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Nanoscale functionalized superconducting transport channels as photon detectors
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Single-photon detectors have typically consisted of macroscopic materials where both the photon absorption
and transduction to an electrical signal happen. Newly proposed designs suggest that large arrays of nanoscale de-
tectors could provide improved performance in addition to decoupling the absorption and transduction processes.
Here we study the properties of such a detector consisting of a nanoscale superconducting (SC) transport channel
functionalized by a photon absorber. We explore two detection mechanisms based on photoinduced electrostatic
gating and magnetic effects. To this end we model the narrow channel as a one-dimensional atomic chain and
use a self-consistent Keldysh-Nambu Green’s function formalism to describe nonequilibrium effects and SC
phenomena. We consider cases where the photon creates electrostatic and magnetic changes in the absorber, as
well as devices with strong and weak coupling to the metal leads. Our results indicate that the most promising
case is when the SC channel is weakly coupled to the leads and in the presence of a background magnetic field,
where photoexcitation of a magnetic molecule can trigger a SC-to-normal transition in the channel that leads to
a change in the device current several times larger than in the case of a normal-phase channel device.

DOI: 10.1103/PhysRevB.103.134512

I. INTRODUCTION

The most efficient single-photon detectors are currently
based on superconducting (SC) nanowires [1-3]. A single-
photon absorption event in the superconductor is followed by
a sequence of relaxation processes involving electron-electron
and electron-phonon interactions, which culminate in the cre-
ation of a hot spot that triggers a phase transition to the normal
state [4]. Bypassing the energy cascade associated with such
photoinduced temperature effects is desirable because it re-
duces the timescale for detection and the associated jitter.
Besides temperature, there are other effects that directly im-
pact the SC state such as electrostrictive, electrostatic gating
and magnetic interactions. The question we seek to answer
is whether such effects can be exploited for single-photon
detection.

In parallel, there has been interest in developing new detec-
tor architectures that can overcome the limitations of existing
systems. Along those lines, it was recently proposed that
dense arrays of nanoscale detector elements could provide sig-
nificant performance improvements [5]. One embodiment of
such detector elements consists of functionalization nanoscale
electronic transport channels functionalized with molecules,
quantum dots, or other photon absorbers [6,7]. We recently
studied the detailed quantum dynamics of single-photon de-
tection in a functionalized semiconducting electronic transport
channel [8] and found that a large signal-to-noise-ratio can be
achieved for ultrashort single-photon pulses. An open ques-
tions is whether a SC electronic transport channel could be
more efficient at detecting single photons, allowing us to also
bypass the thermal energy cascade.
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Here we combine the Keldysh nonequilibrium Green’s
function formalism [9] with the Nambu description [10] of
the superconductor to study the change in electronic transport
through a SC channel upon absorption of a photon by a nearby
absorber. We consider the cases where the absorber under-
goes changes in its permanent electric dipole or magnetic
moment. In both cases the direct electromagnetic interac-
tion between the absorber and the SC channel bypasses the
usual thermal energy cascade. We show that under certain
conditions photoinduced magnetic perturbations can trigger a
SC-to-normal transition in the channel which in turn leads to a
detectable event.

II. DEVICE SYSTEM

We consider a normal-superconductor-normal (NSN) de-
vice configuration with the device geometry sketched in
Fig. 1. It consists of a SC one-dimensional channel contacted
by two normal metal electrodes. In practice the channel could
be a nanowire or a nanotube [11,12] which have been shown
to have SC transition temperatures in the 5-15 K range, but to
reduce computational cost while capturing essential physics,
here we model it as an atomic chain within the tight-binding
approximation. We focus on a single band since the second
subband is typically much higher in energy than the SC gaps
considered here. As opposed to typical SC nanowire single-
photon detectors, photon absorption does not take place in the
channel but by an absorber placed in close proximity to the
SC channel.

We assume that the photon energy is resonant with the ab-
sorber while the channel is not sensitive to the incoming light
pulse (e.g., a small-diameter CNT has well-separated optical
absorption peaks due to excitonic effects); we assume that the
absorber optical gap is not matched to these peaks. We also
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FIG. 1. Sketch of a device consisting of a superconducting quan-
tum transport channel functionalized with a photon absorber. The
superconductor is connected to normal-metal leads, between which
a current is measured. The relevant tight-binding parameters are
indicated with Greek letters.

assume that the system operates in the strong focusing regime
where the light is concentrated on the absorbing element.
This increases the light-absorber interaction and also helps to
reduce the effects from absorption by the contacts. The ab-
sorber (represented in Fig. 1 by the hexagon) could be a single
molecule or a larger quantum dot that upon photoexcitation
acquires a permanent electric or magnetic dipole, possibly
via a photoinduced phase transition [13]. In the present work
we do not calculate the absorber photoexcitation probability;
rather we assume that the absorber has been photoexcited and
we calculate the impact of the excited dipole on the electronic
transport properties of the channel.

As possible detection mechanisms we consider either (i)
photoinduced electrostatic gating effects, e.g., due to a change
of the absorber permanent electric dipole upon photoexci-
tation, or (ii) photoinduced magnetic effects, e.g., due to a
change in the absorber magnetic moment upon photoexci-
tation. Both types of perturbation can change the electronic
density of states (DOS) at the Fermi level when the channel is
in the normal phase and thus are expected to affect the SC state
as well. In particular, it has been discovered that monolayers
of paramagnetic molecules can influence the temperature at
which an adjacent thin layer of material becomes SC [14—16].
In addition, photoninduced changes in molecular magnetic
moments have been observed [17]. Changes in molecular
electric dipole moments are well known to occur upon photon
absorption, and have been shown to modulate semiconducting
electronic transport channels [7]. Their impact on SC channels
may be expected based on the report of SC transistors where
the gate is essentially equivalent to an electrostatic dipole [18].

III. THEORETICAL FRAMEWORK
A. Tight-binding Hamiltonian

The device is described within the grand-canonical picture
using a Hamiltonian partitioned into left (H") and right (H%)
leads and channel (H) regions:

H =H" — N* + H® — uxN® + HC, (1

where N©R are the electron number operators in the left
(L) and right (R) regions while the difference between
left and right lead chemical potentials w; — ug defines the
applied bias.

