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While mesoscopic conducting loops are sensitive to external magnetic fields, as is pronouncedly exemplified
by observations of the Aharonov-Bohm (AB) effect in such structures, the small radius of molecular rings
implies that the field needed to observe the AB periodicity is unrealistically large. In this paper, we study the
effect of magnetic field on electronic transport in molecular conduction junctions involving ring molecules,
aiming to identify conditions where magnetic field dependence can be realistically observed. We consider
electronic conduction of molecular ring structures modeled both within the tight-binding (Hiickel) model and
as continuous rings. We also show that much of the qualitative behavior of conduction in these models can be
rationalized in terms of a much simpler junction model based on a two-state molecular bridge. Dephasing in these
models is affected by two common tools: the Biittiker probe method and coherence damping within a density
matrix formulation. We show that current through a benzene ring can be controlled by moderate fields provided
that several conditions are satisfied: (a) conduction must be dominated by degenerate (in the free molecule)
molecular electronic resonances, associated with multiple pathways as is often the case with ring molecules,
(b) molecular-leads electronic coupling must be weak so as to affect relatively distinct conduction resonances,
(c) molecular binding to the leads must be asymmetric (e.g., for benzene, connection in the meta or ortho, but
not para, configurations), and (d) dephasing has to be small. When these conditions are satisfied, considerable
sensitivity to an imposed magnetic field normal to the molecular ring plane is found in benzene and other aromatic
molecules. Interestingly, in symmetric junctions (e.g., para-connected benzene), the transmission coefficient can
show sensitivity to magnetic field that is not reflected in the current-voltage characteristic. The analog of this
behavior is also found in the continuous ring and the two-level models. Although sensitivity to magnetic field is
suppressed by dephasing, quantitative estimates indicate that magnetic field control can be observed in suitable

molecular conduction junctions.
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I. INTRODUCTION

Controlling electron transmission through molecular junc-
tions that comprise molecular ring structures by magnetic
fields is considered challenging because the required field
strengths are believed to be unrealistically high, of the order of
the Aharonov-Bohm period of ~10* T for typical molecular
rings."? In contrast, it was demonstrated theoretically>~° that
the conductance of a nanosize ring can be significantly
modulated by relatively moderate magnetic fields (<50 T).
This large sensitivity to an external magnetic field results from
the presence of sharp resonances that are possible only for low
coupling between the molecular bridge and the metal contacts.

Recent studies of electronic conduction through molecular
ring structures such as benzene, biphenyl, azulene, naphtha-
lene, and anthracene as well as carbon nanotubes by us’ and
others®!! have shown that although the net current through
these molecules at low metal-molecule coupling is relatively
small, induced circular currents can be considerable. The
magnitude of such a voltage driven ring current depends
significantly on the metal-molecule coupling strength, while
its very existence depends on junction geometry, specifically
on the location and symmetry of the molecule-metal contact
along the circumference of the ring. The magnetic field
associated with such a circular current at the center of a
molecular ring can be quite significant, for instance, we
have found ~0.23 T at 2 V bias in a tight-binding model
of a meta-connected benzene bridge.” Possible exploitations
of such high local magnetic fields at the molecular level
could come through the realization of carbon nanotubes as
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molecular solenoids,''™'* or by controlling the alignment of

spin orientation of magnetic ions embedded in the bridge
as suggested in Ref. 14. Voltage driven circular currents in
molecular ring structures are similar in nature to the persistent
currents induced in isolated mesoscopic rings that are threaded
by magnetic fluxes.'> Both phenomena originate from splitting
of degenerate ring electronic states characterized by opposite
orbital angular momenta, either by the magnetic fields or by the
voltage bias even in the absence of external magnetic field.'¢->
Theoretical studies have shown that magnetic flux-induced
persistent currents can be controlled by external radiation.?3**
Also, theory indicates that ring currents can be induced by
polarized light,>7 twisted light,® and other optical coherent
control methodologies.””! Such optically induced circular
currents can be effectively controlled by externally applied
magnetic fields,>? or, conversely, can be used to control the
local magnetic field at the ring,** thereby opening the
possibility to control the orientation of an impurity spin at
the ring center.

In a recent preliminary study,*® we have reconsidered the
possibility of controlling electrical conduction characteristics
of molecular ring structures by static uniform moderate mag-
netic fields, following the lead of Refs. 3—6, which indicate that
large sensitivity to magnetic field may be found in junctions
where (a) electronic state degeneracy leads to interference
that can be suitably tuned by the magnetic field and (b) weak
molecule-metal coupling results in sharp transmission reso-
nances. We have shown that for certain geometries and under
specified conditions, magnetic field effects on molecular ring
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conduction can become observable. In the present study, we
analyze in detail the role of molecular geometry and dephasing
on the transport properties of molecular rings such as benzene,
biphenyl, and anthracene, subject to external magnetic fields
by means of tight-binding (Hiickel) molecular ring models as
well as a scattering matrix approach to transmission through
continuum loops. The close similarity between the results
obtained from these different models indicates their generic
nature, and provides evidence to the integrity of results
obtained for the effect of a magnetic field in the limited-basis
tight-binding model (the London approximation). In addition,
we show that the essential physics underlying the observed
magnetic field dependence of conduction can be obtained
already from a suitably constructed two-state model. The
important role of interference processes implies that the system
behavior will strongly depend on the junction geometry that
determines the transmission pathways and on the effect of
dephasing (decoherence) processes resulting from thermal
motions in the junction. In this regard, we note that an earlier
study’’ indicates that increasing electron-vibration coupling
in the junction may lead to sharper resonance structure in the
current dependence on the magnetic field, and therefore to
larger sensitivity of conduction to such field. This, however, is
not simply related to pure dephasing as the effect discusses by
Ref. 37 increases at lower temperatures.

The structure of the paper is as follows. In Sec. II, we
present three different models for electron transmission under
the influence of an external magnetic field: (i) a tight-binding
(Hiickel) model, which is analyzed using the steady-state
approach described in our earlier work”-*®* and (ii) continuum
ring model analyzed using scattering theory.® We also describe
(iii) a simple two-level model that captures the essence of the
observed behavior. Sec. III presents results from our model
calculations that describe (a) the magnetic field effect on the
transmission probability and the current voltage characteristics
of simple molecular ring junctions of various symmetries,
(b) comparison between the tight-binding, continuum, and
two-level models, and (c) the effect of structure and geometry
on the dependence of junction transport properties on the
applied magnetic field. The effect of dephasing processes on
these behaviors is discussed in Sec. IV. Sec. V summarizes
our main results and discusses their implications for further
study.

II. MODELS AND METHODS

In this section, we describe the models used in this work to
analyze magnetic field effects on electron transport through
molecular rings. This analysis is based on noninteracting
electrons models. Within this framework, the tight-binding
(Hiickel) model seems to be the most suitable for a simple
description of molecular transport, however, we will see in the
following sections that the main characteristics of the transport
behavior are found also in the continuous ring model. In fact,
much of the physics is already contained in an ever simpler
model based on a two-level bridge. These models are described
below and a discussion of their suitability in the present context
is made in Sec. V.
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FIG. 1. (Color online) A tight-binding model for current con-
duction through a molecular ring structure connected to two one-
dimensional metal leads L and R at bias voltage V. A static uniform
magnetic field B is applied perpendicular to the molecular plane.

A. The tight-binding model: scattering theory on a 1D lattice

We consider a molecular junction formed by aring molecule
bridging the metal leads (L, R) through two chosen sites
on the ring. The molecule is described by a tight-binding
(Hiickel) model with on-site energies oy and nearest-neighbor
interactions By. The metal contacts (L, R) are modeled as
infinite one-dimensional tight-binding periodic arrays of atoms
with lattice constant a and on-site energies and nearest-
neighbor coupling matrix elements ox and Bx(K € L,R),
respectively. A sketch of such a molecular junction is shown
in Fig. 1.

In the site representation, this TB Hamiltonian is given as

H=H, +Hg + Hy + Vi + Vru, (1)
where
Hy =ag Y In) (nl+ Bk Y_ (In) (n+ 1] + |n + 1) (n]),
nek nek
K =L,R M, @)

Vin = Bxwm (In) (m|+|m) (n]),n € K=L,R and m € M,
A3)

where (F|n) = x,(¥) is an orthogonal set of atomic orbitals
centered at atomic sites n (n € K = L,R,M). The indices
K =L, R, and M correspond to the subspaces of the left (L),
right (R), and molecule (M), respectively.

