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Phonon-Assisted Current Noise in Molecular Junctions
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We investigate the effects of phonon scattering on the electronic current noise through nanojunctions
using the nonequilibrium Green’s functions formalism extended to include the counting field. In the case
of weak electron-phonon coupling and a single broad electronic level, we derive an analytic expression for
the current noise at arbitrary temperature and identify physically distinct contributions based on their
voltage dependence. We apply our theory to the experimentally relevant case of a D, molecule placed in a
break junction and predict a significant inelastic contribution to the current noise.
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Introduction.—The fabrication of atomically sharp con-
tacts has opened up the possibility of creating junctions
formed by a single molecule bridging metal electrodes [1].
However, the inherent complexity of this emerging field
poses fundamental challenges and makes junctions formed
by very simple molecules (e.g., hydrogen [2—4] or water
[5]) an invaluable test bed from both the experimental and
the theoretical point of view. In these systems, inelastic
effects due to the interaction between transport electrons
and molecular vibrational modes (phonons) result in an
abrupt change of the differential conductance at the onset
of the phonon emission. These features have been ex-
ploited to establish unambiguously the presence of the
molecule in the contact [2] and, when combined with
shot-noise measurements [4,6], they allow for a detailed
characterization of the junction.

Theoretical descriptions of inelastic transport through
nanojunctions have so far focused mainly on the current-
voltage characteristics, while less attention has been paid
to the study of noise. Phonon-scattering effects on the
differential conductance have been addressed both with
ab initio methods [7-12] and with simplified (one-level)
models [13-16]. Noise calculations based on one-level
models have also been put forward within the rate equation
approach [13,14] or within the nonequilibrium Green’s
functions (NGF) formalism [17] with a mean-field-like
approximation for the noise. In this work, we study inelas-
tic effects on the current noise with the NGF approach
taking consistently into account all the correlations due to
phonon-assisted scattering up to a given order in the e-ph
interaction. We apply our theory to the case of a hydrogen-
bridge junction and predict a significant inelastic contribu-
tion to the current noise.

Model and methods.—The system we consider can be
represented as a central device region which is tunnel-
coupled to noninteracting metallic leads H = H+ H Lrt
H;. Neglecting the spin degree of freedom, the central
region can be described by the Hamiltonian A = H +

Sihwblb,+ Y, i M;jﬁjc?j(lsz + by), where d! and
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13} are the electron and phonon creation operators, H, =
> HY dtd ; is the single-particle effective Hamiltonian of
the electrons moving in a static arrangement of atomic
nuclei, and M, is the e-ph coupling matrix for the €-th
phonon mode. Here, boldface notation stands for matrix
over electronic space. The leads and tunneling
Hamiltonians are given by H LR = zk,a:L,Rsa,kél’kéa,k
and Ay = ¥, .-, z(VL el d; + H.c.). The states in the
leads are occupied according to the Fermi distribution
fa(e) =[1 4 ePe=ra)]71 where B = 1/kgT is the in-
verse temperature and u, is lead-a chemical potential,
with u; — pugr = eV fixed by the applied bias voltage.
To calculate the current and the noise, we employ the
extended NGF technique [18] to find the cumulant gener-
ating function S(A) = I/(ie)A + S/(2e*)A> + - - -, from
which the current / and the noise S can be calculated
straightforwardly. The key idea [19] is to modify the
Hamiltonian by adding a time-dependent phase A(f)/2 to
the tunneling matrix elements Vi’k, with A(f) = = for ¢
on the upper and the lower Keldysh contour, respectively. It
has been shown in Ref. [20] for the Anderson model that
9,S(A) is related to the Keldysh Green’s function
G, (1, 1) = —i(T d(1)d'(f')),, where the expectation
value is now evaluated in the presence of A(7).
Generalizing that result to the multilevel case, we write

d . .
[ THELL M= £)G;* + 7,6
1)

aS(A) _
dA

Here, T(e) = 27X, Vi V] 8(e — &,,) is the level
broadening due to the coupling to lead-a and G ", G}~
are appropriate components of the solution of the nonequi-
librium Dyson equation G T=8,t¢ )\i A(v} 1~ The check
sign indicates matrices in the Keldysh space, and the super-
scripts — (+) correspond to the forward (backward) branch
of the Keldysh contour. The matrix g, is Green’s function

