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Abstract

A method for correlated quantum electron—ion dynamics is combined with a
method for electronic open boundaries to simulate in real time the heating, and
eventual equilibration at an elevated vibrational energy, of a quantum ion under
current flow in an atomic wire, together with the response of the current to
the ionic heating. The method can also be used to extract inelastic current—
voltage corrections under steady-state conditions. However, in its present form
the open-boundary method contains an approximation that limits the resolution
of current—voltage features. The results of the simulations are tested against
analytical results from scattering theory. Directions for the improvement of the
method are summarized at the end.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Molecular dynamics (MD) simulations coupled with electronic transport calculations have
found fruitful applications in the study of nanoscale conductors by helping to establish a
connection between the electrical and mechanical properties of these systems [1]. Electronic
and atomic motion in such simulations can be coupled together at a variety of levels. Early
simulations treated mechanical and transport properties separately, for example by carrying
out an MD simulation of a nanoscale contact using an empirical interatomic potential and
placing the series of atomic geometries thus generated into a separate steady-state conductance
calculation [2-5]. In more advanced studies, an ab initio MD simulation of the atomic structure
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is combined with a conductance calculation that uses the self-consistent one-electron potential
from the simulation [6-8]. Such simulations give insight into the effect of changes in the
atomic structure and geometry, driven for instance by an external strain, on the conductance
of a nanocontact but cannot address the reverse question: how the flow of current affects the
actual interatomic forces.

That question can be addressed by computing the forces on atoms (or, fundamentally,
on the ions or nuclei) from the actual steady-state current-carrying electronic structure in an
atomic or molecular wire under bias [9-11]. The forces on atoms calculated in this way
contain current-induced corrections due to the difference between the electronic structure under
current and the ground-state electronic structure. Such calculations, therefore, can shed light
onto the driving force for processes such as electromigration, in which current flow, together
with thermal activation, can induce atomic rearrangements and a flow of atoms. This type of
calculation, however, remains akin to Born—Oppenheimer dynamics, in that, for a given atomic
geometry, electron—ion scattering is treated as purely elastic and the electronic subsystem is
assumed to always remain in the steady state appropriate to the given ionic positions. It
therefore cannot yet capture the inelastic scattering of electrons by atomic vibrations and the
resultant exchange of energy between the two.

The next step in the dynamical simulation of atomic-scale conductors is to seek forms
of MD in which both electrons and ions are treated dynamically under current flow in a way
that captures simultaneously the departures from equilibrium in each subsystem, and the forces
of interaction and the exchange of energy between them. The motivation behind this effort
is to be able to simulate the current-driven dynamics of ions in real atomic-scale conductors
and to model experimentally detectable phenomena, such as the heating of atomic vibrations
by current-carrying electrons [12—-14], the current—voltage (/-V') corrections arising from the
inelastic scattering of electrons by nuclear vibrations [15], and the failure of a nanowire under
high currents [16], as real-time, dynamical processes.

Ehrenfest dynamics is a form of non-adiabatic MD that has been combined with methods
for electronic open boundaries (OB) to do time-dependent simulations of electron—nuclear
dynamics under current [17, 18]. Ehrenfest dynamics, however, is a form of mean-field
electron—ion dynamics, which does not give a full description of inelastic scattering. It can
describe the excitation of electrons by energetic nuclei but suppresses the reverse process: the
excitation of atomic vibrations by the non-radiative decay of excited electrons [19-21].

A recently proposed method for correlated electron—ion dynamics (CEID) reinstates the
lowest-order corrections to Ehrenfest dynamics by an expansion of the electron—ion quantum
Liouville equation in powers of correlated electron—ion fluctuations. This expansion was
carried out to first order in reference [20] and was combined with electronic OB in [22]. The
first-order expansion gives the power injected into atomic vibrations by excited electrons [20],
but is unable to describe the response of the electrons to the resultant vibrational heating
because of the absence of dynamical variables at that level of the expansion that keep track of
the breathing of the ionic distribution due to inelastic scattering with electrons. When carried
over to second order [21], the method does retain the variables needed to describe the exchange
of energy between electrons and ions out of equilibrium and the response of electrons to the
resultant variations in the ionic distribution.

In [21] the second-order CEID expansion was applied to current flow in finite systems to
observe the onset of phonon excitation by current-carrying electrons. However, these finite-
system simulations were restricted to short timescales and could not be used to see the eventual
steady state and the behaviour of the system on the way there.

The present work removes this limitation by combining the second-order CEID expansion
with electronic OB to enable electron—ion dynamical simulations under current over long
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timescales. The method is used for a model simulation of the heating of a quantum ion in an
atomic wire, from the onset of inelastic scattering to the eventual equilibration of the ion with
the current at an appropriate elevated ionic vibrational energy, together with the accompanying
response of the current to the changing scattering cross-section of the ion.

The electronic OB method used to generate and maintain current flow in the present
paper is a re-formulation of the methods in [17, 22, 23]. As in those references, we work
with the one-electron density matrix (DM). The choice of the DM, as opposed to electronic
wavefunctions [24] or time-dependent Green’s functions [25], is dictated by the method for
CEID in [20, 21], which is formulated in terms of the DM and DM-like electron—ion correlation
operators. The DM has the benefit that it allows a compact description of both the electronic
wavefunctions and their occupancies.

The present OB method differs from those in [17, 22, 23] in the way in which the
OB driving terms for a system between two electrodes are constructed and interpreted.
In [17, 22, 23] a damping mechanism is introduced in the electrodes that continually drives
the electronic DM therein towards a reference value. Different choices are possible for this
reference value (and, in the case of CEID, for the electron—ion correlation operators) and for
the relative strengths with which different subblocks of matrices are damped.

Here, this choice is restricted by invoking an explicit realization of the external battery
that leads to an explicit expression for the OB terms for the reduced one-electron DM in the
system connected to the battery. The driving terms explicitly contain the electronic energy
distributions of the external reservoirs. This is important, because these distributions, together
with the intrinsic properties of the conducting system, control the transport characteristics of
the assembly. For time-independent Hamiltonians the method guarantees exact agreement with
the conventional two-terminal Landauer formalism in well-defined limits.

For time-dependent Hamiltonians the OB terms for the DM are temporally non-local.
To apply the OB method to dynamical electron—ion simulations, here we introduce an
approximation that removes this temporal non-locality and makes the OB terms independent of
the dynamical scattering of electrons in the system of interest. This approximation, however,
introduces an energy broadening in the incoming electronic distributions, which limits the
resolution of /-V features. Extensions beyond this approximation are a subject for future
work.

The next two sections describe the OB method, first from a static and then from a time-
dependent point of view. The method is then combined with CEID and is applied to the
I-V spectrum of a quantum ion in a one-dimensional atomic wire, and to the heating and
equilibration of the ion with the current-carrying electrons in real time, under different biases.
The simulations are compared against analytical results from scattering theory for the present
simple system, and against closed-system CEID simulations. Directions for future work are
discussed at the end.

