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The phenomenon of Fano resonance is ubiquitous in a large variety of wave scattering
systems, where the resonance profile is typically asymmetric. Whether the parameter
characterizing the asymmetry should be complex or real is an issue of great exper-
imental interest. Using coherent quantum transport as a paradigm and taking into
account of the collective contribution from all available scattering channels, we derive
a universal formula for the Fano-resonance profile. We show that our formula bridges
naturally the traditional Fano formulas with complex and real asymmetry parameters,
indicating that the two types of formulas are fundamentally equivalent (except for
an offset). The connection also reveals a clear footprint for the conductance reso-
nance during a dephasing process. Therefore, the emergence of complex asymmetric
parameter when fitting with experimental data needs to be properly interpreted.
Furthermore, we have provided a theory for the width of the resonance, which relates
explicitly the width to the degree of localization of the close-by eigenstates and the
corresponding coupling matrices or the self-energies caused by the leads. Our work
not only resolves the issue about the nature of the asymmetry parameter, but also
provides deeper physical insights into the origin of Fano resonance. Since the only
assumption in our treatment is that the transport can be described by the Green’s func-
tion formalism, our results are also valid for broad disciplines including scattering
problems of electromagnetic waves, acoustics, and seismology. © 2015 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4906797]

. INTRODUCTION

A fundamental phenomenon associated with quantum or wave scattering dynamics is Fano reso-
nance.? A typical scattering system consists of incoming channels, a scatterer or a conductor, and
outgoing channels. The scatterer, when isolated, can be regarded as a closed system with a discrete
spectrum of intrinsic energy levels. When the energy of the incoming particle or wave matches an
energy level, a resonant behavior can arise in some experimentally measurable quantities, such as
the conductance in a quantum-transport system. The resonance profile is typically asymmetric, and
can in general be expressed as (& + ¢)?/(g* + 1), where & is the normalized energy deviation from
the center of the resonance, and ¢ is the parameter characterizing the degree of asymmetry of the
resonance. The asymmetry parameter ¢ is of great experimental importance as it determines how the
experimental data can be fitted by the Fano profile.

The profile was first derived by Fano! in the study of inelastic scattering of electrons off the
helium atom and auto-ionization, although the phenomenon was predicted earlier in elastic neutron
scattering.’ Being a general wave interference phenomenon, Fano resonance has been found in many
contexts in physics, such as photon-ionization,* Raman scattering,>® photon-absorption in quantum-
well structure,”® scanning microscopy tunneling in the presence of impurity,”!! transport through
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a single-electron transistor'? and through the Aharnov-Bohm interferometer,'3-'® transport through
crossed carbon nanotubes,'”-!8 microwave scattering,19 plasmonic nanostructures and metamateri-
als,?” and optical resonances.?'~>* Applications exploiting Fano resonance have even been proposed
for biochemical sensors.?

Although it is of high experimental relevance, the issue that whether the asymmetric parameter
g should be real or complex remains confusing in the literature.?® For example, it was demonstrated
that, in single-channel scattering quantum-transport systems, g is strictly real if the time-reversal
symmetry (TRS) is preserved.?’” When the TRS is broken, g will generally be complex,?” which was
observed experimentally in an Aharnov-Bohm interferometer with a quantum dot embedded in one of
the arms.'>!® With a changing magnetic field, ¢ oscillates, which was explained®® but again by using
the single-channel scattering model. Later, it was shown that for multi-channel scattering, ¢ is in gen-
eral complex even when TRS is NOT broken.?® It was also proposed?’ that the complex ¢ parameter
can be used to characterize the dephasing time. The variation in g and the degree of decoherence were
studied in microwave billiards where a non-zero imaginary part of ¢ was declared.'® Moreover, it was
suggested that the trajectory of ¢ in its complex plane could be used to probe whether the decoherence
is caused by dissipation or dephasing.>* Complex g parameter was used in other contexts as well,
such as the second-order effects in helium auto-ionization excited by electron impact®! and ultrashort
laser excitation in the bismuth single crystal.>?

The above theoretical investigations of the Fano line shape in the conductance all employed the
calculation of the transmission coefficient of a particular scattering channel, namely, |z,,,,,|>. Since for
different channels the resonant line profile can be quite different,?®2 the final line shape summing
over all possible channels is still undetermined.

In this paper, we derive the asymmetric Fano resonance profile using the Green’s function method
to calculate the transmission, taking into account of all transmission channels, and address the ques-
tion of whether the fundamental g parameter should be complex or real. To be concrete, we focus on
low-dimensional quantum-transport systems exemplified by quantum dots or quantum point contacts.
Despite the relatively long history of research on Fano resonance, for quantum transport systems the
asymmetric profile has been studied much later.'>3-3 Our approach to probing into the nature of the
q parameter consists of two steps. First, by using the non-equilibrium Green’s function to calculate,
for all scattering channels, the transmission as a function of the Fermi energy, we derive a formula
for the resonance profile and verify it numerically using graphene quantum dot systems. The key
approximation employed is that the self-energy terms and the coupling functions are slow variables,
so for energy near an isolated resonance, the Green’s function can be decomposed into a fast and a
slowly varying components. Second, we show that our formula bridges naturally the conventional
Fano formulas with complex and real g parameters. In particular, we find a simple mathematical
transform that can convert the Fano formula with complex g parameter to our formula, and another
transform that turns our formula into the Fano formula with real g parameter. The implication is that,
for any experimental situation the conventional Fano formulas with complex or real ¢ parameter are
equally applicable, given that an offset can be added to the real ¢ Fano formula, which is common in
fitting experimental data.'>!>163637 Qur investigation also leads to an expression of the width of the
resonance, which is explicitly related to the degree of localization of the close-by eigenstates for the
closed system and the corresponding coupling matrices or the self-energies caused by the leads. Since
the self-energies are slow variables, the width depends mostly on the eigenstates, i.e., if the eigenstates
is highly localized, then its values at the boundary will be minimum and the cross integration with
the self-energies will be significantly small, leading to sharp resonances.

