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Abstract

We study electron transport properties of tellurium (Te) cluster superlattice in Linde type-A zeolite. Applying
a constant voltage, current}voltage (I}<) curve shows a hysteresis loop with a pseudo negative di!erential resistance
(PNDA). The current loop and the current peak are history dependent. Under the same experimental conditions, we "nd
that the current peak position moves to a higher voltage when the sample temperature is increased. Applying a variable
voltage, I}< curve can be both monotonic and non-monotonic, depending on the frequency of the source. If a biased
source is applied on the sample, the I}< curve will change with time, and eventually reach a stable state at which the
current is a monotonical function of voltage. We clarify that both the current loop and peak are transient phenomena.
The main transport mechanism is identi"ed as non-resonant electron tunneling. The observed I}< characteristics can be
attributed to the structure change of Te clusters inside the zeolite cages under an external electric "eld. The current peak
can be understood as the e!ect of the "nite transient time during which the Te cluster structure changes from one to
another under an applied voltage. The temperature dependence of the peak position can be well described by many small
collision assumption. With a simple mean-"eld-type approximation, the peak position is found to be proportional to the
square root of the temperature. ( 1999 Elsevier Science B.V. All rights reserved.

PACS: 73.61.!r; 81.05.Zx; 73.40.Gk
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1. Introduction

There has been great interest in studying electron
transport of quantum dot arrays, semiconductor
superlattices, and cluster and molecular solids
(superlattices) in recent decades. Firstly, growth
techniques such as molecular beam epitaxy(MBE)
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and metal}organic chemical vapor deposition
(MOCVD) make it possible to realize arti"cial peri-
odic structures, thus one can get a hand on the
material properties through band structure engin-
eering. Secondly, nanoparticles, superlattices and
quantum wells show many interesting properties in
terms of response time and transport e$ciency [1].
In general, the properties of superlattices re#ect
both the properties of individual building cells
and extended systems [2]. Many devices based on
novel properties of these systems have been
proposed and made [3]. A spectacular electrical
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characteristic observed in a double-barriered quan-
tum well is the phenomenon of negative di!erential
resistance (NDR) resulting from the resonant elec-
tron tunneling [4,5]. A series of such NDR regions
have been observed in superlattice structures due to
the sequential resonant tunneling through quan-
tum wells [6]. Any #uctuation in the well structures
or non-uniformities in the electric "eld, however,
will destroy the sequential tunneling in a super-
lattice system. Besides the superlattices made by
MBE and MOCVD, zeolites with a regular net-
work of pores which can be "lled with various
substances are a new form of solids. Such cluster
superlattices have drawn considerable attention in
recent years [7]. A zeolite-based cluster superlattice
o!ers a good ground for studying the electron
transport among small clusters that are arranged in
spatially three-dimensional arrays. Since the basic
building unit is a cluster which consists of tens of
atoms, such cluster superlattices have a number of
interesting properties which have not yet been de-
tected for ordinary crystals [8,9].

Bogomolov et al. [8] studied the current}voltage
(I}<) characteristics of tellurium (Te) clusters in
cavities of zeolite X (faujasite). The Te clusters are
connected one with another when zeolite NiNaX is
used as the matrix, where some of the Na` in the
cavity walls is replaced by Ni2`. The Te clusters are
well separated from each other with a weak interac-
tion between them when zeolite NaX is used as the
matrix. In the "rst case they found that the I}<
characteristic has a series of S-shaped regions. They
claimed that the behavior is due to the breakdown
between the minizones of tellurium under the in-
#uence of volume modulation of the zeolite matrix.
In the second case, the I}< characteristic shows
a series of successive current surges as the "eld
increases. They explained the observation as the
resonance tunneling between the energy levels of
the clusters in neighboring cavities. Recently, we
studied the I}< characteristic of Te cluster super-
lattice in Linde type-A zeolite (Te/LTA). We
thought that the electron}electron interaction
should be strong in Te/LTA solids (cluster superla-
ttices) since there are as many as 16 Te atoms in
each cluster of the size about 11 As . Therefore, our
initial motivation is to use the system to study
the Coulomb interaction e!ects. Surprisingly, we

