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ABSTRACT

We investigate the non-equilibrium mechanical motion of double-stranded DNA in a molecular junction under electronic current using
Keldysh-Langevin molecular dynamics. Non-equilibrium electronic force reshapes the effective potential energy surface and along with elec-
tronic viscosity force and stochastic force, governs voltage-dependent dynamics of DNA’s collective mechanical coordinate. We compute
mean first-passage times to quantify the non-equilibrium lifetime of the DNA junction. At low voltage biases, electron-mechanical motion
coupling destabilizes DNA by shifting the potential minimum toward critical displacement and suppressing barriers, thus shortening life-
times by several orders of magnitude. Unexpectedly, at higher voltages, the trend reverses: the potential minimum shifts away from instability
and the barrier re-emerges, producing re-stabilization of the junction. In addition, we demonstrate the Landauer blowtorch effect in this sys-
tem: coordinate-dependent fluctuations generate a spatially varying effective temperature, changing current-induced dynamics of mechanical
degrees of freedom. Apparent temperatures of DNA mechanical motion increase far above ambient due to current-induced heating, cor-
relating with suppressed electronic current at stronger couplings. Our results reveal a non-equilibrium interplay between current-driven
forces, dissipation, and fluctuations in DNA junctions, establishing mechanisms for both destabilization and recovery of DNA stability under
electronic current.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0301710

I. INTRODUCTION switching.”” We propose the microscopic mechanisms by which
tunneling electrons destabilize—or in some cases stabilise—DNA
in a molecular junction environment. Quantum electronic current

couples to classical mechanical motion of the DNA. Such cou-

The mechanical stability of DNA is central to its biologi-
cal role as the carrier of genetic information. While the dou-
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ble helix is stabilized by hydrogen bonding and base stacking,
controlled local instabilities enable replication, transcription, and
repair. Beyond biology, DNA has become a versatile component
in nanotechnology—serving as a highly programmable scaffold for
building nanoscale materials (e.g., structural assemblies and devices)
and as a core element in molecular electronic applications such
as single-molecule conductors and junctions.! In such junctions,
DNA is not only exposed to environmental fluctuations but also
to tunneling electronic currents, raising fundamental questions if
current flow can be used to control DNA structural stability and
instability.

It is well-established that electric fields and currents can influ-
ence the structure of the molecule in an electronic junction, from
field-induced chemical reactions to current-driven conformational

pling injects significant energy into mechanical motion, modifies the
potential energy surface, and generates spatially varying fluctuations
and dissipation, leading to complex and sometimes counterintuitive
effects.

In this work, we use Keldysh-Langevin molecular dynamics””
to quantify the stability, instability, and non-equilibrium lifetime
of DNA molecular junctions under voltage bias. We focus on the
dynamics of a collective mechanical coordinate and measure sta-
bility using mean first-passage times to a critical displacement
threshold. This allows us to connect microscopic current-induced
forces to macroscopic lifetimes of the junction. Since DNA is a chi-
ral molecule, we are also interested in how its mechanical motion
with non-equilibrium current induced forces affects the spin-
resolved electronic current. Our results reveal three central findings:
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(i) tunneling electrons can dramatically reduce DNA lifetimes by
lowering barriers and shifting potential minima; (ii) at higher volt-
ages, stability can paradoxically recover as barriers re-emerge; and
(iii) coordinate-dependent noise gives rise to a Landauer blowtorch
effect,”’’ where locally enhanced fluctuations dramatically change
rates of chemical reactions.

These results provide a new perspective on current-driven
dynamics in DNA and related biomolecular junctions. More
broadly, they illustrate how tunneling electrons reshape molecular
stability through interplay of forces, dissipation, and noise—non-
equilibrium mechanisms that are likely to be relevant across a broad
range of molecular electronic junctions.

The paper is organized as follows: in Sec. II, we present
the theoretical framework, including the DNA model and the
Keldysh-Langevin molecular dynamics; Sec. I1I presents the follow-
ing results: voltage-dependent effective potentials, non-equilibrium
lifetimes, and the emergence of the Landauer blowtorch effect; and
finally, Sec. IV concludes with a summary of the main findings.

