for both
polanty voltages is caused by the asymmetry
of the tunnel barmier and is small enough to
neglect in the interpretation of the data. The
size of the cusp is largest in sample s1 with
the highest degree of disorder and decreases
with decreasing the degree of disorder. The
temperature dependent resitivities for these
four and additional two CuGe considered here
1s shown i Fig2. All samples exhibit
mmsulating behavior; the resistivity increases
monotonically with decreasing temperature
even at room temperatures. The rate of the
Increase In  resistivity respectve to
temperature at low temperatures is much
more rapid than square root T dependence
expected for a weakly disordered system.
Therefore, the Coulomb anomaly presented
here 1s for the sample with disorder beyond
the weak disorder. The Coulomb anomaly 1is
sample with less disorder than sample s6 has
very weak energy dependence (<2%) and
cannot be resolved by our current technique.
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Fig.l. Junction conductance nommalized to the
conductance at ~50mV as a imction of voltage for four
Cu,Ge,, samples, sl, 2, s4, and s6 with
0.22<x<0.30. Temperature dependent resistivities of
them are shown in Fig.2.

It should be noted that the junction
conductance at a fixed high voltage such as 50
mV remains at different temperatures for all
samples although the film resistance 1is
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Fig.2. Semilogarithmic plot of resistivity wversus
temperature for six Cu,Ge, samples.

very sensitive to temperature and can change
cquite a lot. It 15 mportant to know the
functional form of the energy dependent
density of states. Through careful analyses,
we conclude that density of states increases
with ¢n(E) at E>I" where T is the energy
characternizing the thermal smearing effect.

The plot of the normalized conductance
versus (n(V) for sl and s2 at different
temperature shown m Fig3. confirms the
above statement. As shown in Fig3 both
samples demonstrate that the normalized
conductance grows with ¢n(E) linearly at high
energy regime. The smearing effects due to
the thermal energy in the system stop the
depression mn the density of states and
broaden the Coulomb cusp. I' is about 5kgT,
independent of the degree of disorder of the
sample[4]. The zero bias conductance is
sensitive to temperature due to smearing
effects. Figd shows energy dependent
normalized conductance for samples sl and
s5 at several different temperatures.
Experimental results among different
systems are somehow different. In three
dimensional Au-Ge mixtures, E** was seen
[5]. In amorphous three dimensional Nb-S1
films (thickness ~ 100 nm), a crossover from
E’’ (low E) to E°? (high E) was seen[6]. A
set of experiments on three dimensional
amorphous InO, samples (thickness ~100 nm)
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Fig.3. Nommalized junction conductance versus V for
two samples, s1(solid) and s2(open) at (38K, (0)17K,
(ABK, and (®)1.5K.



Fig.4. Nommalized junction conductance versus V for
two samples, s1(solid) and s5(open) at (D38K, (0)17K,
(ABK, and (¢)1.5K.

by Pyun and Lemberger show that N(E) o
¢n(E) over two decades 1n energy. In addition,
the size of the tunneling anomaly scaled with
resistivity of film and not their sheet
resistance as expected for ¢n(E) behavior in
two dimensions[7]. Our three dimensional
CuGe samples (thickness ~500 nm) also
demonstrate a (n(E) dependence. The size of
the anomaly relatve to ¢n(E) in the absence
of smearing decreases with decreasing the
degree of disorder in the system. Linear fit to
normalization  conductance for (E)
dependence give intercept A, the normalized
conductance at zero bias, and the slope B, the
rate. of the decrease m normalized
conductance to n(V). A and B for our six
samples are 0.1 and 0.24 for s1, 0.4 and 0.16
for s2,0.45 and 0.14 for 3, 0.62 and 0.1 for
s4, 0.67 and 0.08 for s5, and 0.83 and 0.043
for s6, respectvely. However, there 1s no
reason for that A and B scale with resistrity
since all samples have strong temperature
dependent resistivities i cifferent manners.
As mentioned previously, ouwr samples are
around the weak-to-strong disorder crossover
and away from weakly disordered regime. At
this moment, no theory provides a proper
interpretation of the data. It 1s worth to

mention that Coulomb anomaly becomes ver
weak when system approaches weak disorder.
The result is consistent with the implication
of magnetoresistance of CuGe samples[S].
Therefore, disorder enhanced
electron-electron mteraction effects dominate
the electronic properties for samples with
disorder beyond weak disorder.
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We present measurements of the
electronic tunneling density of states and
temperature dependent resistrvities of three
dimensional Cu,Ge;., films spanning the
weakly and strongly localized regimes. A
clear Coulomb cusp was observed In sample
in the strongly disordered regime implying a
strong depression in the density of states
near the Fermu energy due to disorder
enhanced electron-electron interaction effects.
However, the result that N(E) is proportional
to (n(E) cannot be described by curent
theory. In addition, when system becomes
less disorder and approached the weakly
disordered regime, this anomaly weakens
rapidly and is smaller than our measurement
resolution(2%) at T>1.5K. The data suggest
that the disorder enhanced electron-electron
interaction effects play important 1ole in
driving the crossover from weak disorder to
strong disorder in CuGe alloy system.

The analyses of the data and the results
were presented in the international conference,
Electronic Transport and Optical Properties
of Imhomogeneous Materials 5, held n
Hongkang this June. The results in this study
have been accepted for publication in Physica
B.
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