2. The multiple-probe battery: elastic steady state

We consider the system in figure 1. It consists of three finite, though possibly large, regions
L, C and R. Label S will denote the LCR assembly as a whole. We use a discrete
orthonormal real-space one-electron basis {|i)}, such as a real-space grid or a tight-binding
orbital basis. Each site (or orbital basis state) i in regions L and R is weakly coupled to an
external probe, P;, through a Hamiltonian matrix element y;. Each probe in isolation has a
retarded and advanced surface Green’s function g,jfi(E ) and a surface local density of states
dp(E) = —n~'Im g} (E).
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Figure 1. The S = LCR system with multiple probes attached to regions L and R.

All probes attached to sites in L(R) are maintained at an electrochemical potential
I L(R), With a corresponding electronic Fermi—Dirac distribution f7,g)(E). A probe-specific
electrochemical potential and electronic temperature may be introduced, but we will not do
that here. Electrons are treated as non-interacting or as interacting through an effective mean-
field one-electron potential. The benefits of the multiple-probe assembly are summarized at the
end of this section and at the end of section 3.1.

The system § in the presence of the external probes is characterized by an electronic self-
energy

SEE) =) 1)y er (E)il+ Y i)y} gn (E)il = S (E) + S5 (E). (1
ieL i€R
If the components L, C and R are connected, a current flows in the system. Using, for

example, the Lippmann—Schwinger equation for the wavefunctions of electrons incident on
S from individual probes [26], the one-electron DM in S in the steady state may be written as

+00
Ps =/ G{(E)X=(E)G4(E)dE 2)
where®
GE(E) = [Els — Hs, — S*(E)]™! 3)
S(E) = fu(E) ) li)yyide ()il + fr(E) ) li)ylde (E)il
ielL i€ER
1 . . 1 . .
= 5= SLENEL(E) — LB+ = frE)ER(E) - SHE)]. @)
Here
I:ISO=I:IL+I:ILc+I:ICL+I:Ic+I:ICR+[:1Rc+I:IR 5)

6 The present notation occasionally departs from standard definitions; all quantities used are as defined in the text.
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is the one-electron Hamiltonian in S,” which for the moment is treated as time-independent and
which may have been self-consistently calculated. Here, and below,

Ly =il 6)
ieM
denotes the identity operator in region M. We will also use the notation
Ay = 1yAly, Ay = Aun @)

for a one-electron operator A.
By use of the Dyson equation, the DM in region C may be written as

+00
pc = / GE(E)6~(E)Go(E)dE (8)
—00
6<(E) = Hep fu(E)dy(E)Hyc + Her fr(E)dg(E)Hge 9)
GE(E) =[Elc — He — 6*(E)]™! (10)
6*(E) = Her§E (E)Hre + Hergs (E)Hre (11)
where
. . . . B . 1 R
8 r(E) = [ElLw) — Hory — 2 r) (E)] 7", dii) () = 5— (815 (E) = &g (E)]
(12)

are the retarded and advanced Green’s functions and density of states operator for region L(R)
coupled to its probes but not coupled to C.

The effect of the multiple probes is to smear out the discrete energy levels of the electrodes
L and R, turning these regions into metals with a continuous density of states. If L and R are
long enough and the coupling to the probes is weak enough, local matrix elements of éf( »(E)
in the real-space basis may be expected to tend to those for semi-infinite electrodes. Then the
steady-state electronic structure in C given by equations (8)—(12) becomes the same as what
we would have written down in the conventional two-terminal setup, in which C is coupled to
two semi-infinite metallic electrodes injecting electrons into C with electrochemical potentials
ur and pg. Therefore, in the limit of long electrodes and weak probe—electrode coupling,
we expect the multiple-probe assembly in figure 1 to produce the same steady-state electronic
structure in region C as that in the two-terminal Landauer picture.

The above argument simplifies if we make the probe—system coupling the same for all
probes, y; = y, and the probe surface density of states an energy-independent constant (thus
assuming the wideband limit in the probes), dp,(E) = d, g; (E) = —mid. Then equations (1),
(3) and (4) become

. . . . r. . .

St=%/+5) = izl =izl =3 (13)

GE(E) = (Els — Hs, — £%)7! (14)

. r . r .

Y2(E)=— fuL(E) 1.+ — fr(E) 1z (15)
2 2

I =2ny%d (16)

with élj,:(R)(E) = (ETL(R) — I:IL(R) + iiL(R)F/2)_1. Consider an individual local positional
matrix element of gAz—L(R)(E), (gf(R))ij(E), such as one involving sites i, j coupled to C,
and compare it with the corresponding matrix element, (gfzﬁ)),' j(E), of the Green’s function

7 The notation H § = A s() is reserved for time-dependent Hamiltonians.
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Figure 2. A resonant dimer in an atomic chain.

§Z?§)(E) = (Eizo(R) — I-Ali’fR) + iizo(R)e)’l, € — 07T, for a semi-infinite lead. We can make
the former an arbitrarily good approximation to the latter by making the finite lead longer and
I" smaller, while keeping I' much larger than the energy-level spacing in the finite lead. In the
limit, I' takes over the role of €, (gf( R))ij(E ) — (gZ‘Eﬁ))ij(E ), and the steady-state current-
carrying DM in C in the multiple-probe case becomes the same as that in the two-terminal
Landauer steady state with semi-infinite electrodes.

In practical terms, we expect agreement with the two-terminal Landauer steady state
provided I' is smaller than the energy scale, €p, of any relevant variations in the electronic
structure of a truly semi-infinite lead near the Fermi level, and provided I' is larger than the
energy-level spacing in the finite leads in figure 1,

ﬂhvp
[

<TI' <ep (17)

where v is the electron Fermi velocity and [ is the length of the finite lead.

This agreement is illustrated for a resonant dimer between two 1d electrodes (figure 2). In
the multiple-probe realization of the system, each electrode is an atomic chain of length N,
atoms. The device region C consists of Np/2 chain atoms on each side of the dimer. We use
a nearest-neighbour single-orbital orthogonal tight-binding model with a hopping integral Z¢p,in
everywhere, except the lead-dimer hopping integral, #._q4, and the intradimer hopping integral,
taimer- The onsite energies on all atoms outside the dimer are zero and those of the two dimer
atoms are E4 and Ep. The bias V is applied symmetrically across the middle of the energy
band, gy = £eV /2. The differential conductance G (V) = dI/dV, where I is the steady-
state current in region C, for the multiple-probe assembly is compared with the two-terminal
Landauer differential conductance in figures 3 and 4. The oscillations in the multiple-probe
conductance originate from the finite energy-level spacing in the electrodes. The oscillations
disappear as the electrode length is increased for a given I', or as I' is increased for a given
electrode length, leaving behind a good approximation to the two-terminal conductance.