© 2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.103.136601

PRL 103, 136601 (2009)

PHYSICAL REVIEW LETTERS

week ending
25 SEPTEMBER 2009

of the system in the presence of the leads and of the counting field but without the e-ph interaction. Its inverse is given by

g1 — Hy — i¥T,[f,(e) = 1/2]
— fr(e)]

g,'(e) = —il e M1 — fLa(S)] — ilg[1

As g, already includes the coupling to the leads, P ) 1s the
self-energy solely due to the e-ph coupling. Being inter-
ested in the weak coupling limit, we expand the Dyson
equatlon to the lowest (second) order in the e-ph coupling
G,~g,+ g,\E,\ g,, where 2() is given by the Fock
diagram (n, = *)

7 . de' .z / N
EE\Z)WW(S) - l;j‘%dg"(g —& )Meg;m(s M,. (3)

The Hartree term has been neglected since it cannot con-
tribute by any truly dynamical features in which we are
primarily interested. Above, d/”(g) stand for free pho-
non Green’s functions for the €-th phonon mode d; * (&) =
S [—imQN ¢ + 1)d(e + shwy) * P 5] and
d;(8) = —2mil (N + 1)8(e = hay) + N (8(e T hoy)]l,
Wlth N, the (generally nonequilibrium) occupation of
mode €.

Truncating the Dyson equation to the second order in
M, directly yields the expressions for G 2=0 and d A(V} Ala=os
which are the ingredients to evaluate the
current and the noise. Integration over energy can be
performed analytically assuming the electronic structure
to be slowly changing over few multiples of a typical
phonon energy around the Fermi level Er and approximat-
ing I',(e) = T',(Ep) and g,_,(g) = g}_(EF) [8-11].

Physically important nonequilibrium phonon heating
effects [21] can be qualitatively taken into account by a
rate equation for the average phonon occupation number
N [7], which can be viewed as a kinetic-equation-like
approximation to the full NGF studies [12,15]. In the
broad-level approximation introduced above, this leads to
a bias-dependent occupation number N (V) = ng(w,) +
ayny(V), where ng(w) = 1/(eP" — 1) is the Bose distri-
bution, «, is a parameter which depends on strength of
some external phonon damping, and n,(V) takes into ac-
count the power dissipated by the transport electrons into
the phonon mode [8]. In the following, we will focus on the
two opposite regimes of (i) thermally equilibrated phonons
(g = 0), and (ii) nonequilibrated phonons (a,; = 1). In
this case, it is n,(V) = (|leV|/hw, — 1)0(|eV| — hw,)/4
for kT <K hw, [11].

Analysis.—For sake of clarity, we focus here only on the
case of a single electronic level g, with symmetric cou-
pling to both leads I'; = I'; = IT" and coupled to a single
phonon mode with frequency wg, occupation Ny, and
coupling constant M. Already such a simple model reveals
many essential features of inelastic transport through nano-
junctions such as the phonon-induced step behavior of the
differential conductance [5,16]. Before focusing on the
inelastic corrections to the noise, we shortly reexamine

iLpefr(e) + iTgfr(e)

—e1+ Hy — iST,[fu(e) — 1/2] @

l
the results for the current. We find that the current through
the device is given by I = I; + I, with I, = (2/h)TV

and
€Y eph @0 WV -1 —-W({V+1)
Iinel = 2 [(1 - ZT) )
LN+ 13— 47)\7], @)

with the reduced voltage V = eV/hw,, the dimension-
less e-ph coupling ., = M>T?/T?, and W(x) =
xcoth(Bhwyx/2). Here, T is the elastic transmission
coefficient T = |G"|*T? =T?/(A? + I'?)and A = (Ej —
g() gives the position of the single level with respect to the
Fermi energy. The inelastic current results then from the
sum of two contributions with distinct behavior with re-
spect to the bias voltage: while the first term of Eq. (4),
which is responsible for the step features in the nonlinear
conductance, saturates to constant values for |V| > 1, the
second one grows linearly with V for Ny = np(w,) and
quadratically in the case of nonequilibrated phonons. This
second term has a clear physical interpretation in terms of
electrons experiencing the coupling to the phonon as a
stochastic quasistatic shift in the energy of the level. This
in turn affects the transmission coefficient, which becomes
dependent on the displacement of the oscillator 7 (Q).
Averaging over Q and retaining only terms to the second
order in M, one obtains

