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ABSTRACT

Quantum confinement of the electrodes is an important issue for electron transport through molecular or atomic wire junctions. To assess the
importance of waveguide effects by quantum confinement of the electrodes, we have calculated elastic and inelastic conductance and inelastic
electron tunneling spectra of atomic gold wire with gold electrodes for several models. The results show the quite important role of the phase
factors between the modeled electrodes and the contact region.

There has been progress in conduction by atomic wires orincluding electror-phonon interaction within the lowest-
molecular junctions toward applications to new devices  order expansion (LOE) framewofR.2°
and single-molecule spectroscopic techniduéssuch as The parts of the semi-infinite electrode are incorporated
inelastic tunneling spectroscopy (IETS). Generally, it is into the central (C) region by using self-energy matrices.
difficult to manipulate or specify atomic structure for the By enforcing 1-D nonperiodicity or 2-D periodicity parallel
junction (contact region) experimentally, and several groups to the surface, the following three models can be considered
have performed ab initio calculations of transport for realistic for the C region illustrated in Figure 1a:
electrode-molecule-electrode systenié-1” In many cases, Model (1): 2-D periodic contact- 2-D periodic leads
analyses have been mainly focused on the properties of the p1odel (I): 1-D contact+ 2-D periodic leads
contact regior® Theoretical treatment of the electrodes often Model (Ill): 1-D contact+ 1-D leads
depends on an adopted model of the contact region and ab
initio method, such as cluster approximation or periodic
slab!®?0and electrodes are modeled by a one-dimensional
(2-D) rod or a semi-infinite surface with two-dimensional
(2-D) periodicity. However, strictly speaking, the two models
relate to physically different systems and are relevant to
different experiments. Recently, Ke et al. showed that the
behavior of transport through the whole system depends not
only on contact but also on the electrode itself as a result of
guantum confinemendt:?2In this letter, we report the above
quantum confinement and waveguide effects on change of
conductance and IETS caused by electrphonon scattering

. : relates to the 1-D rod system.
and show the importance of the correct modeling of

electrodes for theoretical treatments. Throughout this report, . Tgeqret(ijcgl I?]ackgroqnd. When a vli)brationalf moban
we adopt a nonequilibrium Green’s function (NEGF) ap- is obtained in the C region (or in a subspace of C by means

proach combined with density functional theory (DET?S of the frozen phonon approximation), the phonon scatterings
are included in the self-energy terms. In terms of the

* To whom correspondence should be addressed. E-mail: nakamura@ele(:tron—phonon _couplln_gM“, the self-energy terms of
tcl.t.u-tokyo.ac.jp. electron-phonon interactions are represented®os}

When the unit cell is sufficiently large, the 2-D periodic
structure can be regarded as effectively infinite surface
electrodes, and the interaction between chain parts can be
negligible. As a result, one can consider that models (l)
(Il correspond to the physical situations, which are il-
lustrated in the insets in Figures 2a, 3a, and 4a, respectively.
Physically, model (), where the contact connects to clean
surfaces, will be relevant to the extremely ideal cases for
surface STM/AFM experiments or a mechanically control-
lable break junction (MCBJ) technique, while model (11) will
be a much more realistic experimental case. Model (llI)
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where I' g relates to the left and right lead self-energy

Figure 1. The atomic structure of the gold wire in the Au(100) MmatricesZr
systems, where the unit cell is a3 3 structure, is shown. The
unit is treated with/without the periodic boundary condition in each L o=—2Im ©)
model, as well as the electrodes. The part enclosed by the solid LR LR
line is the “vibrational box”.
) andfyr is the Fermi function. The factdg, is the unit of
Ze<ph(E) = LG f do{D_(0)M*G~(e — w)M°} (1a) guantized conductance;th, whereh is the Planck constant.
The (ballistic) transmission coefficient is expressed by
[ < T a Ve
2 {E) = 5= [ dw{D M*G'(e — w)M* + D! M*G
owlB) = 27 J doDu(0IM'Ce —o)M" D (B =TICENLECELE] @)
(e = @®)M® = D (OM°TIG " (w)M"]} (1b)
The correction terms for the elastic current are represented