To summarize, imposing the wideband limit directly in the electrodes (L, R) adjoining
the device region (C) would in general be a restrictive approximation. However, in the case
of the multiple-probe assembly, imposing the wideband limit in the external probes (and not
directly in the electrodes) is a benign measure that generates, in a controlled way, arbitrarily
good approximations to the two-terminal steady state (in region C) that would be calculated for
semi-infinite leads with the correct electronic structure, appropriate to those leads.

3. Time-dependent formalism

We now use the multiple-probe assembly from the previous section to obtain effective electron
injection and extraction terms for the one-electron DM in system S in the presence of dynamical
scattering in region C. First we give a general derivation. Then we introduce an approximation
that will be used for the simulations later. The present discussion is restricted to a time-
independent Hamiltonian, H p, in the external probes, where P denotes the set of probes.

6
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Figure 3. Differential conductance, in units of Go = 2¢>/h, for the system in figure 2, with

Ichain =

—3.88¢eV,tc_q = —2 ¢V, tgimer = —3.88 eV, E4 = Eg = 0eV. The bandwidth in the

leads is 4¢.pain. The solid line is the two-terminal Landauer solution.
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Figure 4. Differential conductance, in units of Go = 2¢?/h, for the system in figure 2, with

Ichain = —3.88 €V, fcq
logarithmic axis for the conductance.

3.1. General result

Let

H(t) = Hg(t) + Hsp(t) + Hps(t) + Hp

—0.5 eV, tgimer = —1 eV, E4 = 5¢eV, Eg = —5 eV. Note the

(18)
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be an effective one-electron Hamiltonian for the combined system in figure 1. The SP
couplings Hgsp(t) = I:I; ¢(t) have been allowed to be time-dependent. The time dependence
of the Hamiltonian in S, H s(t), may come from a time-dependent external field acting in S,
from some other dynamical scattering potential in S, or from temporal variations in the one-
electron DM in S in a time-dependent density-functional (TDDFT) calculation®. We adopt the
initial conditions that are frequently used in transport calculations based on the non-equilibrium
Green’s function (NEGF) method [27] or on scattering theory [26],

+o0
pr(0) = pry = ) / fr(E)dp(E)dE, psp(0) = pps(0) =0 (19)

ieL,R

where c?p, (E) is the density of states operator for probe P; in isolation, and pp,, is the
equilibrium density matrix for the probes in isolation, with fp (E) = fr(r)(E),i € L(R).
The wideband limit in the external probes has not been introduced at this stage.

The global one-electron DM (1), for the SP system as a whole, evolves according to

i p(t) = [H(), p(0)]. (20)
For the DM in S this gives [17]
in ps(t) = [Hs(t), ps(t)] + Hsp(0)pps(t) — psp(t) Hps(0). 21

The terms after the commutator are the OB driving terms for S that we wish to find. The
solution to (20) is

A1) = W(t,0)5(0)W(z,0) (22)
where the propagator W (¢, 7) for the combined S P system obeys

ih% =HOW(, 1), W, t)=1=1s5+1p. (23)
Let Hy(t) = Hg(t) + Hp, V(1) = Hgp(t) + Hps(r) and

Up(t, ) = e iHrt=n)/n (24)

in %ﬁf) = Hs()Us(1, 1), Us(t,7) = 15 (25)

h % = Hy()U(t, 1), U(t,7) =1. (26)
Then

W, 1) =0, 1)+ % [ U, T)V()W(', 7)dr’ 27

=U(, 1) +% /Tt W, o)V U, 1) dr’ (28)
Wit o)y=0"1)— % /t Wi, v U @, t')dr’. (29)
.

Define

pt, 1) = W(t,050)W(r,0), p() = i, 1). (30)

8 We note, however, the care that must be taken in combining partitioned Hamiltonians of the above form with TDDFT
discussed in [24].
9 Alternative initial conditions are discussed in [24].

8
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From (22) and (29),

n A R N 1 o ~ ~

,OSP(f)=Wsp(l,O)PP(O)U;(l,O)—E f ps(t, ) Hsp(r)U (2, T) dr. (31)
0

Using (28),

R A | A - A . A -

psp(t)Hps(t) = = / Ws(t, ©)Hsp(t)Up(T, 0)pp(0) UL (1, 0)Hps(r) dT
0

1 ! ~ N n
-7 / ps(t, T)Hsp(t)U S (t, T) Hps(r) dT (32)
0

where, from (27), the effective propagator in S, Ws(t, T), satisfies

1
(in)?

t T’
Ws(t, ) = Us(t, 7) + / dT'/ dt" Us(t, t")YHsp(t)Up(t', ") Hps(t")Ws (1", 7).

(33)

Now we impose the wideband limit in the external probes P. This enables us to benefit
from the great simplifications that this limit affords [25], while retaining the confidence that,
as argued in the previous section, in the special case of the multiple-probe assembly this limit
produces a controlled approximation to the conventional two-terminal transport problem. In the
wideband limit, where all probes have an energy-independent surface local density of states d,

+00
Hsp()U}(t, T) Hps(t) = Hsp(T) / dE dp(E) """ Hps(1)
—00

=2AST()S(t—1)= 22 ()8t —1) (34)

where £1(1) = —il' () (I, +1z)/2 = £ (t) with T'(r) = 27 2(t)d. Above, {|P)} and {Ep}
are the eigenstates and eigenvalues of the probe Hamiltonian Hp,dp(E) = D ic L.R d p(E) =
> p |PYS(E— Ep)(P|is the probe density of states operator, and we have introduced the same
conditions as in the previous section, namely that each probe couples to only one site in L or
in R, with a matrix element y (#) (which now is allowed to be time-dependent) common to all
probes.

Then (32), together with (19) and (21), gives the OB equation of motion for the DM in S

i ps(t) = [Hs(1). ps()] - (ﬁs(t)ﬁf(’) - h'C')
t +00
- (ih / dr / dE eFCMs(r, ) S5(E) — h-C~> (33)
1 0 —00

where £5(E) = (27) ' sgnly ()sgnly ()] VT@T@ [f1(E)l, + fx(E)ig]. For time-
independent couplings, fl;(E ) = fl<(E ) from (15). Above, the integral in the second term
in (32) has collected a factor of 1/2 from the upper limit for T which lies half way through the
delta function, introduced by (34). The terms after the commutator in the first line of (35) are
the effective extraction terms, responsible for the loss of electrons to the external probes. The
terms in the second line are the injection terms into S. The OB terms operate only in S and
involve only the instantaneous DM therein. The propagator in S, Ws(t, ), obeys

i DD (A0 4 SO, s = s 36)
Ws(t, 1) = Us(t, r)+% / Us(t, TS H()YWs(7/, 1) dT’. (37)
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For a time-independent I-AIS = 1‘3150 and time-independent SP coupling, Wg(t, T) =

e 1(Hsy t20=D)/h and in the limit # — +00 (35) becomes

in ps(t) = [Hs,, ps()] + ST ps(t) — ps()E~

+o0

- / [£=(E)Gy (E) = G§(E)E~(E)]dE (38)
—00

with f)i, éf(E) and f)<(E) given by equations (13), (14) and (15). Equation (2) is a steady-

state solution to (38). Therefore, as may be expected, the time-dependent formalism returns the

steady state given by stationary scattering theory.

