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Correlated hopping through thin disordered insulators
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We present data from Mo/a-Si/Mo tunnel junctions together with calculations that show that hop-

ping transport via localized states in amorphous silicon is highly correlated. Localized states whose

single-particle energies lie well below the Fermi level participate in transport due to the large on-site

Coulomb interaction U. The results also imply that the density of these states is roughly constant over a

wide energy range of order U.

Electron-electron interactions are believed to play an
important role in transport through disordered insulators
with a high density of localized states. Efros and
Shklovskii predicted that the Coulomb interactions be-
tween electrons on different sites in a system exhibiting
Mott variable range hopping (VRH) should lead to a gap
in the density of states at sufficiently low temperature and
to a crossover from the Mott T ' law to a T ' 2 law. '

The experimental evidence from many different systems
strongly indicates the presence of this crossover. Little
attention has been paid, however, to the role of the on-site
Coulomb interaction in hopping transport. Glazman and
Matveev predicted that in a tunnel junction with a thin
disordered insulating barrier, the on-site Coulomb in-
teraction would lead to correlated resonant tunneling via
localized states, which would reveal itself in the
magnetic-field dependence of the conductance. Two of
us (D.E. and M.R.B) have recently demonstrated this
effect experimentally using deposited amorphous silicon
(a-Si) tunnel barriers, but were led to postulate correla-
tions in the hopping transport channels incorporating
two localized states in order to account fully for the
data.

In this paper, we confirm the correlated nature of both
the resonant and the multisite hopping channels and
present theoretical calculations in quantitative agreement
with the data. In addition, our results demonstrate that
because of the correlated nature of the transport, local-
ized states far below the Fermi energy can participate in
transport in disordered insulators, in contrast to the usu-
al single-particle picture. Finally, we note the implica-
tions of these results for the magnetoresistance in the
variable-range-hopping regime.

To understand the physics of these correlations, con-
sider resonant tunneling through a single site near the
Fermi level and situated in the center of the barrier for
simplicity. In the absence of any Coulomb interactions,
the two spin-degenerate localized states associated with
the single site support two independent resonant conduc-
tion channels. If U is much greater than both eV and kT,
however, then these two channels become highly corre-
lated. %'hile an electron is tunneling through one of the
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FIG. 1. Schematic representation of correlated resonant tun-
neling via localized states. A large on-site Coulomb energy U
allows only one electron to tunnel through a given site at a time
(a), but also enables electrons to tunnel through sites found
roughly U below the Fermi level {b); the number of e8'ective
channels is between 1 and 2, indicated by the solid plus dashed
line. For type-A states in a strong magnetic field, spin-down
electrons can tunnel through uncorrelated channels (c), while
spin-up electrons {spin parallel to the field) are completely
blocked (d).

two localized states, its wave function is highly peaked
around the site, thus raising the energy of the second
state by U above its single-particle value and preventing a
second electron from tunneling via the other channel
simultaneously [Fig. 1(a)]. The effective number of chan-
nels through a single localized site will always fall be-
tween one and two [represented schematically by one
solid and one dashed line in Fig. 1(a)]. The exact degree
of correlation for a given site depends upon the fraction
of the time that it is occupied, which is in turn a function
of the ratio of the coupling energies to each of the two
electrodes and also of the single-particle energy of the
states.

The Coulomb correlations also lead to a novel effect:
localized sites with single-particle energies close to sF U—
can participate in resonant transport [Fig. 1(b)]. One of
the two states on each such site will always be occupied,
since the energy to add the first electron is well below the
Fermi level. The addition of a second electron from the
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Fermi level is elastic, allowing resonant tunneling
through the site. We denote sites whose single-particle
energy level is near the Fermi level as "type A" and those
nearly U below the Fermi level as "type B." Type-8 sites
manifest the same correlations as type- A sites, as is easily
seen by considering holes tunneling through them in the
reverse direction: a hole tunneling via a type-8 state
blocks the second channel associated with the same site,
since two holes cannot occupy a type-8 site simultane-
ously. Electron-hole symmetry requires that a type-8 site
yield the same contribution to the conductance as a
type-A site at the same location with c~ = —c.~

—U and
the applied bias reversed.

