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Coulomb staircase in STM current through granular films
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The tunneling current through a junction array consisting of a scanning tunneling microscope tip and a
granular film is studied both theoretically and experimentally. When the tunnel resistance between the tip and
a granule on the surface is much larger than those between granules, a bottleneck of the tunneling current is
created in the array and the Coulomb staircase~CS! appears in theI -V curve at room temperature. It is shown
that the period of the CS is given by the capacitance at the bottleneck even though a granular film consists of
many tunnel junctions with different capacitances. Our study provides a possibility for single-electron-spin-
electronic devices at room temperature.
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Charging effects on single-electron tunneling such
Coulomb blockade and Coulomb oscillation have attrac
much interest.1 The scanning tunneling microscope~STM! is
a good tool to investigate the charging effects. Recently,
steplike structure called the Coulomb staircase~CS! is ob-
served in theI -V curve by using an STM tip of nanomete
size in highly resistive granular films2–5 as well as in metal-
droplet systems.6,7 The I -V characteristics for double tunne
junction systems have been extensively studied and the C
observed when the resistances between the junctions ar
equal.1,8 For these asymmetric double junction systems,
junction with a large resistance behaves like a bottlenec
the tunneling current and the central island is charg
through the other junction up to the maximum charge. T
tunneling current jumps when the charge changes.

However, the physics behind the CS in a granular film
not clear because it contains many granules with differ
size and the conducting path may form a three-dimensio
network in a thick granular film. Bar-Sadehet al. have stud-
ied the STM current through a nonmagnetic granular fi
Au-Al2O3, by using the cryogenic STM.2,3 They observed
the CS at temperaturesT54.2 and 78 K, and analyzed th
experimental data by using a triple barrier model. They
sumed that the rate for tunneling between two granule
small and the number of excess electrons in each granu
treated independently. Because of these assumptions, th
was given by the superposition of two different periods
their model: one was determined by the tunnel process
tween the STM tip and a granule, the other between ano
granule and the base electrode. On the contrary, as we
show later, the CS has a single period which is determi
by the capacitance at the bottleneck.

In this paper, we study the STM current through a gra
lar film both theoretically and experimentally. In this syste
we can vary the tunnel resistance between the tip and a g
ule on the surface by changing the distance between th
When the tunnel resistance between the tip and a granul
the surface is much larger than those between granule
bottleneck of the tunneling current is created in the arr
Theoretically, we find that the period of the CS is given
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the capacitance of the bottleneck even in a thick film w
many granules between the tip and the base electrode.
present results from STM experiments on 10-nm and
mm-thick Co-Al-O granular films which have the CS with
single period at room temperature. We propose that tun
magnetoresistance~TMR! oscillates with the same period a
the CS for magnetic granular films. Our theoretical and
perimental studies provide a direction for single-electro
spin-electronic devices at room temperature.

Our setup is schematically shown in Figs. 1~a! and 1~b!.
The current flows from the STM tip to the base electro
through a granular film. The system with a thin granular fi
in panel~a! is modeled by the one-dimensional array of tu
nel junctions as in panel~c!. We will show that our experi-
mental results for the 10-nm-thick film are well explained
this model with N53. On the other hand, such a on

FIG. 1. The system with an STM tip and a thin~thick! granular
film is schematically shown in panel~a! @~b!#. Filled ~hollow!
circles represent granules in~out of! the conducting path. The insu
lating matrix is indicated by the shading. The corresponding th
retical models for~a! and ~b! are shown in panels~c! and ~d!,
respectively. For the thick film, a Bethe-lattice network of granul
where each granule has three neighbors, is connected to the
dimensional array.
46 ©2000 The American Physical Society
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dimensional array is not appropriate for a thick granular fil
because, as illustrated in Fig. 1~b!, the conducting paths
spread and form a three-dimensional network as the dista
from the tip increases. We model this system by a o
dimensional array ofN junctions connected to a Bethe-lattic
network with three nearest neighbors as shown in Fig. 1~d!.
Each junction is characterized by a tunnel resistanceRj ,
capacitanceCj , and carrying chargeQj . The number of
excess electrons in thekth granule is represented bynk .