To summarize the motivation for introducing the multiple-probe assembly in figure 1: (i)
it enables the introduction of the wideband limit in P while retaining a controllable connection
with the conventional two-terminal setup; (ii) this enables the OB driving terms in S to be
expressed solely in terms of the instantaneous DM in S (without the wideband limit in the
external probes, the second term in (32) retains the two-time quantity ps(z, 7)); (iii) from
a practical point of view, figure 1 removes the need for the usual computation of energy-
dependent surface Green’s functions that arises in the conventional two-terminal setup.

3.2. Approximate result

Our purpose now is to replace the injection terms in the second line of equation (35) by
approximate injection terms that are temporally local and are independent of any dynamical
scattering of electrons in region C. This approximation gains tractability, but also introduces a
key limitation, discussed below.

The key approximation is to introduce a dephasing factor, e~~?/7 _in the injection terms
in the second line of (35), so that they now read

1 t “+o00 . “
_(E / dr / dE eEU=D/he=(=D/tayy (s, t)E<(E)—h.c.) (39)
0 —0o0

where for simplicity we assume that the coupling I'(¢) has been switched on over some early
period to a constant value I', with ¢ lying 7x or more beyond that early period, and have replaced
I'(t) and I'(r) by I'. The time 7o corresponds to an energy scale A = fi/tx.

We can think of the relaxation time 7o in two ways. First, it may describe a generic
dephasing mechanism that restricts the duration of coherent propagation of signals between P
and S. A further discussion of the introduction of decoherence factors is given in [25]. Second,
fort > 0,b >0,

o +oo B
/ ela)l‘ e*t/TA dw = / ela)l‘ f((,l)) d(,l),
b —o0 (40)

flw) = % (tan™'[(b + ®)Ta] — tan” N (w74)) .

In the limit b — +o0, f(w) — (1/2 — 7' tan~"(wtx)). Therefore, the introduction of
the dephasing factor e "~/ in (39) is equivalent to replacing the step-like Fermi-Dirac
distributions of the probes f7(z)(E) (for simplicity, we consider the case of zero electronic
temperature) in 3<(E) by the fictitious distributions fi g (E) = 1/2 — 7~ tan™'[(E —
/LL(R))/A]. fL(R)(E) mimics fL(R)(E) in that fL(R)(_Oo) = 1, fL(R)(l/LL(R)) = 1/2,
fL(R) (400) = 0, but is broadened by 2A. The essential consequence of (39), therefore, is that
electrons now arrive in S with fictitious energy distributions that have the same electrochemical
potentials as the original distributions but contain the additional broadening. This places a
corresponding restriction on the resolution of /-V spectral features. However, we can now

10
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obtain temporally local injection terms, independent of the electron dynamics in region C, as
follows.

Suppose that the Hamiltonian in § is composed of a time-independent Hamiltonian
1':150 together with a time-dependent scattering potential 0(z) that operates solely in some
subregion in the interior of region C, I:Is(t) = 1':150 + 0(t). Writing Ws(t, T) =
Wi, (1, 7) + (i)~ ftt Ws(t, T)0(t)Ws, (t/, T) dt’, where Wy, (1, ) = e {Hst=D0=0/h i
the propagator in S in the presence of the probes and in the absence of ¥, the first term in (39)
becomes

1 t +o00 ) R
— dr / dE EUD/he= =Dty e (1, 1)L <(E)
0

0T e A A @)
S — / dr / dr’ / dE ECD/Me==D/ta Wt )0 (x )Wy, (t/, T) = (E).
(ih)? 0 T —00 ’

The product 0(t’) WSO (t/,7)X<(E) in the second term contains the amplitude for the
transmission of a signal from a pointin L, R (where the S P coupling operates) to the interior of
C (where v operates), over a time (7’ —1). Because of the limits of integration (t/—t) < (t—1).
The real exponential, on the other hand, is significant only over (t — 7) < ta. Therefore,
provided the distance between L, R and the interior of C is greater than v.ta, Where v, is a
typical electron group velocity, signals from L, R cannot reach the scattering potential v in the
time (t’ — 7) and the second term in (41) does not contribute. The injection of electrons into L,
R has thus effectively been decoupled from their subsequent scattering in C. The origin of this
decoupling is seen in physical terms if we think of the dephasing factor in (39) as a restriction,
T, on the duration of coherent propagation between S and P: if C is long enough, electrons
that are being injected into L, R do not reach far enough into S, over this restricted duration,
to be aware of what awaits them in C, and the injection process is governed chiefly by H So
(together with the S P coupling).

For times ¢ an amount 75 or more beyond the initial application of the S P coupling, from
the first term in (41) we now obtain the OB equation of motion

i ps(t) = [Hs(t), ps (] + £ ps(t) — ps() 5™

+o0
+ / [Z<(E)Gy(E) — GHE)E=(E)]dE (42)
Gi(E) = (Els— Hs, — % £ilgA)7". (43)

The screening of an extra scattering potential v, provided by A, may be seen in the energy
domain as follows. The full injection terms in the steady state, in the presence of the thermal
broadening A, contain the full Green’s function é?(E) = (Elg— Hg, — 0 — % £ilgA).
Writing GE(E)S<(E) = GE(E)E<(E) + GE(E)0GE(E)E=(E), provided the distance
between L(R) and the scatterer is greater than ~v.7a, the second term vanishes, because A
makes (_;f(E ) exponentially small over that distance, and we rigorously recover (42).

For the model applications in this paper, we have made two simplifications to (42). First,
we have set A = I'/2, so we have a single parameter to vary. Second, we have dropped o
in G?(E ) in the injection terms in (42). This is formally correct to lowest order in the SP
coupling, and simplifies the construction of the injection terms. This approximation may be
extended beyond the limit of weak S P coupling under the following conditions. The neglect of
$*in G (E) is equivalent to replacing WS0 (t, 7) in the first term in (41) by the free propagator

US0 (t,71) = e"HSo =2/ in S, in the absence of ¥ and in the absence of the probes. This retains
single electron injection processes and excludes those corrections to the injection terms that
arise from multiple coherent S P excursions. These higher-order corrections develop over times

11
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Figure 5. [-V curves for a resonant dimer obtained with the approximate time-dependent
open boundaries in equation (44), compared with the unapproximated multiple-probe steady state
from (2) and with the Landauer steady state. A typical current trace is shown in the inset
(N, =90, Np =20, =0.35¢eV,V =8 V).

of the order of, or greater than, the mean electron residence time ~// " (from equation (12))
in the electrodes, in the presence of the probes. The dephasing factor in (41), on the other
hand, restricts the memory of the injected intensity (modulus of amplitude, squared) to times
~15/2 = h/2A. Therefore, provided A is of the order of, or greater than, I" /2, the contribution
of multiple S P excursions to the injection terms is suppressed.