The model (1)-(3) is supplemented by an additional
magnetic field B applied to the junction, so that the kinetic
energy operator of an electron is modified according to
@2m)~'p2 — 2m)~'(p + le|A)?, where m and e are the
electron mass and charge, respectively. We assume that the
field is uniform, applied in the bridge region only*’ and, for
the planar ring-molecules considered, perpendicular to the
molecular plane. In the standard London approximation,*! one
(a) represents this field by a vector potential in the symmetric
gauge, A(F) = %E x 7 and (b) modifies the finite basis of
field-free atomic orbitals x,(7), where 7 is measured from the
center of atom n, so as to account for the phase difference
between wave functions centered on different atomic sites,

X (F) = Jin (F) = 71 0VDAT S 7y 4)
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where An = A(?n). This leads to a tight-binding (Hiickel)
Hamiltonian with coupling between atomic sites given by

ﬂmn = /d?x::l (?) Vxn (;) e—i(\e\/h)(An_Am);. (5)

For nearest-neighbor interactions, 7 in the exponent is approx-
imately replaced by (7, + 7,,)/2, leading to

ﬂM - ,an = ,BMeiemn»n’m eEM, (6)
where
|€| e e 7m+?n
an = -7 An - Am .
h ( ) 2
= ﬂé X (’_;m _;:n) (?m +7n)
4n
=%(7m><7n)'§7 @)

and the molecular Hamiltonian is now given by

Hy =ay Y |n) (nl + Bu

neM

X Z @ \m) (n| 4+ e~ |n) (m]).  (8)

n,meM

Note that |7, x 7,| is twice the area of the triangle spanned
by the vectors, $0 6,,,, = 27 8¢ /P9, Where §¢p is the magnetic
flux through the triangle spanned by the position vectors
(FusFm), and ¢o = h/ |e| is the flux quantum.

To evaluate the transmission coefficient associated with
this setup, one could use the nonequilibrium Green function
method, but here we follow the scattering method used in
Refs. 38 and 39 that gives an easier access to bond currents
and, in its density matrix version, can be generalized to account
(approximately) for dephasing processes. In this approach,
a wire or a network of wires described by a tight-binding
Hamiltonian is made to carry current by injecting electrons
at one of its sites (source site). At the same time absorption
is affected at the “end sites” of other wires by adding the
self-energy term

L
N TS

= Ag(E) — (i/2)T'k(E) )

to the site energy. This “absorption” represents the infinite
extent of the wire and makes it possible to describe dynamics in
an infinite system by a finite-system calculation. For electrons
injected at energy E, the steady-state wave functions are
written in the site ({|n)}) representation in the form

(W(E,0) =) Cu(E,0) |n) = e EM " C(E) In) . (10)

The orbital coefficients or amplitudes C,,(E) obtained by
solving the Schrodinger equation for steady-state situation
provide the particle current between any two nearest-neighbor
sites (n, m) on wire K as

2Bk

JK(E) = TIm((i",,C;;)V(n,m) €K, (11)
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which, in the presence of magnetic field (applied in the
molecular region), becomes

2 o
JK(E) = %Im(e’@zm C,C*\N(n.m)e K =M. (12)

The transmission probability through any exit segment or
bond is calculated as the ratio of intersite current (bond current)
to the incoming particle current, i.e.,

_ JK(E)
N JIn(E) ’

where J;,(E) = % |A|2 and A, the amplitude of the incom-
ing wave, which we consider unity. Under certain conditions, a
bond current in a biased molecular ring structure may exceed
the net transport current—a signature that a circular current
J. has developed in the ring. In a previous paper,” we have
defined the circular current as the sole source of (bias-induced)
magnetic flux through the ring. For a ring comprising n
identical bonds, divided by nodes into N segments of 7 ; bonds

T.X(E) (13)

(Zj.vzl n; = n) on which the current has been determined to
be J;, the circular current in the ring is given by’

1
Jo==>Jmn;. 14
nj il (14)

It was also useful to define the circular transmission
coefficient’ as the ratio of circular current to the incoming
current as

Je(E)
J In (E ) '
note that this number can be larger than 1.
For a finite bias voltage, the net bond current between

any two nearest neighbor sites in a two-terminal junction is
obtained from the Landauer formula:

Lnn(V) = 7%/ Tim(E)LfL(E) — fr(ED)E, (16)

e}

T(E) = s)

where fx(E) and ug(K = L,R) are the Fermi functions and
chemical potential of the left and right leads, respectively. In
the calculations reported below, unless otherwise stated, we
have taken the leads temperature to be zero, assumed that
the potential bias falls on the metal-molecule interfaces and
considered symmetric potential drop, thatis u; = Erp +eV/2
and MUR = EF — 6V/2.

B. Scattering in the continuous ring model

Next, we consider the continuous ring model in which
the junction comprises a one-dimensional (1D) conducting
ring connecting between two 1D leads [see Fig. 2(a)]. The
symmetry of the scattering process is imposed through the
angle y between the leads,*” and the properties of the ring-lead
contact are embedded in the imposed junction scattering
amplitudes [see Fig. 2(b)] as detailed below.

We assume that the electrons can be represented by plane
waves traveling along the ring with the form A e*! + Aye=*,
where [ is the electron path length (on the ring / = R0,
where 6 is the angle traversed by the electron and R is the
ring radius) and A;, are the amplitudes of the respective
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waves. [In Fig. 2(a) these amplitudes are denoted L, U, D,
and R in different segments of the ring and the leads.] We
use the standard notation where negative(positive) k values
represent (counter-)clockwise propagating waves. The ring-
lead coupling is modeled by assigning scattering amplitudes
at the ring-leads junctionsls’“#‘8 as shown in Fig. 2(b). |c|2 is
the probability of an electron approaching the junction from
the lead to be back scattered into the lead, ¢ is the probability
of an electron approaching the junction from the lead to mount
the ring, |a|? is the probability of an electron approaching the
junction from one of the arms of the ring to be back scattered
into the same arm, and |b|? is the probability of an electron
approaching the junction from one of the arms of the ring to be
transmitted into the other arm. Based on current conservation
considerations, the scattering matrix can be shown to be unitary

T(k.¢p) = |-

T, = 42 {1 —cos(2mkR)cos[2kR (r — y)] + 2sin[kR (2m — y)]sin(kRy)cos <2n%)} ,
0

TH=(*—17+4 {cos (2kR) — a® cos [2kR (w — y)] — b* cos <27‘[ ‘2—3)}

X {C2 cos 2mkR) — a*cos [2kR (r — y)] — b* cos (2”(5)_3)} ’

where ¢p = B-S= B.S, S is a_vector perpendicular to
the ring’s surface such that S = |S| = 7 R? and, as above,
¢o = 2mh/|e|. We note that when y = & the above expres-
sion reduces to the standard expression for symmetrically
connected rings.’!

C. A two-state model

In the weak leads-ring coupling limit, the width of the
doubly-degenerate energy levels on the ring is considerably
smaller than the interlevel spacing between states of different
angular momentum. Therefore, at low-bias voltages, we can

@ ¥4 (b)

FIG. 2. (Color online) Schematic representation of the scattering
model. (a) Assignment of the wave amplitudes on the different parts
of the system. (b) Junction scattering amplitudes.
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such that all scattering amplitudes (taken to be real***%%) can
be folded into a single parameter, which we choose to be ¢
such that

c=N1-2¢, a=3i(1-¢), b=-11+0. D

It is now possible (see Appendix A) to write scattering
equations for both junctions taking into account the spatial and
magnetic phases accumulated by the electrons while traveling
along the arms of the ring. Focusing on the scattering process
associated with an incident wave coming on the right lead with
amplitude R;, that is, taking the incoming amplitude on the
left lead to vanish, L; = 0, these equations can be used to
relate all amplitudes in the ring segment and the leads to the
incoming amplitude R;. This leads (see Appendix A) to the
transmission probability in the form

L) T
R, = 7—,2, (18a)
(18b)
0
(18¢)
0

safely assume that electronic transport takes place mainly
through a couple of degenerate levels close to the Fermi
energy of the leads and model the transport physics using
the simplified two-level model shown in Fig. 3. To assign the
relevant model parameters, consider an external magnetic field
B = (0,0, B;) threading a molecular ring of radius R that lies
in the XY plane. The energy levels of an electron moving
otherwise freely on the ring are given by (see Appendix B)