1. COMPUTATIONAL MODEL
A. Hamiltonian

We adopt the Hamiltonian which we used in our previous
paper on DNA’s mechanical motion.'" We consider a system com-
posed of a double-stranded DNA molecule connected at both ends
to macroscopic electrodes, forming a molecular junction. Each
nucleotide within the DNA is modeled as a single electronic spin-
orbital, and electrons are allowed to tunnel both along individual
strands (intra-strand hopping) and across complementary bases
within a base pair (inter-strand hopping). The electronic proper-
ties of the molecule are conformation-dependent, with the nuclear
dynamics encapsulated by a single classical mechanical degree of
freedom.

The total Hamiltonian of the system is expressed as

H = Hy(p,x) + Hy + Hg + Hyr + Hugr, 1)

where Hy and Hp represent the left and right electrodes, respec-
tively, and Hyr and Hur describe the electronic coupling between
the DNA and electrodes. The DNA Hamiltonian,

HM = Hel + He—mech (x) + Hmech(pa -x) (2)

consists of electronic Hamiltonian H and the term He mech(X)
accounts for the coupling between electronic degrees of freedom
and the mechanical motion of DNA, while Hyech (p, x) describes the
dynamics of the mechanical coordinate itself.

The electrodes are modeled as non-interacting electron reser-
voirs,

Hp + Hg = Z EakodT dakg, (3)

ako
ako

where dlkg (dako) creates (annihilates) an electron in state k with spin

o in electrode a € L, R.
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The electronic Hamiltonian of the DNA molecule incorporates
intra-strand and inter-strand hopping as well as spin-orbit coupling
(SOC), following the model of Refs. 12 and 13,

Hy = Z eﬂd;jgdﬁjo + ﬂz: tﬁ(d;jo_dﬂ,j+l’a + hc)
jo

Bjo

+ Z 'U(d;jo.dng + h.C.) + Vsoc. (4)
jo

Here, j indexes base pairs along the chain, while 8 € A, B labels the
DNA strands. The on-site energies are denoted by eg, with intra-
strand hopping integrals g and inter-strand hopping v. Molecular
parameters are the same as in our previous paper:'! €4 = -0.2 eV,
eg=01 eV, t4 =0.1 eV, tg=-0.14 eV, and v = -0.08 eV. The
number of DNA basepairs are N = 10.

The spin-orbit coupling term, Vsoc, captures the influence of
the DNA helical geometry,

Vsoc = 3. A dl dgo 0 +hec, 5)
Bjoa’

where Af_ ff , are geometry-dependent matrices."’
The nuclear dynamics are described by a single classical
mechanical coordinate (p,x) with Hamiltonian,

PPl 5,

H ,X) = —— + —mwyX, 6
mech(P ) m 2 0 ( )
where m = 5.9244 x 10° a.u. approximates the mass of a nucleotide
and wp =5 meV represents the vibrational frequency of DNA’s

collective mechanical motion.'!
The coupling between the electronic states and mechani-
cal coordinate is assumed to be linear in terms of mechanical

displacement,

Hemeen(x) = —[XZ dydio + 10 (i djir +hc.)
Bjo Bjo

+x1) (dhjodsio + hc.) ]x. @)

jo

The first term describes the modulation of on-site energies; the
second term accounts for the effect of mechanical motion on intra-
strand hopping; and the third term captures inter-strand coupling
modulations due to conformational changes. We assume coupling
constants satisfy y, = 0.2y. The value of y is treated as a tunable
parameter to explore the impact of electron-mechanical motion
coupling strength.
The coupling between DNA and electrodes is represented by

Hyp = Z (th,ﬁldzk,,dﬁlu + h.c.), (8)
kBo

Hpr = Z (tRk,/;NdeadﬁNg + h.c.), )
kBo

where toxp and t, gy denote the tunneling amplitudes between
electrode single-particle states ak and the terminal nucleotides (j = 1
or j=N) of strand B. It is assumed that both DNA strands are
chemically bonded to the electrodes at their respective termini.
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B. Green’s functions and self-energies