/ /
whereG(E) andDq(w) are Green's functions for the electron  PY factorsTe, T, and T*“" as follows

and phonon, respectively. The symbols™ and “>"

represent lesser and greater Green'’s functions, respectively.Tf}ﬁ(E,w) =
Throughout this study, we use the molecular orbital (MO) 2G,ReTrM"G(E,,,
basis to expand (electronic) Green'’s functions instead of the

atomic orbital (AO) basis set, where the MOs are defined Tf;;L’R(E,w) = G ImTr[M*G(E, a)FL/R(Eas)GT(Eﬁa)MaG

on the C region. The curreihfV), differential conductance, t

G(V) = di/dV, and IETS signal, #/dV?, can be calculated BIECENEGCE] Gb)
as a function of the voltag¥ using Green'’s functions and TasyL/R(E w) =
self-energies. The applied voltage and the Fermi levels of ' o . o
the left and right leadsy. andug, satisfy the conditioreV GoReTIM G(E — w)I' r(E — )G (E — w)M"G(E)] (5¢)

= uL — ur, Wheree is the absolute value of the electron

charge. Here, we introduce the notatidf,,, which representg +
Q, for 0 = £1, respectively. The factor in the inelastic term

is also expressed by usiﬁd‘a(E,w) as follows

M GERE)G E (E)GE)] (5a)

Recently, we developed a NEGF-DFT scheme called the
“efficient MO approach® and used it for the present
calculation. Details of the scheme and procedure will be
given elsewher& By using eq 1a,b and applying the LOE T, (Ew) =
approximation, the total current can be represented as the G, THM®G(E, )T &(E,,)G'(E, )M G'(E)T (E)G(E)] (6)
sum of the elastit® and inelastid™®' currents, and the elastic
part is further separated into the ballistic tetfhand the
remaining termdl®, which relates to the elastic electren
phonon scattering$:?62° In the present study, we imple-
mented the LOE form derived by Viljas et al., and details

Equations 5 and 6 contain the voltage-dependent phonon
occupation functior\,.

In the present study, we omit coupling between the phonon
; ; mode o and other modes though electron and phonon
are given in ref 29. temperature are fixed at 15 K and the broadening parameter

The termslg', ol¢, andl"e are expressed in terms of the is set to 20 meV. Thus, the phonon occupation is also
G(E) obtained by the result of ballistic NEGF-DFT as follows calculated to the second orderf by using the lesser and
retarded self-energies of the phonon.

Computational Model. In the present study, the C region

Io = Gqf dET(B)(fL(E) — f(E) (2a) consists of a chain part of six Au atoms, a<22 top layer,
[ e 1 and three additional (i.e., the seceffdurth) layers, which
oI =— [ dE Z"ﬂ, dw—ImD (w){ ToeNy(0w) + connect to the semi-infinite electrodes of the (100) surface
- T (see Figure la). For these additional layers and electrodes,

we took the 3x 3 surface first and then performed similar
calculations using the 4 4 system.
[ 1 The geometry of the (100) layers is fixed with a lattice
J dE| [, do-ReD (w){ oY, (E — ) + constant of 4.08 A, and the distance between each second
. T layer is kept at 21.90 A. Only the chain and top layers of
(2b) each side (a total of 14 atoms) are relaxed, and the vibrational
modes are calculated in this “vibrational box”. Here, we note

TooL(Eyg) + Toofr(E,o)} {TL(E) — f(E)}

T2R(E — o)} {fL(E) — fR(E)}
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Figure 2. The ballistic transmission coefficiemt(E), the changes

of conductance by electretphonon scatterings, and the IETS signal
in model (1). To(E) in the zero bias limit is plotted as a function of
electron energy in (a), where the Fermi level is set to zero. The
inset represents a schematic figure of a physical system related t
the adopted periodic (or nonperiodic) boundary condition. The
change of conductance is given as a function of the voltage in (b).
The total chang®G is shown by the solid line, and elasti¢G®')

and inelastic§G¢) terms are given by the dashed and dotted lines,
respectively. The IETS signal of the ABL mode is given in (c).

8

that we take a much larger region (W) than the C region to
determine the first derivatives of the Hamiltonian and overlap
matrices and Hessian, although only the parts relating to the
C region are explicitly used. We took the W region as the C
region plus the outer three layers for both the 1-D and 2-D
periodic cases and obtained the converged results of the
phonon frequencies and eigenmode vectors. Recent experi-
mental and theoretical studies of atomic gold nanowires have
reported that the alternating bond length (ABL) phonon mode
is important to the transport proce®s334 Therefore, we
focus on only the highest ABL mode, which is denoted
and has the highest frequeng,.