The channel Hamiltonian is described using a tight-binding
basis set with indices {m, n}:

HE = -8 Z Cjnacnff — UZ”’"T”WN +VGano’

m,n,o m,o

+ % 3" (Bo + B2 (g — 1. )

m

The first term describes the bare channel with no electron
interaction effects, with the nearest neighbor hopping integral
set to B = 0.5 eV and an intersite distance set to a = 5 bohr
(the summation over # is restricted to n = m =% 1). The num-
ber of sites in the transport channel is denoted by N.

The second, Hubbard-like local term includes electron cor-
relation effects via an attractive contact interaction —U < 0
corresponding to an s-wave type SC pairing potential. Here
Mo = c;w Cmo 18 the local number operator for an electron
with spin o that can be either up (1) or down (|). We
do not consider Coulomb interaction/electron correlation ef-
fects in the channel when the channel is in the normal state.
The impact of repulsive Coulomb interaction effects could
be important in certain device parameter regimes where ex-
otic effects such as the Kondo effect may become important
[19-21]. Including these effects is however beyond the scope
of the present work.

The third term describes an applied gate voltage Vi; acting
uniformly along the channel. Magnetic effects are included
via the last term which removes local spin degeneracy via
the Zeeman effect and accounts for: (i) a uniform background
magnetic field By perpendicular to the chain, and (ii) a nonuni-
form magnetic field B® generated by an excited absorber
with a permanent magnetic dipole p,s perpendicular to the
chain.

Finally, the coupling between leads and channel is assumed
L-R symmetric and characterized by the induced broadenings
I' =Tg=T. The SC pairing potential is zero inside the
leads.

B. NEGF approach

To describe nonequilibrium effects in conjunction with SC
phenomena we employ the Keldysh-Nambu nonequilibrium
Green’s function (NEGF) formalism (see the Appendix for
details including the definition of the four-component Nambu
spinors). NEGF-based studies of nonequilibrium phenom-
ena in NSN junctions have employed both self-consistent
[22-24] and non-self-consistent [25-27] approaches. Here
“self-consistent” refers to the determination of the order pa-
rameter F,. In this work F, is calculated rigorously via
a self-consistent approach, directly from the off-diagonal
Nambu component of the lesser Green’s function: F,, =
i{cmycmy ). The self-consistent process starts with a symmetry-
broken initial guess, e.g., by setting the order parameter F,
to a constant. Convergence is facilitated by the use of the
Pulay scheme [28] to mix the order parameter using previous
iteration solutions [29]. Convergence is typically achieved in
a hundred iterations when |F" — Fin| < 10713,

We present briefly the NEGF expression for the expec-
tation value of the current / through the device (see the
Appendix for the derivation). The current can be decomposed
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into the normal transmission/single-electron tunneling (Int),
Andreev reflection (/agr), and cross-Andreev (Icp) compo-
nents [30-34] of the current: I = Iyt + Iar + Ica. For the
device parameters considered in this work, the cross-Andreev
component is negligible and it is sufficient to focus on the first
two components, namely normal transmission [35]

e =27 / dELf(E — u1) — F(E — p)]

x Tr{I" G} (E)I'*G{, (E)} 3)

and Andreev reflection [30]
e
=25 [ AEUE = o) = FE + )

x Tr{T* G}, (E)I'" G5, (E)}, )

where f is the Fermi-Dirac distribution function f(E) =
lexp(E /kgT)+ 1]~ and Glrj/ “ refers to the ij component
(in Nambu space) of the retarded/advanced channel Green’s
functions. The diagonal Nambu component is also used to ob-
tain the electronic density of states projected on the channel:
DOS(E) = —llmw. (&)
T N

We note that the chemical potentials p; g are referenced
with respect to (w.r.t.) the chemical potential of the SC
condensate (. While, in general, in the presence of supercon-
ductivity (U # 0) uc needs to be determined self-consistently
by imposing current conservation [24] along the channel, for
the particular case where the total system has electron-hole
symmetry, ¢ is simply equal to the middle of the electronic
band of either lead, i.e., it can be set to 0.

In our simulations we consider devices where the channel
is SC (U # 0) and undergoes a transition to a normal state
as well as channels that are always in the normal state (U =
0). We label the currents with the superscripts SC and N to
denote these two cases. As above, subscripts are reserved for
the components of the current when the channel is subject to
superconductivity.

IV. RESULTS

A. Good metal contacts/strong channel-electrodes coupling

First we consider the case of good metal contacts between
source/drain electrodes and the transport channel. This is
established by setting the coupling between leads and channel
I' of the same order of magnitude as the hopping parameter
inside the channel 8, and as a representative value we choose
I' = /2. We consider a channel with N = 1001 and tune
the gate voltage Vi = 0 such that at zero source-drain bias
voltage Vsq = O the Fermi level pins the middle of the channel
electronic band (which has a bandwidth of 41 eV). In the
normal (N) phase, the DOS is flat near the Fermi level, with
small oscillations due to the fact that the energy spectrum
is discrete. Upon turning on the attractive contact interaction
term U = —0.5 eV, the channel becomes SC and a quasipar-
ticle gap opens up in the DOS near the Fermi level, as seen in
Fig. 2(a). The finite value of DOS near the Fermi level is due
to the contribution from sites near the normal metal contacts.
The channel is long enough that towards the middle of the
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FIG. 2. Calculated DOS: (a) at T = 0, averaged over all channel
sites, for normal and SC case. (b) Several temperatures, projected on
the mid-channel site, for the SC case. Device parameters: N = 1001,
'=025eV,Vyy =0,U = —0.5¢eV.

channel the gap opening is nearly perfect. We note that at zero
temperature 7 = 0 and zero bias voltage Vg = 0 the SC gap
is about 15 meV; while this leads to a relatively large critical
temperature—as discussed later—it also helps in reducing
the number of iterations needed to reach convergence—each
iteration during the self-consistent loop is computationally
demanding given the large N.

