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We investigate the Andreev reflection across a uniaxial strained graphene-based superconducting junction. Compared
with pristine graphene-based superconducting junction, three opposite properties are found. Firstly, in the regime of the
interband conversion of electron-hole, the Andreev retro-reflection happens. Secondly, in the regime of the intraband
conversion of electron-hole, the specular Andreev reflection happens. Thirdly, the perfect Andreev reflection, electron—
hole conversion with unit efficiency, happens at a nonzero incident angle of electron. These three exotic properties arise
from the strain-induced anisotropic band structure of graphene, which breaks up the original relation between the direction
of velocity of particle and the direction of the corresponding wavevector. Our finding gives an insight into the understanding
of Andreev reflection and provides an alternative method to modulate the Andreev reflection.

Keywords: graphene, uniaxial strain, anisotropic Andreev reflection

PACS: 74.45.4-c, 73.23.Ad, 85.25.j

1. Introduction

Graphene, a single atomic plane of graphite with a two-
dimensional honeycomb lattice,!!! provides a highly practi-
cal and prospective platform for studying basic physics and
applied physics, such as half-integer quantum Hall effect,!”!
Klein tunneling, 13 specular Andreev reflection,*! topological

[9-

phase transition,>-8! superconductivity,[°-'?! next-generation

13.14] and heterostructure. ') In the

electronics and photonics,[
first Brillouin zone, there are two inequivalent corners K and
K’, around which is a conical band structure described by the
massless Dirac equation. When a uniaxial strain is applied in
graphene, the tilted Dirac cone is found,!'®!”! which leads to
the same structure of relativistic Landau levels as in pristine
graphene, but with a renormalized effective Fermi velocity. In
this work, we will show that the uniaxial strain can induce
anisotropic and interesting Andreev reflection.

In a normal metal-superconductor (s-wave pairing) junc-
tion, when an electron from normal region hits the interface
of junction, a hole is reflected to the normal region and a
pair of electron coupling a Cooper pair is injected into the s-
wave pairing superconductor, known as Andreev reflection. '8!
Owing to the same path of incident electron and reflected
hole in the same band (intraband conversion of electron—hole),
this process is also called Andreev retro-reflection (ARR).
However, the specular Andreev reflection (SAR) was found
in a graphene-based superconducting junction,*! where elec-
tron and hole belong to different bands (interband conver-
sion of electron—hole) and then the paths of electron and
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hole are specular. After that, Andreev reflection is widely
studied in many Dirac materials and a general view of in-
traband (interband) conversion-induced ARR (SAR) is left
gradually.!'®=3] Whereas, an opposite view, i.e., interband (in-
traband) conversion-induced ARR (SAR), was shown in the
two-dimensional electron gas system with Rashba spin—orbit
coupling,*®! the 8-Pmmn borophene (borophane)-based su-
perconducting junction,3’% and the tilted Weyl semimetal
hybrid junction.!*®! Although only the intraband (interband)
conversion-induced ARR (SAR) is believed to happen in
graphene previously, in this work, we will show that the in-
terband (intraband) conversion-induced ARR (SAR) can also
happen in graphene by applying a uniaxial strain. Besides, we
will show that the perfect Andreev reflection, electron—hole
conversion with unit efficiency, exists at a nonzero incident
angle in graphene, which breaks the previous view that the
perfect Andreev reflection only happens at normal incidence
in graphene.

The paper is organized as follows. We firstly give the
model and basic formalism. Then, the numerical results and
theoretical analysis are presented and discussed. Finally, the
main results of this work are summarized.

2. Models and methods

For the pristine graphene, the distance between nearest-
neighbor (next-nearest-neighbor) carbon atoms is denoted by
a =0.142 nm (b = v/3a). The nearest neighbor (next-nearest
neighbor) hopping amplitude is denoted by t = 3 eV (fyny =

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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0.17). When a uniaxial strain along y direction is considered,
as shown in Fig. 1, the distance between nearest neighbor
atoms along y axis changes from a to ' = a(1+ ) in which
§ = da/a is the lattice deformation measuring the strain am-
plitude. The model for strained graphene-based normal metal—
superconductor (NS) junction is shown in Fig. 1. The electron
and hole excitations are described by the Dirac—Bogoliubov—
de Gennes (DBAG) equation*!