The free energy for the state characterized by the se
charges$ni%[(n1 ,n2 , . . . ) is given by

F~$ni%!5(
i

Qi
2

2Ci
2~Q12ej!V, ~1!

whereQ1 represents the charge at the granule on the surf
j is the number of electrons supplied by the voltage sou
andi goes from 1 toN. When an electron tunnels through th
kth junction, the chargeQi deviates from its initial value by
dQi

k . Let us consider the energy change due to the sin
electron tunneling,Ek

6 , where the superscript1 (2) de-
notes the process that an electron tunnels upward~down-
ward! through thekth junction in Figs. 1~c! and 1~d!. In
order to investigate the mechanism of the CS, we have
expressEk

6 by usingni instead ofQi . After some algebra
we obtain the energy changeEk

6 for both junction arrays
shown in Figs. 1~c! and 1~d!:

Ek
6~$ni%!5(

i
S (

j , ĩ

dQj
k

Cj
D ni1

1

2 (
i

~dQi
k!2

Ci

2~dQ1
k6ed1,k!V, ~2!

where (̃ i represents the summation along the conduct
path, andd1,k is Kronecker’s delta function. The deviatio
dQi

k is determined by Kirchhoff’s law and is independent
the number of excess electrons$ni%. The tunneling rate is
obtained by using the golden rule1 as

Gk
6~$ni%!5

Ek
6~$ni%!

e2Rk@exp„Ek
6~$ni%!/T…21#

. ~3!

By solving the master equation for the probability of sta
p($ni%),

1 the tunneling current through thekth junction is
obtained as

I k5e(
$ni %

p~$ni%!@Gk
1~$ni%!2Gk

2~$ni%!#. ~4!

For simplicity, we neglect the effect of residual fraction
charge,2,3,8cotunneling,9–11spin accumulation,12–14and level
quantization15 in the granules.

We first look at the I -V characteristics for a one
dimensional array of tunnel junctions with a bottleneck
the tunneling current between the tip and a granule on
surface. In Figs. 2~a! and 2~b!, we present the numerica
results for tunnel junctions withN52 –5 atT50, N being
the number of junctions. Due to the charging energy in e
junction, single-electron tunneling is blocked as long as
bias voltageV is lower than the threshold valueVT .16 From
Eq. ~2! the bias voltageVT

k , above which the initial state
,
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(0, . . . ,0) isunstable for electron tunneling throughkth junc-
tion, i.e.,Ek

1(0, . . . ,0),0, is given by

VT
k5

(
i

~dQi
k!2/Ci

2~dQ1
k1ed1,k!

5
e

2 S 1

CT
2

1

Ck
D . ~5!

The last expression in Eq.~5! is obtained by considering th
equivalent network shown in the inset of Fig. 2~a!, where
1/CL5( i ,k1/Ci and 1/CR5( i .k1/Ci . The threshold volt-
age is given byVT5minkVT

k . As pointed out by Melsen
et al., the Coulomb blockade region increases as the num
of junctions,N, increases16 as shown in Figs. 2~a! and 2~b!.
For largeN, the threshold voltage is expressed in terms
the average capacitance^C& asVT.(e/2^C&)(N21) and is
proportional to the film thickness, because the total cap
tance is inversely proportional to the layer thickness.

For a thick film with many granules between the tip a
the base electrode, the conducting paths form a th
dimensional network as shown in Figs. 1~b! and 1~d!. The
decrease of the total capacitance for a junction network w
increasing film thickness is much weaker than that for a o
dimensional array. Therefore, the threshold voltageVT of a
thick film remains of the same order of magnitude as that
a thin film. Later we will show that the experimental resu
for 1 mm-thick film are well explained by considering th
junction network as the Bethe lattice as shown in Fig. 1~d!.

The CS is classified into two types as shown in Figs. 2~a!
and 2~b!. The criterion is whether the capacitanceC1 of the
bottleneck is the smallest of all of the junctions, i.e., wheth
VT5VT

1 or VT5minkÞ1VT
k . A typical CS forVT5minkÞ1VT

k

is given in Fig. 2~a!, where electrons start to accumulate
the bottleneck once the bias voltage exceedsVT . Until the
accumulated electrons tunnel out through the bottleneck,
voltage drop caused by them forbids electrons to tun
through the other junctions. Therefore, the stable state
given by (n1,0, . . . ,0) and thetunneling current jumps at the

