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ABSTRACT: We consider the generation of pure spin currents by electric field driving.
First, we discuss the possibility of spin pumping by electric field within a simple two-level
bridge model. Then, we apply the scheme to study spin transport in single- and double-
stranded DNA junctions. Within a physically relevant range of parameters we show the
possibility of generating pure spin currents in DNA, even in the absence of spin−orbit
coupling.

■ INTRODUCTION

Starting from the pioneering paper on molecular rectifiers,1

charge transport in junctions is in the center of research in the
field of molecular electronics. The development of experimental
techniques2−11 gradually shifted the focus of theoretical
research from elastic12 to inelastic transport,13−15 to thermo-
electric characteristics16,17 and optical properties18−20 of
molecular junctions. Studies of driving by external fields
facilitated the development of methodologies applicable to
time-dependent transport.21−26 In particular, periodically driven
junctions received special attention, where numerically exact
approaches based on Floquet theory were formulated.27−34

Recently, spin transport in molecular devices has started to
attract the attention of researchers. The possibility of
constructing spin devices utilizing organic molecules was
demonstrated in a number of experiments,35−42 indicating the
emergence of molecular spintronics as a new branch of
molecular electronics.43−55 Magnetic field and electric
potential56−60 were considered in the literature as controls for
spin flux. Spin−orbit interaction is an ingredient employed in
many spin pumps considerations.58,61−64

DNA is an important biomolecule, which attracted special
attention in the field of molecular electronics. Electron-transfer
and -transport properties of DNA spurred intense debate with
many experimental65−70 and theoretical71−74 studies aimed at
elucidating conductance properties of the molecule. Scanning
tunneling conductance measurements were proposed75−77 and
realized78,79 as a tool for determining DNA sequencing.
Recently, spin selectivity in electron transmission through

DNA monolayers was measured.80 Spin polarization was
observed for photoelectrons generated with unpolarized light.
Later, spin selectivity was also observed for conduction through
double-stranded DNA (dsDNA),81 suggesting the possibility to
use DNA as an organic spin filter. A number of theoretical
studies attributed the effect to the Rashba spin−orbit coupling
(SOC).82−87 Theoretical analysis, based on second quantization

of SOC developed in ref 88, showed that spin selectivity is
possible only in double-stranded DNA and only in the presence
of dephasing.84 It was argued that the chiral structure of DNA
causes a significant coupling between the particle’s momentum
and its spin, even if the atom’s SOC is small.89 Also, a
possibility to significantly enhance spin polarization by gate
voltage was proposed in ref 90.
Here we discuss the possibility to generate pure spin currents

through DNA under external electric driving. The proposed
scheme allows us to generate spin currents in both single- and
double-stranded DNA. After introducing the model in the next
section, we present the spin-pumping scheme for a molecular
bridge. Then, the scheme is applied to ssDNA and dsDNA
junctions. Numerical results obtained for realistic parameters
suggest the possibility to generate pure spin currents in the
junctions.

■ MODEL AND METHOD
We use a model for DNA coupled to two metallic leads (L and
R) employed previously in refs 84 and 90. The DNA is
represented by one (ssDNA) or two (dsDNA) tight-binding
chains characterized by their on-site energies ε(b) and nearest-
neighbor electron-hopping t(b) parameters. In the case of the
dsDNA, also interchain electron hopping parameter t(12) is
employed. The DNA is oriented along the z axis (see Figure 1)
and is characterized by the twist angle Δϕ = π/5 between the
neighboring base pairs (sites) on the chain and helix angle θ ≈
0.66 rad between the chain and xy plane. SOC on a grid can be
derived along the lines presented in ref 91 and is characterized
by the parameter tSO. (Note that realistic value of SOC is an
issue of ongoing discussion in the literature.89 Here we
employed the value for tSO presented in ref 84. Results for
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smaller values of the parameter are also discussed.) This model
is complemented by dc magnetic and ac electric fields.
Magnetic field induces Zeeman shift to the on-site energies
and dresses electron-hopping parameters by a phase. Electric
field is coupled via molecular dipole moment. Following ref 28
we consider a local on-site coupling. Contacts L and R are
nonmagnetic reservoirs of free charge carriers, each at its own
equilibrium.
Hamiltonian of the junction is