Figure 3 shows the channel SC order parameter F;, =
|F;, e at T = 0 and small bias voltage Vig = 0.1 meV. |F,,|
is not impacted significantly by the small bias voltage, but is
sensitive to the proximity of the normal-phase contacts and
thus decreases in value near the ends of the channel. One
notes in Fig. 3(a) that |F,,| is asymmetric between even and
odd sites. This can be traced back to the normal phase where
electron wave functions associated with eigenchannels with
energies near the middle of the channel electron band show
strong asymmetry; in particular the eigenchannel with zero
energy carries its entire weight on the odd sites. Figure 3(b)
shows the phase ¢,, which displays a gradient that increases
with the bias voltage/current. Within more approximate the-
ories where |F,,| is assumed to be a constant independent of
m, the phase gradient is directly related to the momentum ¢ of
the Cooper pairs: g = %‘% A nonzero g simply corresponds
to the flow of the SC condensate which carries a finite current
when a bias voltage is applied.

The SC gap parameter A, = 1% [ Fm| 1s directly related
to the magnitude of the gap E, seen in Fig. 2 in the electronic
DOS of the SC phase, i.e., A, ~ E,/2. The dependence of
Ay on T shows the expected BCS [36] behavior as seen in
Fig. 4(a). In the limit of small bias voltage the channel is in the
normal phase for temperatures above the critical temperature
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FIG. 3. Channel SC order parameter F,: (a) absolute value and
(b) phase. Device parameters: N = 1001, ' =0.25 eV, T =0 K,
Vea = 0.1 meV,U = —0.5eV.

T. =48 K. At T =0 the SC gap parameter has a value of
Ag(T =0) =7 meV which yields aratio Al(T = 0)/kgT. =
1.65. This is slightly smaller than the BCS ratio of 1.76 due
to |F,| being smaller near the normal metal contacts than
in the middle of the channel [as seen in Fig. 3(a)]. One can
also estimate the SC coherence length according to BCS the-
oryaséo = hvp /mAg(T = 0) = 2Ba/m Al(T = 0), implying
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FIG. 4. Temperature dependence of: (a) SC gap parameter A,
and (b) current. Device parameters: N = 1001, ' = 0.25 eV, V4 =
0.1 meV,U = —0.5¢eV.

that the average &, comprises about 45 sites, which correlates
well with the length scale over which the order parameter de-
creases exponentially towards the contacts as seen in Fig. 3(a).

Figure 4(b) shows the T dependence of the expectation
value of the current through the device I, calculated for a
fixed low bias voltage Vyq = 0.1 meV. In the normal phase, the
zero-temperature, zero-bias conductance equals the quantum
unit of conductance Gy = 2¢?/h, with electrons tunneling res-
onantly through the channel mid-bandwidth level irrespective
of the contact transmissivity/coupling parameter I". As T
increases, the energy window through which electrons tunnel
increases; for T 2 10 K, the effective DOS contributing to
the current gets averaged over several energy levels that are
broadened by the coupling to the leads. For I' = §/2, the
resulting averaged DOS is ~80% of the peak DOS (Fig. 2),
explaining the decrease in current seen in Fig. 4(b). Turning to
the SC case, one notes that the current/conductance is smaller
than in the normal case. This is due to the nonideality of the
metal contacts. Indeed, for a NSN device at zero tempera-
ture, the zero-bias SC conductance approaches Gy (i.e., the
conductance of each NS interface approaches 2 x Gy) only if
the electron transmission probability between the contacts and
the normal-phase channel approaches unity in a finite window
around the Fermi level [37—40]. Within the wide-band limit
(WBL) approximation for the leads this happens when I = .
For our less ideal choice I' = /2, one finds at T = 0 that the
conductance I5€/V,q is about 0.6 x Gy. As seen in Fig. 4(b),
at T = 0 the SC current takes place via Andreev reflection
(AR), as the normal current component is suppressed given
the near perfect DOS gap opening in the bulk of the channel
(the cross-Andreev component is negligible due to the large
channel length). As the temperature increases the DOS gap
gets smaller and the DOS at E = 0 becomes finite even when
projected towards the middle of the chain, as seen in Fig. 2(b).
Correspondingly the normal component IS¢ ~ I5¢ — I3€ in-
creases until it completely dominates the current for 7 2> T...

We note from Fig. 4(b) that the continuous decrease of
I3 as T approaches T, results in /5¢ smoothly approaching
IN with no apparent discontinuity in the current or in its
derivative 375€/9T . Ideally we would like a device based on
a SC channel to switch between the SC and normal state upon
photoexcitation, accompanied by a detectable change in the
measured current. For relatively small perturbations such us
those expected to be induced by a single-photon absorption
event, an appreciable change in the current could be obtained
if the transition is accompanied by a discontinuous change in
the current. Unfortunately for this device configuration the
current undergoes a smooth transition as 7 changes from
below to above Tr as seen in Fig. 4(b), suggesting that the
device may not offer a significant advantage over its normal-
phase-only counterpart.

Because in this work we do not consider phonon-based
temperature effects that may assist single-photon detection,
we focus our attention on the behavior of the device as func-
tion of bias voltage. Figure 5 shows the /-V characteristic
of a device with a smaller channel (we consider N = 201 to
reduce the computational effort), driven beyond the critical
voltage/current while the leads are maintained at 7 = 0. In
the absence of SC the current IN shows almost linear depen-
dence on the bias voltage Vyq, i.e., a behavior close to Ohmic,
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FIG. 5. Bias voltage dependence of the current in a device driven
beyond the critical voltage. Device parameters: N = 201, I' = 0.25
eV, T =0,U = —-0.5¢eV.

as expected given the good metal contacts. For low V4 the SC
current I5€ is about 70% lower than in the normal phase, and it
approaches IN at the critical voltage V. = 8.5 mV. Translated
into temperature, e/kgV, yields a value 90% larger than the
critical temperature 7. = 55 K. We note that the Andreev
reflection of the current I35 drops rather smoothly to zero at
Vi = V.; as a consequence the I-V characteristics does not
show any discontinuity near the critical voltage. We conclude
that for the configurations considered in this section, where
the channel is coupled strongly to the electrodes, it is unlikely
for the device to undergo a significant change in current due to
a small photoinduced perturbation and that a different design
strategy is needed.

B. Poor metal contacts/weak channel-electrodes coupling

A previous study [41] used quasiclassical Greens functions
to show that the /-V characteristics of NSN structures display,
in certain regions of the device parameter space, a discon-
tinuity as the voltage is swept. The behavior of our device
as a function of bias voltage suggests this not to be the case
when the channel is strongly coupled to the electrodes. Thus,
in this section we consider the opposite case of weak coupling
between channel and electrodes obtainable by setting I' <« 8.
In practice, weak channel-electrodes coupling can be real-
ized using few-nanometer thin insulating materials inserted
between the electrode and the channel.