A part of the DFT calculations was performed by the
SIESTA program packag®, and PBE functions were
adopted as the XC functional. The basis set employed was
the AO type of the polarized single zeta (SZP) level with
use of Troullier-Martins norm-conserving pseudopotential
and the KleinmarnBylander nonlocal projector.

To estimate lead self-energy terms, we adopted the tight-
binding layer schem#. To incorporate 1-D and 2-D peri-
odicity for the electrodes, 1-D and 2-D periodic boundary
conditions were imposed on the DFT calculation for the
principle layer (PL); thus, each lead self-energy satisfies each
boundary condition for the parallel direction of the surface,
the same as that with the C region. In all of the calculations
for both the C region and the electrodes, thepoint
approximation was used if the 2-D periodic boundary
condition was required.

Model (1). Model (1) is entirely the 2-D periodic system.
The atoms in the vibrational box did not almost change the
positions after the geometry optimization, that is, the chain
part is linear, and the structure of the top layers is almost
same with the (100) section. Using this optimized geometry,
we found that the frequency of the ABL mode has the value
of 128.3 cm! for the 3 x 3 unit cell.

The calculatedlo(E) was almost constant in the energy
range of 0.2, 0.2] eV and had the value 1.0 due to
conduction of the 6s electron of Au in the low bias voltage
as shown in Figure 2a, where we set the Fermi level to 0. In
the present case, we focus on only low applied voltage
(typically lower than 25 mV), and the voltage dependence
of To(E) is quite small. Therefore, we only shoW(E) of
the zero bias case for all models and illustrate in the figures.
Note that all NEGF-SCF calculations are performed fully
self-consistently and include bias dependence explicitly. Our
result of “single open channel” transmission of (linear) gold
wire agrees with the previous work&?6.33:34

The change of conductance caused by eleetpgionon
scatterings¢G, can be defined by the sum 6G* andoG"®,
where each term is defined by &df)/dv and di"¢/av,
respectively. The resultingG's, and so forth, are illustrated
as a function ol in Figure 2b. The elastic term dominates
the conductance drop, and the decreasing is close to linear

gwhen the applied bias is larger th&h,. The magnitude of

0G is about 0.15% of5, at eV ~ AQ,. Our results shows

good agreement with the results of previous theoretical
studies, and the order of the magnitude is properly similar
to the experimental values, although the experimental result
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is a little larger than our resul®:?° Since the change of
conductance is very sensitive to the length of the chain, the
distance between electrodes, as well as the shape of the
contact, the above agreement will be sufficient to prove the
validity of our calculation. The IETS signal can be expressed
as dpG)/dV because of the small voltage dependenc&of

(E). In Figure 2c, the calculated signal, which has the peak
ateV = hQ,, is shown for the positive voltage. Comparing
the conductance change, the IETS signal is a better quantity
to measure the contribution of electrophonon scatterings
due to its sharp dip (for positive bias).

We also performed additional calculations of the IETS
signals for a few longitudinal phonon modes, which are not
ABL modes and have frequencies close to the value of the
present highest ABL mode, and found that the signal caused
by these modes are almost equal to 0.

Model (I1). In model (Il), the lead self-energies are the
same as those for model (I), but the C region is 1-D
nonperiodic; thus, the system has a sufficiently long finite
cross section on the 2-D electrodes. We calcul&dgdoy
the same procedure as that with model (). The frequency is
very close to that of the 2-D contact as well as the eigenmode
vector, and the difference in the two frequencies is within
only a few cnt. Furthermore, the other eigenmodes in the
vibrational box also have similar values to the modes
calculated in model (I). This means that quantities such as
bond energies are essentially local and robust quantities, and
therefore, the periodic boundary condition is not as important
for these quantities if the vibrational box (i.e., focused region)
is large enough to include strong couplings between the
molecule (wire) and the surfaces.