F2
(TN = <(A —MQ)? + r2>
=T + yu(3 = 4T)0%, (5)

where (-) indicates the average over a stationary distribu-
tion of the oscillator so that (Q) = 0 and (Q%) = QN +
1). We can therefore interpret the last term of Eq. (4) in
terms of an elasticlike contribution with averaged trans-
mission over the fluctuating position of the oscillator [22].

We now turn to the main result of our work which is
the phonon-assisted noise. The current noise through the
device is given by S = S, + Sju, With the standard ex-
pression for the elastic noise Sg=(e?/h){T?*/B +
T (1—T)hw,W(V)} [23] and with

S zezyephwo{[ Co
inel 2 ,Bhw()

- Kl[;l@ -wn]

Z sW!(V + s)} (6)

+ ch(V):I + Ko

Bh(L)O =
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being the correction due to inelastic scattering. Here,
W!(x) = dW/dx and the coefficients read ¢y = 42N, +
DTGB-6T), c;=QNy+1)(12T2— 14T +3), Ky =
4T (1= T)(1+ 2N 01+ 2np(w0)] — 2/ Bhawy) — (1 -
2T, ky =4T (1 — T)[1 + 2ng(we)] — (1 —27)%(1 +
2N ), and, finally, xk, = 27 (1 —27). In the zero bias
limit, S, satisfies the fluctuation-dissipation theorem, i.e.,
Sinetlv=0 = 2Gine1/ B, where Ginet = (91ipe1/0V)ly— is the
inelastic correction to the linear conductance.

Similarly as for the current, we interpret the first term of
Eq. (6) as a quasistatic correction to the elastic noise due to
averaged transmission over the displacement of the oscil-
lator. In fact, along the same line which lead to Eq. (5), it is
easy to see that vy, ¢y and 7y, ¢y correspond exactly to the
contribution of order M? to (T(Q)?) and (T(Q)[1 — T(Q)]),
respectively. The remaining terms are dynamic contribu-
tions which take into account the phonon exchange effects.
Analogously to the current, the quasistatic contribution has
a distinct voltage behavior compared to the dynamic one
for large voltage, being the only one which does not
saturate for |V| > 1.

In the limit of zero temperature, Eq. (7) simplifies
noticeably becoming

2
€Y eph W0 _
Sinetlr—0 = 72657_ {xolr=0 + cilr=0lVI

= Kylr=o(1 — |‘7|)9(1 - |V|)}- (7)

The inelastic noise is then a piecewise function character-
ized by the coefficient ¢;|;—y for |[V|>1 and by the
combination (¢, + k;)|y—o for |V| <1, which takes into
account the competition between quasistatic contribution
and the dynamic one. The signs of these coefficients de-
termine whether S, is an increasing or decreasing func-
tion of voltage, leading to the rich behavior presented in
Fig. 1. Interestingly, depending on the value of 7, both
(c; + k1)ly=¢ and ¢;|7—o can be negative, resulting in a
negative contribution to the inelastic noise. In other words,
for a rather wide range of transmissions, phonon-scattering
events lead to suppression of the current noise through the
device. Note that both ¢; and x| may depend on voltage via
N . However, since the phonon heating becomes effective
only above the phonon emission threshold, S;, is always a
linear function for |V| < 1, while energy accumulation into
the phonon mode results in the quadratic increase of S;,
for [V| > 1 in the case of no external damping (nonequili-
brated phonons, a,; = 1).

For finite temperatures, qualitatively new features ap-
pear (see Fig. 2). For small temperatures, the curves get
rounded around V = 1 and for high transmission even an
additional dip occurs [see Fig. 2(a)]. The changes become
more pronounced if the temperature is of the order of the
phonon frequency, when the kinks of S;, are largely
washed out. Nevertheless, it is still possible for a wide
set of parameters to have a negative inelastic correction to
the noise and even a sign change at some finite |V| [see
Fig. 2(b)].