We are interested in a situation [41] where in the absence of
SC only one channel level contributes to electronic transport
for small bias voltage. This can be obtained, e.g., by setting
N =51, I' = 8/288 ~ 1.7 meV, which yields a separation
between channel levels near the Fermi level AE =~ 60 meV
significantly larger than the level broadening ~I". Figure 6
shows the DOS of such a device in a small energy window
near the Fermi level. In the absence of SC, the wave function
associated with the zero-energy channel level carries its entire
weight on the odd sites. We also set U = —50 meV such
that the resulting SC gap opening in the DOS E, = 1.8 meV
is larger than the level broadening but significantly smaller
than AE.

Figure 7 shows the channel SC order parameter F, at
T = Vi = 0. We note that the weight of F,, on odd sites

50

40t h .

arsor s 1

0S(

020r

E [meV]

FIG. 6. Calculated DOS at 7 =0 and V4 = 0, averaged over
all channel sites. Device parameters: N =51, I'=1.7 meV,
U = —50 meV.

is more than an order of magnitude larger than the one on
even sites. It is important to note that capturing this feature
is not possible without obtaining the SC order parameter self-
consistently. Averaging F,, over all the sites and multiplying
by U leads to a SC gap parameter A, = 0.47 meV, while
averaging only over the odd sites (those that carry the weight
of the zero-energy eigenchannel in the absence of SC) one
obtains Ag = 0.90 meV. The latter parameter can be related
to the gap opening in the DOS via the usual relationship:
E, ~ 2A%%.

Figure 8 shows the T dependence of the current through
the device I, calculated for a fixed low bias voltage V4 =
0.1 meV. As discussed previously, in the normal phase, the
zero-temperature, zero-bias conductance equals Gy. A bias
voltage Vyg = 0.1 meV is significant enough (w.r.t. the broad-
ening of the central energy level) to decrease the normal-phase
zero-temperature conductance value to 0.96 x Gy. Increasing
temperature also reduces the normal-phase conductance, this
time much more significantly than seen in Fig. 4(b). Turning
to the SC case, we note two differences w.r.t. to the case
depicted in Fig. 4(b). First, at T = 0, the poor electron trans-
mission between leads and channel results in a conductance
more than 40x smaller than Gy. This can be explained by
the fact that the effective broadening of the relevant channel
electronic level [" = 0.134 meV (estimated from the HWHM
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FIG. 7. Channel SC order parameter F,, at T = V4 = 0. Device
parameters: N =5, ' = 1.7 meV, U = —50 meV.
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FIG. 8. Temperature dependence of the current at fixed bias
voltage Vig = 0.1 meV. Device parameters: N = 51, I' = 1.7 meV,
U = —50 meV.

of the central peak in Fig. 7) is significantly smaller than
the effective gap parameter A ¢ = 0.9 meV. Indeed, projecting
Eq. (4) in the subspace of the only relevant electronic eigen-
channel, the zero-bias Andreev reflection conductance reads
[see also Eqgs. (A24), (A27), and (A28)]

lim 4%~ 721G, (E = 0) ~ —

[2A2
8
V=0 Go > ©

(T2 + A2)

which yields Gar &~ Go/46. Second, as the temperature
approaches 7, = 4.9 K, while the SC current I5C approaches
continuously its normal counterpart IV, its derivative 315 /0T
displays a discontinuity at 7 = T, due to the sudden drop of
the Andreev reflection component of the current Iig. This dis-
continuity suggests that the /-V characteristics of the device
with poor metal contacts may be fundamentally different than

in the good metal contacts case and perhaps it may show more
sensitivity to photoinduced perturbations.

C. Impact of small electrostatic gating and magnetic
perturbations

Focusing on the device with poor metal contacts we con-
sider two mechanisms that can lead to photodetection: (i)
A change in the absorber permanent electric dipole moment
[7,8], e.g., as in functionalization with chromophores. This
electric dipole change generates an electrostatic potential that
acts as a gating potential for the channel. For simplicity we
mimic this situation with a uniform gating electrostatic poten-
tial Vi as the prototype electrostatic perturbation, but we have
checked that nonuniform potentials [42] lead to similar con-
clusions. (ii) A change in the absorber’s permanent magnetic
dipole moment iy, €.2., as in functionalization with small
magnetic molecules. We also use a uniform magnetic field
By to perform an initial assessment of the impact of magnetic
perturbations.

We start our analysis by studying the behavior of the SC
gap parameter A, as function of temperature, as shown in
Fig. 9. In the absence of an electrostatic gating or magnetic
perturbation, Ag(T) shows a similar behavior as in the case of
good metal contacts (compare to Fig. 4). Adding a relatively
small electrostatic gating potential Vi = 0.5 mV yields a re-
duction in both A,(T = 0) and T¢, while a uniform magnetic
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FIG. 9. Temperature dependence of the SC gap parameter A,
in the absence/presence of several external perturbations such as a
uniform gating potential Vi = 0.5 mV or a uniform magnetic field
By = 6 T. Device parameters: N = 51,I' = 1.7meV, U = —50 meV.

field By = 6 T reduces T¢ by a fraction of a Kelvin but has
negligible impact on A (T = 0). The reduction of 7. may be
explained by the fact that in the normal phase both types of
perturbation result in a decrease of the DOS at the Fermi level.