The application of a strong magnetic field
(U»psB »kT»eV) clearly reveals the correlation
effects. The field lifts the degeneracy of the two spin
states associated with each localized site, with the result
that all of the resonant tunneling proceeds through un-
correlated channels. Figures 1(c) and 1(d) illustrate the
effect of a strong field on conduction through type-A
sites. Since p~8 &&kT and e V, the field pushes all of the
states that contribute to the transport in zero field so far
from the Fermi level that they no longer contribute to the
conduction. In our a-Si junctions, the density of local-
ized states is sufficiently high [g = 5 X 10' eV ' cm
(Ref. 5)] that, on average, a spin-down state pushed down
from above [Fig. 1(c)] and a spin-up state pushed up from
below [Fig. 1(d)] replace every pair of degenerate states
that contribute to the conduction in zero field. These re-
placement states reside on different sites and are uncorre-
lated with one another.

Due to the spin correlations, however, the
configuration depicted in Fig. 1(d) does not contribute to
the conduction since the spin-down state associated with
the same site as the spin-up state near the Fermi level will
always be occupied, thus changing the energy needed to
add a spin-up electron to c~+ U and thereby blocking
resonant tunneling. Type-8 sites exhibit analogous corre-
lations. In conclusion, in a strong field, a single uncorre-
lated resonant channel replaces every pair of correlated
resonant channels found in zero field. Thus, the ratio of
the conductance of the junction in a strong field to that in
zero field directly measures the degree of correlation
present in the zero-field transport. Note that the reso-
nant states act as spin polarizers in a strong field: A sites
allow only spin-down electrons to tunnel [Fig. 1(c)],while
8 sites transport only spin-up electrons.

The effect of a magnetic field on the zero-bias
resonant-tunneling conductance, GR, has been calculated
assuming U))kT))eV. After averaging over a uni-
form density of localized states (in energy and space ), it
is found that Gz(B) obeys a universal dependence on the
ratio of the Zeeman splitting of the electronic states to
the thermal broadening of the Fermi surfaces in the elec-
trodes, G~ (B)/G~ (0)=Fz (p&B /kT). The function
Fz (x ) is the solid line in Fig. 2. Note that
r& =Gz( ~ )/Gz(0) =(21n2) '=0.721, indicating that
on average each correlated state conveys only 70%%uo

( =0. 5 /r, ) of the current of an uncorrelated state. This
result is independent of the proportion of type-A and
type-8 states present.
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FIG. 2. The normalized magnetic-field dependence of the
zero-bias conductance, plotted as a function of the scaling pa-
rameter x. The solid line shows the theoretical prediction for
resonant tunneling.

Previously, we have reported ' the details of the tech-
niques used to fabricate and measure the junctions and
we have shown that the localization length a '=6. 8 A.
We can then estimate U=e /gee '=100 meV. Lattice
relaxation will lower this, but U is clearly much greater
than any other energy in our measurement. The data re-
ported in this paper come from three nominally identical
samples with barrier thickness d =120 A, molybdenum
electrodes, and an area of 90X90 pm . The direct tun-
neling contribution to their conductance and the orbita1
effect of the applied field are both negligible for these
samples. ' Two of the samples were patterned on the
same substrate and measured in a pumped He cryostat.
They differed in conductance by 1% but showed identical
normalized results, which were published previously.
The third sample was deposited simultaneously on a
separate substrate and measured in a dilution refrigerator
from 100 to 700 mK. The resistance of this sample was
8% greater than the first one, which corresponds to a
difference in barrier thickness of about 1 A.

Figure 2 shows the zero-bias conductance for five

different temperatures as a function of the magnetic field,
scaled to x=p~B/kT for each curve. The solid line

shows the theoretical prediction for resonant tunneling.
There are no adjustable parameters. The ordinate of each
curve is normalized to the value of the conductance at
that temperature in zero field, except for the 500-mK
data, which is normalized to the theoretical curve at
.x =0.1; below this value, the field is insufficient to
(quench the superconductivity of the Mo electrodes, ac-
i:ounting for the anomalous first two points.