observed hysteresis current loops and current
peaks in the I}< characteristics [9]. We found that
the current loops and peaks depend on the sample
temperature, the duration time of the applied volt-
age, the frequency of the AC source, etc. We at-
tribute the current peaks (pseudo negative
di!erential resistance (NDR)) to the rearrangement
of Te atoms in the cluster. In this paper, we give
a detailed analysis of the experimental results, and
demonstrate theoretically that the observed phe-
nomena can be explained by the structure changes
of Te clusters under an external electric "eld. In
Section 2, we describe our sample preparation, ex-
perimental procedure and results. In Section 3, we
will argue that the transport mechanism is mainly
the quantum tunneling of an electron through the
potential barrier between clusters. Under the as-
sumption that the observed phenomena are due to
the structure change of Te clusters, we estimate the
transient time and temperature dependence of the
peak positions. With plausible parameters for the
material, the estimations agree well with the experi-
mental data. Summary and conclusions are pre-
sented in Section 4.

2. Experimental methods

Linde-type-A (LTA) zeolite is constructed by
linking AlO~

4
and SiO

4
tetrahedra together with

shared oxygen atoms. It contains cations Na` and
anions AlO~

4
. The chemical formula of LTA is

given by Na
12

Al
12

Si
12

O
48

. The frame work of
LTA consists of sodalite cages and supercages with
inside diameters of about 6 and 11 As , respectively.
Supercages are interconnected in a simple cubic
structure by sharing windows of 4 As diameter. The
center distance between two neighboring super-
cages is 12.3As . There is a thin barrier (&1.3As )
between the clusters. Fig. 1 shows schematically the
unit framework of zeolite LTA. Most of Na` ions
exist inside the sodalite cages, near the 6-rings faced
to the supercages. It has been known [10}12] that
adsorption ability of a zeolite is determined by the
dipole "eld of these metal cations and AlO~

4
anions.

De Lara et al. [12] had studied electric-"eld e!ect
on molecule adsorption in zeolite LTA. They
showed that there is a very strong internal electric
"eld near the cage surface.
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Fig. 1. Structure of zeolite LTA. Na` ions exist near the 6-ring
in sodalite cage side, facing the supercage. The dipole "eld of
AlO~

4
}Na` points outward. Te clusters with size of 11 As in

diameter are arranged in a simple cubic structure with lattice
constant of 12.3 As . There is a thin barrier (& 1.3As ) between the
clusters.

2.1. Sample preparation

The Na-type LTA crystals were grown by reac-
ting sodium metasilicate with sodium aluminate,
using triethanolamine as a stabilizing and bu!ering
agent. After "ltered through a 0.2mm pore size
"lter, the aluminate solution was stirred into the
silicate solution in a jar, covered, and placed in an
electric oven at 803C for 2}3 weeks. The typical
crystal size is about 30 lm. By adding some seeds
into the growth solution, large crystals of about
100 lm can be obtained. But most of them are
polycrystals because of the random growth on the
seed surface. Single crystals selected out from the
products were used in the experiments. The LTA
single crystals were dehydrated by heating in a
glass ampoule in vacuum up to 5503C for 4 h, and
were then sealed together with Te source (99.999%
purity). The sealed ampoule was heated uniformly
at 2503C for 48 h and cooled to room temperature
gradually. The original LTA crystal is transparent.
It changes into light brown in color after absorbing
Te atoms. The electrical characteristics were mea-
sured by clamping the single crystal between a tung-
sten needle and an indium electrode on a hot plate
which can heat the sample. The I}< properties
were measured using a Keithley Source-Measure
Unit (Model 236). For the measurement of

frequency dependence, a Stanford Function Gener-
ator (Model DS335) was used as the voltage source.