Based on the above results, one could expect that an elec-
trostatic gating potential has a greater impact on the /-V
device characteristics than a magnetic field. As discussed next,
the results shown in Fig. 10 indicate that this is not the case.
First, in the absence of any external perturbation, as seen
in Figs. 10(a) and 10(b), the normal-phase current IN shows
nonlinear behavior due to the non-Ohmic character of the
metal contacts. In fact IN develops a plateau when V4 in-
creases beyond the resonant-level broadening. Turning to the
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FIG. 10. Bias voltage dependence of the current at 7 = 0 for two
different types of perturbations: (a) Uniform gating potential V; =
0.5 mV and (b) uniform magnetic field By = 6 T. Device parameters:
N =51,T=17meV,U = —50 meV.
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SC case, an important feature is that the current 75¢ undergoes
a sharp jump near the critical voltage V, = 1.17 mV. The jump
IN — I5€ is significant, amounting to (IN — 15€)/I5¢ = 4.5,

Figure 10(a) shows the impact of the electrostatic gating
potential V; = 0.5 mV on the I-V characteristics. Because the
channel level through which electrons tunnel is off-resonance,
the normal-phase current is much reduced w.r.t. the Vg = 0
case at Vyg = 0. As V4 increases beyond both the level broad-
ening and Vg, IV starts approaching the unperturbed values.
We find that as long as the channel is in the SC phase, for
Vi < Ve, the electrostatic gating potential Vi has no impact
on the current /5€ or the critical voltage V,.. This is a somewhat
unexpected finding given that V5 = 0.5 mV does have an
appreciable impact on T as seen in Fig. 9. While all the results
in Fig. 10 are obtained with metal contacts maintained at
T = 0, we have tried other temperatures but always reached
the same result, namely that the electrostatic gating mech-
anism is not effective at improving the light-detection
efficiency of a functionalized SC channel w.r.t. its normal-
phase counterpart.

The impact of a uniform magnetic field [45] By =6 T is
seen in Fig. 10(b). In the normal phase its effect is to reduce
the current IN by a factor of 2.7 at Vg = 0 and by about 3%
at Vg & 1 mV. In the SC case, the reduction of I5C is <15%
for Vi < 0.6 mV. Interestingly, the impact of By increases at
higher V4 and most importantly it results in an 18% decrease
of the critical voltage V, from 1.17 to 0.99 mV. This suggests
that functionalizing a SC with a magnetic molecule might
result in an efficient detector if one operates the device near
V. and if the photoexcitation of the molecule induces a local
magnetic dipole whose associated magnetic field is strong
enough to yield a measurable change in V..

To estimate the impact of a photoexcited magnetic absorber
on the critical voltage V., we consider a magnetic dipole
characterized by a magnetic moment .5 and positioned at a
distance d = 1 nm away from the central atom of the SC chan-
nel. The magnetic dipole is oriented perpendicular to the plane
defined by the channel and the line joining the magnetic dipole
and the mid-channel site. The magnetic potential field at the

channel site m situated at a distance r,, = v/a?(m — mg)? + d>
from the mid-channel site my = (N + 1)/2 is B = e o
with po the vacuum permeability, and the corresponding Zee-
man splitting potential V; acting on spin up/down electrons
in the chain is [46] V;(m) = :I:;LBB';‘,'?S/Z.

We calculate the /-V characteristics in the vicinity of V,
for various g and extract the change 8V, = V.(abs) —
Ve(aps = 0), as plotted in Fig. 11 with red circles. As ex-
pected from the symmetry of the problem w.r.t. a change in
sign of the magnetic field, we find that §V, depends quadrat-
ically on fhaps: 6V, ~ Mibs’ as indicated by the quadratic fit
plotted with the red, dashed line. Quantitatively, the change
8V, is on the order of 0.1 uV for was of about 1000 wp.
This large change in .5 may be difficult to achieve for single
photon absorption.

However, the quadratic behavior also implies that the pres-
ence of a background magnetic field B significantly larger
than the one produced by . can amplify the impact of an
added magnetic moment: V,(tabs; Bo) — Ve(tabs = 0; Bg) ~
WabsBo. Indeed, Fig. 11 shows that in the presence of a back-
ground uniform magnetic field By = 6 T, the change &V,

7 ,
" B,=0
6 - - quadratic fit ||
5L o B0:6 T
— linear fit
2 4 d
~°3l  # 1
=
2r |
1’D /_/"—‘“_ J
0\_-:: -------- 1*"“”“»_—\ L L
0 1000 2000 3000 4000 5000

Hrops LHg]

FIG. 11. The impact of a magnetic dipole moment ft,,, on the
critical voltage 8§V, at T =0 in the presence/absence of a back-
ground uniform magnetic field By = 6 T. Device parameters: N =
51, ' =1.7meV, U = —50 meV.

shows a linear dependence on p.,s With a slope of 0.0063
uV/up. Translated into temperature, one obtains that a change
e/kpéV, = 10 mK can be obtained by an excited absorber
magnetic moment paps = 150 pp.

Figure 12 shows the /-V characteristics of the device in the
presence of a background uniform magnetic field By = 6 T.
We consider a magnetic molecule that has no magnetic dipole
in the ground state but carries a magnetic moment fLaps =
150 wp in the excited state. As noted previously, the change
in the critical voltage is about 10 mK upon photoexcitation of
the magnetic molecule. Controlling the voltage within 10 mK
is experimentally feasible, which means that if one operates
the device while maintaining the bias voltage within 10 mK
below the critical voltage, photoexcitation of the magnetic
molecule would trigger the SC-to-normal phase transition of
the channel. As seen in Fig. 12, this transition is accompanied
by an increase of the current by a factor of 5, i.e., orders of
magnitude higher than one would obtain with a normal-phase
channel and otherwise similar device parameters. For compar-
ison, we found that the current through a semiconducting but
otherwise similar electronic transport channel may increase,
due to a photoinduced 10 Debye electrical dipole situated
about 1 nm away from the channel, by 100% at most upon
device optimization [8].