FIG. 2. The tunneling current normalized withI 05EC2
/eR1,

whereEC2
5e2/C2, is plotted against the bias voltage atT50. The

number of junctions areN52 –5 from left to right. The tunnel
resistance ratio is taken to beR1 :R2 :R3 :R4 :R551000:1:1:1:1.
The capacitance ratio is~a! C1 :C2 :C3 :C4 :C55A2:1:A3:A5:A6,
~b! C1 :C2 :C3 :C4 :C551/A2:1:A3:A5:A6. The tunneling current
with n150 as a dominant state forN52 is shown in the inset of
panel~b!.
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bias voltage where the number of accumulated electronn1
changes. This numbern1 is the minimum value satisfying th
conditions

E1
1~n1,0, . . . ,0!,0, EkÞ1

1 ~n1,0, . . . ,0!>0. ~6!

The first condition represents that accumulated electrons
nel out through the first junction. The second indicates t
electrons cannot tunnel through the other junctions, an
rewritten as (e2/C1)n1>eV2VT

kÞ1 . Therefore, the tunnel
ing current jumps at the bias voltageV given by

V5min
kÞ1

VT
k1~e2/C1!~n121!. ~7!

From Eq. ~7!, one can easily see that the CS has a sin
period ofe/C1. The tunneling current for each plateau of t
CS is approximately given byI .eG1

1(n1,0, . . . ,0).
On the other hand, ifC1 is the smallest, the tunnelin

current does not jump atVT as shown in Fig. 2~b!. For VT

,V,minkÞ1VT
k , the tunneling current is approximate

given by I .eG1
1(0, . . . ,0).OnceV exceeds minkÞ1VT

k , elec-
trons start to accumulate at the bottleneck and theI -V curve
shows a CS. The bias voltageV at which the tunneling cur-
rent jumps is given by Eq.~7!.17

When the bottleneck is placed at another junctionj (1
, j ,N), the stable state is (0, . . . ,0,nj 2152nj ,nj ,0, . . . ,0)
and the period of the CS is determined by the capacitancCj
at the bottleneck. The CS is classified into two types in
same way as those shown in Figs. 2~a! and 2~b!. However,
the criterion is whether the capacitanceCj is the smallest or
not.

The period of CS in a thick film shown in Figs. 1~b! and
1~d! is also determined from Eqs.~2! and~6!, as long as the
tip is coupled to a single granule on the surface and
bottleneck is created between them. Therefore, the vol
where the tunneling current jumps is given by Eq.~7!. The
CS has a single period determined by the capacitance a
bottleneck, even for a thick film.

We have performed STM experiments on Co-Al-O gran
lar films. Samples with different thicknesses were prepa
by an oxygen-reactive sputtering with a Co-Al alloy targ
10-nm- and 1-mm-thick Co36Al22O42 films consisting of Co
granules embedded in an Al-oxide matrix were deposited
glass substrates. For the 10-nm-thick Co36Al22O42 film, a
200-nm-thick Co-Al alloy layer was inserted between t
Co-Al-O granular film and the glass substrate as a base e
trode. A conventional STM system~DME, Rasterscope
3000! with a Pt tip was operated at room temperature un
high vacuum (;1028 Torr). We have obtained clear topo
graphic images consistent with the TEM observations wh
nm-sized Co granules are embedded in an Al-oxide matr5

The I -V curves were obtained by placing the tip on a C
granule. The tunnel resistance between granules for Co-A
granular films is estimated to be 105–106 V from the aver-
age diameter of granules (;3 nm), the average intergranu
lar distance (;1 nm), and electrical resistivity.5,10 On the
other hand, the tunnel resistance between the tip and a g
ule on the surface,R1, is 108–109 V. Therefore,R1 is
102–104 times larger than the other tunnel resistances. S
face effects such as contaminates, oxide barriers and a
n-
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of water molecules can be renormalized in the capacita
C1 and the resistanceR1 at the first junction.