2.2. Experimental results

Fig. 2 shows the current}voltage characteristics
of a Te/LTA sample at 295 K. The current peak in
curve (a) looks like the resonant tunneling tran-
sitions as observed in a double-barriered quantum
well [5]. However, the loops and the peaks are
history dependent. Curve (a) is the I}< character-
istic of an as-fabricated sample. Under forward
bias, the current peak is seen near 2.4V. Under
reverse bias, however, the current does not return
along the trace of the forward bias, but decreases
with the decrease in the bias, hence forming a loop
with a bias circle. Repeating the same measurement
soon after (a), the current peak is found to be
broadened while the loop area decreases, as shown

Fig. 2. I}< characteristics at room temperature (295 K) when
a constant voltage source is used. The voltage is changed every
half-second by 0.05 V. (a) I}< characteristic of the "rst round
measurement. The current "rst increases until it peaks near
2.4V. (b), (c), (d) and (e) are the second, third, fourth and "fth
round measurements, respectively. (f) is the current measured
after the sample was `annealeda under 20 V voltage bias for 1 h.
It can be "tted well by Eq. (5) (dashed line) with a"0.15.
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Fig. 3. The time dependence of the current under a constant
applied bias of 1, 2.5, and 5 V, respectively.

in curve (b). One round measurement takes about
30 min. When the measurement is repeated again
and again, the loop area becomes smaller and
smaller, as shown in curves (c)}(e). Curve (f ) is the
current measured after the sample was `annealeda
under a constant bias of 20 V for 1 h, in which the
loop disappears, that implies that the system be-
comes stable. Those return curves and curve (f ) can
be "tted well by Eq. (5). The dash lines in curves (a)
and (f ) in Fig. 2 are the "t to Eq. (5). The values of
the exponent a are 0.23 and 0.15, respectively. We
would like to take this opportunity to revise our
estimated values of a (a were estimated to be 0.35
and 0.09 in our previous publication, Ref. [9]). We
had used a simple exponential function, rather than
Eq. (5), to estimate the value of a in Ref. [9]. Un-
fortunately, the simple exponential function cannot
be a correct expression for the I}< curve because it
will not lead to the correct limit of I"0 as <P0.
If the sample is heated up to a high temperature, or
an external voltage in opposite direction is applied
to the sample before one measures the sample
again, curves (a)}(f ) can be reproduced. In addition
to the current loop behavior, the current is found to
decay even under a constant applied bias. Fig.
3 shows the current decay measured by keeping
a voltage bias of 1, 2.5, and 5 V, respectively, on an
as-fabricated sample. Under small bias, say 1V, the
current decay is very slow. It takes a few 10min
before the current approaches a constant value.
The decay speed increases as the applied bias

Fig. 4. I}< curves measured at 295, 310, 335 and 365 K, respec-
tively. Before each measurement, the sample is in its nature state
(Te atoms adsorbed on the inner surface of supercages).

Fig. 5. I}< curves at 295, 335 and 365 K, respectively, when the
current is almost in its stable state (after an unsymmetric bias is
applied to the system for a long time).

increases. The current peak in curve (a) of Fig.
2 depends on temperature. Fig. 4 is the I}< curves
measured at 295, 310, 335 and 365K, respectively.
It is clear that the peak moves to a higher voltage
when the sample temperature increases. However,
curve (f ) is not very sensitive to temperature. Fig. 5
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is the stable I}< curves measured at 295, 335 and
365 K. In order to have a deep insight into the
origin of the current loops and peaks of curve (a) in
Fig. 2, we measured the I}< curves by applying
a triangular voltage wave. Under low-frequency
bias of 100 Hz, as shown in Fig. 6(a), the I}< curve
is a non-monotonic function of voltage, showing
a negative di!erential resistance region. When
the frequency increases to 10 kHz, as shown in
Fig. 6(b), a very symmetrical current wave is
detected.