Hy — EF Apel? ue\ e
(e ) () =) o

Here H; = 1 (hv,0xk, + hvy0Oyky, + hiviooky) — U0y in which
the anisotropic velocities are v, = V3atsina and vy =
%at'(l + %C), the tilted velocity is vi = 2v/3(atynn sin2a +
atl, sin @) with tyny = 0.1¢, thyy = tann (1 =28 + 28), ' =
t(1 —2¢), and a = arccos(—+'/2t). ' (t],,) is the hopping
amplitude between nearest neighbor (next-nearest neighbor)
carbon atoms separated by the deformed lattice distance '
d = a/3.5 is a characteristic distance related to the overlap of
atomic orbitals. 1 = + (=) denote D (D) valley index, which
is shifted away from the high-symmetry points K (K’).1'®! In
DBdJG equation, 1 has another meaning, i.e., 1 =1 (—1) rep-
resents the incident electron from D (D) valley and the re-
flected hole back to D’ (D) valley. Oy, and oy represent the
2x2 Pauli matrix and unit matrix, respectively. U = UyO (x')
with the Heaviside step function ® can be adjusted by dop-
ing or a gate voltage in the superconducting region and is zero
in the normal region. Fermi energy of system is denoted by
Er . The macroscopic phase in the superconducting region is
denoted by ¢. &€ is the excited energy (relative to the Fermi
energy) of electron and hole. u. and v, represent the electron
and hole wavefunctions in the normal region, respectively. In
the superconducting region, u. and vy, denote the electron-like
and hole-like wavefunctions, respectively. The zero tempera-
ture energy-gap function in the superconducting region is rep-
resented by Ay.

From Eq. (2), the excited spectrum of electron and hole
in the normal region are calculated as

£ = NS £ 1y [ (vke)2 + (vyke)2 — E,
eF = —Nhvkl £hy [ (k)2 + (vk)2 +Ep. (2)

Here + (—) denotes the electron in the conduction (valence)
band and the hole in the valence (conduction). Similarly, the
excited spectrum of electron-like and hole-like particles in su-
perconducting region are obtained

MV + 1/ (02 + (k502
= Ep+Up+ V€2 + A2,

M+ 1y (k)2 + (v )2

= Ep+Up— V&> +4% ©)
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Fig. 1. (a) Schematic diagrams for strained graphene-based supercon-
ducting junction. The direction of junction is characterized by 6. The
bonds parallel to the deformation axis are modified. The pristine (de-
formed) lattice distance is denoted by a (a’). ¢ (tann) represents the
nearest neighbor (next-nearest neighbor) hopping amplitude without de-
formation. #' (t},,) is the hopping amplitude between nearest neigh-
bor (next-nearest neighbor) carbon atoms separated by the deformed
lattice distance @’. Schematic diagrams for SAR and ARR through
the equal energy surfaces of electron and hole with (b) Er = 0 or (c)
Er = Ap = 10 meV and 6 = w/4. The black dotted line denotes the
conservation of transverse wave vector k in the process of transmis-
sion. The incident electron comes from D valley and the reflected hole
returns to D’ valley. The direction of wavevector is different from the
direction of velocity due to the anisotropic band structure of strained
graphene, which makes interband-induced ARR and intraband-induced
SAR possible.

According to Fig. 1(a), the relation of the wavevector

components in coordinate systems x—y and x'—y’ meets 30411

ky =kycos@ —kysin6,

. 4)
ky = kysin @ + ky cos 6.

Here the direction of x’-axis is perpendicular to the interface
of superconducting junction, as shown in Fig. 1(a). 0 is the
angle between x-axis and x’-axis. By substituting Eq. (4) into
Eq. (2), the excited spectrum of electron and hole in the nor-
mal region in coordinate system x'—y’ can be obtained. The
schematic diagrams for SAR and ARR through the equal en-
ergy surfaces of electron and hole with Er = 0 (Er = Ap) and
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0 = 1 /4 are drawn in Fig. 1(b) (Fig. 1(c)). Generally, the di-
rection of velocity parallels the direction of wavevector when
the band structure is isotropic. But, the direction of wavevector
is different from the direction of velocity due to the anisotropic
band structure of strained graphene, which makes interband-
induced ARR and intraband-induced SAR possible.