With these simplifications in place, the OB equation of motion reads

ih ps(1) = [Hs(t), ps()] + £Fps(t) — ps(t) S~

+o0
+ / [S<(E)Gg(E) — GLH(E)S<(E)|dE (44)
Gi(E) = (Els— Hs, £ilsT/2)7"! (45)

with £% and f)<(E ) given by equations (13) and (15). In the calculations below, the energy
integral in (44) uses a lower limit chosen deep below the lower band edge for the system S.
Calculations with the more elaborate form in (42) are left for future work.

The key limitation of (44) is that it gives a steady-state electronic structure with an energy
broadening ~I" (corresponding to 2A in the more general result in (42)). This is illustrated
by applying (44) to a resonant dimer similar to that considered above. Figure 5 compares the
steady-state /-V curves generated by (44) with the exact multiple-probe steady state from (2)
and with the two-terminal Landauer steady state. As before, the system consists of two one-
dimensional electrodes, each with N, atoms, with a device region consisting of a chain of
Np /2 atoms on each side of the dimer. In this example, f¢pain = —3.88eV, 7,y = —0.5eV and
taimer = —3.88 eV, with all onsite energies equal to zero, leading to a very narrow resonance.
The values of current from the time-dependent simulation (given by the expectation of the
tight-binding bond-current operator [26] in the instantaneous density matrix, in a bond chosen

12
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somewhere between an electrode and the dimer) are obtained by integrating (44) until a steady
state is reached (see the inset in the figure). The OB driving terms are switched on over a period
of 5 fs at the start of the simulation and maintained thereafter. The unapproximated multiple-
probe steady state from (2) is in excellent agreement with the two-terminal Landauer solution
as expected. Equation (44) captures the resonance with an additional broadening that dies out
with decreasing I'. Decreasing I' further still, so that the broadening is negligible, requires
longer and longer leads (from (17)), for which the computation becomes impractical. However,
this limitation is an artefact of the simplification in (44), which ties up the resolution-limiting
parameter A with the lead-length-limiting parameter I". This restriction will, we hope, be lifted
in future work based on (42), where the resolution-limiting parameter A (needed to screen out
dynamical scattering in C) is set solely by the device length.

4. Application to correlated electron—ion dynamics (CEID)

In this section the approximate OB scheme in equation (44) is combined with the second-order
CEID expansion in [21] and is applied to two model problems.

4.1. CEID equations of motion

The method for CEID in [21] is an expansion of the equation of motion for the many-body
DM for a system of electrons and ions to first order in the correlated electron—ion fluctuations
and to second order in ionic fluctuations about the mean ionic trajectory. The resultant system
of equations of motion, for a set of electron—ion correlation functions, is then reduced to one-
electron form by an extension of the Hartree-Fock approximation for the two-electron DM
to take account of the spread of electronic trajectories, and resultant non-idempotency of the
one-electron DM, to lowest order in the electron—ion correlations. This procedure yields the
following equations of motion, given here for non-interacting electrons and one ionic dynamical
degree of freedom,

I P = - - A A~
R=—. P=F, F = F; + Tr{pF} — Tr{iK} (46)
: 1 | BN 1 A
p=—[H,pl— —[F, il + — CgrlK. p 47
p = [H.pl— — [F. il + o CrelK, f] (47)
LR S IR WO (48)
w= I » M M RRLE, P
2 1 & = 1 A A 1 A, .a A A 1, A N A AA
b= (H M = — CrpllF, pl+ 5 (Fp+ pF) = pFp + Crp(ATr{F i} — i jt)

— KA — 5 (Kp+aK)+ (AKp+pKp), K=K +Tr{Kp}) (49
. 2 . C A _ . “ A _
Crr = M Crp, Crp = % + Tr{iF} — K Cgg, Cpp =2Tr{AF} — 2K Cgp.

(50)

Above, H=H (R) is the one-electron Hamiltonian in the presence of the ions, and we have
introduced the force and stiffness operators

L dH(R) . . - 3*H(R)
F=FQR) =——", K=KR) =———
R 9R2
_ 9H;(R) _ 9%H;(R)
F; = F(R) = ———~, K;=K;(R) = ——2
i 1(R) ok I 1(R) Y3
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where Hj is the ion—ion interaction potential. M is the ionic mass. The one-electron DM is
defined by p = p(t) = N,Tron. n,Tri{pes} where po; = pes(t) is the many-body DM for the
whole system, including electrons and ions. We have also introduced the one-electron operators
n=p@) = NeTre,szPTrl{AIi’,éd} and A = A(t) = NeTre,z___NPTrI{AI;ﬁeI} which contain
correlations between the electrons and ionic position and momentum, respectively. Here R and
P are the ionic position and momentum operators and AR =R- R,R=R®) = Tr, s {ﬁﬁel},
AP =P — P, P = P(t) = Tre {Ppes}. The quantitics Crg = Crr(t) = Tre/{(AR)*fer},
Crp = Crp(t) = Tre ({(ARAP + APAR)per}/2, Cpp = Cpp(t) = Tre 1{(AP)?pe;} are
the widths of the ionic phase-space distribution and measure the effective degree of vibrational
excitation of the ion.

Equations (46)—(50) can be viewed as low-order corrections to Ehrenfest dynamics.
Ehrenfest dynamics arises in the limit of vanishing electron—ion correlations (& = 0, A= 0)
and vanishing ionic fluctuations (Crg = 0, Crp = 0, Cpp = 0), when equations (46)—(50)
reduce to
s P s . P LT
R= IR P=F, F = F; +Tr{pF(R)}, p:E[H(R),,o]. (628
Equations (46)—(50) then reinstate various corrections to Ehrenfest dynamics. For example,
the terms (Fp + pF)/2 — pFp in (49) nucleate inelastic electron—ion scattering, in a way
that accommodates the fermionic statistics of the electrons. The term —Cp R[ﬁ , p1/ik in (48)
introduces the inelastic scattering cross-section of the vibrating ion, Cgg, that electrons see.
The term —[F, /1]1/if has the job of collecting this information and depositing it in (47), so as
to generate effective corrections to the electron propagation, and the redistribution of electrons
in energy, caused by the inelastic scattering with ions. Power is injected into ionic vibrations by
the term Tr{)A\I} }in C pp in (50), which contains the correlated force—momentum fluctuations,
required for energy transfer.