3. Theoretical methods

3.1. Electron transport mechanism

In order to understand the above anomalous
I}< characteristics of the Te/LTA cluster super-
lattices, we should "rst "nd out the electron
transport mechanism. The Te clusters in LTA
supercages are spatially con"ned. An electron
needs to overcome a potential barrier when it
moves from one cluster to another. The overlap of
electronic states in two nearest Te clusters should
be small. Therefore, there are two possible pro-
cesses dominating the electron conduction in this
system. Electrons can either be thermally excited
and hop over the potential barrier between the two
clusters, or quantum mechanically tunnel through
the barrier. Thermally activated hopping probabil-
ity is proportional to the exponential of the inverse
of the temperature and to the potential barrier
height. This probability is small for a large poten-
tial barrier. It is known that the thermally activated
hopping process is important for thick barriers and
the quantum tunneling process should dominate
when the potential barrier is high but thin [4]. In
our case, the distance between the two nearest-
neighbor clusters is only 1.3 As (thin barrier) and the
potential barrier is expected to be high (order of
eV). Thus, the quantum tunneling process is ex-
pected to dominate the electron transport in the
system. This assumption agrees with the experi-
mental fact that the stable I}< characteristics is not
sensitive to temperature as shown in Fig. 5. The
quantum tunneling current under a biased voltage,

Fig. 6. AC I}< curves measured at room temperature (295 K).
The AC voltage source is a triangular wave. The frequency in (a)
is 100 Hz and that in (b) is 10 kHz.

e<, between a potential barrier is given by

I"
2e

h
+
k
P
EM

P[ f (E)!f (E#e<)] dE
M
, (1)

where the tunneling probability P depends on en-
ergy E

M
associated with the motion perpendicular

to the barrier, f (E) is the Fermi distribution func-
tion, and h is the Planck's constant. Summation
over k gives the total contribution from all elec-
tronic states. In an 1D system, if we assume that the
potential barrier under bias voltage < is given by

;(x)"G
0, x(0,

;
0
!

e<

d
x, 0)x)d,

!e<, x'd

(2)
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Fig. 7. Schematical description of potential barrier;(x). *;"

e< is the applied biased voltage, and d is the potential barrier
width.

as shown in Fig. 7, where d is the width of the
potential barrier. If ;

0
<e<, the tunneling prob-

ability P can be found by the WKB method,

P+;~1@4
0

expC!
4n
h P

d

0
S2mA;0

!

e<

d
xB dxD

+;~1@4
0

exp(!cd#a<), (3)

where c and a depends on the form of the potential
barrier, and

a"
e

2+S
2m

;
0

d. (4)

Then the current has a form

I"a
2e

h
<e~cd`aV, (5)

where a is related to the density of states near the
Fermi energy and the potential barrier. The system
is Ohmic for small bias, and the current depends
exponentially on < for large bias (comparable or
larger than 1/a). In general, the shape of the poten-
tial barrier is not regular. However, we expect that
the qualitative behavior should not change much,
and one can still use these equations by de"ning an
e!ective (averaged) potential barrier ;

0
.

The exponential exponent a can be experi-
mentally measured. As mentioned in the previous
section for Fig. 2, the I}< characteristic of an
as-fabricated sample (state (a)) at room temperature
gives a"0.23, and it equals to 0.15 when the

sample was `annealeda under 20 V for 1 h to
a stable state (state (f )). Using Eq. (4), the exponents
can be used to estimate the average potential bar-
rier ;

0
and the potential barrier width. In general,

both of the potential barrier and e!ective electron
mass depend on the state of the Te clusters. It is
reasonable to assume that the electron e!ective
mass is close to the free electron mass because Te
atoms are expected to be loosely bound together
when the cluster is in state (a) [9]. On the other
hand, Te atoms are tightly bound together when
the cluster is in state (f ). One may expect that the
e!ective electron mass approaches that in a bulk Te
material which is mH"0.05m

%
[13]. This mass dif-

ference in states (a) and (f ) can contribute to the
change in a besides the contribution from the
change in the width d and the potential barrier ;

0
.