In the coordinate system x'—y', owing to the continuity of
wavefunctions, the wavefunctions at the interface of NS junc-
tion meet

Vo vl =ayl+ by, (5)

where u/;L (y.l) denotes the wavefunction of incident (re-
flected) electron towards (away) the interface in the normal re-
gion, l/lk?_ represents the wavefunction of reflected hole away
the interface in the normal region, and stﬁ (‘/’31) denotes the
electron-like (hole-like) wavefunction in the superconducting
region. In the coordinate system x'—y’, the corresponding com-
ponent of momentum ks is conserved due to the translational
invariance in y' direction. Then, when the excited energy €
and transverse momentum k),/ are given, the detailed forms of
wavefunctions above are calculated as

ikl Y rikyy T
II/;LL =e e ¥ (1; Kei7050) )
ik, X tikygy T
lllg_ =e Ve i (17 K‘er,0,0) s

ik', ¥ +ik sy T
vl = et TY (0,0, 1, Ky )

WJL _ eik;$x’+iky,y/(eiﬁ7Kseeiﬁ’ efi(p,Kseefi(p)T,
w:};} _ eiki?x%iky/y'(efiﬁ’Kshefiﬁ’ efi(p’Kshefiq))T’ (6)
where
Hvgkid) + i ki)
Kei(r) = i ’
€ —nNhvike’ +EF
Rk, + ihvyk;h
Khr = —1

€+ Nhvkt, — Eg’
Kse(sh) = L ,
\/ (nkSEOW)2 4 (3 (s y2
{arccos(e/Ao)
—iarcosh(g/Ag)

€ < Ao,
£ > Ap.

B= (7
Here the values of all wavevectors can be obtained by Eqs. (2)-
(4). By substituting Eq. (6) into Eq. (5), the reflected coeffi-
cient r and Andreev reflected coefficient r, are derived as

(Khr - Kse)(Kei - K'sh) + (Kse - Kei)(Khr - K'sh)
(Kinr — Kse) (Ksh — Ker) + (Ker — Kie ) (Khr — Ksn) |

(Kei — Ker) (Kse — Kgn) e (P—9)
(Khr - Kse)(Ker - K-sh) - (Kcr - Kse)(’(hr - K-sh)

r=

. (8)

Ty =

In our paper, the Hamiltonian of strained graphene is
rewritten as Hy = 1(hSyky + hSyky) with Sy = v,0,cos 6 +
V,0y8in 0 + viopcos® and S, = —v,0,sin @ + v,0,cos0 —

v(0p sin O in the coordinate system x'—y’. The probability cur-
rent is conserved in x’ direction, then, by using the same
derivation in Ref. [41], the corresponding incident (reflected)
probability current of electron along x” direction is calculated
as Jyei = nl[/gTlellg yer = nr*rl//ngle//g) and the corre-
sponding reflected probability current of hole is calculated
as Jyp = nr;*ral//}Tle//}ﬁ. So the reflected and Andreev re-
flected probabilities are written as R" = |Jyer/Jyei| and R =
[erhe /Jrei]» Tespectively.

3. Results and discussion
3.1. Anisotropic Andreev reflection

In the coordinate x'—y', the velocity of incident electron
along the x’' (') direction is obtained by ug/ e = %{?)
the velocity of reflected hole along the x' (') directi(;n}is ob-
tained by ug/(y% = % The signs of ”)?'e and ”Q’h are op-
posite all the time. Wh)en the signs of u;'/e and ug,h are the

and

same (opposite), the SAR (ARR) happens. From the view
of incident and reflected angles, the incident angle of elec-
tron @ = arctan(u} . /ug,e) and the reflected angle of hole
ol = arctan(u;?/h /u,,) have the opposite (same) signs for SAR
(ARR). In the follow process of calculation, we set { = 10%.
In experiment, lattice deformation in graphene is estimated to
the approximated value 12%.[4>43]

In the regime of electron—hole conversion in the inter-
band (Er = 0), as shown in Fig. 2, the incident electron comes
from the conduction band and (pe”i -dependent (pl?r are plotted in
0 =0,7/4, ©/3, and /2. When the signs of ¢]] and ¢! are
the same (opposite), ARR (SAR) happens, which are labeled
in Fig. 2. In Fig. 2(a), by some simple calculations, we can
obtain

e = vk [\ (K5va)2 - (yvy)?,

uhy = v2hy /() (kb2 + (kywy)2.

Obviously, the signs of u;’/e and ug,h are the same. Then, the
signs of (Pg and (p}?r are opposite due to the opposite signs of
ug, . and u}?,h. Therefore, SAR happens, which is similar to the
one in a pristine graphene-based superconducting junction.#!
However, in Figs. 2(b) and 2(c), we can obtain

—v2kSsin @ + vfkf. cos O

u;’,,e = —nwsin O + ; ;
(k§vx)* + (k§vy)
27h 27h
—vk!sin O + vk cos O
u;?,h = Nwsin 6 + i y .
(KBvy)? + (KBvy)?

