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Abstract — In mesoscopic electronic systems, the Fabry-Pérot (FP) oscillation is observed in
various 1D devices. As for higher dimensions, numerous transverse channels usually lead to
dephasing that quenches the overall oscillation of the conductance. Up to now, the FP oscillation
in 2D electronic systems is only reported in graphene-based devices and very recently, the pn
junctions of inverted InAs/GaSb double quantum well (KArRALIC M. et al., Phys. Rev. X, 10
(2020) 031007). In the latter, the band shape of a sombrero hat plays an essential role, which
introduces a novel mechanism of electron-hole hybridization for the 2D FP oscillation. In this
work, we propose that such a scenario can be generalized to the 2D planar junction composed of
low-density Rashba gas, where the band bottom possesses sombrero hat shape as well. We show
that the backscattering between the outer and inner Fermi circles dominates the FP interference
and significantly suppresses the dephasing effect between different transverse channels, which
leads to a visible oscillation of the tunneling conductance. In particular, the visibility of the
oscillating pattern can be enhanced by applying interface barriers, which is in contrast to that in
the InAs/GaSb double quantum well. Our results provide a promising way for the implementation

of the FP oscillation in the 2D electron gas.

Copyright © 2022 EPLA

Introduction. — Fabry-Pérot (FP) interference occurs
between a pair of reflectors, where a wave propagating in
between can undergo multiple reflections with different co-
herent paths interfering with each other. In optics, it is
manifested as the fine structure of the interference pat-
terns of the transmissivity as the distance between reflec-
tion surfaces varies. As a universal property of coherent
waves, FP oscillation generally exists in various physical
systems. In mesoscopic systems for example, the coherent
electronic wave also exhibits FP interference, which usu-
ally manifests as the conductance oscillation with varying
energy. The FP oscillation has been observed in several 1D
systems, such as carbon nanotubes [1] and quantum Hall
edge states [2-6]. However, it is quite challenging to real-
ize such a novel effect in higher dimensions, because the
existence of numerous transverse channels with different
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oscillating phases can easily quench the overall signature.
One exception is the 2D pnp (or npn) junctions made of
single-layer [7-10] or multi-layer graphene [11,12], in which
the Klein or anti-Klein tunneling together with the unique
Dirac dispersion enable the survival of FP oscillation after
averaging over all transverse channels.

Most recently, FP oscillation was observed in another
2D system, the pnp junctions of the inverted InAs/GaSbh
double quantum well [13] which is well known for its
nontrivial band topology [14-17]. Tts band structure
is featured by the band inversion and electron-hole hy-
bridization [18-21]. Different from a conventional 2D band
structure, such a band shape resembles a sombrero hat,
which is key to the observation of 2D FP oscillation [13].
Specifically, the electron (e) and hole (h) states coexist
close to the band bottom and the e-h reflection dominates
the FP interference. It significantly reduces the phase dif-
ference of oscillation between the transmission functions of
different transverse channels and gives rise to visible oscil-
lation of the conductance, in contrast to the conventional
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e-e reflection. This discovery expanded the field of elec-
tron optics to include materials that exhibit band inversion
and hybridization. Notably, the band shape similar to the
sombrero hat can be found in various condensed matter
systems, of which the typical example is the 2D electron
gas with Rashba spin-orbit coupling [22] (see fig. 1). Then
a natural question that arises is whether the FP oscillation
can be observed in these systems as well.

In this work, we give an affirmative answer to this ques-
tion by studying the FP interference in the 2D junctions
of the low-density Rashba gas. Specifically, for the normal
metal-Rashba gas-normal metal (NRN) junctions, reflec-
tions that take place between the outer and inner Fermi
circles induce visible FP oscillation in the total transmis-
sion function, which can be probed by the oscillation of the
differential conductance. Moreover, we found that the in-
terface barriers can enhance the visibility of the oscillation
pattern due to the helical spin texture of the Rashba gas.
Our findings pave the way towards the implementation of
2D FP interference in a new electronic system.

