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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 stairo@® appears in thé-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.

Charging effects on single-electron tunneling such aghe capacitance of the bottleneck even in a thick film with
Coulomb blockade and Coulomb oscillation have attractednany granules between the tip and the base electrode. We
much interest. The scanning tunneling microscof®TM) is  present results from STM experiments on 10-nm and 1-
a good tool to investigate the charging effects. Recently, theem-thick Co-Al-O granular films which have the CS with a
steplike structure called the Coulomb stairc&6®) is ob-  single period at room temperature. We propose that tunnel
served in thd-V curve by using an STM tip of nanometer Magnetoresistandd MR) oscillates with the same period as
size in highly resistive granular filAs> as well as in metal- the CS for magnetic granular films. Our theoretical and ex-
droplet system&’ The I-V characteristics for double tunnel Perimental studies provide a direction for single-electron-
junction systems have been extensively studied and the CS $®in-electronic devices at room temperature.
observed when the resistances between the junctions are not Our setup is schematically shown in Figgajland 1b).
equall® For these asymmetric double junction systems, thel he current flows from the STM tip to the base electrode
junction with a large resistance behaves like a bottleneck ofirough a granular film. The system with a thin granular film
the tunneling current and the central island is chargedn panel(a) is modeled by the one-dimensional array of tun-
through the other junction up to the maximum charge. Theh€l junctions as in panét). We will show that our experi-

tunne“ng current jumps when the Charge Changes_ mental results for the 10-nm-thick film are well explained by
However, the physics behind the CS in a granular film isthis model withN=3. On the other hand, such a one-
not clear because it contains many granules with different( ) (b) »
size and the conducting path may form a three-dimensiona P
network in a thick granular film. Bar-Sadet al. have stud- @) OOO'O%O O
ied the STM current through a nonmagnetic granular film, O .O @) OO.‘ O o%
Au-Al,Os, by using the cryogenic ST¥® They observed 0® Og' ..oO
O 0O ea® @ 2g-0O0
the CS at temperaturéb=4.2 and 78 K, and analyzed the O .O 000 000 e
experimental data by using a triple barrier model. They as- 00 00000
sumed that the rate for tunneling between two granules is( ) (d)
small and the number of excess electrons in each granule i V? 1Vi
treated independently. Because of these assumptions, the C C1.R; _g’
was given by the superposition of two different periods in CZ’RZiQ; Nf{i
their model: one was determined by the tunnel process be _ N+2 &(&ANH
tween the STM tip and a granule, the other between anothe cy.;Ry.; —— A
granule and the base electrode. On the contrary, as we wil Ry, N1 A R S
show later, the CS has a single period which is determinec V&~ ng EﬁL I N e e I e e A

by the capacitance at the bottleneck.

In this paper, we study the STM current through a granu- g1 1. The system with an STM tip and a thick) granular
lar film both theoretically and experimentally. In this system, i, is schematically shown in pands) [(b)]. Filled (hollow)
we can vary the tunnel resistance between the tip and a gragjcies represent granules faut of) the conducting path. The insu-
ule on the surface by changing the distance between themyting matrix is indicated by the shading. The corresponding theo-
When the tunnel resistance between the tip and a granule gBtical models for(a) and (b) are shown in paneléc) and (d),
the surface is much larger than those between granules, raspectively. For the thick film, a Bethe-lattice network of granules,
bottleneck of the tunneling current is created in the arraywhere each granule has three neighbors, is connected to the one-
Theoretically, we find that the period of the CS is given bydimensional array.
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dimensional array is not appropriate for a thick granular film,
because, as illustrated in Fig(bl, the conducting paths
spread and form a three-dimensional network as the distance 2
from the tip increases. We model this system by a one- ~
dimensional array o junctions connected to a Bethe-lattice
network with three nearest neighbors as shown in Fid). 1
Each junction is characterized by a tunnel resistaR¢g
capacitanceC;, and carrying charg®;. The number of
excess electrons in tHeh granule is represented oy, .