The retarded component of leads self-energy is computed using
wideband approximation,'*

R i
Za;ﬁio,ﬂ'i'o' = 7Era;/3io,/3’i’u" (10)

The imaginary part of the self-energy is given by

Topiogivor = 2080 05er Y takpicO(@ = €ka)takpic  (11)
x

and assumed to be w-independent. Matrix I'y 4477, is diagonal in
strand (f), spin (o), and nucleotide (i) indices and is nonzero only
for terminal nucleotides (i = 1, N) directly coupled to the electrodes.
This represents local, spin-independent coupling between the elec-
trode states and the outermost base pairs of each strand. We use
Topropio = Lapnopne = 0.1 €V in our calculations.

The lesser and greater self-energies are computed as'*

22 (0) = ifu(@)Ta (12)
and
2o (w) = ~i(1 - fa(w))Ta (13)

where fu(w) are Fermi-Dirac occupation numbers for lead a. Note
that throughout this paper, we utilize boldface letters to represent
matrices in DNA spin-orbital space within equations.

All components of the Green’s functions depend instanta-
neously on the DNA’s mechanical degree of freedom and are defined
using standard adiabatic relations,

G*(x,w) = (wI -h(x) -7, (14)
G (xw) = (GR(x,w))T, (15)
G (% 0) = G* (%, w)Z% ()G (x, w), (16)
and
G (x0) = G* (% w)Z" (0)G* (x, w). (17)

In this section, we introduce matrix h(x), which represents
the single-particle DNA Hamiltonian and includes the electron—
mechanical motion term (7).

C. Keldysh-Langevin molecular dynamics

The mechanical degree of freedom of DNA is considered a
classical variable within our approach. Quantum vibrational effects
play an important role in inelastic electron transport through
molecules.'* In this work, however, the collective coordinate rep-
resents a slow, large-scale conformational motion of the DNA
molecule, whose characteristic frequency (5 meV) is much smaller
than room temperature. In this limit, the motion is well described
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classically. If we additionally assume that DNA’s conformational
dynamics are slow relative to the tunneling electrons, we can obtain
a Langevin equation of motion,””"”*’

d
ﬁ = _ameech + Fe,neq - (fe(x) + ge"V)x + 6f(X, t)' (18)
The Langevin equation above comprises a classical force, a non-

equilibrium electronic force F neq, a frictional force and its electronic

viscosity &,(x) and the viscosity of the DNA environment &, and
a stochastic force 6f (x,t).
The electronic force F. has the form
d
Fe(x) = i/z—wTr[axh G* (x,a))], (19)
7

with the matrix dxh being the derivative of single-particle molecu-
lar Hamiltonian matrix. The non-equilibrium electronic force that
enters the Langevin equation is defined as

Fe,neq = Fe(x) - Fe,eq(x)> (20)

where it is assumed that the equilibrium potential energy surface is
completely represented by Hpecn and as such the force computed
using —OxHmech must also have the equilibrium component (zero
voltage bias) Feeq(x) removed.

The electronic viscosity depends on DNA’s geometry and is
given'*"’ by

E(x) = f;i—;)Tr[G<(x,w)@xhawGR(x,w)axh
- G*(x,0)8,hd,G" (x,w)axh]. (21

The stochastic force df(t) is modeled as a Markovian Gaussian
variable with zero mean,

(6f(1))=0 (22)
and delta-function variance,
(8f (£)8f (1)) = (De(x) + Denv)8(t 1), (23)

which contain contributions from electrons D.(x) and DNA envi-
ronment Deny. The electronic diffusion coefficient can be expressed
in terms of lesser and greater Green’s functions, *'’

De(x) = /%Tr{@th<(x, w)0xhG” (x, w)} (24)

We assume that environmental viscosity and diffusion coefficients
are related via fluctuation-dissipation relation,

_ Deny
zfenv ’

where T is the ambient temperature of the DNA junction. The ambi-
ent temperature is assumed to be identical to the temperature of
electrons in the lead, and it is taken to be T =300 K in our cal-
culations. We use the same environmental viscosity as in Ref. 11:
&y = 2228 x 107 2.