_ 1 o5\’
Em_m<m+%> , (19)

where we use atomic units unless otherwise stated. Here, m =
0, £ 1, & 2,... is the angular quantum number (for the isolated
ring, the quantum number m relates to the wave vector k of
the previous section via m = kR) and the flux quantum is
¢o = 2m. In the basis of the corresponding eigenstates of the
isolated ring, the molecular ring Hamiltonian H,; is given by
a repeated sequence of diagonal 2 x 2 blocks, I-AIIE;"), that

\']T_\k L{'

— IR

E,

v

FIG. 3. Schematic representation of the two-level model. The
leads are represented in this figure by tight-binding chains.
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correspond to states whose degeneracy is split by the field:

2 .
Am _ #[’““F(%) ]_ @
o =

0 i

The full transport problem of a molecular ring connecting
between two metal leads can thus be replaced by the simplified
model involving only the two levels characterized by a given
|m|, shown in Fig. 3. Here, V; g, where j = 1,2 and K =
L, R denotes the coupling between molecular level j and the
lead K, and

1 o8\’ | _ Im| B,
El/zfm{mz—l-(qs—i)}:F 7 21

The corresponding transmission coefficient is given by the
Landauer formula

T(E)=TuI'L(E)Gy (E)TRr(E)GY (E)], (22
where the broadening function of lead K ( = L,R) is given by
Tk (E) =i[Zf (E) — =% (E)]. (23a)

The retarded Greens function of the molecule is calculated as

G (E) = [G;@(E)]"’ =[EI — Hy — 2} (E) - Eg(E)]‘l,

(23b)
and the self-energy of lead K is represented as
2 *
r } 70 |V1,K| VLKVZ,K
Ty (E) = | Z% (E)| = |Gk (E)
K [ K ] [ K ]kk V;KVI,K |V2$K|2
(23¢c)

G;? (E) being the retarded Green’s function of the isolated
lead K. Equation (23c) is written under the assumption of
short-range interaction between ring and lead, whereby the
ring is coupled to the nearest-neighbor lead site denoted by
the index k. We could have used here the explicit Newns-
Anderson model for a one-dimensional tight-binding lead for
which ¥ is given by Eq. (9), however, because we will be
using the two-level model as a generic simple model to gain
physical insight into the nature of our results it is sufficient
to make the simplest wide-band approximation for which
[GZ0 (B = [G;e0 (E)]kx = —imp, where p is the density of
lead electronic states and we assume identical leads. On the
other hand, the magnetic field dependent transport properties
are determined by the choice of lead-ring coupling elements
that enter Eq. (23c). Aiming to capture this dependence, we
assume that (WringWWlead) reflects the phase of the wave
function on the ring at the positions of the leads-ring junction.
Referring to Fig. 2(a) and setting the angle at which the right
lead is attached to the ring to be ¥y = 0, the left lead is attached
at the respective angle y (y is m, 27 /3, and 7 /3 for the
para, meta, and ortho configurations, respectively). Hence we

[m? +(
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E; O
< 01 Ez>' (20)

o

P+

take

Vig=Ve ™ =V, Vyipg=Ve™ =V,
(24)

Vl.L = nglmy’ and VZ,L = V@lmy,

where V is the coupling strength. Consequently, Eq. (23c)
yields the retarded self-energies associated with the right and
left leads in the forms

1 1
E;(E):—irr,oV2<1 ]> and
(25)

1 eZimy
¥, (E) = —inpV? . ,
672zmy 1

where m is related to the imposed magnetic field and to the
electron energy through Eq. (21). It is now possible to obtain
explicit expressions for the broadening matrices I'z g (E)
and the retarded and advanced molecular Green’s functions
G, (E),G9, (E) from which the transmission probability can
be calculated using Eq. (22). A long but straightforward
calculation (see Appendix B for a detailed derivation) leads
to

T
T(E,B,) = oA (262)
T, = I*[(E — E1)* + 2(E — E1)(E — E») cos(2my)
+(E — E»)?, (26b)
T, = (E — E\)*(E — E»)* + T[(E — E})?
+2(E — E1)(E — E>)cos*(my)
+(E — E»)*] + [T sin(my)]*, (26¢)
[ =27V?p, (26d)

where the dependence on B, originates from Eq. (21).

III. RESULTS AND DISCUSSION

As discussed above, current conduction through ring struc-
tures is inherently associated with interfering transmission
pathways® that may be conveniently described in terms of
degenerate eigenstates of the isolated ring. The corresponding
degenerate states can be represented in terms of rotating,
clockwise and counterclockwise, Bloch states on the ring.
Indeed, it is the tuning of relative phases of these states
by magnetic field that potentially provides magnetic field
control of the ring transmission properties. This implies several
important aspects of the resulting behavior: First, transport will
be affected by interference (and consequently most amenable
to magnetic field control) in energy regimes dominated by
such degenerate states. Second, strong interference effects
and large sensitivity to magnetic field are expected when
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these states are associated with sharp transmission resonances,
i.e., for sufficiently weak metal-molecule coupling. Third,
the symmetry of a given junction geometry strongly affects
the interference pattern and hence dictates the transport
properties. Fourth, these phenomena will be strongly affected
by dephasing processes. In what follows, we will see different
manifestations of these statements.

We study single-molecule junctions consisting of molecular
ring structures such as benzene, biphenyl, and anthracene
connecting metal leads. The results presented below focus
on the response of these systems to an externally applied
static uniform magnetic field in terms of modification in their
electronic transport characteristics. The molecular junction is
emulated by the tight-binding (Hiickel) molecular Hamilto-
nian and one-dimensional tight-binding leads as presented
above. For the latter, we take zero on-site energies, i.e.,
ok (K € L,R) = 0and nearest-neighbor coupling f;, = fr =
6 eV that corresponds to a metallic band of width 24 eV.
The zero-bias Fermi energies of these contacts are set
to Er = 0. For the molecular structure, we take ay =
—1.5 eV and By = 2.5 eV for all nearest-neighbor atom
pairs.”3

Consider first a simple benzene ring that can couple to the
metal leads in para, meta, and ortho configurations (see Fig. 1).
In the free molecule, the highest occupied molecular orbitals
(HOMOs) and the lowest unoccupied molecular orbitals
(LUMOs) constitute pairs of doubly degenerate orbitals which,
with our choice of molecular parameters and energy origin,
are positioned at apy — By = —4 eV and oy + By = 1 eV,
respectively. The transport properties of a junction comprising
such a molecule depend on (a) the molecule-lead coupling,
(b) the molecular level alignment relative to the lead Fermi
energy, and (c) the potential distribution along the junction.
However, the phenomena discussed below are dominated by

(@) I, (b)

pe

1
Y

® 0
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an additional effect: splitting of the level degeneracy due to
the molecule-leads coupling. For sufficiently weak coupling,
these split levels constitute sharp transmission resonances at
the corresponding energies.

It should be emphasized that degeneracy splitting in
benzene affected by imposing perturbations at some atomic
positions does not by itself specify the nature of the new
eigenstates. An important property of the resonances obtained
when the ring is connected to infinite leads at the meta or
ortho positions [i.e., scattering resonances characterized by
scattering boundary conditions, that is, incoming in one lead
and outgoing in the other(s)] is that they can be shown to
maintain the character of circulating Bloch eigenstates of the
isolated ring. The corresponding transmission resonances are
therefore associated with considerable circular current in the
benzene ring.7 Consequently, in the meta- and ortho-connected
configurations, large circular currents are found when bias
and gate potentials are such that one of the split resonances
dominates. In contrast, in the para-connected ring, one of
the split eigenstates turns out to have a node at one of
the para positions and, consequently, does not contribute to
transmission, while the other is characterized by zero net
circular current as could be expected from symmetry.

This is shown in the upper panel of Fig. 4, where the
bias voltage is set to V = 2 V.>* This brings the upper
Fermi energy to the vicinity of the LUMO pair: in the meta-
and para-connected benzenes, one of the split resonances is
below and the other above this energy.”> The metal-molecule
coupling is taken By = Bry = 0.05 eV, low enough so these
resonances remain well separated. For these parameters, the
net current through the junction is of order ~1 nA, while
the circular current in both the meta and ortho configurations
is three orders of magnitudes larger, yielding ~0.23 T for
the induced magnetic field in the ring center in both cases.

