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Temperature dependence of I-V characteristics of C4 molecule
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Abstract

Making use of a generalized Green’s function technique and Landauer formalism, the temperature depended current-voltage (I-V)
characteristics of Cgy molecule, sandwiched between two metallic electrodes are numerically investigated. In addition, the influence of
the electron-phonon coupling strength on the electronic properties of the molecule is studied. The I-V characteristics of the molecule are
determined in two temperature limits, T=3K and T=300K. Our results indicate that the molecule primarily acts as a semiconductor in
lower temperatures but moves toward becoming an ohmic-like conductor when the temperature increased to the higher magnitudes.
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1. Introduction

The recent advent of nano electro-mechanical systems
(NEMS) have attracted tremendous interests, both for
practical applications and also as a fundamental
theoretical area of research [1-7]. Despite the impressive
progress achieved, there are still many important issues
of physical properties that need to be resolved before
NEMS become a viable technology. At a truly molecular
scale, how then does the coupling of the different
functional units affect on the electron transport? What is
the role of the electrode/molecule interface? Which
factors critically influence the current flow? All these
questions need a thorough investigation in order to gain
a fundamental understanding of the operation of the
NEMS devices.

In this paper, we numerically investigate the
influence of the electron-phonon coupling strength on
the electronic properties of Cg molecule in
metal/Cqp/metal system. In addition, the role of the
increase of the temperature leading the molecule toward
the ohmic-like behavior is studied. The choice is
motivated by the recent fabrication of a C¢y amplifier [1].
The fullerene Cq 1is a soccer-ball-like structure
consisting of 12 pentagons surrounded by 20 hexagons
which make an almost spherical shape (figure 1). This
all-carbon molecule can be produced by evaporation of
graphite and can be isolated as soluble well-defined
crystals where the Cq molecules solidify in a nearly
closed packed face-centered-cubic (fcc) lattice at room

temperature and undergo a structural transformation to a
simple cubic (sc) with orientational order at a lower
temperature [8].

In order to make progress in the understanding of
complex phenomena, we need to describe the complexity
of the one-body problem in terms of a simple model
which captures the significant features of the electronic
structure and conductance properties of the molecule. In
this work, we numerically study the extent to which the
realistic features of the conductance of the molecule may
be understood within the nearest-neighbor tight-binding
Hamiltonian. The model and description of the
computational methods for investigating the conductance
properties of the model structure are introduced in section
2. The results and discussion are presented in section 3,
followed by a summary and a conclusion in section 4.

2. Computational scheme
The most commonly used computational schemes for
calculating the (coherent) conductance g are the

Landauer theory [9] and the Green's function formalism
[10,11]. The conductance g is simply proportional to

the transmission coefficient, T(E), for injected electrons
at the Fermi energy;

2
g=%T(E), (1)

where the transmission function 7(E) represents the
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Figure 1. (Colour online) This plot shows a schematic
representation of the metal/Cgo/metal structure. As explained in
the text, the left (right) contact is considered as a semi-infinite
metallic electrode, described by an effective self-energy X.

transmission probability between the metallic leads for
an electron with energy E. The metallic leads are simply
modeled as one-dimensional tight-binding Hamiltonian
and the metal/molecule coupling is described by the
clements of the hopping matrix, f;(=1p)=1¢.which

coupled with an arbitrary numbers of atomic orbitals of
the C¢ molecule to the metallic contacts on the left
(right) side of the molecule.

The Hamiltonian of the molecule, H M is described

within the tight-binding approximation. It only treats the
n-electron system with a basis of 2p, atomic orbitals. The
interactions are restricted to the electron hopping
between nearest neighbors. Thus;

HM =—l, ll‘lv’l(C;_vCl"rh.C.), (2)

where the values of the hopping terms depend on the C-
C bond lengths. One may consider the following simple
relation between the hopping integrals and the bond
lengths Rl',l [12];

—-a(R) —R,
tl',l :loe a( Il 0) N (3)

0=0.8 Al R0:1.4A and 75 =-2.5¢V are the
electron-phonon coupling constant, the reference bond
length and the hopping integral, respectively. These

parameters give a good fit to the experimental band
width and band gap. The values of R ;are obtained

using the atomic coordinates achieved from fullerene
library in Gaussian03 and the following simple relation;