To(E) for model (ll) is presented in Figure 3a. One can
find the oscillation structure dfy(E) in the presented energy
window; the minimum value is about 0.7. The position of
the Fermi level gives a value close to the bottomTgl(E).
The calculatedG is also plotted as a function of bias voltage
in Figure 3b. This is a clear example of waveguide effects
due to quantum confinement. In the study by Ke et al.,
waveguide effects for tunneling conduction were shown
because the bridge part was the benzedithiol molecule
in their study?! The present case shows waveguide effects
on resonant conduction.

The value ofdG is about 0.05% of5, when the voltage
is close to Q,; thus, the electronphonon scatterings
affect the conductance drop with a somewhat smaller
magnitude for model (Il) than that for model (I). However,
each term resulting from elastic and inelastic scatterings is
quite different. Comparing with model (), the magnitude
of 6G® becomes small, andG"®' is enhanced. Recall that
the voltage bias is quite low andTgldV is close to 0O;
thus, the difference o§G in models (1) and (Il) reflects the
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. . . Figure 3. (a) The coefficientTo(E) and (b) the change of the
IETS signal straightforward, that is, the observed IETS conductance and (c) the IETS signal in model (Il). The notations

signal will give clear evidence of the difference caused by in the figures are the same as those for Figure 2.

electron-phonon scatterings in the finite cross section. In

Figure 3c, the calculated IETS signal is given. The intensity of the voltage, it is more suitable tha6 to compare the
is about 40% of that for the case of model (). Since the contribution of quantum confinement to electrgshonon

IETS signal shows a sharp dip at almost the same positionscatterings.
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Here, we briefly comment on the problem of van Hove (a) : T T
singularity for the NEGF-DFT calculation, which was - .
recently pointed out by Thygesen et3&allUsing simple 1+
models, they showed that sharp oscillation of the transmission
coefficient and density of states sometimes appears iF'the
point approximation is adopted with a small unit cell, where
the periodic boundary condition is enforced. In the present
system, thel” point approximation works well for a 2-D
periodic system; thus, waveguide effects caused by interfer-
ence of transverse modes are more responsible for fluctua-
tions or different magnitudes @G, and so forth, than van
Hove singularity in the present models. In the later subsec-
tion, we further analyze such interferences relating to
waveguide effects.

Model (I1). Model (lll) is a 1-D rod, that is, an entirely %2 “oA
1-D nonperiodic system. The resultifig(E) has a sharp and
hard oscillation structure, as shown in Figure 4a. The peak
position of To(E) is very close to the Fermi energy. Generally, (b) T T T T :
when the bias is low and the wide-band limit is acceptable, gheree.

To(E) provides the measurement that conductance is “drop”
(To(E) > 1/2) or “rise” (To(E) < 1/2)1527:3037Becausely-
(E) is always larger than 1/2 in the present bias range, the 4+ s sGne
value of G presented in Figure 4b is negative, just as for
models (I) and (I1). The magnitude of the conductance drop
caused by electronphonon interactions is 2-53.0% ofGg

ateV = hQ,, which is larger than the values for the above
two models. ,«" \\

Although 6G is enhanced 1530 times compared with -4 ;’ \
models (1) and (Il), much larger differences in each term - ," §G¢! \
for 6G®' and 0G"¢' were found. The magnitude @fG¢' is _— |
about 30 times as large as that for model (I) and about 150 7 ~—
times as that fodG"e!. While To(E) is rapidly decreasing in 20 10 0 10 20
the very narrow energy range, the change of the conductance
by the ballistic term is not so rapid because the voltage
dependence dfy(E) is smooth. Since the magnitudeda®® () o
is still much larger than that odG"®, the enhancedG® I
term provides a conductance drop of the 1-D. Recall that
the electronic structure of the C region is the same with
models (1) and (Ill); thus, the physical quantities on the C
region such as electretphonon couplings are not respon-
sible for the difference in efficiency of vibrational heating. ™
The local heating effects are a central issue for IETS, and 3 10
the above results show the importance of using a correct
model not only for the tip/contact shape but also for the
structure of the cross section connected to the electrodes. In
Figure 4c, the resulting IETS signal is shown. The signal
shows the sharpest dip in the tree models, and the intensity
is about 20 times larger than that of model (I); hence, the
IETS signal will be a good physical quantity to prove clear 20 P E S S S
evidence of quantum confinement relating to electron > 10 15 20
phonon scatterings in the 3 3 case. Voltage (mV)

Relation between Adopted Models and Unit Cell Size.  gijgyre 4. (a) The coefficientTo(E) and (b) the change of the
We performed the same calculation for the<x44 system  conductance and (c) the IETS signal in model (Ill). The notations
for models (I)>-(l11). In all cases, the difference of the ABL in the figures are the same as those for Figure 2.
modes between the:d 3 and 4x 4 systems was negligible.