The presence of tilted velocity v¢ and 0 makes the opposite

signs of u"l and uT,’,h possible. In other words, the ARR may
e ¥

happen in the regime of electron—hole conversion in the inter-

band. The numerical calculations in Figs. 2(b) and 2(c) show
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that the ARR happens in an approximate range of (pgi from
—30° to 0°. In Fig. 2(d) with 6 = 7/2, we can obtain

2
V k/
u;?’e = —Nv+ = )
(v + (K2
2
veky
M’:I/ = Tlvt+ Xy .
yh 2 h, )2
(kyvy) —|—(kx,vy)

Obviously, the signs of u", _and un,h may be opposite due to the
Ye ¥

presence of tilted velocity v; and then the ARR happens. The

numerical calculations in Fig. 2(d) show that the ARR happens

in an approximate range of (pg from —15° to 15°.

60t SAR

ARR
—90 .

ARR
=600 60
@ (%)

Fig. 2. (a)—(d) The incident angle of electron-dependent reflected angle
of hole in the different directions of junction. The black (red dashed)

line denotes the electron from D (D’) valley while the hole back to D’
(D) valley. Here Ag = 10 meV, € = 0.64, and Er = 0.

e ()

In the regime of electron—hole conversion in the intra-
band (¢ < Ef), as shown in Fig. 3, the incident electron comes
from the conduction band and (pg—dependent (pk?r are plotted in
0 =0, /4, n/3, and 7/2. By calculations, we can obtain

—v2kSsin O + v}z,k; cos @

ug/e = —Mvsin@ + - -
(k§vx)? + (kSvy)
—v2kPsin @ +v2kD cos 6
ug,h = N sin® — ——= r )
(KBvy)? + (kbvy)?

Therefore, the signs of u;le and ug/h are dependent on the di-
rection of junction and the lattice deformation. In Fig. 3(a), it
is easy to obtain

2
,/7, _ Vy ky/
ye ’
(kG vi)? + (kyvy)?
2
n Vy ky/
uy/h = — B

(kyve)? + (kyvy)?

which leads to the appearance of ARR due to the opposite
signs of u)n, . and u;?,h. This result is similar to the one in a

pristine graphene-based superconducting junction.*! Interest-
ingly, an unusual phenomenon, i.e., intraband-induced SAR, is
shown in Figs. 3(b)-3(c), which comes from the fact that the
signs of u”_and un/h may be the same in the presence of tilted
ye y
velocity v, and 6. The numerical calculations in Figs. 3(b) and
3(c) show that the SAR happens in an approximate range of
(p;’ from —15° to 0°. In Fig. 3(d) with 6 = /2, we can obtain

un _ —T’V n V)zcky/
y’e - t 9
(kyve)? 4 (kS vy )?
2
viky
n _ XY
uy’h = Nvi—

(kyv) + (K3 vy)?

When v = 0, it is easy to find that the signs of u;’, . and u;?,h are
opposite, which means only the presence of ARR. However,
the numerical calculations in Fig. 3(d) show that the SAR hap-
pens in an approximate range of (pg from —5° to 5° due to the
presence of tilted velocity v;.

90T —— —— ——
(a) ! (b)
60} 1t / ]

SAR ARR
30}

0

n
hr

7/
/
ARR SAR]
A . .
—20 0 20
@ (%)
Fig. 3. (a)—(d) The incident angle of electron-dependent reflected angle
of hole in the different directions of junction. The black (red dashed)

line denotes the electron from D (D') valley while the hole back to D’
(D) valley. Here € = 0.6A¢ and Eg = Ag.

@ (%)

Generally, in a pristine graphene-based superconducting
junction, the ARR (SAR) only appears in the regime of the
intraband (interband) conversion of electron-hole. But, in
a strain-modulated graphene-based superconducting junction,
the ARR (SAR) can appear in the regime of the interband
(intraband) conversion of electron—hole. The strain-induced
anisotropic band structure of graphene, which breaks up the
original relation between direction of velocity of particle and
direction of the corresponding wavevector, leads to these two
anomalous phenomena. In fact, the value of energy-gap func-
tion Ag does not affect these two anomalous phenomena, i.e.,
interband-induced ARR and intraband-induced SAR. On the
contrary, these two anomalous phenomena are affected by the
tensile strain deeply. In Figs. 4(a) and 4(b), the numerical
calculations show that the interband-induced ARR and the
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intraband-induced SAR are not nearly modulated by energy-  the incident angles is dependent on the conversion order of
gap function Ag. But, in Figs. 4(c) and 4(d), it is easy to find  valley due to the strain-induced anisotropic band structure of
that the larger { is, the more obvious these two anomalous  graphene.

phenomena are.