B :\/(xl'_xl)2+()’1'—yl)2+(zl-—zl)2. 4)

Considering the effects of the left (L) and right (R)
metallic contacts on the Cg molecule as the complex
self-energy potentials X; p(E) , the Green’s function of

the system given as;
GE)=[E-Hy -3, -Zp] 7). (5)

Using Dyson equation, the self-energy X; (=X p) =X(E)
may be carried out as [13];

2

t
R e ©

where T'(E) is the self-energy correction of the metallic

contacts to the ending-sites attached to the C¢y molecule,
and has the following expression [14];
1/2

2
F(E):(E_;mj—i ti—(E_;’"] . 7)

Here ¢, =0 and 7, =1eV are the onsite energy and the

nearest-neighbor hopping integral of the metallic
contacts, respectively.

The transmission coefficient can be calculated from
the knowledge of the molecular energy levels, the nature
and the geometry of the contacts. To connect the Green'
function with the transmission coefficient between
reservoirs we consider a linear transport between them.
Using the Fisher-Lee formalism [15] the transmission
coefficient may be expressed as;

T(E):|GLR(E)|2 Ay (E+eV)AR(E), 8)

where  G;p(E) is the matrix element of

-1
G(E)= (E -H eﬁ’) between the left and right sides of

Cgo molecule coupled to the left and right contacts,
respectively. H eff is the Hamiltonian of the

metal/Cgo/metal system and making use of the Lowdin's
matrix partition technique [16], we may write H eff 3

follow;
Heop ==2p |L)(L]+H, ~Z g [R)(R], ©)

where |L> and |R> denote the electron states on the left

and right sides of the molecule connected to the left and
right metallic electrodes, respectively.

To simplify the calculations, A;(=Ap)=A is
considered, where A =-Im{X} is the chemisorption’s

coupling at the electrode/molecule interface. Thus, the
effect of the metallic electrodes may be lumped into the
energy of the molecular sites that coupled to the electrodes.

3. Results and discussion

In this section, at first we will study the electron-
phonon coupling strength, & on the conductance of
metal/Cgo/metal system. Figures 2 and 3 illustrate, at
room temperature (T=300K), the electronic density of
states (DOS) and the logarithm of the transmission
function of the system, respectively. The increase of
a induces the decrease of the conductance of the
system, as cleared. In fact, increasing of the electron-
phonon coupling strength, the electronic states
vanished in the energy gap give rise to lower
transmittance through the molecule, as clearly shown
in figures 2 and 3 for DOS and the electronic
transmission through the molecule.

In order to calculate the current through metal/Cg/metal
structure, we consider the standard transport formalism
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Figure 2. (Colour online) Electronic density of states (DOS)
versus the dimensionless parameter Energy 1, at room

temperature for the metal/Cgo/metal system calculated for
different values of ¢, the electron-phonon coupling constant
and the molecule/electrode coupling strength t,=-03eV-
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Figure 4. (Colour online) The current-voltage characteristics of
Ceo molecule at lower temperature (T=3 K, step-like dashed
curve) and at room temperature (T=300 K, smoothed solid
curve) in the metal/Cgqy/metal system. Using the model
parameters as mentioned in the text, 1,=—03eV, 0=0.8 A and
fo= _2.5eV are set.

of electric current under an applied potential bias of V'
[17,18];

2e T
=— j dET(EYW(E - Ef eV), (10)

—00
where T(E) denotes the electron transmission

coefficient for the molecule in the metal/Cgy/metal
structure and E, is the Fermi energy of the metallic

electrodes;
W(E,eV)= f(E)- f(E+¢eV), (11)

with the Fermi function f(F)= (eﬂE + 1) -1 and
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Figure 3. (Colour online) The logarithm of the transmission
coefficient versus the dimensionless parameter Epergy It at

room temperature for the metal/Cqo/metal system calculated for
different values of ¢, the electron-phonon coupling constant
and the molecule/electrode coupling strength t,=-03eV-
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Figure 5. (Colour online) The differential conductance versus

the applied bias between Cq molecule ends at lower

temperature (T=3 K, dashed curve) and at room temperature

(T=300 K, solid curve) in the metal/Cgo/metal system. The

model parameters are chosen according to figure 4.