As argued previously, the deviation of the higher tern-

perature data from the theoretical curve is due to the
non-negligible two-site hopping component of the con-
ductance at these temperatures, ranging from 14% at 1.5
K up to 26% at 2.4 K. The hopping component at 500
mK is less than 4%%uo, so we would expect this data to fall
just below the theoretical curve for resonant tunneling at
high values of x. The 500-mK curve confirms our earlier
attribution of the systematic high-temperature deviations
from the theoretical curve to the presence of correlations
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in the n =2 hopping channel.
The inset of Fig. 4 schematically depicts the two-site

hopping channel. The L~1 and 2~R transitions are
elastic whereas the 1~2 hop is inelastic and accom-
panied by the emission or absorption of a phonon. The
zero-bias conductance due to inelastic channels of this
type, Gz, has been calculated and it is found after averag-
ing over a dense distribution of localized states that
Gz( T) =o z T for e V « kT. We have verified this sim-

ple power-law behavior as well as the value of the compli-
cated prefactor for a wide variety of barrier thicknesses.
Here we use this understanding to calculate the two-site
hopping contribution to the total conductance.

Figure 3 shows the temperature dependence of the
zero-bias conductance over a wide temperature range. In
fact, the data at low (circles) and high (squares) tempera-
tures are from different samples on different substrates.
The low-temperature data have been scaled up by 8% to
account for the difference in zero-bias resistance, as ex-
plained above. The low-temperature data (circles) were
taken in an applied field of about 1 ko to suppress the su-
perconducting gap in the electrodes and represent the
average of 13 measurement sweeps to reduce the 1/f
noise, which increases in severity as the temperature is
lowered. The solid line is a fit to the form
G(T)=Gzi+crzT, with Gzi, oz, and m as free parame-
ters. The best fit to the high-temperature data (squares)
yields m =1.32, in close agreement with the theoretical
prediction of 4. (Note also the circle at 4.2 K.) From the
fit, we deduce the fraction of the conductance at each
temperature due to resonant tunneling and that due to
two-site inelastic hopping.

For the samples studied here, inelastic hopping
through three or more sites, which gives rise to terms in
the conductance with higher powers of T, becomes appre-
ciable only above 7 K. The deviation from the fit below
450 mK, shown expanded in the inset, is a zero-bias
anomaly (ZBA) that has previously been seen in all of the
junctions with thinner barriers. The characteristic tem-
perature at which this anomaly appears increases as the
barrier is made thinner, thereby preventing measurement

of the Coulomb correlations of the resonant tunneling in
thinner samples; we are presently investigating the ZBA.

Now consider the field dependence of the two-site hop-
ping conductance. Figure 4 demonstrates the correlated
nature of this inelastic channel. %e extract this informa-
tion by subtracting the resonant part of the transport,
G+Fz(pB/kT), from each of the high-temperature
curves in Fig. 2 and then renormalizing the curves to
their zero-field values. Thus, the curves in Fig. 4 measure
the Coulomb correlations through the two-site inelastic
chains. Not surprisingly, the correlations are universal in
the parameter x, so we can define Fz(x)
=Gz(B, T)/Gz(O, T). The deviations at higher x in Fig.
4 are not systematic and, we believe, are merely an
amplification of the noise in the data by the subtraction
procedure described above. Figure 4 looks qualitatively
similar to Fig. 2, but has a different limiting value at large
x: the suppression of the conductance is much greater for
the hopping channel than for the resonant channel.