In the absence of position-dependent viscosities and random
forces, the standard symplectic Langevin algorithm BAOAB*' can

(25)
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be employed to integrate the equations of motion. This algorithm
involves inserting an exact solution to the Ornstein-Uhlenbeck
process (OU) within a velocity Verlet algorithm. It is one of several
algorithms based on splitting field updates. In the presence
of position-dependent dissipation and noise, the lack of
fluctuation-dissipation necessitates a modification of the OU
process. Instead of substituting the OU operator, a modified
algorithm from Ref. 22 is employed. This modified algorithm
utilizes a multistep Euler integration over the position-dependent
fluctuation-dissipation to represent the OU operator. The pri-
mary rationale for employing Euler’s method is to avoid a more
intricate evaluation of the momentum update, thereby minimizing
computational time.

Ill. RESULTS

A. Electric current reshapes effective potential energy
surface for DNA’s mechanical motion

We define the effective potential energy experienced by the
DNA’s mechanical degree of freedom as

1 X
U(x) = Emwéxz - f dxFeneq(x), (26)

where the electronic force, denoted as Feneq is given by (20) and
the choice of xo is arbitrary. The effective potential energy contains
the equilibrium part, which is the classical potential from (6), and
a modification to the potential due to current-induced force. The
effective potential U(x) represents only the conservative compo-
nent of the electronic force. It provides intuitive insight into how
the electronic current reshapes the deterministic part of the energy
landscape. However, it is critical to include non-conservative vis-
cous and stochastic forces, which are also explicitly computed in our
Keldysh-Langevin molecular dynamics.

Figure 1 illustrates how electronic current reshapes the effec-
tive potential of the DNA junction. Figure 1(a) shows the effective
potential energy surface together with the spin-resolved currents as
a function of displacement.

Our subsequent analysis of DNA mechanical stability requires
that we select the threshold value for mechanical motion, which
marks the onset of DNA’s structural instability—we assume once
this critical value is reached, the DNA experiences structural insta-
bility. The critical threshold (x, =1 a.u.) is selected. Molecular
dynamics studies of base-pair deformability in double-stranded
DNA consistently show that conformational displacements of order
1-5 a.u of nucleotides from Watson-Crick structure correspond to
the onset of DNA mechanical instability.” *” In our coarse-grained
model, the coordinate x represents a collective conformational mode
(bending, twisting, or stretching of multiple base pairs). A displace-
ment of 1 a.u. along this collective coordinate, therefore, corre-
sponds to the lower bound of the physical range for destabilization
of individual base pairs seen in atomistic studies.

The threshold x;, = 1 a.u. has a corresponding critical poten-
tial energy U(x;), which will be treated as the energy barrier Up,,
that the mechanical degree of freedom has to overcome to reach an
unstable configuration.

Figure 1 shows that the non-equilibrium electronic force shifts
the effective potential minimum position and modifies the barrier
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FIG. 1. (a) Effective potential energy surface and spin-resolved currents as
a function of displacement, with the critical instability threshold at x = 1 a.u.
(b) Voltage-dependent shift of the potential minimum, which moves toward
destabilizing displacements at stronger electron-mechanical motion coupling. (c)
Corresponding barrier height at the critical displacement.

height. Figure 1(a) also shows the spin resolved adiabatic electric
current computed using the standard NEGF expression,

oo

()= [ i—:Tr[G<(x,w)Zfa(w) + G (6 w)Z5, (@)
- 25 ()G (%, 0) — 2y (0) G (x, @) ] (27)

for each DNA conformation x. Here, Z,, is the lead « self-energy
projected to spin 0. We observe that the spin-up and spin-down
channels remain only weakly differentiated, indicating that while
current-induced forces dominate the potential landscape, back influ-
ence from the mechanical motion to electronic spin selectivity is
modest.
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Figures 1(b) and 1(c) quantify how voltage and
electron-mechanical motion coupling reshape the -effective
potential. At low voltages, the position of the potential minimum
shifts toward the critical displacement, with the strongest coupling
(y = 10 meV) showing the largest excursions. This shift reflects
the destabilizing influence of current-induced forces, which bias
the coordinate toward structural instability. Correspondingly, the
barrier height at the critical displacement decreases sharply, in
some cases vanishing entirely for y = 1 meV, indicating a regime of
near-instantaneous escape.