The free energy for the state characterized by the set of
chargesn;}=(ny,n,, ...) isgiven by
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FIG. 2. The tunneling current normalized with=E._/eR,
whereQ, represents the charge at the granule on the surface e : . . 2

. . WhereE._=e“/C,, is plotted against the bias voltageTat 0. The
¢ is the number of electrons supplied by the voltage source 2

andi goes from 1 td\N. When an electron tunnels through the flumber of junctions ar&l=2-5 from left to right. The tunnel

. . . o ist tio is taken t ‘R>:R3:R4:R5=10001:1:1:1.
kth junction, the charg®; deviates from its initial value by ;_ehselsczr;;ii::r:ge'?ati) Z-:) 81%2:53:84:85=5\/§:1:\/§:\/§:\/€

k . .
6Q; . Let us co_nS|d(3r the energy change d_ue to the smgle(—b) C,:Cp:Cy:Cya:Ce=112:1:\3:/5:1/6. The tunneling current
electron tunnelingk,, where the superscript (—) de-  yjth n,=0 as a dominant state fdi=2 is shown in the inset of
notes the process that an electron tunnels upwedowvn-  panel(p).

ward through thekth junction in Figs. 1c) and Xd). In

order to investigate the mechanism of the CS, we have 19y 0) isunstable for electron tunneling througth junc-
expressE, by usingn; instead ofQ; . After some algebra, tion, i.e.,E; (0 0)<0, is given by

we obtain the energy chandg, for both junction arrays P kAT '
shown in Figs. {c) and Xd):

k k zu (5Qik)2/ci el 1l 1
. S oQf| 1 (9Q1 Ve ——=22-2] @
Ex ({ni})=2 (;. c "tz 2 g T 2(8Qk+esy,) 2\Cr Cy
—(5Qifie51,k)V, ) The last expression in E@S) is obtained by considering the

equivalent network shown in the inset of Figiag where
where 3, represents the summation along the conductingl/CL=2;<¢1/C; and 1Cg=2;-1/C;. The threshold volt-
path, ands;, is Kronecker’s delta function. The deviation age is given byVr=minVX. As pointed out by Melsen
5QK is determined by Kirchhoff's law and is independent of €t al, the Coulomb blockade region increases as the number
the number of excess electrofis,}. The tunneling rate is Of junctions,N, increase¥ as shown in Figs. @) and 2b).

obtained by using the golden rdlas For largeN, the threshold voltage is expressed in terms of
the average capacitan¢€) asVy=(e/2(C))(N—1) and is
. Ei ({ni}) proportional to the film thickness, because the total capaci-
Fe(nih=— < : (3)  tance is inversely proportional to the layer thickness.
e“RLexpEy (1ni})/T)—1] For a thick film with many granules between the tip and

By solving the master equation for the probability of statesthe base electrode, the conducting paths form a three-
p({n;}),* the tunneling current through tHeh junction is dimensional network as shpwn in Flgs(.b)L a|_1d Xd). The .
obtained as decrease of the total capacitance for a junction network with

increasing film thickness is much weaker than that for a one-
. B dimensional array. Therefore, the threshold voltageof a
|k=e{% PEAMHIT ({nih) =T ({miH]. (4 thick film remains of the same order of magnitude as that for
: a thin film. Later we will show that the experimental results
For simplicity, we neglect the effect of residual fractional for 1 wm-thick film are well explained by considering the
charge?*®cotunneling® ! spin accumulatiod?*#and level  junction network as the Bethe lattice as shown in Figl).1
quantizatiod® in the granules. The CS is classified into two types as shown in Figs) 2
We first look at thel-V characteristics for a one- and 2Zb). The criterion is whether the capacitanCe of the
dimensional array of tunnel junctions with a bottleneck ofbottleneck is the smallest of all of the junctions, i.e., whether
the tunneling current between the tip and a granule on th&r=V2 or Vy=min.;V&. A typical CS forVy=min V&
surface. In Figs. @ and 2b), we present the numerical is given in Fig. Za), where electrons start to accumulate at
results for tunnel junctions withl=2-5 atT=0, N being  the bottleneck once the bias voltage exce¥gs Until the
the number of junctions. Due to the charging energy in eacliccumulated electrons tunnel out through the bottleneck, the
junction, single-electron tunneling is blocked as long as thesoltage drop caused by them forbids electrons to tunnel
bias voltageV is lower than the threshold valoé;.*° From  through the other junctions. Therefore, the stable state is
Eq. (2) the bias voltagevX, above which the initial state given by (1,,0,...,0) and théunneling current jumps at the
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bias voltage where the number of accumulated electmns 4 T T 7 4
changes. This numbe, is the minimum value satisfying the | (8) Experiment A | (b) Theory A
conditions e
2} =2
Ef(n,0,....0<0, Ej,,(ny.0,....0=0. (6 & z
P~ ]
The first condition represents that accumulated electrons tun& Of £0 b
nel out through the first junction. The second indicates that5 '/ =
electrons cannot tunnel through the other junctions, and i<° Vo ©
rewritten as €%/C,)n,=eV—V&*! . Therefore, the tunnel- 2| ;-ﬁj"” 1 2
ing current jumps at the bias voltagegiven by .“fM”
Il
.k > -4, , , , qd 4
V:manT"F(e /Cl)(nl_l). (7) ) 1 0 1 5 2 ] 0 1 2
k#1 Tip Voltage V (V) Tip Voltage V (V)