In our analysis, no detailed information about the specific system is required. Thus, our formula
and its direct consequence hold for any coherent transport dynamics for both bosons and fermions.
Especially, for bosons, i.e., phonons, the control parameter is not the energy but the frequency, thus
requiring only a straightforward modification in our formula. For fermion transport, our formula
is valid for small-scale electronic devices such as quantum-dot systems, quantum point contacts,
nano-scale heterostructures, and single-molecule transport devices.

The rest of the paper is organized as follows. Section II derives the profile of the Fano resonance
starting from the general frame work of calculating transmission and discusses the connection to the
well-known Fano formula with both real and complex asymmetric parameters. Section III provides an
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approximate expression of the width of the Fano resonance with a clear physical picture, which relates
the strong localized scar/pointer®®? states to sharp conductance fluctuations. Concluding remarks
are then presented in Sec. IV.

Il. THE FANO RESONANCE

A. General scheme for quantum transport

Without loss of generality, we consider a two-terminal quantum-dot system, which can be formu-
lated as follows.*® The system is divided into three parts: left lead, conductor (scatterer) of arbitrary
shape, and right lead, where the semi-infinite left and right multi-mode electronic waveguides are
assumed to be uniform, connected only to the conductor (or the scattering region), as shown in Fig. 1.
The conductor is chosen to include all the irregular components in the scattering system such as
geometrical shape, arbitrary electric or magnetic potential, and/or disorder, etc. The conductor can be
a single molecule, a quantum dot, or any other small-scale structure through which electronic waves
pass coherently. The tight-binding Hamiltonian matrix can then be written as

Hy Hie O
H=|Hc Hc Herf, (D
0  Hpc Hp

where Hc is a finite-size square matrix of dimension N¢ X N¢, N¢ is the number of discrete points
in the conductor, and Hy g are the Hamiltonians of the left and right leads, respectively. The various
couplings between the conductor and leads are given by the matrices Hy ¢, Hcp, Heg, and Hgc.

The effect of the semi-infinite uniform leads can be treated by using non-Hermitian self-energy
terms, Xy, g, for the left and right leads, respectively, which are determined by

X = HeGrHyc, and Xg = HcrGrHge, 2)

where G g are Green’s functions for the left and the right leads. For practical analysis, the self-
energies can be calculated efficiently using some standard recursive method.*+0
The retarded Green’s function for the conductor is given by

Ge(E) = (EI = He %), 3)

where £ = X; + Xg is the total self-energy from both leads. The coupling matrices I'L(E) and T'g(E)
are the difference between the retarded and the advanced self-energy:

ILr=iCELRr~ ZZ,R), 4

left lead Conductor,

k Scatterer :
*$* right lead

FIG. 1. A general scheme for transport through a conductor or a scatterer connected with two semi-infinite leads. The leads
are assumed to be uniform. The conductor contains any irregular component of the scattering system. For example, it can be
a scatterer with a nonuniform shape, or with a whole that mimics the Aharonv-Bohm interferometer, or with irregular electric
or magnetic potential or disorders, or a single molecule.
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which characterize the coupling between the conductor and the leads, and are Hermitian: Fz r=TLR
For notational convenience, we write G¢ = G.

The quantum transmission T(E), as a function of the Fermi energy, is given by*?

T(E) = TiTL(E)G(E)TR(E)(G(E))']. ®)

The classic Landauer’s formula*’ can then be used to calculate the conductance:

2¢? af
G(Ep) = — TE(——)dE, 6
() =25 [ 18- 5% ©
where T(E) is the transmission of the conductor and f(E) = 1/[1 + ¢E~EF)/¥T] is the Fermi distri-
bution function. At low temperature, —0 f /0E ~ 6(E — Er), thus G(Er) = (2¢*/h)T(EF). To be con-
crete, we focus on the low-temperature conductance, or equivalently, the transmission 7.

B. Fast-slow expansion

To analyze the Fano resonance profile, the scales of variations (e.g., fast or slow with respect
to the energy variation) of the various quantities in Eq. (5) are the key. Indeed, the self-energy X
varies slowly with the energy, so do the coupling matrices I'y, g. That is, in the energy scale where the
transmission exhibits rapid, nearly abrupt oscillations, e.g., through a Fano resonance, the value of
the self-energy matrix elements can be regarded as approximately constant, as shown in Fig. 2. The
change in the transmission must then come from the energy-dependence of the Green’s function G(E).
Our idea to probe into the Fano resonance profile is then to consider a small energy range about such a
resonance and decompose the Green’s function G(E) into two components: G(E) = Go(E) + G(E),
where Go(E) and G(E) are the slow and fast components, respectively. The transmission can then