However, beyond a certain bias (typically between 0.2 and
0.6 V, depending on coupling strength), the trend reverses. The
potential minimum moves back away from the critical displacement,
and the effective barrier re-emerges. This recovery indicates that
the applied current not only destabilizes but can also restore par-
tial stability by reorganizing the potential landscape at higher bias.
The barrier height correspondingly increases after its initial collapse,
producing a non-monotonic dependence of stability on voltage.

This counter-intuitive re-stabilization under strong bias will be
explored in detail in Sec. III B, where the non-equilibrium lifetime
of DNA junction is directly computed.

B. DNA non-equilibrium lifetime as mean first
passage time

To estimate the DNA non-equilibrium lifetime in an elec-
tronic junction environment, we utilize the generalized Langevin
equation to compute the lifetime relative to the equilibrium zero-
voltage lifetime, which serves as a reference point. This compu-
tation is performed through numerical integration, incorporating
electronic non-equilibrium, friction, and random forces derived
from NEGF theory, specifically the Keldysh-Langevin molecular
dynamics approach.

We define first-passage time as the time it takes for the
DNA’s mechanical coordinate, evolving according to the general-
ized Langevin equation, to reach a predefined critical displacement
xp for the first time. Starting from an initial state sampled from
the stationary distribution, the trajectory is propagated under the
influence of deterministic forces (mechanical restoring force, non-
equilibrium electronic force), viscosity (environmental and elec-
tronic), and stochastic forces (environmental and electronic noise).
The first-passage time 7 is then recorded as the elapsed simulation
time until the coordinate x(¢) crosses the critical threshold x;, (taken
here as x;, = 1 a.u.) for the first time,

T=inf{t >0 | x(t) > x}. (28)

By repeating this procedure for an ensemble of trajectories (200-300
trajectories per data point), the mean first-passage time (MFPT)
(1) is obtained, which serves as a quantitative measure of the
non-equilibrium lifetime of the DNA junction under current flow.

Figure 2 presents the voltage dependence of the ratio of non-
equilibrium to equilibrium MFPTs (7(V))/{7(V = 0)). At low volt-
ages, all couplings show a rapid reduction in first-passage times, with
the strongest coupling (y = 10 meV) producing non-equilibrium
lifetimes several orders of magnitude shorter than equilibrium. This
behavior reflects the destabilizing influence of current-driven forces,
which shift the potential minimum and reduce barrier heights
(cf. Fig. 1).
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FIG. 2. Voltage dependence of the ratio of non-equilibrium MFPT to equilibrium
MFPT for different electron-mechanical motion coupling strength: y = 2 meV
(black), x = 5 meV (blue), and y = 10 meV (red).

However, a different feature emerges at higher voltages: instead
of continuing to decrease, the MFPT's begin to increase again. This
recovery, most evident for x =10 meV, is counter-intuitive given
the higher kinetic energy injected into the system. The explanation
lies in the reorganization of the effective potential landscape—as
voltage increases further, the position of the minimum moves
back toward equilibrium and barrier height re-emerges, partially
restoring stability (cf. Fig. 1).

Thus, the non-monotonic voltage dependence of MFPTs high-
lights a subtle interplay between current-induced heating, potential
energy surface reshaping, and spatially dependent dissipation: while
moderate voltages destabilize DNA, higher voltages can paradox-
ically enhance stability by restoring effective energy barriers to
prevent DNA denaturation.