∑̂ = ̂ + ̂ + ̂
=

H H t H V( ) ( )M
K

K K
L,R (1)

where ĤM, ĤK, and V̂K are Hamiltonians of the molecule, the
contacts, and coupling between them, respectively. Explicit
expressions are
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Here b and m number bridges (DNA strands) and site on the
bridge, respectively. In the case of two bridges (Nb = 2, i.e.,
dsDNA), in the molecule b ̅ is the bridge opposite to b. dmσ(b)† and
ck̂σ
† create electron with spin σ on site m of bridge b of the
molecule and state k of contacts, respectively. tm

(b)b ̅ ≡ t(12)

exp[iθbm,bm̅] and tm,m+1
(b) ≡ t(b) exp[iθbm,bm+1] are electron inter-

and intrastrand hopping parameters, respectively, with θb1m1,b2m2

≡ −|e|(A⃗b1m1
− A⃗b2m2

)(rb⃗1m1
+ rb⃗2m2

)/2ℏ. (Here A→bm is vector
potential at the point rb⃗m.)

92 tSO is the SOC parameter and
σm+1,σσ′
(b) = σσσ′

z cosθ − (−1)b sinθ[σσσ′x sinϕ − σσσ′
y cosϕ]; here σ⃗ ≡

σx, σy, and σz are the Pauli matrices, θ is the helix angle, ϕ =
mΔϕ, and Δϕ is the twist angle.84 Vmk

(b) = δm,1VLk
(b) for k ∈ L (Vmk

(b)

= δm,NVRk
(b) for k ∈ R) represents electron exchange between

contact and molecule. Finally, εm,σσ′
(b) (t) and εk are on-site

energies for the site m of bridge b in the molecule and state k of
contacts, where
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Here ε(b) is on-site energy on bridge b in the absence of fields,
μ⃗m
(b) is molecular dipole moment on site m of bridge b, E⃗(t) =

(E(t),0,0) is the ac electric field, μB is the Bohr magneton, and
B⃗ is the dc magnetic field. Equation 5 is the main difference
between our model and previous considerations.
Below we consider two different models for the system (see

Figure 1): (1) two-level bridge for which we take93 μm
(b) = μ0(N

+ 1 − 2m)/2 and (2) DNA where84 μm
(b) = (−1)b μ0 cos[(m −

1)Δϕ + ϕ0]. (μ0 ≡ |e|r is constant characterizing molecular
dipole, e is electron charge, r is either distance between sites, for
the bridge model, or radius of the DNA, and ϕ0 is the angle
between the electric field and the first base of the DNA; below
we take ϕ0 = 0.) External electric driving is assumed to be
harmonic. Following ref 28 we study monochromatic driving

ω=E t E t( ) cos( )0 (6)

and driving by harmonic mixing

ω ω φ= + +E t E t
E

t( ) cos( )
2

cos(2 )0
0
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Two types of dc magnetic field are considered: (1) uniform
field along the z axis, B⃗ = (0,0,B) and (2) nonuniform magnetic
field, B⃗(r)⃗ = (−xκ/2, −yκ/2, zκ). The latter yields gradient dB/
dz = κ along the tunneling direction.
Harmonically driven junction, eqs 1−4, is treated within

Floquet theory combined with nonequilibrium Green’s
function formalism.31 Retarded Green function can be
expanded as
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where ω is the fundamental frequency and n is the Floquet
index. Coefficients of expansion Gn(E) ≡ Gn

r(E − nω) =
[G−n

a (E − nω)]† satisfy recurrence relations
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Here Gn
(0)(E) ≡ G(0)r(E − nω) = [(E − nω)I − HM

(0) −
Σr(E)]−1 is the retarded Green function of the system in the
absence of driving, HM

(0) is the molecular Hamiltonian, eq 2,
without contribution from electric field E⃗(t), and Σr(E) ≡
ΣK=L,R Σr(E) is retarded self-energy due to coupling to the
contacts. Below we assume a wide-band limit, where

δΣ ′ ′ ′ = − ′Γ ′ ′σ σ σ σE i[ ( )] /2K
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is the system dephasing matrix due to coupling to contact K.
Corresponding advanced self-energy is the Hermitian conjugate
of the matrix (10), ΣK

a (E) = [ΣK
r (E)]†.