-4
4 x10
S° |
=,
—
5 2r ; |
5}
g
=]
O 1+
___________________________________________________ -- SC, BO=6 T, “abszo
0 ‘ ‘ SC,By=6T, ;=150 pg
11 11.2 114 11.6 11.8 12

eV, /g [K]

FIG. 12. The I-V characteristics of the device at T = 0 in the
presence of a background uniform magnetic field By =6 T and
without/with a magnetic dipole moment p,,s = 150 wp. Device
parameters: N = 51, " = 1.7 meV, U = —50 meV.
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V. CONCLUSION

We have studied a photon detector device that consists of a
functionalized SC transport channel contacted by two normal-
phase metal electrodes. We have considered two possible
detection mechanisms based on (i) electrostatic gating effects
(e.g., functionalization with chromophores) and (ii) magnetic
effects (e.g., functionalization with magnetic molecules). We
found that optimal device designs require weak coupling be-
tween the leads and the channel I" (e.g., using insulating layers
to separate the metal contacts from the channel) such that
only one channel electronic level participates in transport and
the /-V device characteristics shows a discontinuity near the
critical voltage. Our results indicate that the electrostatic gat-
ing mechanism is not effective for triggering a SC-to-normal
transition. However, we find that magnetic effects offer an
efficient photodetection mechanism, whereas in the presence

J

of a background magnetic field, photoexcitation of a magnetic
molecule may trigger a SC-to-normal transition accompanied
by a measurable change in the device current.
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APPENDIX: SELF-CONSISTENT KELDYSH-NAMBU NEGF FORMALISM

To account for superconductivity and nonequilibrium phenomena the relevant Keldysh Green’s function is defined using

four-component Nambu spinors:

CTm(t)
. o Cm(®)
Gm.n(tat ) =—i{ Tc

Cim (t)

cin(®)

® (c}, ("), @), €, (), cra)) § ),

(AD)

where T¢ denotes time ordering along the double-time Keldysh contour.

For BCS-type superconductivity with coupling between opposite spins and in the presence of either spin or electron-hole
symmetry (which are the situations considered in this work), we may use only two-component Nambu spinors. Neglecting for
the sake of simplicity spin indices (the spin structure is 11, 14, 14, } | for the 11,12 ,21 ,00 Nambu components, respectively),
the Keldysh Green’s function is written in the reduced 2 x 2 Nambu space:

. Cm(t) em()el (), em()en(t)
Gunt, 1) =—=i{Tc{| . |®(cit), calt))})=—i(Tc .
() el ek, b et

(A2)

The corresponding Keldysh components lesser (<), greater (>), advanced (a), and retarded (r) of the Green’s function are

then

Gy, ) =+i
ch (e, @)

en(t)el ()

s

( )
( )
( )
( )

G, 1) = —i(

G, . t)=00—-1)G, @ 1)—GC, (t,1)] = (

Gyt 1) =60 =06, (1) = G, (1)) = (

en(teh (1))
enm(t)en(t)))

el em@)), cna’)cm(t») ( G, ,(t,1), Fm,na,t/))
=(_" , (A3)
Fm,n(t’ t/)7 _G;’m(t/’ t)
G, @, 1), i @1
A . = ' ’ ) (A4)
ch ek ), c,L(r)cn(r’») (F;:,n(t, ), =G, r))
G, (1, 1), 0@t —t)[Fy ,(t, 1) — Fp(t, f)])
’ _ , (AS)
0t —tOF, (1) = Fuut, )], =G, (&', 1)
Gy @, 1), =01 —D)[F; (1, 1) — F, (¢, t’)])
’ " ) (A6)
—0(t" = OF,y (t,1) = B u(t, 1)), =G, (1, 1)

If we reference all single-particle energies as well as the lead chemical potentials w.r.t. the condensate chemical potential (¢
when superconductivity is present, then at steady state one can replace the double-time dependencies with the time difference

(t,t") = (t —t"). After Fourier transform we obtain

G ) = (

Gn(@) , Fy (@) )
_ , (A7)
Fm,n(a)) ) _G;m(_w)

R G, (@), G2 (w)
G (w) = ‘ ’ : (A8)
m,n r,21 a
Gl (o), —GL, (—w)
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and similar for the other Keldysh components. Note that
Epn(t,1')y=—F}, (' 1) [or F(w)=—F(®)'] so one can
write (T stands for transpose)

. ( G (w), F(w)) \ .
G (w) = . - ., G (@) =—-G ()
—Fl(w), -G (—w)
(A9)
and
G (w),

R ( F%)) R o
G (w) = , G =-G (o).

—F(w), -G~ (~w)
(A10)
To calculate the Green’s functions we approximate self-

energies at the Hartree-Fock level.
The noninteracting, isolated channel Green’s function is

&, (@) Ena@), 0 Ena(®)> 0 (A1)
w) = = .
gm,n 0 s _gﬁ,m(_w) 0 . _g(rln,n(_w)

Here we used that g"¢ is symmetric because the channel
Hamiltonian H€ is symmetric with real matrix elements and
real eigenvectors v;. Then &om = v(n, J) * g?l *V'(j,m) =
v(n, j)* g‘j‘j xv(m, j) = g, .-

In the channel eigenstate basis (indexed by j), one has

1
w— (e —Vg)+1id

g (@) = (A12)

and
1
—a)—(ej —VG)—l5
1

- . (A13)
a)+(ej —Vg)+l8

)= -

The noninteracting, isolated leads Green’s functions, are
written in the leads eigenstate basis (indexed by &y z) as

L.R,r
gk’ ’k (0)) ’ O
AL.R,r _ L,R>KL,R
gkL.quL_R () = <O _gL,R,a (—w) ' (A14)
’ kr.r.kL.R
where
P 1
gili,l:,kl«k(w) = _ 6L,R +is (AIS)
k
and
1 1
[.R,a
—g. " (—C()) = — = .
Stk —w — e,f‘R —i§ w+ e,f‘R + 08
(A16)
Also,
L,R,<
i} &in @, 0
Bl (@) = ( e L@
0, _gk;.R:kL.R(_w)
with
Gt (@) = 2mif (" — nrr)d(w — ")
=27if (0 — prr)d(w — %) (A1)

and
~8ii (@) =211 = f (& = nr)]8(— 0 — )
=27i[l — f(— — pL.r)ls (@ + €F)
= 27if (0 + prr)d(w + €F), (A19)

where f is the Fermi-Dirac distribution function f(E) =
1/[exp(E /kgT )+ 1] and we used that 1 — f(—E) = f(E).
We emphasize that all single-particle energies as well as the
chemical potentials of the leads must be referenced w.r.t.
the chemical potential of the SC condensate p¢ in order for
the above expressions to be valid when superconductivity is
present. (¢ can be determined self-consistently by imposing
current conservation [24] along the channel. For the case
where the total system has electron-hole symmetry one has
uc = 0.