C. Landauer blowtorch effect emerges from localized
electronic fluctuating and dissipating forces

The Landauer blowtorch effect refers to the kinetic destabiliza-
tion/stabilization of a system when local fluctuations are spatially
inhomogeneous. Even if the average potential landscape favors
stability, regions of enhanced local noise can effectively lower bar-
riers and promote escape, as if a “blowtorch” were applied selec-
tively along the reaction coordinate. The reverse is also observed
at low voltages where regions of high temperature and moder-
ate viscosity lead to diminished local density, which if located
at the critical point can impede escapes and, thus, enhance sta-
bility. Within the Langevin framework, this is captured by a
coordinate-dependent effective temperature T'(x) defined through
the generalized fluctuation-dissipation relation,”

De(x) + Deny
2(&(x) + &env)’

Equation (29) provides a definition of the local effective temperature
T(x) rather than a true fluctuation-dissipation theorem. Only in
equilibrium—that is, when the left and right chemical potentials are
equal—does Eq. (29) reduce to the genuine fluctuation-dissipation
relation. In this limit, the x-dependences of the numerator and
denominator cancel and T(x) coincides with the electrode tem-
perature. The presence of non-equilibrium electronic viscosity and
random forces result into inhomogeneous effective temperature

T(x) = (29)
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T(x). When T(x) varies significantly with x, the system no longer
behaves as having a single temperature, leading to locally biased
fluctuations and dissipation.

Figure 3 highlights the role of coordinate-dependent dissipa-
tion and noise, manifesting as a Landauer-type blowtorch effect.
Figure 3(a) shows the consequences of spatially inhomogeneous
effective temperature for dynamics. MFPTs are shorter for V > 0.5
V when electronic viscosity and noise are included (solid line),
demonstrating that the blowtorch effect reduces stability beyond the

(@) 10
T=T(x)
T=300K
2
i
.
A,
&
=
105 \ ; . . .
0 0.2 0.4 0.6 0.8 1
voltage (V)
(b 11000
£ —~
z {800 =
5 g
> =
s &
< g
S g
a, +
1400
-1 -0.5 0 0.5 1 1.5
displacement (a.u.)
(c)25 13000
& 12500
E S
5 12000 ¢
£ £
= {1500 &
£ A
s {1000 Z
1500

-1 -0.5 0 0.5 1 1.5
displacement (a.u.)

FIG. 3. (a) Voltage dependence of MFPTs ratio computed with coordinate-
dependent effective temperature T(x) (solid) that means including electronic
friction and fluctuating forces, compared to constant-temperature dynamics at
T =300 K (dashed). (b) Probability densities from trajectories at y = 10 meV
and V = 0.3 V. Including electronic viscosity and noise (blue dashed) reduces
the probability near the threshold critical displacement compared to the distribu-
tion from non-equilibrium electronic forces and environmental dissipation alone
(orange dashed). The locally elevated effective temperature T(x) (red) illustrates
the stabilizing blowtorch effect. (c) Same comparison at V = 1V, showing even
stronger broadening and access to high-displacement states as T (x) rises sharply
near the critical threshold displacement—destabilizing blowtorch effect.
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influence of non-equilibrium electronic forces alone. However, at
the intermediate voltage range 0.2-0.5 V, the effect is opposite and
we observe extra stabilization of the junction due to the blowtorch
effect.

Figure 3(b) compares trajectory probability densities and shows
the spatial dependence of the effective temperature for y = 10 meV at
V = 0.3 V. The steep increase in T(x) as the coordinate approaches
the critical displacement illustrates how locally enhanced noise
intensity suppresses barrier crossing even when the average system
temperature is increased by roughly 50%. This spatial temperature
gradient effectively increases the activation barrier, reinforcing the
counter-intuitive observation that stability can emerge from uneven
distribution of heating along the reaction coordinate.

Figure 3(c) compares trajectory probability densities with and
without the inclusion of electronic viscosity and noise; the figure
also shows the spatial dependence of the effective temperature for
x =10 meV at V =1 V. When only the electron force and envi-
ronmental fluctuation-dissipation are included (orange dashed),
the distribution is narrowly localized around the potential mini-
mum. By contrast, the full treatment including electronic viscosity
and noise (blue dashed) broadens the distribution, enabling access
to higher-energy displacements even in the presence of a confin-
ing potential. This is a direct signature of the blowtorch effect:
non-uniform dissipation and stochastic forces effectively create spa-
tial variations in “temperature”, making escape pathways more
accessible.