In eq 9, Un couples different Floquet indices. In particular, for
monochromatic driving, Un = −δn ,±1μME0/2, where
[μM]bmσ,b′m′σ′ = δb,b′δm,m′δσ,σ′μm

(b). For harmonic mixing, Un =
−μME0(δn,±1 + δn,±2e

2iφ/n/2)/2.
The system of eq 9 is matrix relation in molecular orbital,

spin, and Floquet spaces, which is solved self-consistently. The
(in principle) infinite Floquet space is truncated in practical
calculations to account for maximum energy scale relevant for
the problem. We find that in our case truncating Floquet space

Figure 1. Sketches of the molecular systems (DNA and molecular
bridge) driven by dc magnetic, B⃗, and ac electric, E⃗(t), fields.
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at n = 20 yields results that are not sensitive to the space
boundary. Once the system of eq 9 is solved, the dc current can
be obtained from (see ref 31 for details)
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is lesser self-energy due to coupling to contact K, and f K(E) ≡
[exp((E − μK)/kBT) + 1]−1 is the Fermi-Dirac distribution.
Note that under harmonic driving dc components on both
interfaces are equal, IL

dc = IR
dc. Also note that block-diagonal

structure of the self-energies, eqs 10 and 13, in spin space
allows us to identify spin-up, I↑

dc, and spin-down, I↓
dc,

components of the total dc current. Thus, we can introduce
charge, Ic, and spin, Is, currents

= +↑ ↓I I Ic
dc dc

(14)

= −↑ ↓I I Is
dc dc

(15)

■ NUMERICAL RESULTS
Here we present numerical results for three models: two-level
bridge and single- and double-stranded DNA. The calculations
are performed for a physically reasonable set of parameters.
Unless stated otherwise, the parameters are T = 300 K, ΓL = ΓR
= 0.05 eV, ω = 0.1 eV, φ = π/4, κ = 8 mT/nm, and B = 500
mT. Fermi energy in the contacts is taken as origin, EF = 0. We
note that the parameters are within a physically reasonable
range. In particular, escape rates ΓL,R are chosen in accordance
with experimental data on lifetime for the decay of an excess
electron on molecule near-metal surface.94 Frequency of the
electric field is taken in the infrared part of the spectrum, which
is in a reasonable range for CO2 lasers. Finally, magnetic field
gradient of several mT/nm were employed in a number of
experiments.95−97 Calculations are performed on energy grid
spanning range from −5 to 5 eV with step of 0.05 meV. Floquet
space is truncated at n = 20.
Two-Level Bridge (TLB). We consider a two-level bridge,

Nb = 1 and N = 2, with on-site energies taken at the origin, ε(1)

= 0, and intersite coupling t(1) = 0.1 eV. The sites are separated
by r = 7 nm. Here the goal is to propose a mechanism and
check a possibility to generate pure spin currents under electric
driving in the absence of spin−orbit interaction.
Charge transfer by external driving was considered for bridge

models in ref 28, where necessary conditions to induce charge
flux were discussed. In particular, under harmonic driving, eq 6,
and for homogeneous B⃗, the TLB Hamiltonian, eq 2, is
symmetric under the generalized parity transformation μm