This paper is organized as follows: We study the scat-
tering problem in the NRN junctions and analyze the FP
oscillation of the conductance in the second section. The
effect due to the magnetic field is investigated in the third
section. Finally, the discussion on the experimental imple-
mentation of our proposal and a brief summary are given
in the fourth section.

FP interference in NRN junctions. — We consider
the 2D NRN junctions lying in the x-y plane which consist
of the low-density Rashba gas sandwiched by two pieces
of normal metals with spin degeneracy; see fig. 1(c). The
whole system can be captured by the effective model as

H=Hy[O(—xz)+O(z — L)+ Hr®(2)O(L — z)+U (x),

21.2 21.2
HN:hk
2m1

— Uy + Ar(kyoy — kyoy),
(1)

where Hy and Hpg describe the normal metal and the
Rashba gas, respectively, with ©(x) the Heaviside unit
step function, k = (k,, k) is the momentum and mg and
my are the effective masses. The energy in the normal
metal is measured from the chemical potential p. In the
middle region, a gate voltage U, is applied to adjust the
energy of the bands, o, , are Pauli matrices for electronic
spin and Ag is the Rashba coefficient, which can reach
as high as 2 eV A in the experiment [23]. The interface
barriers are simulated by two d-function potentials U(x) =
U1d(z) + Uzd(x — L) with strengths Uy 5.

Solving Hp yields two bands Ei(k) = h%(k 4 ko)?/
(2m1) — EO — Ug with k’o = ml)\R/hQ and EO = th(%/
(2mq). The bands exhibit a spin-dependent splitting as
shown in fig. 1(a). Notably, the band bottom of the
Rashba gas resembles that of the inverted InAs/GaSb
quantum well [13], which is key to the 2D FP interference.
Here, we focus on the low-density limit of the Rashba
gas such that the Fermi energy only intersects the E_ (k)

2m0 - M R —

Fig. 1: (a) Three-dimensional plot of Rashba energy band.
(b) The doubly connected Fermi surface below the Dirac
point, blue arrows indicate the directions of electron spin.
(¢) Schematic illustration of the reflection and transmission
processes in the junction, the red and blue arrows denote the
spin up and spin down electron states, respectively.

branch. In the following, we refer to the inner and the
outer Fermi circles as h and e, respectively, by noting that
the velocity and the momentum have opposite sign for the
inner Fermi circle (cf. figs. 1(a) and (b)).

Next we solve the spin resolved scattering problem in
the NRN junction. In the normal metal, no spin-orbit cou-
pling exists so the energy bands are spin degenerate. In the
middle region, the band splitting introduces two branches
of scattering states in the Rashba gas; see fig. 1(c). Two
Fermi circles have the same/opposite winding direction of
the spin as the Fermi energy lies below/above the central
band touching point. Suppose that the size of the junc-
tion along the y-direction is much larger than the Fermi
wave length so that k, is conserved during scattering. For
an electron with a spin o(=1,}) and an energy F incident
from x = —oo, the wave functions in the left, the middle
and the right regions are

wz — [|0’>eik“‘x—|— Z Tg/|0_/>e—ikzx eikyy’
o'=1.1

o _ ar, a  a\T _inkSx+iky,y
Y = E Sn(“n’vn) e vy,
a,n

§ : tg/ |O_/>€'ka93+zkyy’
o'=1,d

where 77, and t7, are the amplitudes of the re-
flected and transmitted waves with spin o', respec-
tively.  The coefficients sy with a = 1,2 and n =
+ correspond to four scattering waves in the middle

Vr =
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Fig. 2: Top rows illustrate the numerical results of the total transmission coefficient 7" as a function of U, and ¢, and bottom
rows exhibit the numerical results of the conductance G/Go. The interface barriers in the left, middle, and right panels are
71 = Zs = 0,0.5 and 1, respectively. The other parameters are set as mi1 = mo = 0.2m. with m. the free-electron mass,

L =100 nm, Ag = 0.2 eV -nm and Er = 0.3 eV.

region. The spinor parts of the scattering waves in the

Rashba region is defined as ug (—1)*(ky + ink?)