I, (c) I

FIG. 4. (Color online) Internal current distribution in (a) para-, (b) meta-, and (c) ortho-connected benzene ring connected to leads with
Bxu = 0.05 eV under voltage bias of V = 2 V. The upper panel shows the bond currents calculated in the absence of an external magnetic
field, while the lower panel corresponds to the presence of a magnetic field, B = —2 T (negative B corresponds to a field pointing down into
the plane). The arrows along bonds represent bond currents with magnitudes proportional to the corresponding arrows lengths. The encircled
dot (cross) in the meta (ortho) structures in the upper panel denote the directions of the magnetic field induced by the circular current: out of

(into) the molecular plane.
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Note that the direction of the circular current and the ensuing
magnetic field is opposite in the meta and ortho configurations.
See Ref. 7 for more details.

When an external magnetic field is switched on, the bond-
current map changes. In these and the following calculations
the external magnetic field is taken in the Z direction,
perpendicular to the molecular XY (also page) plane. Positive
field direction is taken to be outward, toward the reader, and a
positive circular current is taken to be in the counterclockwise
direction. This field generates an additional circular, so-
called persistent current that can reinforce or suppress the
voltage driven circular current. Thus a negative magnetic field
(direction into the paper plane) generates a current in the
anticlockwise direction that adds to the circular current in
the meta-connected ring (at V = 2 V) and subtract from it in
the ortho-connected structure, as seen in the lower panels of
Fig. 4. Of course, the interplay between the voltage driven
and field-induced circular current depends on the voltage
range considered. For example, in the meta-connected ring,
the voltage driven circular current reverses its direction above
V =2V and a negative field induced persistent current will
add to it destructively as in the ortho case. This implies that at
any finite bias, I.(B) # I.(—B).

Figure 5 shows another aspect of this effect. Here the
circular current in a meta-connected benzene ring connected
to leads with Bk, = 0.05,0.5eV (K = L, R) is shown as a
function of voltage for different applied magnetic fields. Again,
it is seen that I.(B) # I.(—B) in the presence of bias voltage.
It is also seen (inset) that the sensitivity to magnetic field is
strongly reduced when the molecule-lead coupling becomes
stronger.

It is of interest to ask, what is the external magnetic field
that will annihilate the circular current in a voltage driven
molecule? One may naively expect that this is just the field
equal in magnitude and opposite in direction to that induced
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FIG. 5. (Color online) Circular current as a function of bias
voltage in the range (1.994 to 2.006 V) in a meta-connected benzene
for Bxy = 0.05 eV in the presence of external magnetic field, B =
0, £1, and +5 T. The inset depicts the case for Bxy = 0.5 eV for
applied field B =0, =100 T.
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FIG. 6. (Color online) The circular current in a meta-connected
benzene ring biased at V = 2V plotted as a function of magnetic
field applied perpendicular to the ring. The three cases shown
correspond to different molecule-lead coupling. Full line (black):
Bxu = 0.05 eV, dashed line (red): Bxy = 0.10 eV, and dotted line
(blue): Bxy = 0.5 eV (in the inset). The magnetic field induced
by the voltage driven current is practically the same in all cases,
B ~0.23T.

by the circular current so that the two fields annihilate each
other, however, Fig. 6 shows that the magnetic field needed
to stop the circular current is considerably larger than the
magnetic field produced by that current, and generally depends
on the molecule-lead coupling. For Sg, = 0.05,0.1, 0.5 eV,
we find this field to be 0.98, 3.92, and 96.40 T, respectively,
at the voltage bias employed (2 V). On the other hand, we
find that the magnetic field induced by the circular current,
Bing = 0.23 T at the same voltage bias is almost independent of
the molecule-lead coupling.>® This nontrivial behavior results
from the fact that the application of the external magnetic
field does not simply oppose the circular-current induced
magnetic field but also alters the electronic structure of the ring
and strongly influences the interference pattern of coherent
electrons mounting the ring thus influencing the resulting
induced magnetic field itself.

Of more practical implications is the question whether
the junction transport properties can be affected by an exter-
nally applied magnetic field. As already mentioned, previous
studies'? seem to indicate that while the transmission 7 (E)
may be affected by an external magnetic field, the integrated
transmission that yields current-voltage characteristics is not
sensitive to this field. The main reason for this observation is
that at realistic magnetic field values, the splitting between the
degenerate levels of the ring is of the order of meV's (see Fig. 9).
At high leads-ring coupling, this splitting is much smaller than
the width of the two levels and is therefore hardly seen even in
the 7 (E) curves. At the low coupling limit, the 7 (E) curve
clearly shows the magnetic field induced level splitting but in
order to observe the magnetic field effect in the /(V') curves,
the Fermi integration window [see Eq. (16)] should include
only one of the split levels. This, however, requires bias and
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gate voltage precision smaller than the level splitting as well
as very low temperatures.

One may conclude that despite the ability to control
the magnetic field sensitivity of the transmission probability
through molecular rings via the leads-ring coupling,>® prac-
tical measurements of the /(V) curves will hardly show any
magnetic-field effect. This can be clearly seen in the upper
panel of Fig. 7 where the current-voltage relationship of a
symmetrically (para-) connected benzene ring is found to be
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FIG. 7. (Color online) The -V characteristics of a junction
comprising para- (upper panel) and meta- (lower panel) connected
benzene coupled to the leads with coupling element 0.05 eV, evaluated
for different magnetic field strengths B normal to the ring. The
results obtained for different magnetic fields for the para system
are essentially indistinguishable from each other. The inset in the
upper panel shows a close-up on the V = 2 V neighborhood that
shows the consequence of the split degeneracy in the para-connected
junction. The inset in the lower panel shows the /-V behavior in
the meta configuration for molecule-metal coupling 0.5 eV, which
is essentially field independent in the same range of magnetic field
strengths. Results for the ortho-connected molecule are qualitatively
similar to those shown for the meta configuration.
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robust against the external field. Only when zooming into the
current step region (inset of the upper panel of Fig. 7) one finds
a small shoulder resulting from the level splitting at a finite
magnetic field value.

While this conclusion is true for the symmetric junction, in
the asymmetrically connected junction a different behavior is
observed. In the lower panel of Fig. 7, we present the (V)
curves of the meta-connected ring for different magnetic field
intensities. Despite the fact that the level splitting is similar
to that of the symmetric junction, the current-voltage char-
acteristics show pronounced sensitivity towards the magnetic
field.

To get further insight into the origin of this behavior,
we show in Fig. 8 the transmission functions 7 (E) that
constitute the input to the /-V results of the preceding figure.
Shown are the transmission functions for para- (upper panel)
and meta- (lower panel) connected benzene rings under
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FIG. 8. (Color online) Transmission probability 7 (E) around
E =1 eV through a junction comprising para- (upper panel) and
meta- (lower panel) connected benzene coupled to the leads with
coupling matrix element 0.05 eV, evaluated for different magnetic
field strengths B normal to the plane of the ring. Again, results for
the ortho-connected molecule are qualitatively similar to those shown
for the meta configuration.
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different perpendicular magnetic fields in the vicinity of the
doubly degenerate LUMO energy of the isolated molecule,
oy + By = 1eV. We see that the transmission function
depends on the magnetic field in both the symmetric and
the asymmetric junctions. Consider first the para-connected
junction and denote the split states in this configurations
by v and v,. As noted above, only one of these, say v,
contributes to the transmission and the system is characterized
by a single transmission resonance. In terms of the two
counter-rotating Bloch states that are eigenfunctions of the
isolated ring, this resonance is a linear superposition in which
the corresponding paths add constructively. The other state ¥,
of zero transmission corresponds to the superposition in which
they interfere destructively to give a node in one of the para
positions. In the presence of an applied field B, the eigenstates
become (as B — 0) 272 (| & ), implying that (a) the
single transmission peak at B = 0 splits into two peaks of equal
intensities and (b) the total area under the transmission function
remains unchanged. This leads to an /-V characteristics that
does not depend on the magnetic field [see Fig. 7(a)] except
in the very narrow voltage region where the Fermi step goes
through the split peak [see Fig. 7(a) inset]. As discussed above,
such a sharp Fermi step requires very low temperatures (~1 K)
to be resolved.

