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In this paper, we establish a one-dimensional random nanocrystalline chain model, we derive a new formula

of ac electron—phonon—field conductance for electron tunnelling transfer in one-dimensional nanometre systems. By

calculating the ac conductivity, the relationship between the electric field, temperature and conductivity is analysed, and

the effect of crystalline grain size and distortion of interfacial atoms on the ac conductance is discussed. A characteristic

of negative differential dependence of resistance and temperature in the low-temperature region for a nanometre system

is found. The ac conductivity increases linearly with rising frequency of the electric field, and it tends to increase as

the crystalline grain size increases and to decrease as the distorted degree of interfacial atoms increases.
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1. Introduction

In 1984, Birringer and Gleiter!! successfully syn-
thesized a solid material with nanometre-sized grains.
Nanometre particles are very tiny, and there are a
great number of interfaces in the material. So the pe-
riodic arrangement of atoms in the system is greatly
reduced. It is found experimentally that nanostruc-
ture materials exhibit various abnormal properties,
such as high strength, high specific heat, high resis-
tivity, high heat expansion coefficient, superplasticity,
etc,[274 caused by interface effects and size effects. All
of these exotic physical properties show that nanos-
tructure materials hold the promise of extensive appli-
cation. Now, research of these materials has become a
new hotspot in the study of condensed-state physics.

The interfacial structure between the particles of
nanometre materials packed bulk disorderly is very
complicated, so it is very difficult to set up a mecha-
nism of size effects and interface effects on the physic-
ochemical properties. This may be the reason why
experimental studies of nanostructure materials have
been much more remarkably attractive than theoreti-
cal studies.

Conductance is an important performance of nor-
mal metals and alloys. The volume percentage of sec-
tion in nanometre materials is very large, and destroys
the lattice translation periodicity. The smaller the
crystalline grain size is, the more serious the distor-

tion of interfacial atoms is, and the shorter the average

http://www.iop.org/journals/cp

free path of atoms. Currently, research on nanome-
tre conductance is in its early stages, and there are
few experimental data and less theoretical computa-

[5:8] have calculated the conductivity

tion. Ding et al
of a one-dimensional (1D) nanocrystalline chain using
the electron hopping conduction theory proposed by
Miller and Abrahams.[”] They took into account the
interaction between electrons and the electric field,
but did not consider the scattering effect of atomic
heat movement on electrons. Due to this reason and
considering that a 1D problem is connected with clear
physical ideas and effective mathematical methods, we
propose a 1D nanocrystalline chain model, and de-
velop a new method to compute eigenproblems of 1D
nanocrystalline systems. Based on the mechanism of
electron transfer, a new formula of electron conduction
is derived, the conductivity of nanocrystalline system
with 20000 atoms is calculated, and the effect of crys-
talline grain size and the distortion of interfacial atoms

is analysed.
2.1D nanocrystalline chain

model

In general, nanostructure materials are closely
packed with ultrafine crystalline grains with sizes be-
tween 1-100nm. There are two kinds of atoms:[®¥! crys-
talline atoms which are arranged in periodic config-
urations, and interfacial atoms which are randomly

packed. Furthermore, the relative directions of crys-
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talline grains are also random. In a certain sense, the
interfacial microstructure is the main factor that af-
fects the properties of nanometre materials. We thus

establish a 1D nanocrystalline chain model, as shown

in Fig.1.
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Fig.1. The 1D nanocrystalline chain model.

The symbols (), A and X represent the crystalline
atoms in a grain. This model contains M crystalline
grains, and the sum index is indicated by j. jK; rep-
resents that the jth crystalline grain has K; atoms.
If the total number of atoms is N, then

(1)

The Hamiltonian of this model can be written as

H= Z%ZI Y Yl

i=nl I=1 m=1(m#l)
[ ei—A -1 —2/3
—1
—2/3 e—X -1 —2/3
-1 gg— A —1
—2/3 -1
/3
0

Using the negative eigenvalue theory of Dean and
Martinel!?! and the infinite order perturbation theory
of Wu,l'! we have developed a new method to solve
eigenvectors. This method is not only accurate but
also efficient. It can compute the matrix of about 10°

orders, and its computing error is below 10'2.
3. The ac conductance model
for electron tunnelling in a

nanometre system

3.1. The ac conductance model of electron tun-
nelling

Here |I) is a group of known complete orthogonal basis
functions. €; is a group of random numbers fluctuat-
ing irregularly between —D/2 and D/2, which rep-
resents the quality of each crystalline grain; namely,
when electrons move in the crystalline grain, the po-
tential field varies little, but when electrons stride over
the grain boundary, it changes significantly. D is the
distorted degree of the interfacial atoms. The larger
D is, the more serious the distortion. t;, denotes
the action of neighbouring atoms. Concerning the
nearest-neighbour(n-n) atoms and the next-n-n atoms,

we take/®]

tim = —2/(Jl = m|+1), when |l —m| < H;

(3)
(4)

tim =0, when |l —m|)H
where H=2.