1.0 [a)-
90 T T T T 1T T T T T 0.8}
601 Ao SAR (b)]
SAR| ARR —— 1 meV ARR w 06
—~ 30F N i ====- 0.4 meV E 0.4}
. 0 — — 0.7 meV.
~§:730 \ —-—-10 meV, 0.21
60 ARR w [ ARR SAR 0
—-90 ! ! ! ! . . . . 1.0
90 T T T T 1T T T ] T A
soFN\ SAR{ ARR ¢ Y1) ()] 0.8
T 0% SAR/,'// ARR 0.6F
(CIRNN % Gy 9
~ 30f SN T 3% A ] oal
- 0 AN — — 6% v : ;!
B WA ——— 0 0.2},
> 30l RN 0% Py ]
—60 ARR | T\SAR Vo of
[ AESN /11 [ARR SAR ]
~o0l AN L o1 () o1 ()
—60 0 60 —60 0 60 ei ei
wgi ) %’i ) Fig. 5. (a)—(d) The reflected probabilities of electron and hole (Ry, and

Rj) vs. the incident angle in different directions of junction. Here

Fig. 4. The incident angle of electron-dependent reflected angle of hole € = 0.6A0, U = 15A0, and Ep = 0.

in the different values of Ay for € = 0.6A¢, { = 10%, 6 = &/4, and
(a) Ep = 0 or (b) Efp = Ap. The incident angle of electron-dependent

reflected angle of hole in the different values of { for € = 0.6A, L.opta) tb)
Ap=10meV, 6 = /4, and (c) Ep = 0 or (d) Er = Ap. Here the electron 0.8} 0=0]1 r i 0=m/4{
comes from D valley while the hole goes back to D’ valley. 0.6l \-Il ]
= ol 0 L1391
3.2. Perfect Andreev reflection ‘ !
0.2} !

When the incident energy € is smaller than energy-gap ob —9.8°]
function Ay, it is easy to obtain RT + R] = 1. Under cer- N L '
tain conditions, the Andreev reflected probability Rl is al- 1.0 T ::g: =

. . Fl oA S a
ways equal to 1, i.e., perfect Andreev reflection. In the co- 0-81, \]\\:
. . . 5 . or J °
ordinate x'—y' system, by using the Heisenberg’s equation of e 8 i — 14.4

. . S A v
motion, the velocity operator of electron along the x” direction 0.0l / 8.5
. A 1 / o . . N . ’/
is fo/e = 1 [X',Hy — Eroo] = nS,. The time evolution of iy, of sl - 6=mr/3 e
is liye = = [fley, Hy — Er0o] = 2v,vy0;ky. It is obvious that 0 20 20 0
the velocity along the x’ direction is conserved and the perfect 5 () e ()

Andreev reflection happens when ky’ = 0. In our model, the Fig. 6. (a)-(d) The reflected probabilities of electron and hole (Ry, and

L . R%) vs. the incident angle in different directions of junction. Here

- n
valley-dependent incident angle of perfect Andreev reflection £ = 0.6A0. Up = 15A0, and Ep — Aq.
is given by
8 T T
—nmvi+ (vi —vi)cos6
¢,; = arctan sin 6, ©)]

Nmvycos 0 + m?

where m = \/v)%coszﬂ—kv% sin?@. We can obtain ¢! =0
for 6 =0, o1 = —13.9°(—9.8°) for 6 = 1/4, o) =
—14.4°(—8.5°) for @ = 1/3, and @) = —4.3°(4.3°) for
0=rm/2.

In Fig. 5, incident angle-dependent Ry and Ry, are plotted 0 /6 /3 /2
in Ep=0and 6 =0, n/4, m/3, and w/2. The incident an- 0

gles of perfect Andreev reflection by numerical calculations is Fig. 7. Valley-dependent incident angle of perfect Andreev reflection
(pe”i vs. the direction of junction 6 for perfect Andreev reflection.

equal to the ones by solving Eq. (9). In Fig. 6 with Eg = Ay, the
incident angles of perfect Andreev reflection are not changed, .
which means the perfect Andreev reflection is independent on 4. Conclusion
Fermi energy. In Fig. 7, we give incident angles of perfect In conclusion, we discuss the Andreev reflection across

Andreev reflection in different directions of junction, where  a uniaxial strained graphene-based superconducting junction.
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The band structure of graphene becomes anisotropic by apply-
ing a uniaxial strain, which induces three interesting phenom-
ena: The Andreev retroreflection happens in the case of inter-
band conversion of electron—hole, the intraband conversion of
electron—hole results in the specular Andreev reflection, and
the perfect Andreev reflection happens at a nonzero incident
angle of electron. Our work provides an alternative and flexi-
ble method to tune Andreev reflection.
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