In contrast, in the meta- and ortho-connected junctions, the
asymmetric coupling to the leads results in the appearance
of two transmission peaks already in the absence of external
magnetic field. As B is increased, this splitting reduces up
to a certain magnetic field intensity (for instance, £2 T
in the meta-configuration for 0.05 eV molecule-lead coupling)
where it vanishes (level crossing) engendering constructive
interference at this field value. This can be understood as
phase adjustment of the interfering electron waves by field,

0 0.01 0.02 0.03 0.04

0 0.01 0.02 0.03 0.04
By (V)
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causing them to interfere constructively until full resonant
transmission is reached. Interestingly, in this regime of
magnetic field strength, not only the splitting but also the
area under the transmission function are field dependent.
As the field intensity increases from zero, the total area
under the peaks increases until the peaks become fully
separated and then the area remains constant. This is clearly
manifested in the field dependence of the current-voltage
characteristic shown in Fig. 7(b), suggesting that in the
asymmetric case the /-V field dependence should be exper-
imentally accessible in the low leads-ring coupling regime.
Note that Fig. 7(b) shows results obtained at 0 K, however,
the results obtained at 300 K are almost indistinguishable.
These magnetic-field-controlled interference phenomena are
reminiscent of those observed in a triple quantum dot
system.”’>"

A more general view of this behavior is seen in Fig. 9,
which shows, for the para- and meta-connected junctions, the
evolution of the benzene energy levels at E = oy + By =
1 eV as a function of molecule-leads coupling (left side of
the figures) and magnetic field (right) as expressed by the
transmission function. It is seen that level degeneracy is lifted
by the molecule lead coupling in the meta structure, but
not in the para structure. Increasing the magnetic field for
a given (0.05 eV) molecule-lead coupling splits the levels in
the para case, but brings them together first in the meta case,
as discussed above.

Two additional observations should be pointed out. First,
another regime of field dependence takes place at very high
fields, where shift of energy levels makes more levels to
appear within the Fermi window between p; and wg. This
happened at unrealistically large fields (~1000 T). Second,
in contrast to the circular transmission coefficient 7.(E), the

By = 0.05 ev T

0.05/0 3 6 9 12 15

B (Tesla)

Bym =008 ev

0.05/0 3 [ 9 12 15

B (Tesla)

FIG. 9. (Color online) Transmission probability maps in the E - B¢, (K = L,R) plane at B = 0 (left of the vertical dashed line) and in
the E-B plane for Bk, = 0.05eV(right of the vertical dashed line) for junctions comprising para- (upper panel) and meta-connected (lower
panel) benzene molecules. Color code varies from deep blue (7 = 0) to red (7 = 1).
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FIG. 10. (Color online) (a) Field free internal current distribution in a diagonally connected biphenyl molecule at a bias voltage of 2 V
showing the circular currents in the absence of external magnetic field for metal-molecule coupling of 0.005 eV. (b) The transmission probability
displayed against the electron energy around 1 eV at different field strengths. (c) Magnetic field effects on the /-V characteristic for | B| in the
range 0-20 T. The magnetic field is oriented such that the fluxes that transverse the two rings are equal.

total transmission coefficient 7 (E) is not affected by the field
direction, /1(B) = I(—B).

Qualitatively, similar results as described above are ob-
tained for other ring-containing molecular systems. Figure 10
shows results for a biphenyl molecule, characterized by a twist
angle of 40° between the benzene rings. The isolated biphenyl
molecule possesses two twofold degenerate orbitals, viz.,

HOMO-1 and LUMO + 1 that for our choice of parameters
are positioned at oy — By = —4eV and oy + By = 1€V,
respectively. A biphenyl molecule connected to leads at
positions (6,10) (see Fig. 10) can be considered as two coupled
benzene rings in para configuration, and, consequently, we
expect that its /-V characteristic is insensitive to an imposed
weak magnetic field. Indeed, a recent work® finds that to affect
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FIG. 11. (Color online) (a) Field free internal current distribution in a diagonally connected anthracene molecule at a bias voltage of 2 V
showing the circular currents in absence of external magnetic field for metal-molecule coupling of 0.005 eV. (b) The transmission probability
displayed against the electron energy around 1 eV at different magnetic field strengths. (c) Magnetic field effects on the /-V characteristic for

|IB| <20T.
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transport in this configuration by magnetic field requires flux
of order 0.5 ¢9 which, as discussed, is unrealistic for such a
small molecular structure. On the other hand, the diagonally
connected biphenyl shown in Fig. 10(a) can be considered as
two coupled benzene rings, each in meta configuration. For
such a structure weakly coupled to leads, we find again high
sensitivity of the transmission [see Fig. 10(b)] and the /-V curve
[see Fig. 10(c)] to the magnetic field. It should be noted that
sensitivity to magnetic field is manifested when the molecular
levels at 1 eV (degenerate in the free molecule) enter the Fermi
window at voltage bias 2 V. The current rise at V = 0.82 and
3.26 V is due to resonant transmission through nondegenerate
energy levels at ~0.41 eV (LUMO) and 1.63 eV (LUMO + 2),
respectively, and is not affected by the field.

Similar results for a junction with diagonally connected
anthracene bridge are shown in Fig. 11. In the voltage range
shown, sensitivity to a weak magnetic field is associated
with the doubly degenerate anthracene levels at ay + By =
leV (LUMO + 1) and ay + +/28y ~ 2.03eV (LUMO +2)
(responsible for the current rise at V = 2 and 4.06 eV,
respectively). The other current steps seen in Fig. 11(c) are
due to nondegenerate levels and are not sensitive to the field.
As in the previous cases discussed, this behavior depends
on the symmetry of the molecular junction. For example, in
agreement with Ref. 61, no sensitivity of the /-V characteristic
to weak fields is found for contacts placed in the (2,6) positions
[see Fig. 11(a)] although the transmission function itself does
depend on the field in a way reminiscent to the para-connected
benzene junction.

Finally, we note that naphthalene does not have orbital
degeneracy and indeed no /-V sensitivity to weak magnetic
field is found (although circular currents are induced) in
junction models based on this structure. Conduction through
this molecule is found to be affected only by unrealistic strong
fields of order ~1000 T. Also, it should be kept in mind that
for the larger molecules, higher charging thresholds for which
the present single-electron description is inadequate become
energetically accessible.

These observations can be summarized by stating that
at least within the single electron descriptions used here,
sensitivity of the /-V behavior to relatively weak external
magnetic fields is a generic phenomenon in many ring-
molecular structures characterized by weak molecule-lead
coupling, however, its manifestation depends on details of
the electronic structure of the molecule and on the junction
geometry.

It is interesting to compare the results shown above for
the field affected electronic transmission through molecular
structures to the equivalent transmission problem in the
continuum ring model described in Sec. II B. Figure 12 depicts
the transmission probability as a function of the dimensionless
parameter kR calculated from Eq. (18), using the reflection
parameter ¢ = 0.0005 at different flux ratios, ¢p /¢y of the
order of 10™*. The cases y = m and y = 2/3 correspond to
the para- and meta-connected rings, respectively. Estimating
the benzene ring radius as R ~ 0.13 nm, we find that kR = 1
correspond to a free electron energy of the order ~2 eV, while
¢5/Po = 10~*corresponds to B of order 10 Tesla. The close
similarity of the results displayed in Fig. 12 and those of Fig. 8
is obvious, showing that the complex nature of the magnetic
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FIG. 12. (Color online) Transmission probability around kR = 1
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field dependent transmission probability through junctions
involving rings of various geometries is intimately related to
the symmetry of the wave functions obtained by a simple
model of a particle on a ring.

This further justifies the use of the simplified two-level
model introduced in Sec. II C that relates the generic nature of
the magnetic field dependence described above to the phase-
dependent coupling coefficients and magnetically controlled
wave interferences on the ring. In Fig. 13, we plot the
transmission probability as a function of energy obtained by
the two-level model expression [see Eq. (26)] for two system
geometries under various magnetic field intensities.

As can be seen, the two-level model fully captures all
the features appearing in the transmission probability curves
obtained by both the tight-binding Hamiltonian and the
continuum scattering description. Here, as well, for the
symmetrically connected ring, the magnetic field serves to
split the energy levels while conserving the total area under
the transmission peaks, whereas for the meta and ortho
configurations, the integrated transmission probability grows
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FIG. 13. (Color online) Transmission probability as a function of energy obtained using the two-level model, Eq. (26), for meta (left panel)
and para (right panel) connected rings. We use m = 2, ring’s radius = 1.0 nm, V = 0.1 eV, p = 0.05 eV~! and let the x-axis origin follow the
average position of the two levels in the presence of the magnetic field. The ortho-connected ring results are identical to those obtained for the

meta configuration.

with the magnetic field. This equivalence between the three
approaches (tight-binding Hamiltonian, scattering model, and
two-level model) sheds light on the origin of the different
behavior of the transmission probability between the three
system geometries. As suggested by the two-level model,
the differences between the three geometries enter via the
coupling integrals between the ring and the leads taken to be
proportional to the phase of the wave function at the locations
of the junctions. Coupling of one of the leads to a nodal
point of the wave function will cause destructive interferences,
which may be lifted by the application of the external magnetic
field. Since different geometries couple the leads with different
phases the response of the transmission probability towards the
magnetic field is altered.