./ngrng. The z-direction momentums

in different regions are k, = \/2m0(E+,u)/h2—k§

and kg = /(o + (~1)*/2m (U, + By + E)/R2)2 — k2,
respectively.

All the scattering coefficients can be solved by the
boundary conditions at two interfaces as

Y7 (0) = 5 (0) =g, Y3 (L) = vG(L) = v,
0,95,(0) — Z—; 3 (0) = (2kpZ1 — ikoo, )05,

«
and vy

(3)
Z—; % (L) — 0,05 (L) = (2kp Za + ikooy, ),

where Zj—12 = mlUj/(thF) are the reduced bar-
rier strengths defined by the Fermi wave vector krp =
/2mop/h?. The total reflection and transmission prob-
abilities are obtained as R? > re|? and T7 =
>, |t2,|? from which the current conservation condition
R?+T7 =1 for each transverse channel k, can be verified.

The FP interference for a 2D junction can be revealed
by the oscillation pattern of the transmission T'(¢,Uy) =
>, T7 as a function of the gate voltage U, in vari-
ous transverse modes labeled by the incident angle ¢ =
tan—!(ky /ks); see figs. 2(a)—(c). The oscillation patterns
share the same feature as those in the InAs/GaSb double
quantum well [13]. Tt contains two typical regions marked
with the bright central stripes and the darker outlying ones

indicating the maximum transmissions. The key observa-
tion is that the transmission functions for energies close
to the band bottom exhibit a weak ¢-dependence which
can be tracked by the bright stripes in figs. 2(a)—(c). This
part of interference pattern corresponds to the e-h and h-
e reflections between the outer and inner Fermi circles as
shown in fig. 1(a), the same as that the InAs/GaSb dou-
ble quantum well [13]. It results in a weak dependence
of the momentum transfer Ak, and accordingly, the accu-
mulated FP phase on the transverse momentum £k, , which
facilitates the 2D FP oscillation [13]. On the contrary, for
the e-e and h-h reflections that occur within the inner
or outer Fermi circles for higher energies, Ak, varies sig-
nificantly with k, which only contributes a smooth back-
ground of the conductance.

The weak dependence of Ak, on k, indicates that
a visible oscillation will remain after summing up the
transmission probabilities over all transverse channels,
which can be probed by the differential conductance

be
G(Uy) = Go/o T(¢,Uy) cos ¢pde, (4)

where Gy = %% is the conductance for the normal
metal stripe with a width W. The incident energy is set to
FE = 0 and the integral interval is bounded by the critical
incident angle ¢. = sin™*[(ko + \/2m1(Eo + Uy)/h2)/kr|.
The numerical results of G as a function of the gate volt-
age Uy are shown in figs. 2(d)—(f), which exhibit a visible
oscillation of the conductance below the band crossing en-
ergy of the Rashba gas (U, = 0 meV).

36003-p3



Yuan-Qiao Li et al.

=S - -
20 12
0.6
oo 8 o o
< X X
o) ) 5 04
1.0 0.6
02
05 03
0.0 0.0 0.0
6 5 4 3 2 -1 0 1 6 5 4 3 2 -1 0 1 6 5 4 3 2 1 0 1
Ug(meV) Ug(meV) Ug(meV)

Fig. 3: Top rows illustrate the numerical results of the total transmission coefficient 7" as a function of U, and ¢, and bottom
rows exhibit the numerical results of the conductance G/Go. The interface barriers in the left, middle, and right panels are
71 = Zs = 0,0.5 and 1, respectively. The other parameters are set as mi1 = mo = 0.2m. with m. the free-electron mass,

L =300 nm, Ag = 0.02 ¢V -nm and Er = 2.2 meV.