For d
!
"1.3As , m

!
"m

%
, and m

&
"0.05m

%
, where

subscripts indicate states (a) and (f), we "nd
;

0
"2.2 eV from Eq. (4) for state (a). If one assumes

that ;
0

is the same both in states (a) and (f ), the
barrier width in state (f ) can be found from

d
&
"d

!

a
&

a
!
S

m
!

m
&

"3.8As . (6)

The value means that a Te cluster has been roughly
compressed by a half Te atom under an external
electric "eld. This estimation is consistent with our
physical picture [9] that barrier width will increase.
Of course, the assumption that;

0
does not change

cannot be correct. Similar to the Schottky barrier
at a semiconductor interface, Te cluster structure
may greatly change the;

0
at a range to the order of

As . Also, the di!erence of e!ective electron mass
in states (a) and (f ) may not be as large as those
used in above estimation. If we assume that the
change in a is purely from the change in;

0
, and the

e!ective electron mass is chosen to be that of a free
electron, then, keeping d"1.3As ,

;
&
";

!A
a
!

a
&
B

2
. (7)

Substituting a
!
"0.23, a

&
"0.15, and ;

!
"2.2 eV,

the barrier height in state (f ) is 5.2 eV which is very
reasonable. Obviously, the actual behavior of the
system should be somewhere between the two ex-
tremes mentioned above.
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3.2. Structure change and relaxation under
an external electric xeld

So far, we are able to explain the exponential
feature in I}< curve based on quantum tunneling.
However, one needs extra physics to understand
the occurrence of the hysteresis current loop and
peak. From Eq. (4), one may phenomenologically
attribute the observed I}< features to the history
dependence of the potential barrier. It is plausible
that the potential barrier will change when there is
a change in the electronic or atomic structures of Te
clusters. The response of an electron to an external
force is usually very fast with a time scale much
shorter than a second. It is unlikely that the hyster-
esis current loop is due to the direct change in the
electronic structure. However, atoms and atom
clusters are heavy, and their response to an external
force would be slow. It is more natural to explain
the observed I}< characteristics by the structure
change of Te clusters under an applied electric "eld.
In a zeolite LTA (shown in Fig. 1), Na` ions exist
near the 6-rings in the sodalite-cage surfaces, facing
the supercage. The dipole "eld of AlO~

4
}Na` at

supercage surface points outward. Without any
bias, Te atoms are expected to be uniformly adsor-
bed on the inner surface of a supercage because of
the dipole "eld. Taking the radius of the supercage
and the Te atom as 5.5 and 1.6As , respectively, the
maximum number of Te atoms that can be adsor-
bed on the inner surface is 13. This is a reasonable
value because the number of Te atoms has been
known to be 16 in Na-FAU [14]. When an external
electric "eld is applied on the sample, the voltage
drops mainly inside the barrier layer. An exponen-
tial dependence of the current on the applied volt-
age is expected. However, Te atoms are also
expected to rearrange themselves under an external
electric "eld. Several factors can cause this re-
arrangement. The Na` ions may move under the
external electric "eld and therefore change the in-
ternal cage "eld. The external "eld can polarize the
Te atoms. The polarization causes Te atoms to
move to one side of supercage because the dipole
"eld of AlO~

4
}Na` at the supercage surface. The

rearrangement results from Te atoms moving very
slowly toward the "eld direction such that Te clus-
ters change from structure A to structure B shown

Fig. 8. Schematical drawing of Te cluster structures with and
without an biased voltage. Te atoms are uniformly distributed in
supercage in structure A which corresponds to the case in the
absence of a biased voltage, and te atoms move to one side of
supercage in structure B in a biased voltage.

in Fig. 8. Structure A corresponds to Te atoms
uniformly distributed inside a supercage while, in
structure B, Te atoms shift to one side of a superc-
age, creating an extra empty space in the supercage.

The process that a Te cluster changes from struc-
ture A to B is very slow because of the tiny dipole}
dipole interaction. In order to understand this slow
dynamical process, it will be helpful to look at how
the free energy change with the cluster structure.
Without a biased voltage, structure A is a stable
state while structure B becomes unstable. Sche-
matically, we can plot the free energy surface of Te
cluster against the so-called reaction coordinate Q.
The left and right curves in Fig 9 are the free
energies without and with an external electric "eld,
respectively. Point A which denotes structure A is
the minimum point of the left curve and point B
which denotes structure B is the minimum point of
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Fig. 9. The free energy surfaces of Te cluster without and with
an external electric "eld, respectively. Points A and B corres-
pond to structures A and B, respectively. In an external electric
"eld, the energy di!erence between point A and point C@ is
smaller than 3k¹/2.