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
E/t

FIG. 2. For a graphene quantum dot, a demonstration of the slow variation of the self-energy through a Fano resonance,
where the solid curve is transmission versus E with sharp resonances, the dotted and dash-dotted curves denote the real
and imaginary parts of an arbitrary element of the self-energy matrix, respectively. The spikes in the self-energy indicate the
energy value at which the number of the transmitting modes in the leads increases. The inset shows a zoom-in with a few
transmission resonances. It can be seen that in any small energy interval about a single resonance, the self-energy can be
regarded as a constant.
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be expressed as

T = Tr[[.Gol'r(Go)'] + Tr[[1Gol'r(G1)']
+Tr[T.G1Tr(Go)'] + Tr[T.GiTr(G1)']
=Too + To1 + To + T11, @)

where I'z, ['g, and Go(E) are treated as constant matrices. Among the four terms in Eq. (7), only Ty
varies slowly with the energy. Unlike the standard perturbation theory, here G(E) is the fast changing
component of the Green’s function, but it is not necessarily small. Thus the remaining three terms
To1, T1o, and 77 exhibit approximately the same behaviors in terms of their magnitudes and rates of
change with the energy. Consequently, 77, cannot be regarded as a second-order term. Note that Ty,
and T are not independent of each other:

T = (Tr[TL.Golr(G)'])

= Tr[(G1)(Tr) (Go)'(T1)']
= Tr[[.G1Tr(Go)'] = Tho,

where we have used the relation I“L & = L'z, r and the invariant property of trace under cyclic permu-

tations. Similarly, we have TIT1 = T}, so that T, is real.

C. Construction of G4

The Green’s function can be expressed in matrix form as** G(E) = 3, V,0./(E - £,), where
the summation is over all the eigenstates, ¥, and @, are the right and left eigenvectors associated
with the eigenvalue g, of the generalized Hamiltonian matrix (H¢ + X): [He + 2], = €4V, (I)(T,[HC
+2] = sad)f,. In general, the self-energy is not Hermitian and, hence, ¥,, and @, are not identical but
form a bi-orthogonal set: <DL‘P5 = 0q,p. The eigenvalues &, are generally complex: e, = Ey — 1Vq,
where the imaginary part originates from the self-energy and characterizes the lifetime of the corre-
sponding state before it tunnels into the leads.

Consider a small energy interval that contains a transmission resonance, in which G(E) can be
decomposed into a slowly varying and a fast changing components: G(E) = Go(E) + G|(E). Let Ej
denote the center of the resonance. In the small energy interval about Ej, we can identify a small
set Qg of eigenstates and write G1(E) = Y 4eq, ¥,®! /(E - &,), and the summation over all the other
eigenstates can be denoted as Go(E). G(E) is the fast component because, for E around Ej, only
those states whose energies are close to E will contribute to the variation of G(E). Note that although
the identification of )y can be somewhat arbitrary, practically, when an eigenstate is well separated
from others and the corresponding eigenvalue has a small imaginary part, i.e., Yo, < Eq+1 — Eq and
Yo < Eq — Eq-1, it will result in a transmission resonance by itself with energy scale vy,, as shown
in Fig. 3. In this case,  can be chosen to have only one eigenstate @. This will be our focus in the
following derivation of the resonance profile.

Situation can also arise where the eigenenergies of a small number of eigenstates are close to each
other and have large v, values, i.e., vy, is larger than the spacing between the real parts of adjacent
eigenvalues. In this case, the transmission resonances from these eigenstates are not separable, and
the resulting resonance profile is the mixture of the isolated profiles.

D. The universal formula

For a single separated resonance, G1(E) is given by:

¥, D,

G(E) = T’

®)

and G((E) can be regarded as a constant matrix and approximated by its value at Ey: Go(E) ~ Go(Ep)
= G(Ey) — G|(Ey) = G, where G(Eg) = [Eol — Hc — X(Ey)]~. Alternatively, the Green’s function
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1.2

0.4

0.2

_0.2 | | | | | | |
0.64 0.66 0.68 0.7 0.72 0.74 0.76 0.78

E/t

FIG. 3. Identification of the eigenstate set Qq: for the same graphene quantum dot in Fig. 1 in the main text, transmission
versus energy in a small interval that contains two Fano resonances. The circles below the curve indicate the locations of
&a = Eq — Y- There is a well separated resonance profile about E(, which occurs at £,.

can be expressed as

v,0)

E—-¢,

The coupling matrices vary slowly with the energy and can be regarded as constant matrices evaluated
at Ey as well:

G(E) ~ Gy + Gl(E) =Gy+

I't r(E) = I'p r(Ep) = i[Zr,r(Eo) — ELR(EO)].
With the separation of the various quantities into slow and fast components, we can express the trans-
mission T(E) as
T (E) = Tl L(E)G(E)Tr(E)(G(E))']
~ Tr[TL(Eo)(Go + Gi(E)Tr(Eo)(Go + G1(E))']
= Tr[['LoGol'ro(Go)'] + Tr{LoGol'ro(G1(E))']
+TH{TLoG1(E) ro(Go)']
+Tr{T10G1(E)Tro(G1(E))']
=Too + To1(E) + T1o(E) + T11(E) = Taum(E), €)

where Ty is a constant and Ty,m(E) gives the approximation of transmission curve T'(E) about a single,
isolated resonance. Substituting the expression of G|(E) into the above, we have

EO_Ea_iYaf
To(E) = Tol(E))——,
01(E) = Toi( O)E—Ea—iy(,
Ey—E, +1iv,
Tw(E) =Tio(E))——F—,
10(E) = To O)E—E(,+iya