From Eq.(7), one can easily see that the CS has a single FiG. 3. (a) Experimental I-V curves for a 10-nm-thick
period ofe/C,. The tunneling current for each plateau of the co,Al,,0,, at room temperature. A, B, C, and D refer to different
CS is approximately given biy=el'; (n,,0,...,0). distances between the STM tip from the surface of the sample. The

On the other hand, iC; is the smallest, the tunneling lateral position for A and B is different from that for C and ()
current does not jump at; as shown in Fig. @). For V¢ Corresponding theoretical curves in a triple tunnel junction system
<V<mink¢1\/-kr, the tunneling current is approximately atT=300 K. The tunnel resistance at .the bottleneck is taken to be
given byl zeFf(O, ...,0).0nceV exceeds miﬂ#l\/i(r, elec- R1=6_00, 700, 1300, and 3500$Mfor lines A, B, C, and D, re-
trons start to accumulate at the bottleneck andl thiecurve ShpeCt'Velyi The other tf'nne' reslsltgt nees ?ﬁeﬁ Ro=1 ll\;IQ ant(:ij
shows a CS. The bias voltaygeat which the tunneling cur- t e_capac'tarlcgs 2@, =4.48< 1077 F, C,=2.13<10 "7 F, an

. o 17 C3;=3.62x10 * F for all curves.

rent jumps is given by Eq.7).

When the bottleneck is placed at another junctjga
<j<N), the stable state is (0..,0n;_;=—n;,n;,0,...,0)  of water molecules can be renormalized in the capacitance
and the period of the CS is determined by the capacit@hce C, and the resistanc®, at the first junction.
at the bottleneck. The CS is classified into two types in the The experimental |-V curves for a 10-nm-thick
same way as those shown in Figga)2and 2b). However,  CoyAl,,0,, film are plotted in Fig. 3a). There exist two or
the criterion is whether the capacitanCgis the smallest or  three granules between the tip and base electrode. Even at
not. room temperature, the tunneling current shows a clear CS

The period of CS in a thick film shown in Figs( and  with a single period. Thel-V curves for a 1am-thick
1(d) is also determined from Eq&2) and(6), as long as the  co,.Al,,0,, film are plotted in Fig. 4). We also find the CS

tip is coupled to a single granule on the surface and theyith a single period. Note that for this thick film, 200 to 300
bottleneck is created between them. Therefore, the voltage, granules exist in the direction perpendicular to the film

where the tunneling current jumps is given by Eg. The
CS has a single period determined by the capacitance at t
bottleneck, even for a thick film.

We have performed STM experiments on Co-Al-O granu-

lane between the tip and the substrate. Let us now analyze
r experimental results by using the theory presented above.

lar films. Samples with different thicknesses were prepared Bethe-lattice
by an oxygen-reactive sputtering with a Co-Al alloy target; S

10-nm- and 1gm-thick CayAl»50,5 films consisting of Co 2 [ £ HHEo
granules embedded in an Al-oxide matrix were deposited org 2 fi £ C
glass substrates. For the 10-nm-thick;§4,,0,, film, a ~ I j I i k2
200-nm-thick Co-Al alloy layer was inserted between the 'g ]
Co-Al-O granular film and the glass substrate as a base elecS A _ Betherlatfice
trode. A conventional STM systendDME, Rasterscope © -2} £ : 7 Nal (e\
3000 with a Pt tip was operated at room temperature under L T 1 A P-O
high vacuum 1078 Torr). We have obtained clear topo- -4} & { % €l¢ c|c¢°
graphic images consistent with the TEM observations where T ¢l Cl
nm-sized Co granules are embedded in an Al-oxide matrix. 32 .'1 0 1 23 g 2