IV. EFFECT OF DEPHASING

Since much of the effects discussed above result from
interference between transmission pathways, it is expected
that dephasing processes will have a strong effect on these
observations. Such effects were studied by several authors
in this context using the Biittiker probe method®®> whose
application is common in the field of junction transport.
Because this phenomenological method is based on a rather
artificial process of replacing coherently transmitted electrons
by electrons with indeterminate phase, we chose to compare
such results with those obtained from another phenomeno-
logical model in which the dynamics of the density matrix
of the molecular bridge incorporates damping of nondiagonal
elements as done in the Bloch or Redfield equations describing
relaxation in a multilevel system.

In both the Biittiker probe and the density matrix ap-
proaches, it is possible to affect dephasing locally, i.e., at
any given site of the tight-binding bridge that represents our
molecule, using the following procedures. In the Biitikker
probe method,®>% the dephasing rate at such a site j is
determined by its coupling to an external thermal electron
reservoir J with chemical potential set such that no net
current flows through the corresponding contact. We describe
the probe by the same tight-binding metal model, Eq. (2),
and the same energetic parameters (site energy and intersite
coupling) as our source and drain leads. The dephasing rate
is determined by the coupling B; ; between molecular site

Jj and the site of the probe J that is coupled to it. In
the calculations reported below, we take all these coupling
parameters between molecular sites and probes to be the
same, B ; = Bup, for all j and J. Within the model, one
calculates the transmission functions 7 g (E) between any
two leads (K,K' = L,Rand J =1, ...,N for N probes) and
obtains the effective transmission function between source
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FIG. 14. (Color online) Transmission probability as a function
of energy in the presence of dephasing. Top, middle, and bottom
figures correspond to para-, meta-, and ortho-connected benzene
molecules, respectively. Left: results obtained using the Biittiker
probe model with the indicated coupling parameter fp). Right:
results obtained by the density-matrix calculation with the indicated
dephasing rate 7. The molecule-leads coupling is 1 eV. The other
model parameters are as given in the second paragraph of Sec. III
(parameters of the probe leads are the same as for the source and drain
leads).
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and drain in the form T,§°Lf“ =T + ZIXJ,ZI TesWi Ty,
where W} = —T;0 (1 =8;7)+ (1 —Ry1)8;p (8 is the
Kronecker § function) and R;; =1 — ZK:R,L,{J,#} Tk is
the reflection function in probe J.

In the density matrix description, one looks, for a
given injection current in the source wire, for the steady-state
solution of the Liouville equation for the density matrix of the
inner system,

38,39

i
_ﬁ[Hap]nm_

Pnm =

1
3 [Z,(E) + Zp(E)]

- %nnm(l - 8nm)/0nm~ (27)
where X, is the self-energy (9), representing the effect of an
infinite lead coupled to site n and 1,,,, = (1/2)n (8,m + Smm),
where 6, is 1 if site n is on the molecule and is zero
otherwise. Here, the parameter n (taken to be the same for
all ring sites) represents the dephasing rate. The resulting
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steady-state solution is then used to evaluate the current on
any bond segment as well as the transmission coefficient.’%%°

Figures 14 compares results from these calculations in the
absence of a magnetic field. Here, dephasing is affected on
all sites of the molecular (benzene) ring and the transmission
coefficient is plotted against electron energy for the para-,
meta-, and ortho-connected benzene molecules for different
values of the dephasing parameters. We note in passing that our
calculations using the Biittiker probe method are practically
identical to those obtained by Dey et al.** when the same
junction parameters are used. On this level of presentation,
the main effect of dephasing is seen to be broadening of the
transmission peaks. We note that the two different phenomeno-
logical models of dephasing give qualitatively similar results.

Figures 15 (using the Biittiker probe method) and 16
(density matrix model) focuses on the transmission resonance
near E =1 eV. The broadening effect caused by dephasing
can be clearly seen both in the strong (upper panels) and weak
(middle panels) leads-ring coupling regimes. In addition, the
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FIG. 15. (Color online) Dependence of the transmission resonance at 1 eV on dephasing calculated with the Buttiker probe method.
The line style and color representing different values of ) and given in the framed inset in (a) correspond to all panels. 1(a)-1(c) results
for para-connected benzene, while panels 2(a)-2(c) correspond to the meta-connected molecule. In (a) and (b), the molecule-source/drain
couplings are Sxy = 1 and 0.05 eV, respectively (K = L, R). In the weak molecule-source/drain coupling case [1(b) and 2(b)], the gy = 0
(no dephasing) lines are scaled down by a factor of 100 (i.e., multiplied by 1/100) in the para case and by a factor of 2 in the meta case, in order
to fit on the given scale. (c) show the integral about the resonance, fa EdET (E) for the weak coupling [0.05 eV, as (b)] case plotted against E,
where a < 1 eV is placed well below the 1 eV resonance but well above the lower transmission resonance.
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FIG. 16. (Color online) Same as Fig. 15, where the effect of dephasing is obtained from the density matrix approach. The line style and
color representing different values of 1 and given in the framed inset in 1(a) correspond to all panels. In (b), the n = O lines are scaled down
by the multiplicative factor of 4 x 10™* in the para case and 2 x 1072 in the meta-connected molecule in order to fit into the scale used here.
Note that the vertical scale itself goes up to 4 x 1074, i.e., the peak transmission in the para-connected molecule without dephasing is 1.

effect of dephasing on eliminating interference characteristics
is apparent. This is most pronouncedly manifested in the
integrated transmission (lower panels). For low bias and
temperature, broadening alone makes the integral smaller at
any finite £ above the conduction threshold, because part of the
integrand exits the narrow integration window. Furthermore,
in the para-connected molecule, the integrated transmission
goes down also because of the destruction of constructive
interference. Conversely, in the meta configuration it goes up
(see Fig. 15) or considerably more weakly down (see Fig. 16)
because the destructive interference is eliminated. The overall
behavior in the meta case depends on the balance between these
effects (broadening and elimination of interference), which is
different in the two dephasing models.

In Figs. 7 and 8 above, we have demonstrated the possibility
of magnetic field control of the /-V characteristic in the case
of meta-(and ortho-) connected benzene. Figures 17 and 18
show the effect of dephasing on this dependence. Figure 17(a)
is the analog of Fig. 7(b), where the I-V characteristic for
the meta-connected benzene under different magnetic fields
normal to the ring plane is shown, now in the presence of

dephasing (Biittiker probe method, Bg) = 0.1eV). Similar
results are obtained when dephasing is introduced in the
density matrix method. We see that the field dependence of the
current step strongly diminishes in the presence of dephasing.
This is shown more explicitly in Figs. 17(b) and 17(c), where
the difference between the current evaluated at V = 2.2 V for
B = 0and £15 T is plotted against the dephasing parameter.

More insight about the origin of this behavior is obtained
from Fig. 18, which is the analog of Fig. 8 calculated in the
presence of dephasing. The primary effect of dephasing in the
range considered is seen to be the destruction of interference
effects, which strongly diminishes the difference between the
transmission properties of the para- and meta-connected junc-
tions as well as the dependence on an imposed magnetic field.

The significance of the dynamic destruction of phase in the
quick erasure of the magnetic field effect on the conduction
properties of asymmetrically connected benzene molecules
can be gauged against other effects that can potentially affect
this sensitivity. First, our calculations have disregarded the
implications of the voltage distribution across the molecular
junction. On the simplest level of description this can appear
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FIG. 17. (Color online) (a) Magnetic field dependence of the
current near the 2 V step [associated with the transmission reso-
nance at £ =1 eV; analog of Fig. 7(b)] calculated for a weakly
coupled (Bxkm = 0.05eV) meta-connected junction with dephas-
ing implemented by the Biittiker probe method (Bzy = 0.1eV).
(b) and (c) The same magnetic field dependence expressed by the
ratio [/ (B) — 1 (0)]/1 (0) plotted, respectively, against the dephasing
parameters fSpy(Blittiker probe method) and 5 (density matrix
method). The inset in Fig. 17(c) displays the results of the main
figure on a different scale, emphasizing the observation [also seen
in Fig. 17(a)] of deviations from +B symmetry at intermediate
dephasing rates.

in the voltage division between the two contact, expressed
by a factor £ and a voltage AV such that £ (V — AV)
and (1 —&)(V — AV) are the potential drops on the two
molecule-lead contacts while AV is the potential drop on the
molecule itself. All the calculations described above where
done with £ = 0.5 and AV = 0. We have established that
our results are not sensitive to the choice of £. An example
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of the effect of AV is shown in Fig. 19, which extends the
calculations displayed in Fig. 8(b) (meta-connected benzene)
to the case shown in panel (a) where some of the site energies
are changed, @ — o £ Ax. We see that the magnetic field
effect on the integrated transmission decreases with increasing
A« and practically disappears for Aoe = 0.05 eV. Note that
for polarizable molecules weakly connected to the leads, only
a small fraction of the bias potential is expected to fall on
the molecular backbone. Still, this emphasizes the need to
carry such experiments under low-bias conditions, implying
the need to align the molecular spectrum with respect to the
lead Fermi energy with a gate potential.