The CEID equations have a relation to scattering theory. When applied to a harmonic
oscillator linearly coupled to electrons in an infinite wire, to lowest order in the electron—
oscillator coupling F, (46)~(50) analytically return the scattering rates from the Fermi Golden
Rule (FGR) [21]

. 2k

fa = h 2Mw

+ N+ 1D fp(1 = fo)d(Epa — hw) + Nfp(l — fa)d(Epe + hew)} (52)
where « labels the eigenstates, with energies { E,} and occupancies { f,}, of the one-electron
Hamiltonian in the absence of the oscillator, Eg, = Eg — E,, w is the angular frequency of
the oscillator and N is the effective number of quanta of excitation of the oscillator, related
to the CEID variable Cgg through Mw?Crr = (N + 1/2)hw. At the same time, (46)—(50)
go beyond the FGR, in that, when integrated together, they sum these lowest-order scattering
processes to higher orders in F, in distinct similarity to the self-consistent Born approximation
(SCBA) (a recent survey of these methods is given in [28]). A difference from conventional
scattering theory is that, when used with an explicit electron—ion interaction Hamiltonian, (46)—
(50) do not pre-calculate oscillator normal modes and frequencies as an input, but generate
them in the course of the solution [21]. A further difference, at least of form, is that CEID uses
instantaneous variables interpretable in MD terms.

Equation (52) captures the spontaneous emission of phonons by excited electrons,
responsible for the inelastic corrections to /—V spectra at low temperatures and for ionic heating
under current flow. Therefore, we expect the CEID equations (46)—(50) to be able to capture
these processes also.

Z |FapP{=(N + 1) fu(1 = f3)8(Epq + ho) — Nfy (1 — f5)8(Epa — how)
B
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4.2. CEID with open boundaries
Equations (47)—(49) may be written as

ihg=1[H,41+A?,  §=pji (53)
where A@ describe electron—ion dynamical scattering. To apply the approximate OB result

in equation (44), we imagine that the dynamical ionic degrees of freedom are located in the
interior of region C in figure 1 and we write the OB equations of motion in §

ihgs = (As, 4s)+ AL + DO, §=p. p.k (54)
+00
DO = 5+ pg — ps5 +/ [$<(E)G;(E) — GL(E)S<(E)|dE (55)
—00
DWW =S s — ss, DW= St — As2™ (56)

where for the last two equations we have used the analogues to (19) p(0) = 0, A p(0) = 0.
Following section 3.2, the Hamiltonian H s, to be used in the construction of G (E) in (55) is
taken as the electronic Hamiltonian evaluated at the classical ionic positions at t = 0.

To summarize: at the present level of approximation, (i) the injection Green’s functions
G?(E ) for ps carry an extra :I:icF /2 (or +1 sA in the more elaborate result in (42)) which
masks the CEID scattering potential in C at the cost of introducing an effective thermal
broadening ~I" (2A in (42)) in the incoming electronic distributions; (ii) the injection
Green’s function is missing a self-energy to account for the coherent addition of injection and
subsequent scattering that builds up in time; (iii) the electron—ion correlation operators fis and
)A»S have no injection terms. Items (ii) and (iii) in the presence of (i) are justified for a long
enough device. The removal of (i)-(iii), so as to remove the artificial energy broadening and
reinstate the coherence between injection and CEID scattering in C, is a subject for future
work.

4.3. A benchmark calculation: inelastic -V characteristics in a closed system

To provide a basis for comparison with the OB CEID simulations, we first revisit a calculation
in [21]. In this calculation, (46)—(50) are applied to current flow in a finite closed system
(without OB driving terms) and are used to extract the resultant inelastic /-V spectrum. The
system is an atomic chain containing a single dynamical quantum ion of mass M = 1 amu at
the centre of the chain. Only longitudinal motion of the ion is allowed at present. Electron—ion
interactions are described through a single-orbital tight-binding model, and ion—ion interactions
through a repulsive pair potential, with parameters fitted to the elastic properties of bulk
gold [29]. In the present calculations, the band filling is 1/2. The bond length in the chain is
2.5 A. Asin [21], initially a static bias V is applied across the middle of the chain, the ground-
state electronic DM in the presence of this bias is found, after which the bias is removed, over
a period of 5 fs, resulting in a flow of current.

Here, we make two modifications compared with [21] to enable a more detailed
comparison with scattering theory. In [21], the ion was allowed to heat up in the course of
the simulation. By contrast, here we keep Crr, Crp and Cpp fixed at their initial values,
set to those for the vibrational ground state of the dynamical ion in the Born—-Oppenheimer
approximation. This corresponds to setting N = 0, @ = wpo in the FGR, where wgo is
the Born—Oppenheimer angular frequency of the ion. For the present parameters, iwgo =
0.26 eV. R is held fixed at the equilibrium ionic position and P is held fixed at zero. This
procedure corresponds, notionally, to connecting the dynamical ion to an infinitely efficient
external thermostat at zero temperature. This procedure retains the inelastic /-V corrections

15



J. Phys.: Condens. Matter 19 (2007) 196201 E J McEniry et al

80 I I

78— -—- 401 Atoms, 200K [
--= 601 Atoms, 500K | T
-=- 601 Atoms, 200K [
— 601 Atoms, 100K | ]|

76

74

72

Differential Conductance [US]

20 \ \ \

7> _ 40
g 3 30
- 2201
NH O
© 0
| | Time [fs] u
0 0.3 0.6 0.9 1.2

Voltage [V]

Figure 6. Differential conductance and its derivative with respect to voltage for an atomic chain
with one dynamical ion of mass 1 amu, for different chain lengths and electronic temperatures. A
current trace for a 601-atom chain at 7, = 100 K, for V. = 0.5 V is shown in the inset. The
Born—-Oppenheimer angular frequency for the ion is Awgo = 0.26 eV.

due to spontaneous phonon emission at zero temperature and eliminates the additional /-V
corrections due to actual variations in the effective ionic energy [30]. Here, furthermore, we
consider a range of electronic temperatures 7., which enter the calculation in the construction
of the initial electronic DM. We then integrate equations (47)—(49) with (0) = 0, 5»(0) =0
and take an /-V spectrum by averaging the current over a 25 fs time interval following the
removal of the external bias. The results are shown in figure 6 and may be understood with the
help of the FGR as follows.