The experimental I -V curves for a 10-nm-thick
Co36Al22O42 film are plotted in Fig. 3~a!. There exist two or
three granules between the tip and base electrode. Eve
room temperature, the tunneling current shows a clear
with a single period. TheI -V curves for a 1-mm-thick
Co36Al22O42 film are plotted in Fig. 4~a!. We also find the CS
with a single period. Note that for this thick film, 200 to 30
Co granules exist in the direction perpendicular to the fi
plane between the tip and the substrate. Let us now ana
our experimental results by using the theory presented ab

FIG. 3. ~a! Experimental I -V curves for a 10-nm-thick
Co36Al22O42 at room temperature. A, B, C, and D refer to differe
distances between the STM tip from the surface of the sample.
lateral position for A and B is different from that for C and D.~b!
Corresponding theoretical curves in a triple tunnel junction sys
at T5300 K. The tunnel resistance at the bottleneck is taken to
R15600, 700, 1300, and 3500 MV for lines A, B, C, and D, re-
spectively. The other tunnel resistances areR25R351 MV and
the capacitances areC154.48310219 F, C252.13310219 F, and
C353.62310219 F for all curves.

FIG. 4. ~a! Experimental I -V curves for a 1-mm-thick
Co36Al22O42 film at room temperature. A, B, C, and D refer t
different distances of the STM tip from the surface of the samp
The lateral tip position for A and B is different from that for C an
D. ~b! The equivalent network for the electron tunneling in t
one-dimensional array, where the Bethe-lattice network is repla
by its total capacitanceC/2. ~c! The equivalent network for the
electron tunneling in the Bethe-lattice network.
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We first examine theI -V curves for the 10-nm-thick film.
A triple tunnel junction model with a bottleneck between t
tip and a granule on the surface is used for the calculat
The calculatedI -V curves are shown in Fig. 3~b!. Parameter
values were chosen in the ranges estimated from the ex
ments. We find that the theoretical curves explain the exp
mental ones very well.

For the thick film, on the other hand, the conducting pa
are considered to form a three-dimensional network ins
the film; this is a more complicated system compared to
thin granular films for which the CS was observed so far.2–4

The value of the threshold voltageVT.0.5 V is not ex-
plained by the one-dimensional array model, because
threshold voltageVT is proportional to the layer thickness i
this model and is about 100 times larger than that for 10-n
thick film; this is in contrast with the experimental data.

As mentioned before, this discrepancy can be resolved
considering a network of the conducting paths. We desc
the thick film as a one-dimensional array connected t
Bethe-lattice network as shown in Fig. 1~d!. The bottleneck
is created between the tip and a granule on the surf
Therefore, the stable states are given by (n1,0, . . . ,0) and the
tunneling current jumps when the number of accumula
electronsn1 changes. The voltage where the current jump
given by Eq.~7! and the CS has a single period ofe/C1 even
for a thick film. The equivalent network to obtain the thres
old voltage forkth junction VT

k is shown in Figs. 4~b! and
4~c!, where we assume, for simplicity, the same capacita
C for all junctions. The key point is that for electron tunne
ing in the one-dimensional array, the Bethe-lattice networ
replaced by its total capacitance as shown in Fig. 4~b!. The
total capacitance for the Bethe lattice isC/2 and the bias
voltageV at which the tunneling current jumps@see Eq.~7!#
-
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is given byV5(e/2C)(N11)1(e/C)(n121). The experi-
mental results shown in Fig. 4~a! are consistent with our
model withN.2.

The TMR in tunnel junctions with ferromagneti
electrodes18,19 and magnetic granular films10 is another at-
tractive topic. Recently, the TMR oscillations in asymmet
double tunnel junctions with ferromagnetic electrodes ha
been studied.20,21 The condition for TMR oscillations is tha
the tunneling current shows the CS and the magnetic fi
dependence of the tunnel resistance is not the same fo
tunnel junctions. The TMR oscillations with the same peri
as the CS may be observed for magnetic granular films.
calculation shows that the amplitude of the TMR oscillati
is about 5% at room temperature for the curve A in Fig. 3~b!.

In summary, the electron transport through an array
tunnel junctions consisting of an STM tip and a granular fi
has been studied both theoretically and experimenta
When the tunnel resistance between the tip and a granul
the surface is much larger than those between granule
bottleneck is created in the array and a CS with a sin
period is observed in theI -V curve. We predicted that the
period of the CS is given by the capacitance at the bottlen
even in a thick film with many granules between the tip a
the base electrode. Our STM experiments on 10-nm- an
mm-thick Co-Al-O granular films confirmed the CS with
single period at room temperature. TMR oscillations f
magnetic granular films are also predicted. Our theoret
and experimental studies provide a direction for sing
electron-spin-electronic devices at room temperature.
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