The leads are treated within WBL in which case the re-
tarded lead self-energies are purely imaginary:

AL,R,a ((1)) _ gL,R,r (Cl))

Ekyrok
~L,R,r _ L,R-KL,R
rm,n (a)) - E 7;71,kL_R

kir

TER(w),0 &R0
= : WBL ) (A20)
0. T (—w) 0.1k

where (T is the leads-channel tunneling Hamiltonian)

TEX @) =7 Tty T end (@ — 5.

kLAR

kp gk r
2 kr.g,n

(A21)

while the lesser lead self-energies are

~L.R,< _ AL.R,<
R (w) = Z Tm’kL,ngL‘R,kL'R (a))TkL,Rﬁ

kr g
flw—prr)lER 0

WBL 9 t) (a2
0, f(@+ pr )=

The channel Green’s functions are obtained via the eqnar-
rays:

G~ () = G ()= + "=16%(w), (A23)
R 1
G (w) = . A24
@) = oy T = S & iFL 4 i (&=
and
G(w) = G (w) . (A25)

The SC pairing potential inside the channel has the form
U,Z(fl = UYE% 71 (%; are the Pauli matrices). This interaction has
zero contribution to the Hartree self-energy diagram while the
channel Fock self-energy X" is obtained self-consistently via
o4 -7ySC de A< Ar it30w PN
z:mn =lUmn'* 2_r3*[Gmn(w)+Gmn(w)*e ’ ]*T3

. . T . :

dw r12
_yse (O FlFu@ - Gili)]
"N\ S (@) = G (@)], 0

27i

(A26)

m,n

where .x stands for element-by-element multiplication in

Nambu space. We note that the integral [ 42 »1%(w) vanishes

2mi
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as it is equal to GJ,'X(r, 1) = 0(0)F) ,(t,1) — Fpat,1)] =
i/2{{cn(t), cm(¢)}) which is zero by virtue of equal-time
fermion anticommutation rules.

For the SC pairing potential one chooses an attractive,
contact interaction U, = —8,,,,U [see the Hubbard-like term

of H® in Eq. (2)] which leads to

dw
2;1 _ _U<O, f2_m m,m(a))>

f % _m,m(w)’ 0
(0, (cm(t)cm(t)))
=-U R
(ch )k ()),0
0, F,
= —U( )
EX0

The SC gap parameter is defined as U times the average of
the SC order parameter over the channel sites:

Ag= %Zuw.

m

(A27)

(A28)

To obtain the expression for the current one starts from the
usual expression [25,29,35] for the current through the left
contact:

I = iffda)Tr PLrG=(w) + fL‘M
h 2i 1

ig / doTr{I"G™ (w) — 2if (0 — u)T*

x [G ()T + THG ()], }. (A29)

where [---];; stands for the upper diagonal Nambu compo-
nent. In the last equality we made use of Eqs. (A22)—(A24).

Further use of Eq. (A23), as well as permutation properties
of symmetric matrices (inside the trace), yields

I, = InT + Iar + Ica, (A30)
where the normal transmission (NT) component is
e
e =24 [ dolf@ - ) - f@ - o)
x Te{TEG (@) TRG M (w)) (A31)

and the Andreev reflection (AR)/cross-Andreev (CA) compo-
nents read

I =2} f dolf(@ — pe) — f(@ + )]

x Tr{TF G ()T G (w)), (A32)
or =25 f dolf (@ — p1) — f(o+ )]
x Tr{I'E G2 (w)TRGH? (w)), (A33)

with G4/ = [G’/“],»j being the ij Nambu component of
the retarded/advanced Green’s functions. We note that the
cross-Andreev component of the current vanishes in the case
where the lead chemical potentials are symmetric w.r.t. SC
condensate chemical potential (i.e., u;, = —ug = Viq/2).

A similar expression holds for the current through the right
contact Ir (for the steady-state situations considered in this
paper one has I} = Ig).

The expressions for the current can be evaluated numer-
ically as simple matrix multiplications, taking advantage of
the fact that the integrals over w can be reduced to the form [z;
being the complex eigenvalues of w — G (w)]

fdw flo—p)

— A34
(0 —zi)(® —2}) (A3

which is evaluated analytically by performing the exact
summation—using the digamma function—over the residues
of the Fermi-Dirac distribution function f.

[1] G. N. Goltsman, O. Okunev, G. Chulkova, A. Lipatov, A.
Semenov, K. Smirnov, B. Voronov, A. Dzardanov, C. Williams,
and R. Sobolewskib, Appl. Phys. Lett. 79, 705 (2001).

[2] C. M. Natarajan, M. G. Tanner, and R. H. Hadfield, Supercond.
Sci. Technol. 25, 063001 (2012).

[3] F. Marsili, F. Bellei, F. Najafi, A. E. Dane, E. A. Dauler, R. J.
Molnar, and K. K. Berggren, Nano. Lett. 12, 4799 (2012).

[4] J. P. Allmaras, A. G. Kozorezov, B. A. Korzh, K. K. Berggren,
and M. D. Shaw, Phys. Rev. Appl. 11, 034062 (2019).

[5] S. M. Young, M. Sarovar, and F. Léonard, ACS Photonics 7,
821 (2020).

[6] K. Bergemann and F. Léonard, Small 14, 1802806 (2018).

[7] F. Léonard, M. E. Foster, and C. D. Spataru, Sci. Rep. 9, 3268
(2019).

[8] C. D. Spataru and F. Léonard, Phys. Rev. Research 1, 013018
(2019).

[9] L. V. Keldysh, Zh. Eksp. Teor. Fiz 47, 1515 (1964) [Sov. Phys.
JETP 20, 1018 (1965)].

[10] Y. Nambu, Phys. Rev. 117, 648 (1960).

[11] K. Tang, L. Zhang, N. Wang, X. X. Zhang, G. H. Wen, G. D.
Li, J. N. Wang, C. T. Chan, and P. Sheng, Science 292, 2462
(2001).

[12] F. Qin, W. Shi, T. Ideue, M. Yoshida, A. Zak, R. Tenne, T.
Kikitsu, D. Inoue, D. Hashizume, and Y. Iwasa, Nat. Commun.
8, 14465 (2017).

[13] E. Macchia, K. Manoli, B. Holzer, C. Di Franco, M. Ghittorelli,
F. Torricelli, D. Alberga, G. F. Mangiatordi, G. Palazzo, G.
Scamarcio, and L. Torsi, Nat. Commun. 9, 3223 (2018).