In model (), a difference offo(E) for the two cases was the peak. Therefore, one can conclude that tle33structure
also negligible, and the intensity of the IETS signal for the is of sufficient size to obtain conduction properties for the
4 x 4 system was close to the one for thex3 system at 2-D periodic case in the present system.

Gy % 10°
=
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0
T T T T T T T T T [ T T T T T
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Figure 6. The coefficientTo(E) for the 4 x 4 unit cell in model
(IlN. The inset represents the related physical system, that is, the
4 x 4 1-D rod.

as the transmission coefficient, their values show smooth and
small fluctuation; thus, the difference will not be negligible

if a higher voltage than that in the present case is required
to get IETS signals. In the present case, the waveguide effect
caused by existence of the finite cross section is insensitive
to the width of the cross section.

Next, we analyze the 4 4 system in model (l11). Upon
increasing the size of the 1-D rod, one can expect that it
approaches the 2-D periodic system, and this justifies the
use of a cluster model for the transport problem. Our results
""""" L actually show that the 4 4 rod is much closer to model (1)

(i.e., the 2-D periodic case) than the<33 rod, and the value
Voltage (mV) of To(E) is almost the same with the 2-D periodic system.
Figure 5. (a) The coefficientTo(E) and (b) the IETS signal in However, a notable drop of the transmission goeﬁ_|C|ent is
model (1), where the unit cell has ax 4 structure. The insetin ~ found at 0.15 eV below Fermi level, as shown in Figure 6;
(a) represents a schematic figure to emphasize the relation betweerthus, the 4x 4 rod is not sufficient to model the 2-D
the physical model and boundary condition, which is the same with periodicity. It is interesting to consider the cell size depen-
Figures 2-4, but the cross section is 4. dence with a comparison of models (1) and (Ill). Although

For models (I1) and (lll), relating physical systems are taking a larger cell (3« 3= 4 x 4) improves the fluctuated
different between the X 3 and 4 x 4 sizes because this structure ofTo(E) drastically in model (Ill), improvement
cell size corresponds to the width of a finite cross section or for model (ll) is much slower. This leads to the result that
rod for perpendicular to the transport. First, we show the the size effect is most obvious result of quantum confinement
comparison for model (Il). The transmission coefficient for the dimensionality of the whole system to determine
fluctuates just as in the case 0%33, although the two results  properties of electron transport. With increasing surface width
are somewhat different, as shown in Figure 5a. Therefore, (cell size), more transverse electronic modes can be included
the 3 x 3 and 4 x 4 finite cross sections should be in transport as well as leads (electrodes), and interference
distinguished physically and are not a good approximation caused by transverse wavevectors, which do not satisfy the
for a 2-D periodic system, that is, waveguide effects in the Bloch condition (in other words, phase mismatching), can
connected part between semi-infinite electrodes and finite be “washed out”. On the other hand, the transmission
contacts are still important even if the cross section is of 4 coefficient, as well as the IETS signal, is much more
x 4 width as long as the finite cross section part is insensitive to the width of the part of the finite cross section,
sufficiently long. On the other hand, the two IETS signals while the length of the cross section is sufficient to provide
are quite similar, just as shown in Figure 5b. This agreementa difference from the 2-D infinite periodic contact. Fluctua-
is reasonable because the electrphonon couplings are  tion in model (ll) is caused by interference of transverse
similar (due to its local property), and variolis functions modes between the cross section and 2-D leads as well as
such asrec take values close to the ones ofx44 in the insufficient “washing out” of transverse electronic modes in
energy window corresponding to the applied voltage. Just the cross section. Comparing the above insufficient “washing

0.2

G, 'V

0.4 M1
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out”, the type of 1-D/2-D interference is slightly difficult to 18041004 from the Ministry of Education, Culture, Sports,
eliminate by changing the size of the (1-D) unit cell of the Science, and Technology of Japan. The authors thank the
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lation of the transmission coefficient) is smaller than the the use of its computers.

fluctuation of quantum confinement of the 1-D system.
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