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We propose a superconducting phase-controlled thermal switch based on a four-terminal graphene-
superconductor system. By the coupling of two superconducting leads on a zigzag graphene nanoribbon,
both the normal-transmission coefficient and the crossed-Andreev-reflection coefficient, which dominate
the thermal conductivity of electrons in the graphene nanoribbon, can be well controlled simultaneously
by the phase difference of the superconducting leads. As a result, the thermal conductivity of electrons in
the graphene nanoribbon can be tuned and a thermal switching effect appears. Using the nonequilibrium
Green’s function method, we verify this thermal switching effect numerically. At ambient temperatures
less than about one tenth of the superconducting transition temperature, the thermal switching ratio can
exceed 2000. The performance of the thermal switch can be regulated by the ambient temperature, and
doping or gating can slightly increase the thermal switching ratio. The use of narrower graphene nanorib-
bons and wider superconducting leads facilitates the obtaining of larger thermal switching ratios. This
switching effect of electronic thermal conductance in graphene is expected to be experimentally realized

and applied.
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I. INTRODUCTION

A heat current can carry information and energy like an
electric current. Thermotronics [1], the thermal analogue
of electronics, is also expected to realize effects such as
thermal diodes [2—4], negative differential thermal resis-
tance [5,6], thermal transistors [7], thermal logic gates
[8,9], and thermal memory [10,11] based on heat currents.
However, compared with the control of electric currents,
the ability to control heat currents is much weaker. Elec-
tronics is well developed, while thermotronics started only
in the last two decades [12]. In contrast to electronics, in
thermal devices one does not have to worry about the seri-
ous problem of heat dissipation. In the design process for
most thermal devices, it is crucial to control whether the
heat current is ON or OFF, i.e., to make a thermal switch or
thermal valve [13].

A thermal switch can be defined as a device that
connects a high-temperature terminal (heat source) and
a low-temperature terminal (heat drain). By controlling
some variables of the device, one can achieve signifi-
cant control over the thermal conductivity of the device
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[14]. Many efforts have been made in the design of
thermal switches, which can control thermal conductiv-
ity through many different variables, such as temperature
itself [15] and many kinds of phase transition (solid-
liquid, ferromagnetic-paramagnetic, semiconductor-metal,
etc.) brought about by the temperature [16-22], external
electric or magnetic fields [23-28], the strain, pressure,
or twist of the materials [29-32], etc. The main carriers
of heat current are also different, including phonons [33],
electrons [12], photons [12,34], and even magnons [35],
which makes the operating temperature of thermal devices
cover an enormous range from millikelvins to thousands of
kelvins, which is suitable for different situations.
Superconductors are good thermal insulators at low tem-
peratures [36], which naturally allows their application
in the design of thermal devices. The study of supercon-
ducting phase-controlled thermal transport, especially for
electronic thermal transport, is known as phase-coherent
caloritronics [4,7,9,37-40]. Very recently, by coupling a
normal lead to a notch of a superconducting ring, Ligato
et al. [40] experimentally demonstrated that the thermal
conductivity of electrons in the normal lead can be signifi-
cantly controlled by the magnetic flux of the superconduct-
ing ring. Compared with other methods for thermal-switch
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design, since the electronic temperature evolves much
faster than the phononic temperature in superconducting
systems [36,38], phase-coherent caloritronics is expected
to develop thermal switches that are more suitable for
advanced applications, such as computing.

Graphene has attracted much attention in the last two
decades due to its unique band structure [41]. Although
thermal transport in graphene is phonon-dominated over
a large temperature range, with decrease of the tempera-
ture and the device size, electronic thermal conductivity
plays an increasingly important role [42]. Because of the
weak electron-phonon coupling, at low temperature, the
heat in electrons is well isolated from phonons [43—45]. So
the temperature and thermal conductance of electrons in
graphene can be measured and used almost unaffected by
phonons. At the same time, graphene can be grown on an
insulating substrate, ensuring that it is difficult for the heat
of electrons to leak into the substrate. Therefore, it is possi-
ble to achieve excellent superconducting phase-controlled
electronic thermal transport in a graphene-superconductor
system.