(EO - Ea)2 + Y(zy

T11(E) = T(Eo) E-E S+
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—0.4’\\|||\|T
sum
O  TOO
0.6
+  Re(T01)
—0.8+ X Im(TO1)
AT

-1
0.45 0.451 0452 0453 0.454 0455 0.456 0.457 0.458 0.459
E/f

0.46

FIG. 4. A demonstration of the energy variations of the different terms in the expansion expression (9) with results from

direct numerical calculation. Since T1o(E) = Toi(E)T, it is only necessary to plot To((E).

where Ty1(Ep), Tio(Ep), and T11(Ep) can be evaluated numerically. Figure 4 shows the energy vari-
ations of different terms in the expansion expression (9). We observe that the numerical value of
T11(E) is comparable with those of Ty(E) and T1o(E), and Ty1(E) = Tio( E)*, where * denotes complex

conjugate. Substituting these expressions into Tg,m,, We obtain

1
— X
(E—-E)?+v2

|(Tor(Eo) + TiolE0) ) (o = Eo)E - Ea)
+T11(Eo)(Eo — Eo)?
+iva(E — Eo)(TolEo) - Tor(Eo))

Tsum(E) =Too +

+V2 (To1(E0) + Tio(Eo) + T11(Eo))].

Without loss of generality, we set Ey = E,, leading to

1
—— X
(E - Ea)z + Y(zz

[iya(E - Ey) (Tlo(Eo) - T01(Eo))

Tsum(E) =Too +

+V5 (T01(E0) + Tio(Eo) + T11(E0))],

To1(Eo) + Tio(Eo) + T11(Ep)

=Too +
% (E_Ea)2+’\{3

. B TIO(EO) - TOI(EO)
X [lYa/(E Ey) To1(Eo) + Tio(Eo) + Ti1(Eo)

).
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Letting
AT = Toi(Ep) + Tio(Eo) + Ti1(Eo)
= 2Re(To1(Eo)) + T11(Eo),
0 = i Tho(Eo) = Tor(Eo) _ Im(To1(Eo))ag
"2 AT AT ’
we have

Tsum(E) = TOO + B) [2qu(l(E - EO) + Y(zy]

AT
(E - E(I)z + Ya/
Letting Ey = E, and € = (E — E,)/Yq, we finally arrive at

1+2g,&

Tsum(E) =Tpo + AT 241

(10)

Validation of Eq. (10) is illustrated in Fig. 5, where the numerically obtained three isolated resonances
from a graphene quantum dot are shown, together with the respective theoretical profiles. Excellent
agreement is observed for energy around the resonance.
To compare with the Fano formula, we rewrite Eq. (10) as
(8 + %)2 2- qz

T(E) =(Too— AT) + AT——F— + AT ,
(E) = (Too ) e2+1 e2+1

(1D

where the second term is the standard Fano resonance profile' and the third term is a symmetric bias.
Our Eq. (10) thus represents a more general formulation of the Fano-resonance profile, and it is consis-
tent with previous results, e.g., the Fano resonance profiles of conductance from the scattering-matrix
elements.?®?° In the original formula (¢ + g,)?/(? + 1), the asymmetry parameter g, is proportional
to the ratio of the transmission amplitudes for the resonant and non-resonant channels,' and it is

, ()
S

0.6
0.4

0.2

0.44 0.46 0.48
E/t

0.66 0.665 0.67 0.78 0.79 0.8 0.81
E/ft E/t

FIG. 5. Comparison of Fano resonance profiles predicted by Eq. (10) with those from direct numerical computation:
(a) the graphene quantum dot system (inset) and the transmission curve for energy in the range 0 < E/t <1, where ¢ is
the nearest-neighbor hopping energy of the graphene lattice, (b-d) numerical (solid curves) and theoretical (dotted curves)
profiles of three isolated resonances.
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regarded as a real parameter. To see why ¢ can take on complex values, as asserted in most exist-
ing works (e.g., those on conductance fluctuations®), we consider the case ¢ < 2, let ¢; = 4/2 — g2,
define g = g, + ig;, and rewrite Eq. (11) as

le +4ql?
e2+1
In previous works, g, and g; are related to each other in a complicated way [see, for example, Egs.
(4-12) in Ref. 28]. For ¢, < V2, our formula Eq. (11) is equivalent to Eq. (12) in Ref. 28, where the
first complicated term in their Eq. (12) is replaced by 2, i.e., ‘1,'2 = 2 — g% This is consistent with Fig. 4
of Ref. 28, which shows damped oscillations of g, versus the magnetic flux with the maximum value
of 1.41. This relation was also observed in previous experimental studies'>'¢ of transport through a
quantum dot in an Aharonov-Bohm interferometer, where it is found that |g| is generally independent
of the magnetic field strength and traces out a circle in the complex ¢ plane, although |¢g| can be larger
than 2 and the center is not at the origin [Fig. 6(b-c) in Ref. 16]. The former is understandable as g is
normalized by AT, which can be quite different depending on the specific fitting procedure employed.
However, given that AT is fixed and determined as in our formula, |q|* should be 2. Thus, our deriva-
tion allows us to verify that in the normalized Fano resonance profile, the asymmetry parameter can
in general be complex, regardless of the time reversal symmetry,?’ and |g| = V2. This is a universal
value, independent of any details of the transport or scattering process, insofar as it can be treated by
the non-equilibrium Green’s function formalism. Thus we expect our formula Eq. (10) to be valid for
general coherent transport through quantum dots, small scale organic crystals, single molecules, and
other small-scale structures.