(1)E(t)
→ μN−m+1

(1) E(t + π/ω). To induce directed charge flux one has to
break the symmetry. The latter can be achieved by making level
structure of the bridge nonsymmetric (for example, by applying
a nonuniform magnetic field) or employing driving by
harmonic mixing, eq 7.
To extend the approach to the case of spin pumping, we note

that the direction of charge transfer for an asymmetric bridge
depends on the position of levels relative to Fermi energy of the
contacts. Thus Zeeman splitting around Fermi energy

accompanied by magnetic field gradient along the junction is
expected to produce spin-polarized currents traveling in the
opposite direction in such system, yielding pure spin flux in the
junction (i.e., zero total charge flux). Figure 2 demonstrates the

effect. One sees that pure spin current is produced as a result of
monochromatic electric driving in the presence of nonuniform
magnetic field. Charge current across the junction is negligibly
small for a wide range of driving amplitudes. Peaks in the
dependence on driving amplitude correspond to resonance
condition between Rabi frequency of the driving field and
positions of eigen-energies of the bridge relative to the Fermi
level.98

Because symmetric bridges require driving by harmonic
mixing to produce directed charge current (see ref 28 for a
detailed discussion), we employ eq 7 as a driving force in the
presence of uniform magnetic field. Figure 3 demonstrates the
possibility of inducing pure spin currents in the presence of
uniform magnetic field of 500 mT. In particular, Figure 3a,b
shows maps of charge and spin currents, respectively, versus
amplitude of driving and position of the level. Regions of small
charge current on the map correspond to areas of large spin
current. Dashed and dotted lines in Figure 3a indicate paths of
Ic = 0, and Figure 3c shows a pure spin current along these
paths. One sees that also in the presence of uniform magnetic
field pure spin current in the nanoampere range can be
generated by electric driving within resonable range of
parameters. However, pure spin current generation is possible
in this case only for low temperatures. (We take T = 0.5 K in
the calculation.) The reason is absence of time-reversal
symmetry under driving by harmonic mixing, which results in
the necessity to shift positions of both spin channels to one side
relative to the Fermi energy. Thus, to produce charge pumping
in opposite directions in the two spin channels, Fermi
distributions in the contacts have to be sharp enough to
resolve Zeeman splitting in the bridge.

Single-Stranded DNA (ssDNA). Having established the
possibility of pure spin-current generation under electric driving
in a simple bridge model, we now consider driving spin currents
in DNA molecules. We start with the ssDNA, Nb = 1 and N =
10, and employ electronic structure parameters from ref 84. In
particular, we study the strand characterized by ε(1) = 0, t(1) =
0.12 eV, and tSO = 0.01 eV. The distance between sites of the
strand along the helix is 0.56 nm; separation along the z axis is
0.34 nm. (See figure 1 of ref 84 for a sketch.)

Figure 2. TLB under monochromatic driving, eq 6, in the presence of
nonuniform magnetic field. Shown are Ic (dashed line, red), eq 14, Is
(solid line, blue), eq 15, and spin resolved components (I↑, green
dotted line and I↓, magenta dashed-dotted line) of the average current,
eq 12. See the text for parameters.
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In ssDNA the generalized parity transformation (see the
discussion above) takes the form μm

(1)E(t) → μm−[π/2Δϕ]
(1) E(t + π/

ω), and thus inducing spin pumping in ssDNA is feasible
because even before applying either nonuniform magnetic field
or harmonic driving by mixing the parity is broken by the
structure of the model. Indeed [π/2Δϕ] ≡ [2.5] = 0; that is,
ssDNA helix does not have a site at a position m′, making
transformation μm → −μm′ possible.
Figure 4 shows currents in ssDNA under monochromatic

driving, eq 6. Similar to the two-level model, pure spin current
can be generated in the ssDNA junction in the presence of
nonuniform magnetic field. (See Figure 4a.) Also, here pure
spin current on the order of a fraction of a nanoampere is
achievable for a wide range of physically reasonable driving
amplitudes. Note that currents of this (or smaller, picoampere)
magnitude are experimentally measurable.67,70 Note also that
the calculation is preformed in the absence of SOC, tSO = 0. As
in the TLB model, peaks in the spin current correspond to
resonance conditions between Rabi frequency of the driving
and eigenenergies (relative to Fermi) of the DNA.