If X is the eigenvalue of the Hamiltonian, and ¢ is its

relevant eigenstate, then

Hp = Ao (5)

Both the eigenvalue and eigenstate can be gained by

solving the following matrix

- ( by -
0 by
b3
—2/3
/ =0. (6)
gj—A -1 —2/3
-1 -1
72/3 —1 EMf)\_ LbN_

In a nanometre system, the distortion of interfa-
cial atoms and the crystalline grain size have a strong
effect on the electronic structure. The electronic struc-

The
[12]

ture is different from that of a periodic lattice.
electron state expands in the whole energy band.
The electron wavefunction appears localized. With
the increase of the distorted degree of interfacial atoms
and the decrease of the crystalline grain size, the local-
ization becomes strong. We will discuss the electronic
structure of a nanometre system in another paper and
do not discuss it in detail here.

Based on the interactions among phonons, electric
field and electrons, the electron-phonon—field (EPF)

conductance of electron tunnelling transfer is derived.
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The ac electric field with electric intensity F cos wy;t is
exerted on the nanometre system; here wy; is the fre-
quency of the electric field. When an electron absorbs
the energies of phonons and photons, it hops from a
low-energy to a high-energy localized state, and the
difference between these energies is hw;; + W, where
W is the energy of phonons with W = hwpp,, wpp being
the frequency of phonons. The electron can also emit
the energy of phonons and photons and hops from
a high-energy to a lower-energy state. The electron

hopping process is shown in Fig.2.
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Fig.2. The EPF conductance of electron tunnelling
transfer.

When absorbing the energies of photons and
phonons, the electron hops between localized states.
The hopping probability is determined by three fac-
tors:

(a) The tunnelling transfer probability of elec-
trons. The electrons go through a series of potential
barriers and wells, which fluctuate irregularly between
—D/2 and D/2. The resonant transfer will take place
when a certain condition is satisfied; at this moment,
the tunnelling transfer probability is the greatest.

(b) The probability of finding a phonon whose en-
ergy is W. Since a phonon is a boson, its distribution
is subordinated to the Bose—Einstein statistics. When
the temperature is not too high, the probability is pro-
portional to e%, where k is the Boltzmann constant
and T is temperature. It can clearly be seen that the
probability decreases rapidly with the increasing en-
ergy of phonon.

(c) The vibration frequency of phonons, which as-
sists electron hopping, namely the number of electron
hoppings in unit time.

So electron hopping probability equals the product of

three factors

where wy; is the frequency of ac electronic field, and U

is the probability of electron tunnelling transfer.

3.2. The electron tunnelling transfer probabil-
ity U

13,14] we calcu-

Using the transfer matrix method,|
late the hopping probability of electrons between dif-
ferent localized states. In the incident and emergence
regions, the electron wavefunction can be obtained by
solving the corresponding Schrodinger equation. The
wavefunction is written respectively as follows

Aikix
Aje ] ’ ()

B,eikiz‘
(2

¢Z(x) — eikuﬁ|:

(9)

Ai+neiki+nw
ikifnT

Gran(e) = e |

Biine
where kj; represents the projection of the wave vector
k on the plane perpendicular to the z-axis. In the po-
tential barrier and well regions, we can solve the one-
electron Schrodinger equations respectively and write
the transfer matrix in terms of the condition that, at
the interface of the potential barriers and potential
wells, the wavefunction and its differential are con-
tinuous. Then we can obtain the transfer probability
induced by the electrons when they transfer through-
out the whole structure. The electron transfer process

can be given by the equation

|: Alelk’z ] B M[ Ai+neiki+nz ]
Bieikiz Bi+neik,‘+nw

= [ My M ] (10)

141'-‘,-neiki+"a3 :|
- )
M21 M22

Bi+neiki+nx

where M is the transfer matrix. In fact, in or-
der to solve the above equation, we should take
Biypetfi+n® = 0, That is, there is only the transmis-
sion wave and no back wave in the emergence region.
If we define the transmissivity as the ratio of transmis-
sion probability current density to incident probability

current density, then U can be written as

ki+n‘Ai+n|2 ki+n|M11|72
U= = . 11

Considering the inversion time symmetry, the complex
conjugate matrix of the eigenvector is also one of the
solutions of the Schrodinger equation, i.e. Afe_ikiz +
Breti® is the solution for the incident region, and
Afe’ik“r"“c + Bi*eiki*"’” is the solution for the emer-
gence region. Here B} is the amplitude of the incident

wave, A7 is the amplitude of the back wave and B;,
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is the amplitude of the transmission wave. Then we

have

{ Agemikia } { My My H Az, emikiznn ]
Bjetkir My Mo By .

ki ynT
et

(12)

This equals

[ Ajethie ] [ My, M, ] Alin ethien® }
B;etkiz My, M3, B}, etkitna
(13)
where M must be satisfied with
My, = My, M{5 = Mis. (14)

Then it follows that

det| M|

U= ———.
My |?