T(E) = Ty — AT + AT . (12)

E. Connection to the Fano formula with complex and real asymmetric parameters

We now demonstrate a surprising consequence of Eq. (10), bridging of the Fano formulas with
complex and real asymmetry parameter. In particular, we can show that the standard Fano formula
with complex g parameter is equivalent to Eq. (10), and using another transformation, Eq. (10) is
equivalent to the standard Fano formula with real g parameter. The indication here is that the Fano
formulas with complex and real g parameters are connected through Eq. (10). Thus in an experimental
fitting both real and complex ¢ values are meaningful, and they give essentially the same physics.*’

The Fano formula with complex asymmetric parameter has the form

le +q')?
e2+1°

where |14]? is the direct transmission without the presence of a scattering region, ¢’ is the complex
asymmetric parameter. To see its relation with Eq. (10), we can write

T = |t (13)

1+2q,¢
g2+1
Expanding both sides and letting the coefficients of different & terms be equal, we obtain

e+q')?
:|td|2| ‘I|

Too + AT .
00 g2+1

(14)

Too = Ital’,
AT = [tal’(Iq'* - 1),
ar =q./(lg'? = 1),
or
ltal* = Too,
q, =ATgq,/Toos
g =1+ AT/Too — GHAT/Too)?,

where the parameters of Eq. (10) can be expressed by the parameters for Fano formula with complex
asymmetric parameters, and vice versa. That is, the two are equivalent. Moreover, from the relation
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FIG. 6. For a single resonance given by Eq. (10), (a) Too = 0.3, AT = 0.3, g, = 1.2, the resulting parameters for Eq. (13)
are |t4)? = 0.3, q, = 1.2, q; = 0.748. (b) Too = 10.3, AT = 0.3, g, = 1.2, the resulting parameters for Eq. (13) are
[tal? = 10.3, ¢} = 0.035, ¢}, = 1.014.

we see that |¢’| = V1 + AT /Ty,. When Ty (or |t4)?) is large, since AT is on the order of one, ¢’ is
close to zero while ¢ is close to 1. This may be misleading because for g/ > ¢, it may appear that
the resonance is almost symmetric as discussed in previous studies,* but this may not be the case.
Figure 6 shows the resonance profile for two cases, one with 7yy = 0.3 (a) and another with Tpp = 10.3
(b), with AT and ¢, being fixed. One can see that, since only Ty is different, the resonance profile
only has a shift for the two cases, and it has a strong asymmetric form. However, the resulting (g;., ;)
for Eq. (13) are (1.2, 0.748) for (a) and (0.035, 1.014) for (b), indicating an asymmetric form for the
former and a symmetric form for the latter.®> Thus, although the two cases has the same resonant
form, one may not be able to see that from the numerical values of (g, ¢;) as they change drastically.

When there is only one transmitting mode in the leads, the maximum transmission is 1. In this
case, when time reversal symmetry is present, the asymmetric parameter ¢’ can be chosen to be real®
(g = 0). To distinguish with the above discussions, we use the symbol g for the real asymmetric
parameter. This leads to

1+ AT/Too = ¢;(AT/Too)* = 0,
or
a7 = (Too/ AT)? + Too/ AT.
Since g, = Im(Ty(Eyp))/AT, this yields
(ImTy;)? = T3, + TooAT.
The relations between the parameters are

Too = [tal®s
AT = |ta*(q; - 1),
g =q/(¢* - 1),



017137-11 Huang et al. AIP Advances 5, 017137 (2015)

(a) (c)

14
1
1 *
0.5 12F |
- *
o O 0 4
10f X .
-0.5
-1 = *
-1 8l * .
-2
2 0o 2 E T *
, (b) q, ol 3 % ]
: 1 ¥
RS IR A\ %
1 :
B o 4r 2% 1
2 : L i
‘_N - 2 *
_1 # E‘ B - )
y lq’I<1 L,
-2 - . 0 L
5 0 5 -10 0 10 20
q €

FIG.7. (a) Contour plot of g, on the complex asymmetry parameter ¢’ plane. Note that g, diverges on the unit circle |¢’| = 1.
For better visualization, for |g,| > 1, it is normalized to sign(g,-)[1+1log;( |g|]. (b) g, versus the real asymmetry parameter g,
where it has two branches, |g| > 1 (solid blue curves) and |g| < 1 (dashed brown curve), corresponding to |¢’| > 1 and |¢’| < 1
in panel (a), respectively. The asterisks indicate the calculated values of g, and g from the corresponding ¢’, i.e., asterisks
in (c). The sequence numbers (1-4) indicate the correspondence to the change complex asymmetry parameter g’ in (c).
(c) Transmission (shifted) versus normalized energy demonstrating Fano profiles with a complex asymmetry parameter g’
(asterisk) circulating one cycle, where |¢’| = V2, thus ¢, = ¢/..

or,
ltal* = Too,
q = AT‘]r/TOOa
To view the relation more directly, we can rewrite the above equations as follows. With ¢’
=g, +iq]and g, = q}/(l¢|* = 1) (Fig. 7(a)), we have,
le + g’ 1
1+¢&2 lg’]? -1’

1+2qg,¢e

= 15
1+¢2 (15

where the left-hand side has the form of Eq. (10), and there is no constraint on ¢”. With g, = ¢/(¢*> - 1)
orq =1/(2q,) + +/1/(44?) + 1 (Fig. 7(b)), we have