Secondly, keeping in mind that the required slow dephasing
implies low temperature, it is important to note that the
effect seen in Figs. 17 and 18 arises from the dynamic
destruction of phase, and is not reproduced merely by raising
the electronic temperature of the leads. This is seen in Fig. 20,
which shows the effect of leads electronic temperature on
the observed magnetic field dependence of the conduction
through a meta-connected benzene junction near the molecular
resonance at 1 eV (bias voltage 2 V) in the absence of
dephasing. Figure 20(a) is similar to Fig. 7(b) except that
the Fermi distributions in the electrodes were taken at 300 K.
Figure 20(b) displays the current at V = 2.2 V through this
junction, plotted against the electrodes temperature for B = 0
and 15 T. Only weak electrode temperature effect is seen at
the realistic temperature range considered.

Finally, It is interesting to note that in the presence of
dephasing, deviations from Onsager symmetry under reversal
of field direction, B <> — B, are observed (as seen in Fig. 17).
Such deviations were discussed in previous work in different
contexts, including coupling to a thermal environment %>~
We defer further discussion of this issue to a later publication.

V. CONCLUDING REMARKS

In this paper, we have addressed the issue of magnetic
field effect on electronic transport in molecular conduction
junctions. Observations of the Aharonov-Bohm effect in
mesoscopic conducting loops could suggest that molecular
junctions comprising molecular ring structures as bridges
will show similar effects, however, the small radius of
molecular rings implies that the field needed to observe the
AB periodicity is unrealistically large. Still, we have found
that strong magnetic field effects can be seen under the
following conditions: (a) the molecular resonance associated
with its conduction behavior is at least doubly degenerate,
as is often the case in molecular ring structures, (b) the
molecule-lead coupling is weak, implying relatively distinct
conduction resonances, (¢) asymmetric junction structure, and
(d) small dephasing (implying low temperature) so as to
maintain coherence between multiple conduction pathways.
Interestingly, in weakly connected symmetric junctions (e.g.,
para-connected benzene), the transmission coefficient can
show sensitivity to magnetic field, however, it is found that
the integrated transmission is field independent, so that this
sensitivity is not reflected in the current-voltage characteristic.

For the organic structures, we have used the tight-binding
(Hiickel) model modified for the presence of magnetic field
using the London approximation. Qualitatively similar results
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FIG. 18. (Color online) Transmission probability for para [1(a) and 1(b)] and meta [2(a) and 2(b)] weakly connected (Bxy = 0.05eV)
benzene as a function of electron energy in the presence of dephasing affected through Biittiker probes (a) (8 = 0.1 eV) and density matrix

method (b) (n = 0.001 eV)at B=0, —5,and —15T.

were obtained from the analog model of a continuous ring,
showing that the qualitative effect studied depends mostly
on the strength and symmetry of the molecule-lead coupling.
We have also shown that much of the qualitative behavior of
conduction in these models can be rationalized in terms of a
much simpler junction model based on a two-state molecular
bridge.

When the conditions outlined above are satisfied, strong
dependence of conduction on the imposed magnetic field can
be found. The effect of dephasing processes on this observation
was studied using two different phenomenological models:
the Biittiker probe and phenomenological coherence damping
imposed on the Liouville equation for the molecular density
matrix. Both treatments are approximate; the approximate
nature of the density matrix approach stems from the fact that
dephasing was affected by damping nondiagonal elements of
the density matrix in the local site representation while assum-
ing that the transmission energy remained well defined.?$
The Biittiker probe approach is limited to linear response
and cannot be rigorously applied to threshold phenomena in
the current-voltage dependence. Still, the fact that these two
different approaches gave qualitatively similar results in all
cases studied, provide some assurance about their validity.
Both models show strong suppression of the sensitivity of
conduction to the imposed magnetic field.

Next, consider the implications of the conditions outlined
above to experimental considerations. Conditions (a) and

(c) can be met by making a proper choice of molecular
bridge and the positions of linker groups. Condition (b) of
weak molecule-lead coupling does not imply weak molecule-
lead bonding, only that the resonance states that involve
multiple pathways through the ring (or counter propagating
wave functions in the ring) are weakly coupled to the metal
electrodes. This can be achieved by connecting molecular ring
to leads via saturated alkane chains.

Condition (d), the requirement for small dephasing, is
inherent in all experiments trying to observe interference
phenomena in molecular junctions, and implies the need
to work at relatively low temperatures. The Buttiker-probe
procedure is not related directly to a physical process, so it is
hard to assess the experimental implication of the coupling
Bpm. The equivalent analysis in terms of the coherence
damping rate n does provides an estimate; for the reasonable
molecular parameters chosen in our calculations, Fig. 17(c)
shows that magnetic field effects are suppressed when this
damping rate exceeds ~0.001 eV, that is, dephasing times of
the order of 1 ps. Recent observations in different systems®
have shown that molecular electronic coherence can persist
on such timescales even at room temperatures. This suggests
that the magnetic field effects discussed in this paper may
be observables and that excessive junction heating should
be avoided. The latter requirement is consistent with that
of weak molecule-lead coupling, and also implies the need
to work at low-bias conditions that may be realized for
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FIG. 19. (Color online) The transmission function 7 (E) for the meta-connected benzene, same as Fig. 8(b), with some site energies shifted
as shown in (a). In (b)—(d), A« is taken 0.01, 0.02, and 0.05 eV, respectively.

proper alignment of the relevant molecular levels with the excess electron occupies the bridge. The imposed LUMO
unbiased Fermi energy, possibly assisted by a suitable gate  energy incorporates, in principle, the Coulomb blockade
potential. for such an extra electron. For this reason, noninteracting

Our analysis in the present work is based on free electron electron models as those applied in the present paper are
models and our conclusions should be regarded as limited sufficient to describe transport phenomena associated with
to situations where such models are qualitatively justified. the first conduction threshold in molecular junctions (in fact,
In junctions involving small molecular bridges, one usually for thresholds associated with different states of the singly
assumes that at moderate bias voltages no more than one  charged molecule). A more complete theory, taking intercarrier
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FIG. 20. (Color online) (a) Current vs bias voltage for a weakly (Bx» = 0.05eV) meta-connected benzene for different imposed magnetic
fields perpendicular to the molecular plane [same as Fig. 7(b)] calculated at T = 300 K. (b) The current through the same junctionat V=22V
displayed as a function of temperature for B =0 and 15 T.
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interactions into account, will be considered in future
work.

Finally, we have observed magnetic asymmetry (under
reversal of field direction) in the presence of dephasing. This
observation and its repercussions will be discussed elsewhere.
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APPENDIX A: SCATTERING MODEL FOR ASYMMETRIC
NANOSCALE JUNCTIONS CONTAINING MOLECULAR
RINGS AND MAGNETIC FIELDS

We consider the setup presented in Fig. 2(a) and write the
electron wave function in each segment of the ring as A;e’* +
Ase ™ where I denotes a propagation distance, i.e., [ = RO
in ring segments, 6 is the angle traversed by the electron, and
R is the radius of the ring. We use the standard notation where
positive k represents counterclockwise propagating waves and
negative values represent clockwise moving waves. In order to
calculate the transmission probability and the circular current
as a function of magnetic field, we assign junction scattering
amplitudes as shown in Fig. 2(b) and explained in the main text.
For simplicity, we assume in what follows that all scattering
amplitudes are real. This assumption implies that no rigid
phase shifts occur upon scattering at the junctions consistent
with the tight-binding model which conserves the continuity
of the wave functions across the junctions.****>* Focusing
on junction I [see Fig. 2(a)], we may write the following
scattering equation relating the incoming amplitudes to the
outgoing amplitudes:

Ry ¢ e e\ (R
D |l=|ve a »||D (A1)
U] \/E b a U2

Current conservation implies that the scattering amplitude
matrix must be unitary, i.e.,

NN A
Ve a b | =1 (A2)
JE b a

where [ is a 3 x 3 unit matrix. This provides three in-
dependent equations for the four scattering amplitudes,
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leading to

c=+/1-2e, ¢), and b=-1(1+c).