[14] G. Serrano, L. Poggini, M. Briganti, A. L. Sorrentino, G.
Cucinotta, L. Malavolti, B. Cortigiani, E. Otero, P. Sainctavit,
S. Loth, F. Parenti, A.-L. Barra, A. Vindigni, A. Cornia,
F. Totti, M. Mannini, and R. Sessoli, Nat. Mater. 19, 546
(2020).

[15] L. Malavolti, M. Briganti, M. Hénze, G. Serrano, I. Cimatti,
G. McMurtrie, E. Otero, P. Ohresser, F. Totti, M. Mannini, R.
Sessoli, and S. Loth, Nano Lett. 18, 7955 (2018).

134512-10


https://doi.org/10.1063/1.1388868
https://doi.org/10.1088/0953-2048/25/6/063001
https://doi.org/10.1021/nl302245n
https://doi.org/10.1103/PhysRevApplied.11.034062
https://doi.org/10.1021/acsphotonics.9b01754
https://doi.org/10.1002/smll.201802806
https://doi.org/10.1038/s41598-019-39195-1
https://doi.org/10.1103/PhysRevResearch.1.013018
https://doi.org/10.1103/PhysRev.117.648
https://doi.org/10.1126/science.1060470
https://doi.org/10.1038/ncomms14465
https://doi.org/10.1038/s41467-018-05235-z
https://doi.org/10.1038/s41563-020-0608-9
https://doi.org/10.1021/acs.nanolett.8b03921

NANOSCALE FUNCTIONALIZED SUPERCONDUCTING ...

PHYSICAL REVIEW B 103, 134512 (2021)

[16] L. Farinacci, G. Ahmadi, G. Reecht, M. Ruby, N. Bogdanoff, O.
Peters, B. W. Heinrich, F. von Oppen, and K. J. Franke, Phys.
Rev. Lett. 121, 196803 (2018).

[17] M. Bal and J. R. Friedman, J. Appl. Phys. 99, 08D103
(2006).

[18] Q. Chen, J. Lu, L. Liang, O. Zheliuk, A. A. El Yumin, J. Ye,
Adv. Mater. 30, 1800399 (2018).

[19] A. C. Hewson, The Kondo Problem to Heavy Fermions
(Cambridge University Press, Cambridge, 1993).

[20] X. Wang, C. D. Spataru, M. S. Hybertsen, and A. J. Millis, Phys.
Rev. B 77, 045119 (2008).

[21] C. D. Spataru, Phys. Rev. B 82, 195111 (2010).

[22] A.Martin-Rodero, F. J. Garcia-Vidal, and A. Levy Yeyati, Phys.
Rev. Lett. 72, 554 (1994).

[23] A.Levy Yeyati, A. Martin-Rodero, and F. J. Garcia-Vidal, Phys.
Rev. B 51, 3743 (1995).

[24] A. Martin and C. J. Lambert, Phys. Rev. B 51, 17999
(1995).

[25] Z. Y. Zeng, B. Li, and F. Claro, Phys. Rev. B 68, 115319 (2003);
Eur. Phys. J. B 32, 401 (2003).

[26] R. Tuovinen, R. van Leeuwen, E. Perfetto, and G. Stefanucci,
J. Phys.: Conf. Ser. 696, 012016 (2016).

[27] R. Tuovinen, E. Perfetto, R. van Leeuwen, G. Stefanucci, and
M. A. Sentef, New J. Phys. 21, 103038 (2019).

[28] P. Pulay, Chem. Phys. Lett. 73, 393 (1980).

[29] C. D. Spataru, M. S. Hybertsen, S. G. Louie, and A. J. Millis,
Phys. Rev. B 79, 155110 (2009).

[30] A. F Andreev, JETP 19, 1228 (1964).

[31] G. E. Blonder, M. Tinkham, and T. M. Klapwijk, Phys. Rev. B
25,4515 (1982).

[32] T. M. Eiles, J. M. Martinis, and M. H. Devoret, Phys. Rev. Lett.
70, 1862 (1993).

[33] G. Falci, D. Feinberg, and F. W. J. Hekking, Europhys. Lett. 54,
255 (2001).

[34] M. S. Kalenkov and A. D. Zaikin, Phys. Rev. B 76, 224506
(2007).

[35] A.-P.Jauho, N. S. Wingreen, and Y. Meir, Phys. Rev. B 50, 5528
(1994).

[36] J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev. 108,
1175 (1957).

[37] J. C. Cuevas, A. Martin-Rodero, and A. Levy Yeyati, Phys. Rev.
B 54, 7366 (1996).

[38] G. R. Boogaard, A. H. Verbruggen, W. Belzig, and T. M.
Klapwijk, Phys. Rev. B 69, 220503(R) (2004).

[39] Q.-E. Sun, J. Wang, and T.-H. Lin, Phys. Rev. B 59, 3831
(1999).

[40] W. Yu, Rafael Haenel, M. A. Rodriguez, S. R. Lee, F. Zhang,
M. Franz, D. 1. Pikulin, and W. Pan, Phys. Rev. Research 2,
032002(R) (2020).

[41] I. Snyman and Yu. V. Nazarov, Phys. Rev. B 79, 014510
(2009).

[42] We considered diatomic absorbers with permanent dipoles of
several Debye positioned about 1 nm away from the channel,
and described the absorber-channel Coulomb interaction within
the Ohno parametrization [43,44]. We found that such electrical
dipoles have negligible impact on the /-V characteristic when
the channel is in the SC phase.

[43] K. Ohno, Theor. Chim. Acta 2, 219 (1964).

[44] R. B. Capaz, C. D. Spataru, S. Ismail-Beigi, and S. G. Louie,
Phys. Status Solidi B 244, 4016 (2007).

[45] The applied magnetic field is not expulsed from the SC channel
because the “surface” of the atomic chain has zero surface area
and thus no internal surface currents could develop to counter
the external magnetic field via the Meissner effect. For the same
reason we do not expect our results on the impact of magnetic
perturbations to hold for nanowires/nanotubes with a diameter
larger than the London penetration depth.

[46] While the channel Hamiltonian (2) does not account for mag-
netic susceptibility, we have studied separately the impact of
the magnetic field generated by the magnetic moments induced
on the channel sites via Zeeman splitting and found it to be
negligible.
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