In this work, using a combination of graphene and
superconductors, we propose a thermal switch based
on the idea of phase-coherent caloritronics. The elec-
tric transport properties of the graphene-superconductor
hybrid system have been studied by many researchers,
and many interesting phenomena have been exhibited,
such as specular Andreev reflection (SAR) [46-49] and
crossed Andreev reflection [50]. Here we study the ther-
mal transport properties of electrons in a four-terminal
graphene-superconductor system and propose a thermal-
switch device. The thermal-transport properties and influ-
encing factors of the system controlled by superconducting
phase difference are analyzed theoretically and calculated
numerically. By means of the nonequilibrium Green’s
function method, it is proved that the superconducting
phase difference can remarkably control the thermal con-
ductance of electrons in a graphene nanoribbon, and the
suitable working environments are explored. From our
calculations, this four-terminal structure can achieve a
thermal switching ratio of more than 2000 at a low tem-
perature with different on-site energy. In addition, the
production of graphene nanoribbons with widths less than
10 nm [51,52], the high-quality contact between graphene
nanoribbons and superconductors [53,54], the control of
the phase difference [40,55], and the measurement of elec-
tronic temperature [34,36,40,44] are all experimentally
feasible, and thus our model is realizable. The theoretical
studies and numerical calculations we have performed will
advance the understanding of graphene-superconductor
systems and the utilization of thermotronics.

This paper is organized as follows. In Sec. II, we
present the model and theory used in this paper, define
the structure of the model and the Hamiltonian, and derive
the specific formulas for the thermal conductance by

combining the nonequilibrium Green’s function method
with the Landauer-Biittiker formula. In Sec. III, the numer-
ical results are presented. On the basis of the numerical
results, the ability of the superconducting phase difference
to control the thermal conductance is discussed, and the
effects of ambient temperature, on-site energy, and the size
of the system on the thermal switching ratio are studied.
Section IV concludes this paper.

II. MODEL AND FORMULATION

The thermal switching model we propose is a four-
terminal graphene-superconductor system that consists of
a zigzag graphene nanoribbon symmetrically coupled to
two superconducting leads, as shown in Fig. 1(a). There
exists a superconducting phase difference 6 between the
two superconducting leads. Experimentally, the two super-
conducting leads can be connected to form a supercon-
ducting ring, so that the phase difference can be controlled
by the magnetic flux through the ring [40,55]. The phase
difference can also be tuned by a supercurrent flowing
through the two superconducting leads. Figure 1(b) shows
the working principle of the thermal switch. A bias tem-
perature is set so that graphene terminal 1 has a high
temperature initially. When the superconducting phase dif-
ference 6 = 0, the thermal switch is switched off and the
heat current can hardly flow from terminal 1 to terminal
3. When 0 = 7, the thermal switch is switched on and the
thermal conductivity is significantly increased.

Using the nearest-neighbor tight-binding method, we
can express the Hamiltonian of the system as consist-
ing of three parts [47]: H = Hg + Za:2,4(HSOl + Hzy),
where Hg, Hg,, and Hrp, are the Hamiltonians of the
graphene nanoribbon [including the dashed red box and

(b)
T+AT/2 g T-AT/2
]

T+AT/2 = T-AT/2
f=n T

Terminal 4
Superconductor

FIG. 1. (a) Graphene-superconductor four-terminal thermal
switch. In this diagram, an infinite-length graphene nanoribbon
is symmetrically coupled to two infinite-length superconducting
leads. The width of the graphene nanoribbon N = 10 (N is the
number of zigzag chains, which are marked on the diagram) and
the width of the superconducting leads W = 31 (W is the number
of atoms). (b) Working principle of the thermal switch. When the
superconducting phase difference & = 0 (6 = ), the heat current
can hardly (easily) be transmitted from terminal 1 to terminal 3.
The bias temperature between hot and cold terminals is A7, and
the rest of system is at ambient temperature 7.
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the graphene leads of terminals 1 and 3 in Fig. 1(a)],
the superconducting leads of terminal «, and the cou-
pling between the superconducting-lead terminal o and
the graphene nanoribbon, respectively, with o = 2,4. They
can be expressed as [47,56]

Hg = ZanLaw + Z ta) a;,, (1)

¥
Hgy = E Ekbkg’abka,a

ko

+ Z (AZblwbikw + Aabfki,aka,a) , (2
K

Hry = Y ta},bigq + He., 3)

io

where Ey and ¢ are the on-site energy and the hopping
energy in the graphene region, and al, (ajs) and b;ra o bic)
are the creation (annihilation) operators in the graphene
and the superconductor with spin ¢ =4, | and site index
i. The operators of the superconducting leads can be trans-
formed between momentum space and real space, b, o =
Yk bkg,aeik"‘f, where x; is the coordinate at site i. We
use s-wave superconductors for the superconducting leads,
with the superconducting gap A, = Ae#e, and their phase
difference 0 = ¢, — ¢g4.