The effect of spin−orbit interaction on spin currents through
the ssDNA junction is demonstrated in Figure 4b. We see that
(at least in the region of low amplitudes) this influence is
marginal, which demonstrates that spin pumping is not related
to spin−orbit interaction. We attribute the effect to discussion
in ref 84, where time-reversal symmetry (in the absence of
magnetic field) is discussed for inability of the ssDNA model to
behave as a spin filter.
Figure 4c shows currents in ssDNA junction in the presence

of uniform magnetic field (B = 500 mT) without SOC (tSO =
0). It is interesting that contrary to the bridge model pure spin
current can be induced in ssDNA by monochromatic driving
also in the presence of uniform magnetic field. The effect is due
to helical structure of DNA molecule, which violates
generalized parity condition discussed in ref 28. We note that
in the absence of magnetic field no spin pumping is possible (a
unitary transformation yields spin-independent form of the
ssDNA Hamiltonian, see ref 84 for details); the presence of the
field breaks spin symmetry, thus allowing us to use ssDNA as a
spin pump.
Driving by harmonic mixing, eq 7, in the presence of uniform

magnetic field is shown in Figure 5. Similar to the bridge
model, generating pure spin current is possible only at low
temperatures, T = 0.5 K, and for a gated electronic structure.
Figure 5a demonstrates a map of charge current versus driving
amplitude and level position. Paths of Ic = 0 are indicated in the
map by squares and cicles. Pure spin current along the squares
path is shown in Figure 5b to be in the nanoampere range.
Note that driving by harmonic mixing does yield spin-polarized

Figure 3. TLB under driving by harmonic mixing, eq 7, in the
presence of uniform magnetic field. Shown are maps of (a) Ic, eq 14,
and (b) Is, eq 15, currents versus driving amplitude and position of the
levels. Dotted and dashed paths in panel a show Ic = 0. Pure spin
currents along these paths are presented in panel c. See the text for
parameters.

Figure 4. ssDNA under monochromatic driving, eq 6. Shown are Ic
(dashed line, red), eq 14, Is (solid line, blue), eq 15, and spin-resolved
components (I↑, green dotted line and I↓, magenta dashed-dotted line)
of the average current, eq 12, in the presence of nonuniform (a,b), and
uniform (c) magnetic field. In panels a and c, tSO = 0; panel b shows Is
for several values of tSO. See the text for other parameters.
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charge current (not shown) for room temperature and in the
absence of gating; however pure spin current cannot be
achieved in this regime. Note also that calculations in Figure 5
are performed in the absence of spin−orbit interaction (tSO =
0). Simulations with tSO = 0.01 eV yield similar results. Thus we
also see that in the case of driving by harmonic mixing spin
pumping is achieved mainly by electric driving.
Double-Stranded DNA (dsDNA). We now study

possibility of spin filtering by dsDNA junction, Nb = 2 and N
= 10. As previously done, electronic structure parameters are
taken from ref 84. In addition to the parameters mentioned in
the previous section, we have ε(2) = 0.3 eV, t(2) = −0.1 eV, and
t(12) = −0.3 eV.
Here the generalized parity condition, μm

(1)E(t) → μm
(2)E(t +

π/ω), is always fulfilled before nonuniform magnetic field or
driving by harmonic mixing is applied. Thus, inducing spin
currents in dsDNA by electric driving is expected to be less
effective than in ssDNA. Also, because spin filtering by spin−
orbit interaction is not excluded in dsDNA by symmetry,84 we
expect it to play an important role here (contrary to the ssDNA
case).
Figure 6 presents results for monochromatic driving in

dsDNA junction. Similar to ssDNA, spin current can be
generated in the presence of both nonuniform (Figure 6a) and
uniform (Figure 6c) magnetic fields. However, more
complicated electronic structure of dsDNA restricts the
generation of pure spin currents (Is ≫ Ic) to driving amplitudes
below 0.1 eV. Contrary to ssDNA, spin pumping by electric
driving in dsDNA junction is defined mainly by SOC for the
chosen set of parameters. We attribute this result to the fact
that dsDNA (contrary to ssDNA) can behave as a spin filter
also in the absence of magnetic field.84