ﬂ:(kBT ) 1. The Fermi function is the difference
between charge distributions before and after transport
[18,19]. The driving force here is the electric potential
bias. Figure 4 shows the I-V characteristics of the
metal/Cqp/metal system for temperatures T=3K (dashed
curve) and T=300K (solid curve), respectively. The
dashed curve shows clearly a nonlinear dependence. Our
results indicate a good qualitative agreement with the
corresponding differential conductance illustrated in
Figure 5. In other words, the low-voltage part of the
dashed I-V curve arises from the semiconducting
behavior of C¢, molecule. On the other side, the increase
of temperature crucially modifies this behavior (solid
curve) and the I-V characteristic of the system shows a
linear and ohmic-like behavior.
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4. Summary and conclusion

Within a simple model, the effects of the electron-
phonon coupling strength and the increase of the
temperature on the electronic conduction and current-
voltage (I-V) characteristics of Cg molecule in
metal/Cqp/metal system are numerically investigated.
Our results indicate the conductance of the system
decrease with the increasing of the electron-phonon

References

1. C P Collier et al., Science 285 (1999) 391; 289
(2000) 1172.

2. M A Reed, C Zhou and C J Muller, Science 278
(1997) 252; J Chen, M A Reed and A M Rawlett,
ibid. 286 (1999) 1550; J Chen et al., Appl. Phys. Lett.
77 (2000) 1224.

3. C Joachim, J K Gimzewski, R R Chlitter and C
Chavy, Phys. Rev. Lett. 74 (1995) 2102; ] K
Gimzewski and C Joachim, Science 283 (1999) 1683.

4. T Rueckes et al., Science 289 (2000) 94.

5. S J Tans, M H Devoret, R M Alwin and H Dai,
Nature (London) 386 (1997) 474; S ] Tans, J
Verschueren, R M Alwin and C Dekker, ibid. 393
(1998) 49.

6. J W G Wildoeer, L C Venema and A G Rinzler,
Nature (London) 391 (1998) 59.

7. Y Xue et al., Phys. Rev. B59 (1999) 7852.

8. P A Heiney, J E Fisher, A R Mcghie, W J Romanow,
A M Denenstein, J] P McCauley, A B Smith and D E
Cox, Phys. Rev. Lett. 66 (1991) 2911.

9. M Buttiker, Y Imry, R Landauer and S Pinhas, Phys.

coupling strength. In addition, the I-V characteristics of
Cso molecule suggest that as the temperature increases
the steps in the lower temperature curve of the I-V
characteristic will be smoothed and the room
temperature [-V characteristic of the system moves
toward having an ohmic-like behavior while it exhibits a
very considerable value of the differential conductance
at room temperature.

Rev. B 31 (1985) 6207.

10.V Mujica, M Kemp and M A Ratner, J. Chem. Phys.
101 (1994) 6849; 101 (1994) 6856.

11.B Larade and A M Bratkovsky, Phys. Rev. B 68
(2003) 235305.

12.M Paulson and S Stafstrom, The 12th international
winter school on electronic properties of novel
materials: progress in molecular nanostructures. AIP
Conference Proceedings, 442 (1998) 190-193.

13.L Xin-Qi and Y Yan, Appl. Phys. Lett. 79 (2001)
2190.

14.J L D'Amato and H M Pastawski, Phys. Rev. B 41
(1990) 7411.

15.D S Fisher and P A Lee, Phys. Rev B 23 (1981)
R6851.

16.P O Lowdin, J. Math. Phys. 3 (1962) 969.

17.HY Zhang, X Q Li, P Han, X Y Yuand Y J Yan, J.
Chem. Phys. 117 (2002) 4578.

18. S Data, Electronic Transport in Mesoscopic Systems
New York, Oxford University Press (1995).

19. A Nitzan, Annu. Rev. Phys. Chem. 52 (2001) 681.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 6.66667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