According to the Landauer-Biittiker formula, the elec-
tric current and the heat current through terminal 1 can be
obtained as [47,56-59]

L) = E

+ T (fie

—[T12 (f1e
—fan) + T}y (fie

f2) + T14 (fle _f4)

—fin) + T13 (fie — f3e)1,
4)

2 dt
O :ﬁ/_2 (E — pu)[Tiz (fie = f2) + Tia (fie — f2)
7

+ T (fie = fin) + Ty (fie — fin) + T3 (fie — fre) ]
(5)

where e and h represent an electron and a hole, respec-
tively, and w; is the chemical potential of terminal
1. We consider that a small bias voltage or a small
bias temperature is applied on the graphene nanorib-
bon between terminal 1 and terminal 3 and the two
superconductors are grounded. The Fermi distributions
for the superconductor terminals are given by f; =
1/ [exp(E/ksTy) + 1] and f4 = 1/ [exp(E/kpT4) + 1], and
the Fermi distributions for the graphene terminals
are given by fio = 1/{exp[(E —eV) /kgTi] + 1}, fae =
1/{exp [(E = eV3) /kgTs] + 1), fin = 1/{exp[(E + V) /
kgTi]+ 1}, and f3n = 1/{exp [(E +eV3)/kg T3] + 1}, with
temperature 7, and voltage V,,. When the bias voltage AV
and the bias temperature A7 are infinitesimal, the Fermi

distribution can be approximated linearly [60]. Taking the
electron as an example, we have

I A LG A gL N

Joe(E) =
where fo = 1/ [exp (E/kgT) + 1]. When we consider the
electric conductance, we take Vi = AV, Vo, =V3 =V, =
0, and 7y =7, =73 =T, =7. When we consider the
thermal conductance, we take 7 =7 + AT /2, T3 =
T—-AT/)2,Vi=V,=V3="V;,=0,and u; = 0. We set
all parts of the system except terminals 1 and 3 to main-
tain the ambient temperature 7. Then we can express the
electric conductance and the thermal conductance as

L 28 (dE 1 exp(E/kgT)
AV h ) 27 kT [exp(E/ksT) + 112
X(T12+T14+T13+7143+2T141), (7
/ dE E? exp(E /ksT)
AT h) 27 kT2 [exp(E/ksT) + 112
x (T12/2 + T1a/2 + Ti3 + T). (8)

The different coefficients of transmission and Andreev
reflection in Egs. (4), (5), (7), and (8) correspond to dif-
ferent physical processes, which can be calculated by the
nonequilibrium Green’s function method [47,56-58]:

(a) The normal-transmission coefficient from terminal
1 to terminal 3, T3 = Tr [T e Gl 36 G2 |

(b) The local-Andreev-reflection coefficient for the
incident electron coming from terminal 1 with the hole
Andreev-reflected to terminal 1, 74, =Tr [T 1G5, T 11 G|

(c) The crossed-Andreev-reflection coefficient for the
incident electron coming from terminal 1 with the hole
Andreev-reflected to terminal 3, T4 = Tr [['1ec G, T30 Gy

(d) The normal-transmission coefficient from terminal
1 to a superconductor terminal, 7, = Tr{T 1[G’ T2G"]cc}
and T4 = Tr{l1ee[G'T4G"]ec}

Here I', is the matrix of the linewidth function of the
center region [the region surrounded by the dashed red
box in Fig. 1(a)] coupled to terminal «, and G"® is
the matrix of the retarded (advanced) Green’s function
of the center region. I', and G"® have been expressed
in the Nambu representation, and subscripts ee, eh, he,
and hh, respectively, represent the four matrix elements of
Nambu subspace, with e and % for the electron and hole
components.

To calculate the coefficients above, we need the matrix
of the surface Green’s function g, of each terminal, which
can be obtained numerically [61]. Then, by combining
the surface Green’s functions with the coupling Hamil-
tonian between the center region and terminal «, we can
calculate the retarded self-energy, whose matrix elements
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can be expressed as X, , = g} .. The linewidth function
can be obtained as I'y = i[X], — (Zg)’f]. Finally, with the
Dyson equation, the retarded and advanced Green’s func-
tions of the center region can be expressed as G"(E) =
[GY“E)]T = (E1 - H, — D w1234 %7)~!, where H, is the
Hamiltonian of the center region.