(A3)

a=3(1-

Having characterized the contacts, we turn back to the
circular setup in Fig. 2(a). For a given wavenumber +k, we
can write a scattering equation similar to Eq. (A1) for contacts
I and II taking into account the spatial phase accumulated by
the electrons while traveling along the arms of the ring:

R, c e e R

Dy|=|ve a b Dy ekIRCT=y) | = (A4)
U1 \/g b a UzeilklRy

L2 C \/E \/E L]

D | = e a b D, el KIRGT=y) (A5)
U, Je b a U, e'*IRy

To model the influence of an external magnetic field
threading the ring, we assume that the magnetic field is
homogeneous and perpendicular to the plane of the ring
B = (0,0, B;) such that the vector potential may be written
as

1 1 R 1
A:_E;XEZ_E Xy z :—E(yBZ,—xBZ,O)
0 0 B
1
= 5B:(=y.x.0). (A6)

On the circle defining the ring this becomes

A =1B.R(=sin(8),cos(6),0). (A7)
The magnetic phase accumulated by an electron traveling
along the ring is thus given by

02 N N
Om = _M A-dl
L Jo,

1 slel (% .
—=—B.R o (—sin (@), cos (6),0)
0,

2
- (—sin(9), cos (8),0)d6 = —Z—B 6, —061), (A8
0

where ¢ = B.S, S = nR?, and ¢y = 27/ /|e|. In the pres-
ence of such magnetic field, Eqs. (A4) and (AS5) are modified
as follows:

R: ¢ JE VE ki
D=l a b || Dielur-@emn |
U, JE b a Uzei(|k|R+f>—g)y

(A9)
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L, c \/E \/5 L

. 0
Di|l=|ve a b Dze’('k"”ﬁ)@”*” (A10)
o) \ s o)y stuns),

Focusing on a scattering process with incoming electron coming from the right, we set L; = 0, that is, take zero incoming
amplitude on the left lead. Equations (A9) and (A10) then lead to

0 bei(|k|R+%)(2nfy) aei(IkIRfi—g)y 1 5 .
1
pe! (KIR=52)@n =) 0 _1 ac(kre)y | p) _JER,
4(k _@)2 B 4(k Lﬂ) U =1 _ . (A1)
qe' HIR=5 )2 =y) 1 0 e (KIR+SE )y 1 JER)
U, 0

-1 aei(lkIRJr‘f;—g)(any) bei(\km,%;)y 0

Inverting (A11) yields the wave functions amplitudes D
and U on the ring segments as a function of the incoming
amplitude R;. In particular, the results for D, and U; can be
used in Eq. (A10) to yield L, and therefore the transmission
probability

2
&

IR

L

R,

i(\k\RJr(z)—ﬁ)any)

T(k,pp) = Dse

2
. B
L e (KR=5)y (A12)

which finally results in Eq. (18).

APPENDIX B: THE TWO-LEVEL TRANSPORT MODEL

Here, we construct a two-level transport model that, for
weak molecule-lead coupling, captures the main features
observed in the magnetic field dependence of electron trans-
mission through a molecular ring. The validity of a two-level
model stems from the fact that in this coupling limit, only pairs
of molecular levels, degenerate in the limit of zero coupling,
are coupled through their mutual interaction with the leads.
The Hamiltonian for this two-level system can be qbtained by
considering the Hamiltonian, H=(1/2)P — (]A)2 + V(@)
for a charged particle moving in a magnetic field. The
Hamiltonian describing a free (V = 0) electron (¢ = —|e| =
—1, atomic units are used throughout) moving on a circular
ring of radius R lying in the XY plane under a uniform
magnetic field oriented in the Z direction, B = (0,0, B;) can
be written by setting

A= _livB=By10 (B1)
=—=r x B=—(—y,x,0).
2 2 Y
This leads to
N 1 = > 2% 2 =
H=§[P2+A2+A-P+P A]
1 B 9 d B?
=V i | x— —y— [+ =2+ yH, B2
> ’2[xay yax]+8(x +y9), (B2

where the central term in the last stage may be identified as
the angular momentum component along the Z direction. In

circular coordinates with the origin placed at the center of the
ring, Eq. (B2) becomes

1 3 B, d R°B?

TR2e: ‘290 T8

H= (B3)

in which the last term is an additive constant. The eigenstates
of this Hamiltonian can be written in the form

1 .
0)= —e™ m=0,+1,+2,.) (B4)
v N2
with the corresponding energy eigenvalues
1 ¢5)’
E,=— — . BS5
2R? (m - ¢0) )

Here, ¢p = B-S and ¢o = 2 are the magnetic flux
threading the ring and the flux quantum, respectively. Using
relation (B4), the wave functions can be rewritten as

Yew (0) = ! e*i(mR+%)9

N2 ' (B6)
I i(vaE.r-%2)6
ccw 0) = — 07
Vecw (6) \/ﬂe '

Noting that Eq. (B5) may be written in the form

1 ? B
Ei\m\ = m |:m2 + (Z_fj) :| + W'Tzv (B7)

the Hamiltonian of the isolated ring in the subspace of these
two levels is given by Eq. (20). When coupled to leads as
in Fig. 3, the self-energy terms appearing in Eq. (23c) are
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given by
r r -V _V,
- [GLO/R(E)]” [GLO/R(E)]IQ ;),L/R E)L/R
-V r0 r0
2:Z/R(E)=<_VI*'L/R 00 ... [GL/R(E)]ZI [GL/R(E)]zz 0 0
2,L/R ] _ '
2
V Ve LV
=[G (B)],, LI’L/R| LL/RTREMR ) (BS)
VieViur Vol

Here, GZO/ z (E)istheretarded (r) Green’s function of the isolated (0) left/right (L/R) lead and we assume short-range interaction
between the ring and the leads, whereby the ring is coupled to the nearest neighbor leads sites. The advanced self-energy is given
by X7 (E) = [EZ/R(E]T-

The coupling matrix elements V; g, where j = 1,2, and K = L,R, that appear in expression (B8) for the self-energy are
formally calculated via (1/fring|‘7|¢1ead> and should therefore be proportional to the phase of the wave function on the ring. In
Eq. (24), we take this phase dependence into account where the specific symmetry of the system (ortho, meta, or para) is taken
explicitly into account via the angular separation between the leads. Using the coupling matrix elements given in Eq. (24), we
obtain explicit matrix representations for the retarded (and advanced) self-energies in the forms

11
E;(E>=-4npv2(1 1),

(B9)

1 eZimy
r — 2 2
X (E) = —impV (e_Zimy | ),

and X4 (E) = X" (E )]T. The broadening matrices I', Eq. (23a), and the ring Green’s functions, Eq. (23b), are then obtained in
the form

_ ) 1 1 . ) 1 eZimy
Pe@=2moV> () ToE =20V aimy ). (B10)

Gy (E)=[EI — H}} — =} (E) — ZH ()]

E — E| +2inpV? 2inpV2e™ cos(my)\1 " (B11)
2impV2e™ ™ cos(my) E — Ey+2impV? ’

where we have used Eq. (20) for the Hamiltonian of the isolated ring. Inverting the matrix in (B11) and in the corresponding
expression for G4, (E) leads to

1
Gy (E) = (E — E; +2inpV2)(E — Ea + 2inpV2) + 472p2V4 cos? (my)
< E — E, 4+ 2impV? —2impV?2e™ cos (my)) B12)
—2impV2e™™Y cos (my) E — E| +2impV?
and the retarded counterpart is
G4y (E) =[Gy (B)] = . L
(E— E| —2inpV2)(E — Ey —2impV?2) + 472 p2V4cos? (my)
< E — E, —2impV?  2impV?e™ cos (my)) B13)
2impV2e™™ cos (my) E — E; —2impV?

With these explicit expression for the broadening and Green’s functions matrix representations, evaluating the transmission
coefficient (22) becomes a lengthy but straightforward calculation leading to the final result (26).
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