Sinel [BZUJU’ngh/ZTI']

0.0 0.5 1.0 1.5 2.0
EV/th

FIG. 1 (color online). Inelastic noise S, as a function of the
bias voltage at zero temperature 7 = 0O for different values of the
transmission coefficient. Both cases of equilibrated (a,; = 0,
thick lines) and nonequilibrated phonons (a,; = 1, dashed lines)
are shown. Inset: Plot of Cl|{T:o,|ev|:hm0} (full line) and (¢ +
Kl)l{T:QEV:O} (dash-dotted line) as a function of T .

Results.—We apply now our formulas to the case of a
single hydrogen molecule between platinum atomic con-
tacts [2]. Experimentally, it has been shown that hydrogen
can form a stable bridge between Pt electrodes with con-
ductance close to the quantum unit [2,3] carried domi-
nantly by a single, almost transparent channel [4]. Such a
picture has been confirmed by first principle calculations
showing that a single conductance channel forms due to
strong hybridization between the H, antibonding state and
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=
o — 4 —
~
=
&
32 0.0
N
= | 2
£
.. I
0.1 'r
0
= -2
I |
2 -1

eV/hwo

FIG. 2 (color online). Temperature dependence of inelastic
noise. (a) S;, for the case of equilibrated phonons (a,; = 0)
at kT = 0.03hw( (a typical experimental value [3,8]). Different
lines correspond to various values of the transmission coefficient
T (color code identical to Fig. 1). (b) Same as in (a) but at higher
temperature kzT = 0.25hw. Inset: Plots of f(V) = 1[W(V +
) —2W(\V)+ W(V —1)] and f£,(V)=W ¥V +1)—-W( -
1) at kzT = 0.03hw, (left panel) and kzT = 0.25hw, (right
panel). These functions characterize the dynamic contributions
to Sine in Eq. (6).
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FIG. 3 (color online). Total current noise S = S, + Siel
through a D, molecule and its derivative 9S/dV as a function
of voltage. The elastic contributions S, and 9S,,/dV are plotted
as dashed lines for comparison. Parameter values kzT =
0.02%w, hw, =50 MeV, 1= 09825, vy, =0.011, and
a, = 1 are taken from Ref. [8] and correspond to the conduc-
tance measurements in Ref. [3]. The noise level at eV = hw, =
50 MeV corresponds to experimentally accessible 3 X
10727 A%/Hz. Phonon heating (a, = 1) responsible for the
finite slope of 9S/dV for |eV| > hw, must be included because
of the large mass mismatch between the D, molecule and Pt
atoms.

the Pt metal states, while the bonding state is not involved
in the transport [24].

Figure 3 represents our prediction for the phonon-
assisted noise through a D, junction, where typical values
for T, kzT, and Yeph have been taken from Ref. [8] and
correspond to the experimental data of Ref. [3]. One main
message of our work is that, despite of the very weak e-ph
coupling, inelastic corrections give a sizable contribution
to the total noise through a D, junction for [eV| > hw,. On
the other hand, inelastic corrections are negligible for
leV| < hwg, thus justifying the interpretation of noise
measurement in this regime in terms of elastic theory (as
done in [4]).

In conclusion, we have presented a perturbative scheme
for the calculation of the inelastic contribution to the
current noise in systems with weak e-ph interaction. In
the experimentally relevant case of a single broad level, we
have derived an analytic expression for the inelastic noise
at arbitrary temperature and distinguished terms that cor-
respond to simple renormalization of the transmission
coefficient from those which contain true dynamical ef-
fects. Applying our theory to the case of a D, junction, we
predict a sizable contribution to the total noise due to
inelastic processes. Our scheme can be straightforwardly
extended beyond the present model to cases with multiple
electronic levels and phonon modes, asymmetric coupling
to leads, energy-dependent transmission, and/or moderate
e-ph coupling with application in current ab initio methods
[8—11].
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