Figure 6b shows spin current, Is, for several choices of this
parameter. As strength of the SOC diminishes, so does the

value of Is. For tSO = 0 spin current becomes on the order of
nanoamperes, which is similar to the values obtained for
ssDNA. (See Figure 4.) Contrary to the latter case the total
charge flux in the junction is nonzero. The reason is a more
complicated electronic structure of dsDNA, which results in
more complex behavior of the resonance conditions28 with
pumping parameters. Pure spin current can still be generated,
but one has to add gating to the system. (See Figure 5.)
Finally, Figure 7 shows results for dsDNA junction driven by

harmonic mixing. The calculation is performed in the absence
of magnetic field. As previously, to get spin currents essentially
larger than charge flux, we need to gate the junction and restrict
consideration to low temperatures, T = 0.5 K. Figure 7a
presents a map of charge current versus driving amplitude and
gated position of ε(1). Paths of Ic = 0 are indicated on the map
by squares and circles, and Figure 7b shows pure spin current
along the squares path. Note that similar to ssDNA also in this
case spin-polarized charge currents can be achieved at room
temperature and in the absence of gating.

■ CONCLUSIONS
We considered pure spin current generation by electric field.
Monochromatic field and driving by harmonic mixing were
discussed. We first studied the possibility of pure spin flux
pumping in a simple bridge model. In particular, complement-
ing consideration of ref 28 we showed that the presence of

Figure 5. ssDNA under driving by harmonic mixing, eq 7. Shown are
(a) map of Ic, eq 14, versus driving amplitude and level position
(squares and circles indicate paths of Ic = 0) and (b) Is, eq 15, along
the path indicated by squares in panel a. See the text for parameters.

Figure 6. dsDNA under monochromatic driving, eq 6. Shown are Ic
(dashed line, red), eq 14, Is (solid line, blue), eq 15, and spin-resolved
components (I↑, green dotted line and I↓, magenta dashed-dotted line)
of the average current, eq 12, in the presence of nonuniform (κ = 8
mT/nm) (a,b) and B = 5 T uniform (c) magnetic field. In panels a and
c, tSO = 0.01 eV. Panel b shows Is for several values of tSO. See the text
for other parameters.
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nonuniform (with driving by monochromatic electric field) or
uniform (with electric driving by harmonic mixing) magnetic
field leads to generation of pure spin currents in linear
molecular bridge. We then applied the scheme to the models of
single- and double-stranded DNA junctions within realistic
range of parameters. Our main conclusions are:

(1) Monochromatic driving is capable of producing pure spin
currents on the order of 0.1 nA in ssDNA and 10 nA in
dsDNA junctions. We note that currents of 0.1 nA (and
lower) orders are experimentally measurable.67,70

(2) Driving by harmonic mixing yields pure spin currents (Is
≫ Ic) only at very low temperatures and under gating
conditions in both ssDNA and dsDNA junctions.
However, spin-polarized currents (Is ≈ Ic) can be
obtained at room temperature and in the absence of
gating.

(3) Helical structure of DNA allows the generation of pure
spin currents by harmonic driving in the presence of
uniform magnetic field. This is in contrast with bridge
models, wherein symmetry considerations prohibit
pumping.28

(4) In ssDNA, spin−orbit interaction plays only a marginal
role in spin pumping in the junction. On the contrary in
dsDNA SOC plays the main role. We attributed the
effect to discussion in ref 84 about the inability of ssDNA
to perform as a spin filter: in the absence of magnetic
field, time-reversal symmetry makes it impossible to
observe spin polarization.

Note that the present consideration is a step aside from the
general trend in recent studies of DNA junctions.82−86,90

Instead of focusing on the spin−orbit interaction (undoubtedly
an important ingredient), we propose an alternative setup
involving ac electric and dc magnetic fields that allows us to

induce measurable spin currents in the system. Parameters for
the field strengths are chosen to represent realistic experimental
setup, thus demonstrating (albeit in a simple model) feasibility
of utilizing DNA structures as spin-filter devices when subjected
to external fields. We note that debatable value of the SOC is of
secondary importance in our study (at least for the case of
ssDNA, where it is shown to play no essential role). The
possibility to induce pure and spin-polarized currents even in
the absence of the SOC is the main conclusion of our study.
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