The 1-V curves were obtained by placing the tip on a Co Tip Voltage V (V)

granule. The tunnel resistance between granules for Co-Al-O
granular films is estimated to be 1¢® Q) from the aver- CosAl,0;, film at room temperature. A, B, C, and D refer to

age diameter of granules3 nm), the a\{erggell()ntergranu- different distances of the STM tip from the surface of the sample.
lar distance -1 nm), and electrical reS'St'V'®-_ On the  The lateral tip position for A and B is different from that for C and
other hand, the tunnel resistance between the tip and a grap: (n) The equivalent network for the electron tunneling in the
ule on the surfaceR;, is 10-10 Q. Therefore,R; is  one-dimensional array, where the Bethe-lattice network is replaced
10°-10* times larger than the other tunnel resistances. Surby its total capacitanc€/2. (c) The equivalent network for the
face effects such as contaminates, oxide barriers and a layelectron tunneling in the Bethe-lattice network.

FIG. 4. (a) Experimental I-V curves for a Ilam-thick
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We first examine thé-V curves for the 10-nm-thick film. is given byV=(e/2C)(N+1)+(e/C)(n,—1). The experi-
A triple tunnel junction model with a bottleneck between themental results shown in Fig.(@ are consistent with our
tip and a granule on the surface is used for the calculatiormodel withN=2.
The calculated-V curves are shown in Fig.(B). Parameter The TMR in tunnel junctions with ferromagnetic
values were chosen in the ranges estimated from the expeflectrode$’® and magnetic granular filffsis another at--
ments. We find that the theoretical curves explain the experiractive topic. Recently, the TMR oscillations in asymmetric
mental ones very well. double tur]nec! Jimctlons with ferromagnetic electrodes have
For the thick film, on the other hand, the conducting path?ee” studl_ea.’ The condition for TMR oscillations is that
are considered to form a three-dimensional network insiddh€ tunneling current shows the CS and the magnetic field
the film; this is a more complicated system compared to th ependence of the tunnel resistance is not the same for all

thin granular films for which the CS was observed so*f4r unnel junctions. The TMR oscillations with the same period
The value of the threshold voltadé,~0.5 V is not ex-. as the CS may be observed for magnetic granular films. Our

plained by the one-dimensional array model, because thcalculatlon shows that the amplitude of the TMR oscillation

i . ) & about 5% at room temperature for the curve A in Fidp) 3
th_reshold voltage/T is proport_lonal to the layer thickness in In summary, the electron transport through an array of
this model and is about 100 times larger than that for 10-nmgnnel junctions consisting of an STM tip and a granular film

thick film; this is in contrast with the experimental data.  has peen studied both theoretically and experimentally.
As mentioned before, this discrepancy can be resolved byyhen the tunnel resistance between the tip and a granule on
considering a network of the conducting paths. We describgne surface is much larger than those between granules, a
the thick film as a one-dimensional array connected to @ottleneck is created in the array and a CS with a single
Bethe-lattice network as shown in Figidl The bottleneck period is observed in the-V curve. We predicted that the
is created between the tip and a granule on the surfac@eriod of the CS is given by the capacitance at the bottleneck
Therefore, the stable states are given by,@, ...,0) and the even in a thick film with many granules between the tip and
tunneling current jumps when the number of accumulatedhe base electrode. Our STM experiments on 10-nm- and 1-
electronsn; changes. The voltage where the current jumps isum-thick Co-Al-O granular films confirmed the CS with a
given by Eq.(7) and the CS has a single periodesC; even  single period at room temperature. TMR oscillations for
for a thick film. The equivalent network to obtain the thresh-magnetic granular films are also predicted. Our theoretical
old voltage forkth junction VX is shown in Figs. %) and and experimental studies provide a direction for single-
4(c), where we assume, for simplicity, the same C(,Jm(,icitancglectron-spm-electronlc devices at room temperature.
C for all junctions. The key point is that for electron tunnel-  We thank P. M. Levy for reading the manuscript. This
ing in the one-dimensional array, the Bethe-lattice network isvork was supported by a Grant-in-Aid from Scientific Re-
replaced by its total capacitance as shown in Fi§).4The  search Priority Area for Ministry of Education, Science,
total capacitance for the Bethe lattice @2 and the bias Sports and Culture of Japan, a Grant from the Japan Society
voltageV at which the tunneling current jumpsee Eq(7)]  for Promotion of Science, and NEDO Japan.
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