With the formulas in this section, the electric conduc-
tance and the thermal conductance can be calculated. In
the numerical calculations, we fix the superconducting
gap A to be 1 meV, corresponding to a BCS transition
temperature 7, &~ A/1.76kg =~ 6.6 K, which is common
for conventional superconducting transition temperatures,
such as for lead [62]. The hopping energy of graphene ¢ is
set to 2.75 eV as a typical value [41]. The hopping energy
t, = 2.75 eV and lattice constants a, = v/3 x 0.142 nm
of the superconductors were selected to match the val-
ues of graphene, which leads to a BCS coherence length
& = hvp/m A ~ 500 nm similar to that in previous stud-
ies [63] and much larger than the size of our system. The
Dynes broadening parameter y [64] (i.e., the imaginary
part added to the energy when we calculate the Green’s
function) is set to 107%A, and it can be verified that the
result calculated with this value is almost the same as
the results calculated with the common value of 107*A
[39,40].

II1. RESULTS AND DISCUSSION

In this section, we report the numerical calculations for
the model described in the previous section, and the con-
trol by the superconducting phase difference of the thermal
conductance of the system is given. In addition, the effect
of ambient temperature 7, the on-site energy E, (doping
or gating), and the size of the center region (N, I¥) on the
performance of the thermal switch is investigated.

In Egs. (7) and (8), we can see that the control by the
superconducting phase difference 6 of the electric con-
ductance and the thermal conductance is equivalent to the
control of the transmission and Andreev-reflection coeffi-
cients. Therefore, we need to investigate the effect of the
superconducting phase difference on each coefficient; the
results are shown in Fig. 2. In Fig. 2(a), we present the
band structure near the gap of the center graphene region
[the dashed red box in Fig. 1(a)] proximitized by super-
conductors, which dominates the thermal switching effect.
When calculating the energy band, we do not consider
terminals 1 and 3, and we extend the center region and
the two superconductors coupled on the upper and lower
sides (a superconductor—normal-metal—superconductor
junction) infinitely in the horizontal (£x) direction. Here,
we use the upper and lower superconductors with dis-
crete square lattices and the 28 lattices in the y direc-
tion to provide the proximity effect. Thus, the horizon-
tal wave vector k becomes a good quantum number to
obtain the solution of the energy band. The results show

k(m/a)
0.6712 0.6716 0.6720 0.6724
1.0 T T T T
0.5
—0=0
9 0=m/3
3T 0 =2r/37
— =7
0.5
—10 L L L L
E©®) E®)
-2 -1 0 1 2 2 -1 0 1 2
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L (b) ~3 | @y,
oaf | 1 [\ }
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wul [ M Joa
—0=0 f —y
0.0 & 0 =7/3 |t} : 0.0
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L: 04 @ i E i -
VAl :/‘ il L
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FIG. 2. Influence of superconducting phase difference 6 on the

energy gap and several coefficients. Here the phase difference 6
issetto 0, /3,27 /3, and 7, respectively. (a) Band structure near
the energy gap of the proximitized graphene. We infinitely extend
the proximitized center region and the two superconductors (dis-
crete square lattices with a width of 28 lattices) in the horizontal
(£x) direction to obtain the band structure. (b)~e) Normal-
transmission coefficient 77, (E), normal-transmission coefficient
T13(E), local-Andreev-reflection coefficient T fl (E), and crossed-
Andreev-reflection coefficient 7% (E) versus the incident energy
E, respectively. The parameters involved in the calculation are
the width of the graphene nanoribbon N = 40, the width of the
superconducting leads W = 201, and the on-site energy Ey =
—0.5A.

that, due to the superconducting proximity effect, the
band opens a gap near the Fermi surface controlled by
the superconducting phase difference 8. When 6 = 0, the
gap is the largest, while the gap is closed when 6 = 7,
which is consistent with the results of previous studies
on superconductor—normal-metal—superconductor junc-
tions [65]. Electrons and holes from terminal 1 need to
tunnel through a barrier to move to terminal 3, when the
gap is opened.