Apart from the similarity to the InAs/GaSb quantum
well, the Rashba gas has its unique feature. Note that
two Fermi circles below the Dirac point possess the same
spin winding (cf. fig. 1(a)), so that the e-e (h-h) reflection
is strongly suppressed for small incident angle ¢ due to
the opposite spin polarization of the incident and reflected
states. As a result, the e-h (h-e) reflection dominates the
FP interference with a nearly conserved spin. Such a sce-
nario is expected to be robust against interface barriers.
In figs. 2(a)—(c), one can see that the interface barriers
make the transmission stripes even sharper, which indi-
cates that the e-h scattering is enhanced by the interface
barrier while the opposite spin orientation for the e-e (h-h)
scattering still prohibits its occurrence. Accordingly, the
visibility of the conductance oscillation increases as well
despite a reduction of its magnitude; see figs. 2(d)—(f).

In the above calculation, we use a large value for \pg,
i.e., 0.2 €V - nm, which was experimentally observed in a
BiPbi_»/Ag(111) surface alloy [23]. It is promising that
an experiment to observe this effect would be based on
some sort of semiconductor heterostructure, which would
feature A values about an order of magnitude lower (i.e.,
0.02 €V - nm). The most promising materials and relative
parameters are listed in table 1, where the Rashba en-
ergy of split states Ey has been computed from the exper-
imentally accessible quantities m; and Ag. Thus we cal-
culate the transmission coefficient and conductance with
Ar = 0.02 eV - nm as shown in fig. 3. As one can see, the
conductance spectra exhibit a distinct oscillation, which
can be enhanced by the interface barriers. The main ef-
fect due to a smaller Rashba strength is a reduction of

Table 1: Selected materials and parameters characterizing the
spin splitting: effective masses m1, Rashba coefficient Ar, and
Rashba energy of split states Ej.

1 my )‘R EO
Material (me) (eV-nm) (meV)
PtSes/MoSes
heterostructures [24] 0.81 0.13 89.8
In,Gaq_,As heterostructures
along Au(111) surface [25] 0.25 0.037 2.25
Te-terminated 0.1489 035 e

surface of BiTel [26]

the number of oscillating peaks as shown in figs. 3(d)—(f).
We conclude that the FP interference and corresponding
conductance oscillations can still be observed for values of
AR about an order of magnitude lower.

Magnetic field effect. — We now discuss the effect of
the magnetic field B on the FP oscillations, which is usu-
ally investigated simultaneously in the experiment of 2D
electronic FP oscillation. Since the transverse momentum
k, is approximately conserved during scattering, it can
be chosen as a parameter. In this way, the 2D system
is decomposed into a set of 1D channels labeled by k.
The Landau gauge A = (0, Bz) is adopted so that the
Peierls substitution k — k — eA/h retains the conserva-
tion of k,. We perform numerical simulation on a square
lattice through the substitutions of k;,, — a~!sink, ya
and kzgy — 2a72%(1 — cosky 4a), with a the fictitious lat-
tice constant. Keeping k, a parameter and performing

36003-p4
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Fig. 4: Calculated dependence of dG/dU, on U, and B in the
case of Z = 0. The inset shows schematic trajectories for inner
and outer Fermi circle states at the critical magnetic field B.
of the inner states, which is represented by the dotted lines.
The other parameters are the same as those in fig. 2.

Fourier transformation yields the Rashba Hamiltonian on
the discrete lattice as

HR(k’y) = Z CjHiiCi + Z(CjHi,i—kaci-i-a + I{.C.)7 (5)
[ 7

where ¢; = (¢;4,¢,1) is the Fermi operator on site ¢ with
both spin components and H;; and H; ;1 are 2 x 2 block
matrices with the explicit form of

h? AR .
H; = — (2 — coskya) — Uy — — sinkyaoy,,
" ‘ (©)
I B h? ARi
hite =  2mya? 24 7V

The lattice model for the normal metal can be obtained
in a similar way,

2777,0

h2
Hn(ky) = Cydid; — e > (didja +He), (7)
i j

where d; = (d; 4, d;,;) denotes the spinful fermion operator
in the normal metal, and C; = h?(2—cos kya)/(moa®) — .