In order to understand the implications of this
difference, we have calculated the correlations through
the inelastic channel using the techniques outlined in
Refs. 3 and 8. The calculation is considerably more
difficult than for the resonant case, however, because of
the necessity of integrating over two spatial coordinates
as well as energy, and the need to consider both the on-
site and the intersite Coulomb interactions. Neglecting
lattice relaxation effects, the intersite Coulomb correla-
tion energy Uiz is roughly U/6, since the distance be-
tween site 1 and site 2 is approximately 6a ' for those
two-site chains that contribute the most to Gz. The pre-
cise value of U&2 is not important. There are now eight
distinct conducting configurations, denoted as AA, A

' A ',
A '8",8"A ', A "8', 8' A ",8'8', and BB,where the first
(second) symbol indicates the approximate single-particle
energy of the first (second) localized site in the hopping
chain: eF (typeA), s~ —U, z (A'), eF —2U, z (A"), eF—U (8"), eF —U —Uiz (8'), and sF —U —2Uiz (8).
Because of this complexity, we have so far restricted the
calculation to computing rz ——Fz( ~ )/Fz(0), which con-
tains the important information.
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FIG. 3. Temperature dependence of the zero-bias conduc-
tance, in excellent agreement (down to 450 mK) with the theory
of two-site inelastic hopping, which predicts m = —. Inset:

closeup of the ZBA.
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FIG. 4. The scaled magnetic-field dependence of the two-site
inelastic hopping conduction. Inset: schematic representation
of a two-site inelastic hopping chain (see text).
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In contrast to the case of resonant tunneling, the result
depends on the relative density of type-A and type-8
states. The A series and the B series of localized states
differ fundamentally in that they act as spin polarizers of
opposite polarity for the tunneling electrons in a strong
field, as motivated in the discussion of Fig. 1. Thus, the
magnetic field completely suppresses the contribution of

I

the four mixed-type configurations. For x ))1, only the
AA, A ' A ', BB, and B'B ' configurations contribute, albeit
with some suppression in analogy to the resonant case: a
single uncorrelated hopping channel replaces every pair
of correlated hopping channels when x &&1. The final re-
sult of the calculation is

3.10[g (A)+g (A')+g (B'}+g (B}]
3.85[g ( A)+g (B)]+3.87[g ( A'}+g (B')]+6.03[g( A')g(B")+g( A")g(B')]

where g ( A ) is the density of type- A states, etc.
If all of the localized sites contributing to transport

were to be found in the range of energies encompassed by
the A series of energies or the B series, but not both, then
the calculation predicts r2=0. 8. If, on the other hand,
the density of localized states is taken to be the same at
the six energies enumerated above, then r2=0.45, in ex-
cellent agreement with the experimental results (Fig. 4).
If we take the experimental value to be 0.45+0. 10, then
we reach the interesting conclusion that the density of
states at the six energies are all within a factor of 2 or 3 of
one another, barring any pathological dependence of the
density of localized states on energy.

The experimental results displayed in Fig. 4 in con-
junction with the theoretical calculation outlined above
lead to two important conclusions. First, transport via
deep defects, which is usually though of in terms of the
localized states right at the Fermi level, in fact involves
some states whose single-particle energy levels lie very far
below the Fermi level; the actual motion of the electrons
is highly correlated. To our knowledge, this paper is the
first report of the experimental observation of these
correlations, which should be present at all temperatures
for which transport via localized states is the dominant
conduction mechanism. Second, the density of deep de-
fects (dangling bonds) in unhydrogenated amorphous sil-

icon is roughly constant from cF at least down to cF—U.
We can extend these conclusions to variable range hop-

ping, where U&2 will take on a distribution of values, and
localized states over a wide continuum of energies will

participate in transport. In principle, the magnetoresis-
tance should be enormous for x )&1, since the type-A
sites (s) sz —U) and the type-8 sites (e (ez —U) can no
longer exchange electrons. Thus, the density of states
effectively drops by a factor of 2. Since o v„H
=ooexp[ —(To/T)' ) with To ~ 1/g, this implies a
dramatic decrease in the conductivity. We have tried to
measure this effect, but unfortunately the resistance of
our samples becomes too large to measure at the low tem-
peratures necessary to achieve x =1.

Finally, we mention that the techniques outlined in this
paper may find application as a kind of crude spectrosco-
py of the defect states in the technologically important
forms of doped hydrogenated amorphous silicon or other
amorphous semiconductors.
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