Figure 2(b) shows the normal-transmission coefficient
from graphene terminal 1 to superconducting terminal 2,
T1,(E). Obviously, T}, appears only outside the super-
conducting gap A. The image of T14(E) (not given) is
similar to that of 7,(E), and because of the geometric
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symmetry of our system, 77,(0) = T14(—6). It can be seen
that since the normal transmission into the superconduc-
tor involves only one superconducting terminal, the effect
of the phase difference 6 on Ty, is not significant. The
normal-transmission coefficient from graphene terminal 1
to graphene terminal 3, 713(F), is shown in Fig. 2(c). As
the superconducting phase difference increases in [0, 7],
the gap of the system gradually closes, and the height of the
barrier that electrons need to tunnel through decreases [40,
65]. Therefore, T3 increases dramatically with increasing
0. T3 ~ 0whenf = 0, while T3 is close to 1 when 6 =,
which achieves a good switching effect.

Figures 2(d) and 2(e) show the coefficients of local
Andreev reflection T ’141 (E) and crossed Andreev reflection
T (E), respectively. Since our system has a joint symme-
try combined by the time-reversal operator with the mirror
reflection about the x-z plane or with a rotation of 7 about
the z axis [66,67], the Andreev-reflection coefficients Tfl
and T/, are symmetrical about £ = 0. With the increase
of the phase difference 6 in [0, 7], Tfl is reduced to 0
when the incident energy |E| < |Ey|, and Tf3 increases
from 0 for |Ey| < |E| < A, as a result of the construc-
tive and destructive interference of reflected holes. This is
because the superconductor-graphene interface can cause
both intraband (|E| < |Ey|) Andreev retroreflection (ARR)
and interband (|Ey| < |E| < A) SAR [46,68]. When 0 =
7, ARR is eliminated by destructive interference and only
SAR occurs. In contrast to ARR, the amplitude of SAR in
a zigzag graphene nanoribbon with even chains has odd
parity under mirror operation [47,69]. As a result, when
6 = 0, SAR is eliminated by destructive interference, and
ARR reaches the maximum value. Because of the quantum
diffraction effects, the reflected holes do not have definite
directions, which allows holes of SAR (ARR) to also move
to terminal 1 (terminal 3), leading to a nonzero value of
T, (T};) in the region of SAR (ARR). However, con-
sidering the size of the center region, the barrier is long
and multiple reflections can happen. Therefore, T3, within
|E| < |Ey| is always much smaller than 1, and increases
almost monotonically with the phase difference 0 in [0, 7]
[see Fig. 2(e)]. In addition, 733 and 7%, have no tail outside
A, while T ’141 has a tail, which is because the first two are
lost by multiple reflections during the process of reaching
terminal 3.

To sum up the results in Fig. 2, the superconducting
phase difference 6 significantly controls 73, T fl, and T ‘143,
which mainly occur within the superconducting gap A.
Through the control of the gap at the center region and the
interference of reflected holes, 75 and T’ f3 increase almost
monotonically as 6 increases in [0, 7]. But the effect of
the phase difference on T, and T}4 is weak, and occurs
only outside the superconducting gap. Next, combining the
coefficients with Egs. (7) and (8), we can calculate and
analyze the effect of the phase difference on the electric
conductance and the thermal conductance.

In Fig. 3, we show the variation of electric conduc-
tance G(#) and thermal conductance « (0) of electrons with
the superconducting phase difference 6. It can be seen
that the control by the phase difference of each coeffi-
cient does not induce a good electric switch effect. This
is because the superconducting phase difference 6 has
opposite control effects on 74, and on Tj3 and T;. As
6 increases from 0 to 7, T3 and T}, increase, while 7%,
decreases [as shown in Fig. 2(c)-2(e)]. As a result, we can-
not observe the phase-controlled effect on the conductance
G because G is proportional to the sum of 2Tf1, T3, and
T4, as shown in Eq. (7). From the physical picture, this
is because Cooper pairs are able to conduct electric cur-
rents in superconductors without being restricted by the
energy gap of the center region. As opposed to the con-
ductance G, the superconducting phase difference achieves
a significant on-off control of the thermal conductance at
the appropriate temperature, which is similar to what was
reported in recent experiments [40]. This is because as
6 increases from 0 to m, both the normal-transmission
coefficient 73 and the crossed-Andreev-reflection coef-
ficient T4, increase: Because of the energy gap closing,
Ty5 significantly increases from almost zero; because of
the constructive interference of reflected holes, Tf3 also
increases. From the physical picture, the Cooper pairs can-
not conduct heat [12,36], so the thermal conductance «
is independent of the local-Andreev-reflection coefficient
T4, [see Eq. (8)] and k can be well controlled by the
energy gap of the center region. In addition, it can be seen