Consider for a moment a lead—sample—lead system in the Landauer picture. The one-
electron stationary states in the absence of phonons are Lippmann—Schwinger scattering states,
derived from incident waves in the left and right lead and populated with electrochemical
potentials offset by the bias eV [26]. For a ballistic conductor these states are pure
Bloch waves and the FGR scattering rates between waves of opposite velocity directly give
the inelastically backscattered electron current [31]'°. At zero electronic temperature, the
differential conductance for an Einstein oscillator of angular frequency w, in the vibrational
ground state, in a perfect wire is given by
dI , h H"\?

v =G —Gob(leV] — hw)dr Mo T, =Go— GopO(leV]| — hw) 4Cgr <ﬁ) 57
with Crr = (N + 1/2)hi/Mw, ® = wpo, N = 0. Above, G is the zero-bias elastic (phonon-
free) conductance, 6(x) is the Heaviside step function and Ty, = Tr[ﬁ](Ep)}:" lA)z(EF)I:" 1,
where b](z)(EF) are the partial density of states operators for the two classes of electronic
states above, evaluated at the Fermi level Ep. To derive (57) from (52), we have ignored

10 This result needs to be modified if there is non-zero elastic backscattering in the absence of phonons, when the
Lippmann—Schwinger reference states already contain a mixture of Bloch waves [31, 32].
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Figure 7. d?7/dV? for a dynamical ion in a 601-atom chain, at T, = 100 K (upper plot) and
T. = 500 K (lower plot). The current was averaged over a series of 5 fs time windows, whose
initial time is the label for each curve.

variations of ﬁl(z)(E ) over energy intervals of the order of |eV| or fiw near Er. The second
result in (57) is for a linear chain in a nearest-neighbour tight-binding model, with a hopping
integral H with derivative with distance H’. The inelastic suppression of the conductance is a
step-function of bias at eV | = hw, with a magnitude 0.082 G for the present parameters. At
non-zero electronic temperature, 7T, the Fermi—Dirac occupancies { f,} in (52) are no longer
step functions of energy and the step function in (57) broadens into a function with a derivative
with a characteristic width AE7, ~ 5.4kg T [30, 33].

The CEID simulation in figure 6 captures several features of this behaviour. The position
and magnitude of the inelastic drop in conductance agree well with the expected values, while
decreasing T, leads to a significant sharpening of the /-V feature. The width at 7, = 100 K is
considerably smaller than that observed in [21], where T, was 500 K.

The improvement in resolution with decreasing 7. in the present calculations is limited
by two factors. One is the finite energy-level spacing (~0.04 eV at the Fermi level for the
601-atom chain). The other is the finite time of propagation of the dynamical equations, ?.
The energy-conserving delta functions in (52) emerge in the limit + — oo, while at finite
times scattering rates retain an energy width AE, o 7/t. One of the findings of [21], for
T. = 500 K, was that the width of the inelastic feature did not decrease with increasing time
of propagation. By contrast, at the much lower electronic temperature 7. = 100 K in figure 7
(upper panel) we see a marked improvement in resolution with increasing ¢. For 7. = 500 K
(lower panel), AE; is masked by A Er,, and the resolution becomes independent of #, as in [21].
The above observations illustrate the agreement between CEID and scattering theory. We
conclude that the resolution of inelastic /—V spectra in [21] was limited by 7, rather than by an
intrinsic broadening of the electron and vibrational band structure generated by equations (46)—
(50), and that any such intrinsic broadening is below the resolution of the present
calculations.

17



J. Phys.: Condens. Matter 19 (2007) 196201 E J McEniry et al

. N, =200, N =71,T=025 ¢V R
——- N, =200,N_ =141,T=025¢v | 40

78— —— N, =200,Ny =141,T=04 ¢V —
_ .=~ N, =200,N,=201,T=025¢V | _ 30 |- —
4 L N, =250, N = 141, I=0.15¢V § ]
8 —— Closed System E 20— |
2 el : -
ISR <~ =1
2 RN “ 10 -
8 T~ ~ 7

~

= SNON ol L 1 1|
g T4 SN 0 10 20 30 40 50 —
3] A N Q
E §: Time [fs]
= i .
a

72—

70 \ \

0 0.5 1

Voltage [V]

Figure 8. Differential conductance for a dynamical ion in an atomic wire, using the open-boundary
formalism, for various system lengths and electrode—probe coupling strengths. Also shown is the
differential conductance from the benchmark closed-system simulation. The inset shows a typical
current trace (N, = 200, Np = 141, I’ =0.25eV,V =0.5V).

4.4. CEID with open boundaries: inelastic -V spectra

The OB CEID equations of motion (54)—(56) are now used to generate steady-state currents
and a corresponding /—V spectrum for a dynamical quantum ion in a chain with the same tight-
binding parameters and ionic mass as above. The electronic temperature used in the injection
terms in equations (44) and (55) is zero. The ionic variables R,P,C rr» Crp and Cpp are held
frozen at the values for the Born—Oppenheimer vibrational ground state as in section 4.3.

Figure 8 shows the results for different lengths of the device region (region C in figure 1,
with the dynamical ion at the centre), different lead lengths (regions L and R) and different
values of the parameter I', and compares them with the earlier closed-system calculation for a
601-atom chain and 7, = 100 K. The inelastic /-V feature in the OB steady state is present,
but is broadened. The sharpness of the feature saturates with device length, and is limited by
I". This is the expected error, due to the energy broadening introduced by the approximate
injection terms in (55) and (56). As I" decreases, the resolution improves and the magnitude of
the inelastic drop in conductance agrees more and more closely with the expected values from
the closed-system calculation and from scattering theory.

4.5. Ilonic heating and equilibration

Having propagated equations (54)—(56) with frozen ionic variables (R, P, Cgrr, Cgp and Cpp)
to a steady state as in the previous subsection, the ionic variables are now unfrozen and are
allowed to propagate according to equations (46), (50). Figures 9 and 10 show the total ionic
energy'! and the current in the wire as a function of time for two different ionic masses. The

11 Following [21], the total ionic energy plotted here is taken as (Cpp /2M + KgoCgrr/2). This is the quantity used in
scattering calculations of heating, for example. Kpo ~ 260 J m~? is the Born—Oppenheimer stiffness for the oscillator.
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Figure 9. Vibrational energy of a single dynamical ion with M = 1 amu at various voltages, with

corresponding currents. Nz, = 200, Np = 201, I' = 0.2 eV. Curves from bottom to top correspond
to voltages from O to 1 V.

ion heats up in time to a bias-dependent asymptotic value, while the current decreases in the
course of the ionic heating. The heating rate depends on the ionic mass but the asymptotic
values of the ionic energy and current, for a given bias, are approximately independent of mass.