(15)

4. The formula for ac conductiv-

ity in a nanometre system

Based on the EPF conductance model of electron
tunnelling transfer we have derived, an electron inter-
acts with photons and the electric field, and hops from
site ¢ to site j through a series of potential barriers
and wells by absorbing or emitting a photon and/or a

phonon. The electron hopping probability is

det|M| o~ W/AT,

P =
My, 2 ©

5(Ez + hwli + thh — E])
(16)
By absorbing a photon, the electron hops from
state |E;) to state |E;) and the exchanged energy in

the process is

hw Pf(E:)[1 — f(B; + hwyi + hwpy,)]

x [1 = f(EB; + hwy; + hwpy,)]
x 0(E; 4+ hwy; + hwpy, —Ej). (17)

By emitting a photon, the electron hops from state
|E;) to state |E;) and the exchanged energy in this

process is

hwlle(El + hwli + thh)[]' — f(El)]

vpnf(Ei + hwii + hwpy,)

X [1 — _)"(.E'Z)](‘)-(.EZ + hwy; + thh - EJ) (18)

By absorbing or emitting a photon, the exchanged en-
ergy is

hwllP{f(El)[l — f(Ez + hwli + hwph)]

— f(Ei + hwii + hwpy,)[1 = f(Ei)]}

x [f(Ei) — f(Ei + hwi; + hwpy,)]

x 6(E; + hwi; + hwp), — E;)
det| M| o W/KT,, Of(E)

=hwy,; (hwy; + W) 0 |2
11

The total energy exchanged is

detlM| _yy o4()
hewyi (hwy; + W /KT - dE
/ wl( Wi + )|M11‘2 VPh( aE )
(20)
where f(F) is the Fermi function
1
HE)= mmopr 1 (21)

In terms of electrodynamics theory, the energy
exchanged between the nanometre system and the ac

electric field is equal to Joule energy:

1 det| M|
—00eB? = | hwy(hwyi + W) ——r
20 / wyi(hwii + )|M11|2
0
X eW/kTVPh< J(;(E )>dE (22)

In the end, we obtain the ac conductivity of the
nanometre system induced by the electron tunnelling
transfer effect:

2hwy; (hwi; + W) det| M|
7o :/ E? ERE

e_W/le/Ph< - %) dE.  (23)

It is easily seen that the electron hopping con-
tributing to the conductance takes place near the
Fermi surface. Therefore, the difference of energy be-
tween the original and final states, in which electron
hops, is little, but the localized position of the elec-
tron differs significantly.['”] This means that the elec-
tron needs to hop far in order to find the original and
final states whose energy is close to each other. At
the limited temperature, the electron hops between
the states near Fermi energy in the range of k7. As-
suming that the electron hopping energies are equal to
each other approximately, the ac conductive formula

can be simplified as

_ 2hwyi(hwy; + W) det| M|

Oac = E2 |M11‘2
x e WKLy, ( — %)N(Ep)kﬂ (24)
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where N(EF) is the electron state density near the

Fermi energy.
5. Results and discussion

According to the formula of ac conductance, we
calculate the conductivity of 1D nanocrystalline chain
with 20000 site points. Choosing the distortion pa-
rameter D and grain size parameter S as parameters,
we analyse the effect of the distortion of interfacial
atoms and crystal grain size on ac conductance of
nanometre systems.

Figure 3 shows the relationship between the ac
conductivity of nanometre systems and the frequency
of the electric field. The systems corresponding to the
curves a and b have identical temperature (7=100K)
and identical distortion of interfacial atoms (D=1),
but the crystal grain size S of a is different from that
of b. a has 50-200 atoms in a grain whereas b has
800-1000 atoms. It can be seen that the conductivity
of A and b increases linearly with rising electric field
frequency, but their slopes are different, and the slope

of b is larger than that of a.
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Fig.3. The relationship between ac conductivity

and frequency of electric field: a, N=20000, D=1,

T=100K, S=50-200; b, N=20000, D=1, T=100K,

S=800-1000.