0.0 0.2 0.4 0.6 0.8 1.0
04} .
0.0 — t t t t t
081 (b) —=—T = 05K A ]
T=1K
061 T=2K / 1
go WL —v—T =3K a
e >~
02F YM i
00 C 1 1 _ I7>f—1-‘ 1 1 1 ]
0.0 02 0.4 0.6 08 1.0
0 (m)
FIG. 3. (a) Electric conductance G and (b) thermal conduc-

tance « versus superconducting phase difference 6 for four dif-
ferent ambient temperatures: 7 = 0.5, 1, 2, and 4 K. The calcu-
lated results are unitized by quantum electric conductance Gy =
2¢? /h and quantum thermal conductance kg = 272k37 /3h. The
parameters involved in the calculation are the width of the
graphene nanoribbon N = 40, the width of the superconducting
leads W = 201, and the on-site energy £y = —0.5A.
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in Fig. 3(b) that ambient temperature has a great influ-
ence on the performance of the thermal switch, which can
be measured by the thermal switching ratio » = Kmax/Kmin
[14]. Next, we study the influence of ambient tempera-
ture and other variables on thermal-switch performance by
calculating r.

The calculated results for the thermal switching ratio
varying with ambient temperature »(7) are shown in
Figs. 4(a) and 4(b). The thermal switch we devise mainly
controls the heat current flowing in the graphene nanorib-
bon, which depends on the good thermal insulating per-
formance of the superconductor at low temperatures [40].
As the temperature rises, the Fermi distribution widens.
As a result, more electrons with energy outside A are
involved. We already know from the above discussion
that the electrons outside A are mainly transmitted nor-
mally into the superconductors and are hardly controlled
by the phase difference, as shown in Fig. 2(b). Therefore,
as shown in Figs. 4(a) and 4(b), with the increase of ambi-
ent temperature, the thermal switching ratio drops sharply
for all on-site energies, which is consistent with the results
of recent experiments [40]. When 7 < 1K (about k37 <

A /10), the thermal switch maintains good performance.
For example, the thermal switching ratio » can exceed 2000
at 7 = 0.5 K, which is much larger than that given by pre-
vious thermal switches (their ratio is usually less than 100)
[16,18,22,24]. Our considerations here are based on con-
ventional superconductors (A = 1 meV), but this device is
also suitable for high-7,. superconductors. With the large
energy gap of high-7, superconductors, the sensitivity to
temperature will be significantly reduced.

In contrast, the increase of |Ey| not only does not harm
the thermal switching effect but also slightly improves the
performance of the thermal switch, and this part of the cal-
culation results is shown in Fig. 4(c). For either normal
transmission or crossed Andreev reflection, the incident
electron or hole from terminal 1 needs to pass through the
barrier in the center region caused by the gap in order to
reach terminal 3. Since the change in the on-site energy
will not have a sufficient effect on the size of the gap,
our thermal switch can work over a large range of on-
site energies Ey. In particular, the thermal switching ratio
r can always exceed 2000 regardless of Ey at low temper-
ature [see the curve for 7 = 0.5 K in Fig.4(c)]. Increasing
|Eg| can increase the density of states of graphene, which
is experimentally reflected in doping or adjusting the gate
voltage, to increase the carrier concentration and then to
increase electronic thermal conductivity in the ON and
OFF states. However, the increase of the carrier concentra-
tion also increases the superconducting proximity effect on
graphene, so the control of thermal conductivity by super-
conductors increases as well. As shown in Fig. 4(c), with
the increase of |Ey|, the thermal switching ratio initially
(when |Ey| is small) has a rapid increase and soon tends to
saturation.

In addition to the case of ballistic transport, we
can further consider the presence of impurities and
diffusive transport caused by impurities and dop-
ing. We consider the case of Anderson disorder by
adding a randomly distributed impurity potentials w; €
[—W4/2,W4/2] to the on-site energy in the cen-
ter graphene region, i.e., Heenter = D, (Eo + wi)ajga,»g +

10 Fr————T—T1— 10" Fr——T—T—1—

100 1 1 1 1

I\.\___‘-\(:: (d)
0 e 05k 7 10F Waz0 ;_

Wy =t/2
—v—Wai=1t

1 1 1 1 1 0 1 1 1 1 1 1

10°

o 1 2 3
T X)

T &)

FIG. 4.