To understand these results, we return to the FGR. For the power into an Einstein
oscillator in a current-carrying wire, at zero electronic temperature, in the Landauer picture,
(52) gives [19, 31]

2 h
M
where T;; = Tr[f)i(EF)ﬁﬁj (Ep)ﬁ] and, as in (57), we have ignored variations of ﬁl(z)(E)
over energy intervals of the order of |eV| or /iw near Er. This result may be extended
to more than one vibrational degree of freedom [31]. The power into vibrational modes
in atomic wires has also been calculated within NEGF and extended to non-zero electronic
temperature [32, 34, 35]. In the absence of lattice heat conduction away from the oscillator,
setting E =0in (58) gives the oscillator energy, E = E, that the oscillator needs, in order to
be in equilibrium with the current-carrying electrons [31, 35, 36]. For |eV| > hw, the result is

E= [—E(Ti +2T12 + Tn) + (leV] — Aiw)0(leV| — how) Ti2], E = Nho (58)

U= Ewt 222020 T2 oy pw) <224 2 ev)— hoy = 1Y
= — =—+——————(leV| - hw) < — + = (|eV]| — hw) = —.
) 2 T +2Tn+Twn 2 2 2
(59)
If expressed in terms of a notional oscillator temperature 7o, via Usy = (Noo + 1/2)hw,

Noo = 1/(e"/*8T> — 1), (59) reads kgTso < |eV]/2. Equality in (59) is achieved for 77 =
T, = 0. This is the case for an Einstein oscillator in a chain in the present tight-binding model,

19



J. Phys.: Condens. Matter 19 (2007) 196201 E J McEniry et al

0.45 T | T | T | T | T 80 T T T | T | T
i — 0.0V )

0.4 — - ]
0 - Gok‘_
> N \K
@
= _ k
5 03 <
= 7
Q - — —
g £ 40
S 0.25 =
g @]
= .
£
S 02
g o

20 -

0.15

0.1 L 1 ol L v 1L

0 40 80 120 160 200 0 40 80 120 160 200
Time [fs] Time [fs]

Figure 10. Vibrational energy of a single dynamical ion with M = 2 amu at various voltages, with
corresponding currents. Ny, = 200, Np =201,I" =0.2eV.

when (58) becomes [19] E = Qrh/M)(1 /7)) [-2E+(leV|—hw)0(leV|—hw)](H'/H)?. If
we think of this as a rate equation [32], then for the oscillator energy U = U(t) = liw/2+E(t),
with U (0) = hw /2, we get

U@ = lha)—i— l(l —e /") (leV] — hw)d(leV| — hw)] l = @i (ﬂ>2 (60)
2 2 ’ T M 72\ H)

For our quantum ion, therefore, the FGR predicts heating, with a rate 1/7, towards an

asymptotic value Uy, = |eV|/2.

The results of the OB CEID simulations in figures 9 and 10 agree closely with these
expectations. To quantify the comparison, a fit is made to the heating data using the functional
form in (60), with w set to wpp in the first term and with the prefactor and 7 in the second
term as adjustable parameters in the fit. The fit gives T ~ 47 fs for M = 1 amu at
the inelastic threshold compared with an expected value of T = 48 fs from (60) for the
present parameters. For M = 2 amu the fit gives T ~ 95 fs against an expected value of
T = 96 fs. The fitted values of t show some variation (~10%) over the range of biases in
the figure. A small amount of ionic heating observed below the inelastic threshold reflects the
broadening of the incoming electronic distributions by the parameter I" in the time-dependent
OB simulations.

These results are summarized in figure 11 which shows the asymptotic value of the ionic
energy as a function of bias, obtained by extrapolating the result from the fit to infinite times.
The above results for the maximal heating of a vibration in a metallic wire, in the absence of
cooling by lattice heat conduction, agree with the results reported in [30], and are significantly
lower than those reported in [37, 38].
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Figure 11. Extrapolated (t — o0) maximal vibrational energy of a single dynamical ion of mass M
in a 601-atom chain, for M = 1 amu (left) and M = 2 amu (right). The solid line is the result from
the Fermi golden rule at zero temperature; the points are from the open-boundary CEID simulations.
Details are in the text.

The decrease in current with time in figures 9 and 10 is due to the increase in scattering
cross-section, Cgp, with ionic heating. The maximal vibrational energy of the ion, U (c0) &~
leV|/2, is set by the bias and is independent of ionic mass. If we assume equipartitioning
between ionic kinetic energy (Cpp/2M) and potential energy (KgoCrr/2), then, since Kpo is
itself independent of ionic mass, we expect the maximal value of Cgy to be mass-independent,
and hence the maximal reduction in current for a given bias to be mass-independent. This
expectation is reasonably borne out by figures 9 and 10, where the asymptotic value of the
current for a given bias is roughly the same for the two masses. This mass-independent maximal
suppression of the current, therefore, probes directly the strength of the effective underlying
electron—phonon scattering potential.

We may estimate the suppression in current analytically, to compare with the numerical
results, as follows. Consider an ion rigidly displaced by an amount A R in an otherwise perfect
tight-binding atomic chain. For the zero-bias conductance, at the band centre, the Landauer
formula [26] gives d//dV = Go4AIA3/(A] + A3)%, where A1) = Hi)/H, with Hjp) the
hopping integrals on either side of the displaced ion and H the equilibrium hopping integral.
Writing Ay ~ (1 £6), 8§ = H'AR/H, for the reduction in conductance below the ballistic
value we have Adl/dV = Gy — dI/dV = G0482/(1 + §%)2. Setting AR? = Cgg gives
82 = Crr(H'/H)?. From the value of Cgg at the end of the simulation (200 fs) for M = 2 amu
and V = 1 V in figure 10, which is such that KgoCrr/2 ~ 0.21 eV, we obtain 8% ~ 0.066,
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with Adl/dV & 0.23 G and a total current I =~ (Gy — AdIl/dV)V & 59 A, in reasonable
agreement with the value in the figure.

5. Summary

A method for correlated electron—ion dynamics was combined with electronic OB and was
applied to a model simulation of the heating of a quantum ion in a current-carrying atomic
wire, the eventual equilibration of the ion with the current and the accompanying response of
the current in real time. While the initial heating rate scales inversely with ionic mass, the
eventual maximal ionic energy and corresponding maximal suppression of the current for a
given bias are largely mass-independent, in agreement with the predictions of scattering theory.
The maximal values of the suppression of the current directly probe the strength of the effective
electron—phonon interaction potential F. Inthe present simulations, no lattice heat conduction
was taken into account. This case is not irrelevant since atomic-scale junctions can harbour
highly localized vibrational modes, due to their topological inhomogeneity [31]. However,
the inclusion of a thermostat for the quantum ions to model heat loss to the electrodes is an
important extension for the future. The method furthermore enables the calculation of inelastic
I-V corrections in the steady state, but at present can only do so with a limited resolution, due
to the dephasing approximation in the electron injection terms.

While only a modest step in the development of MD simulations of current-carrying
nanostructures, the present type of simulation introduces a key element: the heating of atomic
vibrations under steady current, with both electrons and ions treated dynamically on an equal
quantum-mechanical footing. However, much more work lies ahead on the road to the realistic
simulation of current-driven dynamics in nanowires. For the present simulations directions for
future improvement are: corrections to the OB injection terms to take account of the coherence
between injection and subsequent scattering that builds up in time; introduction of lattice heat
conduction into the environment; inclusion of electron—electron screening, at least at the level
of the extended Hartree—Fock approximation proposed in [21]. It was noted earlier that the
present form of the CEID bears suggestive similarities to SCBA. A formal comparison between
the two is an attractive future study. Finally, the CEID expansion used here was derived in
the limit of weak correlations between electrons and ionic vibrations. To address problems
where this correlation is strong requires a re-formulation of the method. Work on this is
under way.
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