(e+aq) 1
1+&2 ?-1

1+2q,¢

1
1+&2 (16)

Note that the offset on the right-hand side can be moved to the left side. The relation between g and g,
is shown in Fig. 7(b). It has two separate branches, i.e., for |¢| > 1 and |¢| < 1, where the latter flips
the shape as the factor g — 1 is negative. When the complex parameter ¢’ = g/ + iq; is given, g, can
be uniquely determined. However, when g, is given, g, and g; cannot be determined uniquely, but
trace out a circle: (g/ — 1/(2g,))* + ql.’z =1+ 1/(44,?) [see the contour lines in Fig. 7(a)]. Although
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different ¢’ on the circle may lead to distinct Fano profiles, they will collapse to a single curve deter-
mined by g, by applying a proper shift and scaling. In Ref. 30, it is found that such a parameter
q' corresponds to a dephasing process [Eq. (7) in Ref. 30]. This implies that, although dephasing
breaks TRS and the resonance profile may look quite different for different values of ¢’, it leaves clear
footprints that all the profiles during a dephasing process can be tracked back to a single profile by
simple rescaling and shifting. In situations where |g’| is a constant, g, is proportional to g,, and the
change of sign in ¢, indicates a sign change in g, as well. Thus the sign change in g;. can simply be
revealed from the incline of the resonance profile.*? Figure 7(c) shows a series of Fano profiles with
complex asymmetry parameter ¢’ and |¢’| = V2 (so g, = q,). The calculated values of ¢, and g are
plotted on the g,(g) curves of Fig. 7(b). The corresponding changes in ¢ and g,, when ¢’ circulates
the cycle, are indicated by the sequence numbers. A similar discussion linking an expression similar
to Eq. (10) to the real g-parameter Fano formula was provided by Shore in 1967.%

The above argument indicates that, in the experimental analysis of conductance or transmission
resonance, the standard Fano formula with either real or complex g parameter can be chosen, provided
that an offset can be applied. An alternative method is to fit with our formula Eq. (10). A general
conclusion is that, regardless of whether TRS is present or broken, the transmission resonance profile
can always be fitted by the Fano formula with real g parameter,*’ although in certain cases the employ-
ment of complex g parameter may be more convenient, especially in applications such as probing
decoherence.*

lll. WIDTH OF THE FANO RESONANCE
A. The expression of the width

In Eq. (10), the energy is normalized by v,, thus v, characterizes the width of the transmission
resonance. In the following we shall develop a perturbation theory to calculate v,,.

Regarding the conductor as a closed system, the Hamiltonian matrix Hc is Hermitian with a set
of real eigenenergies and eigenfunctions:

ch()(l = EO(IwO(ha = 1" .. ’N’ (17)

where N is the number of points in the discretized conductor. The eigenstates {¢oq|la = 1,...,N} are
orthogonal and complete, thus they form a basis in the R space for the discrete spacial configuration
of the wavefunctions. Recall that
[He + XY, = € We, (18)
ga=Ey—iYo,a=1,...,N, (19)
Since the self-energy matrix X has only nonzero elements in the subblock of boundary points con-
necting with the leads, for most of the eigenstates it can be treated as a perturbation. Thus for a given
eigenstate @, we have
&a = Eva — Ay = Yas (20
Y, = Yoa — 6rd/a/r - i5il//m', 2D
where Ay, Yo, 0, and 6; are small quantities, Eo, — Ay = Eq, and ¥, ,(;) are the normalized perturba-
tions for the real (imaginary) part of the eigenfunction ¢ 4.
Substituting Eqgs. (20) and (21) back into Eq. (18) yields
(HC + z)(WOa = 0rar — i6i¢ai) =
(Eoa — Ao — i'Ya)(l//Oa =0 ar — i0iWqi).

Neglecting the second-order terms on both sides and using Eq. (17), we get

HC(él‘war + iéiwai) - 2'#0(1 =
(Aa + iY(t)WO(x + EOry(érwar + idiwwi)-
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Projecting both sides of the above equation to state «, i.e., (oq|-), We obtain

Aa + iYa ~ _<l//0&|2|':000>- (22)

This gives the first-order approximation of the shift in the eigenenergy caused by the coupling with
the leads. More explicitly, we can write®'™?

Yo & ~Im((Y0e|Z|Y0a)) = =Yoo Im(Z)[¥oa)- (23)
Since ' =T + Tk = i(T — =) = —2Im(ZT), we have

1
Ya = 5<'/’0(1|F|¢’00>- 24

Since the self-energy characterizes the coupling between the conductor and the leads, vy, can
be regarded as the tunneling rate of the state ¥, the eigenstate of the non-Hermitian Hamiltonian
He + X. We see that v, is determined by the imaginary part of the self-energy X (or the coupling
matrix I') and the corresponding eigenfunction i, of the isolated conductor. Since Z (I') only has
nonzero elements at the boundary points of the conductor connecting with the leads, only the values
of Y, on the same set of points, i.e., the boundary points, contribute to vy,. Therefore localized states,
typically with small ¥, values at the boundary points, have small v,, thus generate sharp resonances.