An experiment has been conducted, in which
nanocrystalline NSi powder is pressed under a high
pressure of 130MPa and its ac conductivity is mea-
sured for different frequencies of the electric field. The
results show that o(w) = w™, and n varies from 0.65
at a low frequency to 1.6 at a high frequency.['6! The
two indices n derived in this work according to the
relationship between the ac conductivity and the fre-
quency are 0.9696 and 0.9537, respectively, which is in
good agreement with the experimental results. When
the frequency of the electric field rises, the energy of
the photon is increased. This reduces the phonon en-
ergy absorbed by the electron and means that the elec-

tron hopping probability increases. Therefore, the ac

conductivity of nanometre systems increases as the
frequency of the electric field rises.

Figure 4 demonstrates the relationship between
ac conductivity and temperature, where three curves
are drawn for different nanocrystalline systems. The
nanometre chains a, b and ¢ have the same number
of atoms, but the crystalline grain size and the dis-
tortion of interfacial atoms are different from each
other. From this figure, it can be seen that they have a
similar relationship of conductivity and temperature.
In the low-temperature region, the nanometre system
presents the characteristic of negative differential de-
pendence of resistance and temperature, i.e. the con-
ductivity increases with rising temperature. In con-
trast, the conductivity decreases with rising temper-
ature in the high-temperature region. This fits well
with the experimental conclusion of Savvides et all'”]
about the nanometre material of Cu-SiO; and that
of Liu et all'® Compared with the result obtained
by Ding!® who used the M — A formula, our result
is more consistent with the experimental data. This
phenomenon is connected with the electron hopping
between localized states and can be explained as fol-
lows. In the low-temperature region, the heat move-
ment of atoms is not violent and this movement will
be stimulated gradually when the temperature is in-
creased. This will be beneficial for electron hopping
But in the high-

temperature region, the heat movement of atoms is so

and makes the conductivity rise.

violent that it will cause scattering action on electron
hopping, reducing the conductivity.

The temperature corresponding to the maximum
value of conductivity is different for different systems.
It is determined by the properties of the system itself,
such as the size of crystalline grains and the distortion
of interfacial atoms, etc.

In addition, it can be seen from Fig.4 that the dis-
tortion of interfacial atoms and the size of crystalline
grains have great effect on ac conductance of nanome-
tre systems. Comparing nanometre chains a and ¢, we
see that the distorted parameter D is different, but the
grain size S is the same, and the conductivity of a is
obviously larger than that of b. This shows that the
ac conductivity of a nanometre system tends to de-
crease as the distorted degree of interfacial atoms is
increased. This is caused by the fact that the heat
movement of lattice atoms has a scattering action on
the directional movement of electrons. The more se-
rious the distortion of interfacial atoms is, the more

obvious the scattering action.
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In Fig.4, comparing nanometre chains b and ¢, we
see that parameter D in the two chains is identical, but
S is different, and the crystalline grain size of chain ¢
is much larger than that of chain b. The conductivity
of ¢ is larger than that of b. This shows that ac con-
ductivity of nanometre systems tends to rise as crys-
talline grain size is increased. This result is similar to
the experimental conclusion of Gleiter.®! The reason is
that the smaller the crystalline grain size is, the larger
the percentage of interfacial atoms, the more serious
the destroyed degree of periodical potential field, and
the more remarkable the scattering action of distorted
crystalline atoms on electrons. In a certain case, the
crystalline grain size has a stronger effect than the
distortion of crystalline interfacial atoms on ac con-

ductance of nanometre systems.
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Fig.4. The relationship between the ac conductivity
and the temperature: a, N=20000, D=0.5, S=50-
200; b, N=20000, D=1, S=50-200; ¢, N=20000,
D=1, S=800-1000.

6. Conclusion

From the above discussion, we can draw conclu-

sions as follows:

(1) The ac conductive characteristic of a nanome-
tre system is completely different from that of a crys-
talline system with large crystals. The electron hop-
ping contribution to the conductance takes place near
the Fermi surface. The difference of electron hopping
energies between the original and final states is small,
but the distance of the positions of states may be

great.

(2) The ac conductivity of a nanometre system
increases linearly with the increase of electric field fre-
quency. The slopes of conductivity curves are different

for different systems.

(3) In the low-temperature region, a nanometre
system presents the characteristic of negative differen-
tial dependence of resistance on temperature, i.e. the
conductivity increases with rising temperature. In
contrast, its conductivity decreases with rising tem-
perature in the high-temperature region. The tem-
perature corresponding to the maximum value of con-

ductivity is different for different systems.

(4) The size of crystalline grains and the distor-
tion of interfacial atoms have a great effect on the ac
conductance of nanometre systems. The conductivity
tends to rise as the crystalline grain size is increased,
and to decrease as the distorted degree of interfacial

atoms is increased.
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