D. Apparent temperature of DNA’s non-equilibrium
mechanical motion and average electronic current

Trajectory-averaged quantities are computed over a single 20 ns
trajectory where configurations with x greater than the structural
instability threshold x;, are not included in the statistics. The inclu-
sion of electronic contributions to the fluctuating force and viscos-
ity substantially elevates the apparent temperature of the DNA’s
mechanical coordinate, which would be 300 K otherwise. As shown
in Fig. 4(a), the apparent temperature rises sharply with applied bias,
reaching more than four times the ambient value for the strongest
electron-mechanical motion coupling (y = 10 meV). Weaker cou-
plings (y = 2 meV, y = 5 meV) display slower growth, illustrating
the non-linear dependence of heating on coupling strength. This
demonstrates that tunneling electrons act as an efficient energy
pump into DNA mechanical motion, with even modest increases
in y leading to dramatic enhancement of DNA’s mechanical kinetic
energy under non-equilibrium conditions.

Figure 4(b) presents the corresponding trajectory-averaged
current. In all cases, the current increases with applied voltage before
saturating near 1 V. The saturation magnitude is comparable across
couplings, but the low-bias conductance decreases with increasing y,
indicating that stronger coupling of electronic degrees of freedom to
DNA’s mechanical motion suppresses coherent quantum transport.
Importantly, despite similar saturation currents, higher y values gen-
erate significantly greater heating, showing that enhanced energy
transfer efficiency, rather than current magnitude alone, drives the
elevated effective temperatures. Together, these results establish that
current-induced heating and suppressed transport are two intercon-
nected signatures of strong coupling between quantum electrons and
classical structural motion in DNA junctions. The spin polarization
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FIG. 4. (a) Trajectory-averaged apparent temperature of the DNA mechanical
coordinate (computed as average kinetic energy) as a function of applied voltage
for different electron-mechanical motion couplings. (b) Corresponding trajectory-
averaged spin-resolved current through the DNA junction. Spin polarization <14%
is evident in the difference between spin up (solid) and spin down (dashed).

is <14% and does not exhibit substantial deviations from the previ-
ous work where electronic friction and electronic fluctuating force
were not included into the Langevin equation.'!

Taken together, these results highlight the complex role of
tunneling electrons: they not only reshape the effective potential
through electronic force, as shown in Fig. 1, but also produce local-
ized fluctuations and dissipation, as shown in Fig. 3. Furthermore,
they deposit a significant kinetic energy into the mechanical degree
of freedom via non-equilibrium heating, as depicted in Fig. 4.

IV. CONCLUSION

We have applied non-equilibrium Keldysh-Langevin molec-
ular dynamics to study the mechanical properties of DNA in a
molecular junction under electronic current. The simulations reveal
that tunneling electrons reshape the effective potential energy sur-
face, modify fluctuation—dissipation balances, and generate spatially
varying effective temperature (Landauer blowtorch effect). These
effects manifest in three key findings.

First, the non-equilibrium lifetime of DNA is not a monotonic
function of voltage: while moderate bias strongly destabilizes the
junction, higher voltages can paradoxically restore stability through
reorganization of the potential energy surface and energy barrier
re-emergence. Second, the inclusion of electronic viscosity and

ARTICLE pubs.aip.org/aipl/jcp

fluctuating forces reveals an emergence of the Landauer blowtorch
effect, where local effective temperatures can enhance or suppress
barrier crossing depending on the applied voltage bias. Third, tun-
neling electrons act as a powerful energy pump, raising the appar-
ent temperature of DNA far beyond the ambient conditions and
suppressing coherent quantum transport.

Together, these results establish that the interplay of current-
induced forces, dissipation, and noise governs the non-equilibrium
lifetime of DNA in nanoscale electronic junction environment.
Beyond DNA, the approach and phenomena described here apply
broadly to current-driven biomolecular and molecular electronic
junctions, offering insights into how electronic currents can both
destabilize and protect nanoscale structures.
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