the right curve. Applying an external "eld, structure
A becomes unstable, and Te clusters will approach
structure B along the right free energy curve in Fig.
9. The potential energy will be converted into kin-
etic energy on the way that structure A relaxes to
structure B. The kinetic energy will be dissipated
through Te}Te atom collisions. If p is the Te-atom
dipole induced by an external electric "eld, and the
mean distance of Te atoms is assumed to be the
same as the mean free path l of the Te atoms, the
average force between the two Te atoms is

f"
6

4pe
p2

l4
, (8)

where e is the permittivity. Then the typical velocity
gained by a Te atom between two collisions can be
estimated by

v
$
"

f

m

l

v
T

"

3

2pe
p2

l4m

l

v
T

, (9)

where v
T

is the thermal velocity of a Te atom. In
this very rough estimation, we consider only two Te
atoms with dipole}dipole interaction, and the mean
free collision time is approximated by l/v

T
. If we let

the polarizability of Te atoms be 10~24 (cm)3 in esu
unit, l"1 As , ¹"300 K, and the external elec-
tronic "eld strength be 105 V/m, then v

$
is about

104As /s At "nite temperature, there is a random
kinetic energy to the order of 3k¹/2 for each Te
atom. Therefore, when a Te cluster moves down on

Fig. 10. The temperature dependence of the current peak posi-
tions. Dots are the experimental results and line is the square
root of temperature "t.

the free energy surface from A to C in Fig. 9, the
cluster can still go back to A through the thermal
motion. In order for the cluster to leave A irrevers-
ibly, an energy to the order of 3k¹/2 per Te atom
on average must be taken away through collisions.
In each collision, a kinetic energy to Mv2

$
/2 per Te

atom is dissipated, where M is the mass of a Te
atom. Thus, the relaxation time of the cluster under
an external electric "eld must approximately be

q"A
v
T

v
$
B

2 l

v
T

"

v
T

v2
$

l&J¹. (10)

In other words, the relaxation time increases with
the square root of temperature. If one associates the
current peaks to the structure change of the Te
clusters, the current peak position should be pro-
portional to the relaxation time because the applied
voltage increases linearly with time in our experi-
ments. Therefore, the peak position should increase

with J¹, Fig. 10 is the temperature dependence of

the peak position which agrees with J¹. This
explains the I}< curve (a) in Fig. 2. Namely, after
certain time under an external electric "eld, Te
atoms start to detach themselves from one side
(against "eld direction) of the supercages. This de-
tachment changes the shape of the potential barrier
and increases the barrier width. Thus, the exponent
a in Eq. (5) will decrease. This rearrangement of Te
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cluster will, therefore, cause the current drop which
results in the current peaks observed. When the
bias decreases, electrons need to tunnel through
this new potential barrier. Therefore, current can-
not follow its original path back. This is why we
observed the current loops. As one repeats the
measurement (keeping the bias direction un-
changed), the clusters will gradually reach their
stable state, and the loops will eventually disappear
unless other means (such as applying a reverse bias,
or thermally heating the sample) are adopted to
return the clusters to their natural state (Te atoms
being uniformly adsorbed on the inner surface of
the supercages). For ¹"300 K, v

$
"104As /s, and

d"1 As , q is in the order of 1 h. At least, the order of
the time scale is correct in comparison with the
experimental observations.

4. Discussion and summary

The reason that Te/LTA can undergo a structure
change is that the Te atoms are loosely bound in
a cluster. Such clusters are easy to be compressed. It
is known that Te atoms are polarizable. The polar-
ized Te atoms, in one hand, attract with each other
due to the dipole}dipole interactions, and, on the
other hand, be dragged to one side of the supercage
surfaces because of the dipole and AlO~

4
}Na`

dipole "eld interactions. Thus, an electric "eld can
be used to compress the Te clusters. If this is true,
we can use an electric "eld to control the fabri-
cation of Te cluster solids in zeolite LTA. For
example, one may use an electric "eld to control the
number of Te atoms inside a supercage such that it
may be possible to make the Te clusters so tight
that their atomic structure cannot signi"cantly
change under an applied bias. It will be interesting
to test this possible control mechanism.