Figure 8 shows, for a small graphene quantum dot, the correspondence between the transmission
fluctuation and the calculated values of &,. The self-energy X is evaluated at Ey = 0.563¢ (somewhat
arbitrary), and the values of g, are then calculated as the eigenvalues of the non-Hermitian Hamilto-
nian H¢ + X. The positions of the resonances agree well with those from E,,. In principle, the plots are

1.05
1 AI\L
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0 - . 1
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a

FIG. 8. For a graphene quantum dot, (a) transmission 7" versus energy E, (b) the real and imaginary parts of the eigenenergy
&q- The circles denote the eigenenergy values calculated directly from the non-Hermitian Hamiltonian of the entire open
system: [Hc + X]¥, = £4¥q, where Ey = 0.563¢ is used for calculating the self-energy. The crosses represent results from
our first-order perturbation theory. The blue solid curve shows the line shape obtained by a further perturbation analysis of
the self-energy. The dotted vertical lines are for eye guidance.
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only accurate for the eigenenergies where E,, is close to Ey because X and hence g, are all dependent
upon the energy E. But we find that, even if E, is far from E, we still obtain reasonable agreement,
which can be attributed to the slow variation of the self-energy X with the energy. The blue solid curve
in Fig. 8(b) is derived from a further approximation of X (Eq. (32)).

B. Recovery of Eq. (12) for anti-resonance and resonant transmission

When there is only one transmitting mode, a particular focus is anti-resonance and resonant
transmission. Here we shall demonstrate that in such a case, our approach can also exhibit these
features.

From Eq. (12), we can obtain the extreme value of transmission, as follows. First, dT/de = 0
leads to

g =—1x/1+4q2/2q,.

Substituting this into Eq. (12) and letting Q = 1 + 442, we obtain the extreme value of transmission
as
+1

Vo1
Note that g, — 0 leads to symmetric peak or dip, while g, — oo leads to the asymmetric form. For
small g,, i.e., g, < 1 (Im(Ty;) < AT), we have VO = /1 + 4¢2 ~ 1 + 242, leading to

T, =Ty + AT

247,

Te = TOO + ATi—lzqz
2¢2+1F1 77
_ Too + AT,
B {TOO - AT(24})/(2q} +2) ~ Too.

When there is only one transmitting mode in the leads and the TRS is preserved, for Typ = 1 and
AT = -1, we have T, = 0 and 1, corresponding to an anti-resonance; while for 7oy = 0 and AT =1,
we have T, = 0 and 1, corresponding to a resonant transmission.

Next we show that the above situation, e.g., AT = 1 or —1 can arise in certain circumstances.
Recall that AT = 2ReTy(E,)) + T11(E,). We shall calculate ReTy, and T7;. For large dots and narrow
leads, the self-energy X can be regarded as a small perturbation of H¢. For highly localized states,
we have ¥, = @, ~ ¥,, yielding

—_—

Ya = _<¢’0a/|r|',00(1>

il A

~ _<(Da|r|\ya>

= (DT + Tr)¥a)

N = N

1
= =Wa.L T Ya.R)-
5ot + Yaur)
For systems with an inversion symmetry, ¥, and I" will also have the same symmetry, leading to

Ya,L = Ya,R ® Ya-

For T11(E,), we have Ti; = Tr[[.G Tr(G))'], where the energy is evaluated at E, and G| = ¥, ®},/
(iYa). We thus have

v,0,  ®,¥
Foy Dt

Wa —Wa

= TI"[FL\PQ(DZ,FRCDG\PL]/Y(ZI
= TI‘[\P;FLTQ(DZFR(DQ]/Y(ZI
= (WITL¥,)(®)TkDy)/v2

Ty =Te[I,
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XYoL Ya.RIY
~ 1.

This has been verified numerically. Similarly, we have

ReT01 = RCTI'[FL

B*a
Ey,—Eg—i (D(I/\II(
= ReTr[T;, Z szﬁz pOLTR——]
B+a (Eﬂ’ - Eﬁ) + Yﬁ Yar

g/ Y : :
~=Tr[lp ) . EB)Z\P[,@[}FRQ,\P(,]
B*a

g/ Yo
== D G o VTR0,
P+a

where yg < |E, — Eg| has been assumed. Defining v,z = ‘I’;FL‘I’B and g = (D'ZFRQ)[,, we have

YaYapYBalYa
ReTy, = Z (E. - Eﬂ)z.

In the case of resonance, typically g, Yog,Yga- Vo are small and are of the same order of magnitude.
We thus have vg ~ Yop ~ Yga ~ Yo ~ Y, and

,YZ

RCT()l = - e
Bra (Ea - EB)Z
For a system with N discrete points, Y>/(E, — Eg)* can be much smaller than 1/N, thus we have
RCTOI ~ 0 and AT ~ T]| ~ 1.

For the case of anti-resonance, ygs can be large, and many terms need to be included, i.e., v*/(E,
- EB)2 ~ n/N, especially for states close to . We then have ReTy; ~ —1, and AT ~ 2ReTy; + T1;
~—1.

C. Expansion of self-energy and a further simplified expression of the width

We can go one step further by expanding the self-energy. In general, the self-energy matrix X
can be expressed as*?