—100—-80 —60 —40 —20 0 —100-80 —60 —40 —20 0
Ey (D) Eo (D)

(a),(b) Influence of ambient temperature 7 on the thermal switching ratio » for different on-site energies Ey. (c) Influence

of on-site energy E, on the thermal switching ratio r at four different ambient temperatures 7 . (d) Thermal switching ratio » versus
on-site energy Ej in the presence of Anderson disorder for three different disorder strengths . The temperature 7 is fixed at 1 K, and
each point is averaged by 200 configurations. In the calculations for (a)+d), we used N = 40 for the width of the graphene nanoribbon

and W = 201 for the width of the superconducting leads.
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2 i taz7 a;,, to simulate the effect of disorder on the sys-
tem [48]. As shown in Fig. 4(d), we fix the temperature
7T =1 K, and we calculate and redraw the correspond-
ing curve in Fig. 4(c). With the increase of the disor-
der strength W, the thermal switching ratio is slightly
reduced, not surprisingly. However, the large thermal
switching ratios survive even under strong disorder for
Wy =t=2.75eV, which shows that the proposed thermal
switch is not sensitive to disorder.

Last, we study the influence of the size of the system on
the performance of the thermal switch. In the discussion of
Fig. 2, we mentioned that when the phase difference 6 = 0,
the opened energy gap becomes a barrier through which
electrons and holes need to pass in the center region. The
size of the system has noticeable effects on the barrier. The
height of the barrier, i.e., the amplitude of the gap opening
in the center region, decreases exponentially with increas-
ing width of the graphene nanoribbon N. The barrier width
is approximately equal to the width of the superconduct-
ing leads W. Therefore, decreasing N and increasing W
will inhibit heat current from passing through the cen-
ter region when the energy gap is open at & = 0, which
will allow the thermal switch to close better. In contrast,
when 6 =, the gap closes and the barrier vanishes. In
the absence of an energy gap in the center region, chang-
ing N and W will have almost no effect on the opening of
the thermal switch. Therefore, the thermal switching ratio

10° £ 1 1 1 1 1 -
50 100 150 200 250 300
w

—a—W =51 p
W =101
W =201
=V = 301

10°F
102 -

10'

10°

T
B

FIG. 5. Influence of the system size on the thermal switching
ratio . (a) Influence of the width W of the superconducting leads
on the thermal switching ratio 7 for four different graphene widths
N. (b) Effect of graphene width N on the thermal switching
ratio r for four different widths W of the superconducting leads.
The parameters involved in the calculations are the ambient
temperature 7 = 1 K and the on-site energy £y = —0.5A.

will decrease with increasing N and increase with increas-
ing W. Figure 5 shows the results of the calculation for
variation of the system size. The variation of the thermal
switching ratio is highly consistent with our analysis. In
general, the choice of narrower graphene nanoribbons and
wider superconducting leads allows the thermal switch to
work better.

IV. CONCLUSIONS

In summary, we propose a superconducting phase-
controlled thermal switch that consists of a graphene
nanoribbon coupled by two superconducting leads. When
the superconducting phase difference decreases from 7 to
0, the normal-transmission coefficient (crossed-Andreev-
reflection coefficient) decreases significantly to 0 due to
the opening of the energy gap (destructive interference),
and then the thermal conductance of electrons in the
graphene nanoribbon also decreases significantly. Using
the nonequilibrium Green’s function method, we verified
this thermal switching effect numerically. The results show
that the thermal switching ratio can exceed 2000 at ambient
temperatures less than about one tenth of the superconduct-
ing transition temperature. The performance of the ther-
mal switch can be regulated by the ambient temperature,
while the increase of the carrier concentration can slightly
increase the thermal switching ratio. A narrower graphene
nanoribbon and wider superconducting leads are favorable
for obtaining a larger thermal switching ratio. In addi-
tion, the production of graphene nanoribbons with width
less than 10 nm, high-quality contact between graphene
nanoribbons and superconductors, control of the supercon-
ducting phase difference, and measurement of electronic
temperature are all experimentally feasible, which pro-
vides conditions for realizing our model and a high thermal
switching ratio. Our work deepens the understanding of
graphene-superconductor systems and provides theoretical
support for research in thermotronics.
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