We have studied the I}< characteristics of Te
clusters in zeolite LTA. The Te clusters are ex-
pected to have the same size as the supercages.
They are spatially con"ned and are isolated from
each other. We believe that electrons move from one
cluster to another mainly through quantum tun-
neling because the stable I}< curves are not very
sensitive to temperature as shown in Fig. 5. An
exponential dependence of the current on the

applied voltage is expected. In order to explain the
observed current loops and peaks in our experi-
ments, we propose a Te atom rearrangement mech-
anism. As mentioned before, the Te-atoms span
themselves from one side of the supercage to the
other side in the absence of a biased voltage, form-
ing structure A shown in Fig. 8. When an external
electric "eld is applied on the sample, the Te atoms
should move very slowly along the "eld direction,
and they are expected to rearrange themselves to
form structure B shown in Fig. 8. A Te cluster can
change from structure A to B (Fig. 8) by dissipating
extra energy through Te}Te atom collisions. Since
there is a thermal motion, a cluster can dynamically
have many di!erent structures whose free energy
di!erences are within the thermal energy 3k¹/2. If
we assume that a cluster leaves its initial state only
after it has dissipated an energy in the order of
3k¹/2, we may conclude that the relaxation time
increases with temperature. When the electric "eld
becomes strong and the drag force exerts on the Te
atoms is long enough, the Te atoms will start to
detach themselves from one side (against "eld direc-
tion) of the supercages as shown in Fig. 8(b). This
detachment will cause a change of the potential
barrier shape and an increase of the barrier width.
This rearrangement of Te clusters will cause the
current drop which gives the current peaks as ob-
served. When the bias decreases, electrons need to
tunnel through this new potential barrier. There-
fore, current cannot follow its original path back.
This is why we observed the current loops. As one
repeats the measurement (keeping the bias direc-
tion unchanged), the clusters will gradually reach
their stable state, structure B, and the loops will
eventually disappear unless other means (such as
applying a reverse bias, or thermally heating the
sample) are adopted to return the clusters to their
natural state, structure A (Te atoms being uniform-
ly adsorbed on the inner surface of the supercages).
In fact, we have seen that Te atoms have been
dragged out of supercages when an constant ex-
ternal electric "eld is applied on a sample for a
very long period of time (one day under 20 V in our
sample). This observation strongly con"rms the
movement of Te atoms under an applied voltage.
This picture is also consistent with our AC I}<
measurements by applying a triangular voltage
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wave. Under low-frequency bias of 100Hz, as
shown in Fig. 6(a), the I}< curve is a non-mono-
tonic function of voltage, showing a negative di!er-
ential resistance region. When the frequency
increases to 10 kHz, as shown in Fig. 6(b), a very
symmetrical current wave is detected. In this case,
the structure of the Te clusters cannot change sub-
stantially in a complete cycle (0.1ms). Therefore,
the potential barrier and thus the exponent a, do
not change much so that no negative di!erential
resistance appears at high frequency.

According to the above picture, the actual cur-
rent loop should depend on how the I}< curve is
measured. If the duration time of the applied con-
stant voltage is changed, the loop should change
too. If the duration time is so long that the Te clus
ters have enough time to relax to its stable structure,
then no current loop should be observed, and the
I}< characteristics should be the same as that of
curve (f ) in Fig. 2. Indeed, when we changed the
duration time from half a second to half an hour, the
current loop disappeared and curve (f ) in Fig. 2 was
obtained. The above assumption also implies that
the current peak (NDR) is a transient phenomenon.

In summary, we observed hysteresis current
loops and current peaks in the I}< characteristics
in a cluster superlattice of Te/LTA. The current
peaks (NDR) do not result from the resonant tun-
neling transitions but are caused by a rearrange-
ment of the Te atoms in the cluster. The observed
I}< characteristics are transient in nature which
depends on the sample temperature, the duration
time of the applied voltage, etc. The temperature
dependence of the current peak is consistent with
the assumption that the transient nature is due to

the fact that the Te atoms need to overcome their
thermal motion in order to be rearranged.
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