S=1 30" Xomp eXPlikna@) X (25)

p mep

where x,p characterizes the eigenfunction of mode m in lead p. Note that only the values of ¢, on
the boundary points of the conductor, say, Yoq, », contribute to v,. Since the boundary of the conductor
can be set arbitrarily without affecting the transmission, we can always choose a boundary slice of
points to be the same as a slice of the lead. For a slice of n discrete points, since { xm,plm = 1,...,n}
form a complete and orthogonal basis, we can express i, , as

l//Ort,p = Z C::,Xm,p- (26)

m

Substituting Eqs. (25) and (26) into Eq. (22), we have,

Ay + Ve = —(W0a|ZW0a)
= szoa ol D Xomp eXP(ikim@) X W00, )

mep

= tZ(Z X ,,) X (Z Xom,p €Xp(ikima) X1, »)

mep
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X() ¢ixXip)
7

- 1 ; -
—tz Z CiX | p Xm,p EXP(ikim@) Xy ,CiX -
P mi,jep

Since Xj,p)(j,p = 5, we get’! 5

Aa+iva x1 ) Y lcnPexplikna), (27)
p mep
or
Yo~ 1), )l P sinkya). (28)
p mep

For a two-terminal quantum dot with reflection symmetry, the eigenfunction also has this symmetry,
and its value on the boundary points satisfy Yo, 1. = £0a, r, corresponding to even or odd parity. The
self-energy matrices and the eigenfunctions y; for the two leads are identical, so the contributions of
the first-order approximation from the two semi-infinite leads are equal. We have

Ag + iYq = 2t Z |c? |* exp(ikma), (29)
mep
or
Yo~ 2t )l sin(kpa). (30)
mep

Since k,,a is determined by the Fermi energy via the dispersion relation, the value of vy, is mostly
determined by ¢, which is the expanding coefficient of ¢, 1. on the transverse eigenfunction y,,
for the leads. To be specific, we can write

lv[/()a,L
wO(z = ';l’Oa/,dot . (31)
wO(x,R

The wave function ¥, is normalized, i.e., l!/gaWOa = (//ga, Yoe,L + dxgm dotWoa.dor + x//ga, rYoa.r = 1.
For dispersive or transmitting states where ., takes on similar values on all points, the values on the
boundary points are of the order of 1/ v/N.However, a localized state will have a large value of Y4, dor
on a small subset of points, e.g., points on a particular classically stable orbit in the dot. This will then
lead to small values of ¥, , on the boundary points, resulting in small cj, and v,,. This localization
effect can be so strong that the values of vy, are several orders-of-magnitude smaller, i.e., 10~>¢ versus
107 for the dispersive states (See Refs. 51-53 and also Fig. 3 in the main text).

When the leads are narrow, they will have only one transverse mode in a relatively large energy
interval. In this case, the summation (30) has only one term and becomes

Yo ~ 2t|c? | sin(k,,a) ~ sin(ka), (32)

where k(E) can be obtained from the dispersion relation, and we have assumed that the dependence
of ¢y, on « is weak and so can be treated as a constant. Figure 3 in the main text shows the results of
Eq. (32) together with the numerical results. We find a good agreement.

IV. CONCLUDING REMARKS

To summarize, we have developed a framework based on coherent quantum transport to estab-
lish the universality of the Fano resonance profile. Technically, our approach is to decompose the
non-equilibrium Green’s function into a fast and a slow components, enabling us to derive a general
formula for the resonance. In cases where the fast component of the Green’s function is dominated by
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only one eigenstate of the conductor, the Fano resonance profile can be described by Eq. (10), which
is equivalent to the Fano formula with either real or complex g parameter. We have provided simple
mathematical transformations to connect the three forms. Thus, for a given resonance, depending on
the choice of the free parameters, it can be fitted by any of the three formulas with distinctly different
q values. Note that for certain cases where the consideration of time-reversal symmetry is important,
the choice of Fano formula with complex ¢ parameter is preferred.'>'%30 However, as we have demon-
strated in this work, if a resonance can be fitted by Fano formula with complex g parameter, then it
can also be fitted by Eq. (10) and consequently the Fano formula with a real ¢ parameter. Therefore, a
fitting to Fano formula with complex g parameter is not absolutely necessary for any single resonance,
although a series of resonances may preferably be fitted by the formulas with a a set of complex ¢
parameters, which may be particularly useful in probing phenomena such as decoherence.*

The width of the resonance, which also characterizes the lifetime of the eigenstate in the originally
closed conductor, is mainly determined by the eigenfunction of the conductor, especially the values at
the boundary, given that the self-energies vary slowly with the energy. For dispersive or transmitting
states, the boundary values of the eigenfunction can be large, leading to a strong coupling between
the conductor and the leads. Tunneling to the lead is then facilitated, resulting in a short lifetime and,
consequently, in a large resonance width. The conductance curve will appear “smooth” with energy
variation. In the opposite case, if a state is highly localized, i.e., on a classically stable orbit, then the
eigenfunction assumes large values on this orbit, but can be extremely small anywhere else, including
the boundary. The coupling of this state to the leads can be significantly weaker, leading to a long
lifetime and a much smaller resonance width. In this case, the conductance curve will exhibit abrupt
variations as represented by a sharp Fano resonance. This connection between the scar/pointer state
and the abrupt variation in the conductance curve has been noticed before.’**

While we have treated only two terminal transport systems, Fano resonance in multi-terminal
systems can be treated similarly, where Eq. (10) and the interpretation of the resonant width remain
valid. Due to the ubiquity of Fano resonance and the only assumption in our derivation is that the
transport can be described by the Green’s function formalism (which can be expanded to include de-
coherence in a proper way>’-**), our formula and finding apply not only to quantum transport, but also
to wave scattering phenomena arising from diverse fields such as electromagnetic waves, acoustics,
and seismology.
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