For a given k,, the transmission probability is calcu-
lated using the KWANT package [27]. A summation of
the transmissions of all k, channels yields the conduc-
tance of the 2D junction. We plot the modulation of the
oscillation pattern of the differential conductance dG/dU,
induced by the magnetic field in fig. 4. For a small B,
the conductance pattern exhibits a weak B-dependence
especially for the energy around the band bottom. As
B increases, the stripes tracking the resonance bend to-
ward lower U,. Comparing dG/dU,; at B = 0 and that
at B ~ 4T, there is an interchange of the minima and
maxima except for certain additional structures, which
indicates a phase shift of 7w in the oscillation pattern of
the conductance. As B increases further, the oscillation

pattern tends to be less visible accompanied by a reversal
of the bending direction of the resonant stripes. The two
different regimes correspond to e-h reflection and e-e (h-
h) reflection, respectively, and a boundary between them
is marked by the dashed lines in fig. 4. In the semiclassi-
cal picture, the cyclotron motion of an electron possesses
a radius of r = hkp/eB, with the Fermi wave vector kp.
The holes (h) in the inner Fermi surface possess a smaller
cyclotron radius (cf. fig. 1), which decreases with increas-
ing B. Once it decreases to the threshold r. = L/2 at a
critical field B,, where L is the length of the Rashba region
(cf. fig. 1(c)), the electron in the inner Fermi surface can-
not transmit through the Rashba region, see the inset of
fig. 4. As a result, the e-h reflection is suppressed, which
quenches the FP oscillation of the conductance. The crit-
ical magnetic field B, as a function of the gate voltage U,
is plotted by the dashed lines in fig. 4.

Discussions and summary. — We would like to dis-
cuss the experimental implementation of our proposal.
The 2D low-density Rashba gas is a crucial building block
in our proposal, which has been achieved in the het-
erostructures [28-30]. These systems are fabricated by
the band engineering techniques taking advantage of the
interfacial /low-dimensional effects, in which the Rashba
coefficient can be precisely controlled by an electric field.
Moreover, the physical parameters such as the chemical
potential in such heterostructures can be easily tuned by
a gate voltage. For example, it was reported that the
Rashba energy and the Fermi energy in a two-dimensional
electron gas can be tuned by a controlled change of stoi-
chiometry in an artificial surface alloy [23], whose Rashba
parameter ap can reach several eV A. These progresses
pave a way to realize our proposal in the NRN junctions.

In summary, we propose to realize the FP interference in
the 2D low-density Rashba gas. The low-density Rashba
gas exhibits a unique spin texture, resulting in a small
probability of reflection within the inner and outer Fermi
circles, which favors reflections between the inner and
outer Fermi circles that determine the FP interference.
For a spin-orbit coupled system, a larger Rashba energy
of split states has a more profound effect on the FP inter-
ference. According to the results from our models, there
is a FP oscillation of the conductance vs. gate voltage
Uy in the 2DEG NRN junction, which benefits from the
interface barriers. With increasing the interface barriers,
the reflections between the outer and inner Fermi circles
are further enhanced, and thus the FP interference be-
comes more visible. Therefore, the resolution of the FP
interference in response to the interface barriers can be an
observable to detect the unique spin textures of the low-
density Rashba gas. Moreover, the dependence of mag-
netic field is included. The lines of constant transmission
bend toward lower U, with increasing the magnetic field,
and a phase shift of m occurs at certain B. Further in-
creasing the magnetic field will suppress the interference
phenomenon. Based on the above results, we perfected
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the field of electron optics to include materials that exhibit
band hybridization.
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