
PHYSICAL REVIEW RESEARCH 7, L022030 (2025)
Letter

Aharonov-Bohm interferometer in inverted-band pn junctions
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Inverted-band pn junctions in two-dimensional materials offer a promising platform for electron optics in
condensed matter, as they allow to manipulate and guide electron beams without the need for spatial confinement.
In this work, we propose the realization of an Aharonov-Bohm (AB) interferometer using such pn junctions. We
observe AB oscillations in numerically obtained conductance and analytically identify the conditions for their
appearance by analyzing the scattering processes at the pn interface. To support experimental implementation,
we also consider junctions with a graded interface, where the potential varies smoothly between the p- and
n-doped regions. Our results reveal an abrupt change in the AB-oscillation frequency, which we attribute to
a distinct transition in the hybridization across the interface. We verify that our reported AB oscillations are
robust to realistic disorder and temperature decoherence channels. Our study paves the way for realizing the
Aharonov-Bohm effect in bulk mesoscopic systems without the need for external spatial confinement, offering
new possibilities in electron optics.
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The Aharonov-Bohm (AB) effect is one of the corner-
stone phenomena highlighting the nonlocal nature of quantum
mechanics [1–3]. The effect arises when two quantum trajec-
tories enclose a finite magnetic flux, making their interference
dependent on the external magnetic field [4]. On a micro-
scopic scale, the AB effect has been observed in a wide range
of systems, and plays a pivotal role in revealing quantum phe-
nomena in transport that strongly depends on magnetic fields,
e.g., in revealing weak localization through magnetoresistance
measurements [5,6].

To directly realize an AB interferometer in a mesoscopic
system, a variety of two-dimensional platforms have been
employed [7–14], where clear oscillations in transport as a
function of an external magnetic field were observed. The
primary challenges in observing such AB oscillations lie in
the ability to prepare well-defined electron paths while main-
taining coherence between electrons traveling along them
[7,15]. Guiding electrons in such a manner is inherently
difficult and has traditionally been achieved through spatial
confinement using etching techniques [9,13], gating [11,16],
or by employing strong magnetic fields to confine electrons
along the one-dimensional edges of a quantum Hall droplet
[14,17–21].
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Recently [22], we proposed a protocol for directing elec-
trons using inverted-band pn junctions, without relying on
external spatial confinement of the electron trajectories. Such
pn junctions filter the electronic trajectories via a Klein tun-
nelinglike effect, allowing passage based on the incident angle
at the pn interface [22]. Unlike Klein tunneling in Dirac ma-
terials [23], the filtering occurs at finite incident angles that
are readily controlled by tuning the chemical potential of the
junction. Crucially to this work, a narrow window of negative
refraction scattering processes—involving both particlelike
and holelike Fermi surfaces—manifests and generates inter-
fering closed paths for the electron trajectories.

In this work, we propose how to realize an Aharonov-
Bohm interferometer using a two-dimensional inverted-band
pn junction. The AB effect in our setup arises from two
key ingredients: (i) negative refraction between distinct Fermi
surfaces in the p- and n-doped regions, which creates closed
loops of different electronic trajectories between pointlike
source and drain leads; and (ii) angular filtering of trajectories
at the pn interface, resulting in a limited number of trajectories
that coherently interfere upon reaching the drain lead. In the
presence of a weak perpendicular magnetic field, we predict
that clear AB oscillations appear due to nonlocal interference.
We numerically demonstrate the effect for a realistic experi-
mental setting by adapting the band structure of InAs/GaAs
[24]. We further show that these oscillations persist even in
the situation when the pn interface has a finite length. In-
terestingly, we find that the frequency of the AB oscillations
changes abruptly beyond a certain interface length, which we
attribute to a shift in the maximal transmission angle due to
a transition of the interface to an opaque barrier. Our work
brings magnetic control to electron optics applications in two-
dimensional mesoscopic devices.
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FIG. 1. Device and Aharonov-Bohm oscillations. (a) A sketch
of an inverted band pn junction subject to an out-of-plane mag-
netic field B. Conductance is measured between the source lead (S)
and the drain lead (D). Insets: sombrerolike bandstructure for both
p- and n-doped regions with marked chemical potentials μL/R, cf.
Eq. (1). Red (green) circles and arrows denote holelike (electron-
like) branches and trajectories, respectively. (b) Left: Numerically
obtained magnetodifferential conductance GB = dG/dB, cf. Eq. (2).
Right: Fast Fourier transform of the pattern on the left (dots) with
a fitted Lorentzian (orange line). In all figures of the paper, we
use the following parameters: A = 16 meV nm, M0 = −30 meV,
M1 = 400 meV nm2, and M2 = 700 meV nm2. The p- and n-doped
regions are achieved by setting μL = −28 meV and μR = 33 meV.

Model. To model the inverted band pn junction (see Fig. 1),
we consider the following 2D spinless Hamiltonian [22,24]:

HL/R = (M0 + M2k2)σz + (M1k2 − μL/R) 12×2 + Aσx,

(1)

where σi are Pauli matrices acting on two bands, and k denotes
a 2D wave vector. The bare, uncoupled energy dispersions
are particle- and holelike in nature with respective effective
masses M1 ± M2, where we assume M2 > M1. Particle-
hole symmetry is maintained for M1 = 0. Such bare energy
dispersions overlap with magnitude M0 and hybridize with
coupling strength A. The local chemical potential μL/R, ex-
perimentally tunable by backgates [24], takes different values
in the p-doped and n-doped regions. We assume these re-
gions to respectively reside on the left- and right-hand sides
of the pn interface, i.e., μL < 0 and μR > 0. Diagonaliz-
ing the Hamiltonian (1) yields the two dispersions E (k) =
M1k2 − μL/R ±

√
(M0 + M2|k|2)2 + A2. In the inverted-

band regime, when M0 < 0, the resulting band structure
resembles two sombreros facing one another, and separated
by a gap, see Fig. 1(a). We label the spinor eigenstates of
(1) as ψ

L/R,±
p/h , where L/R refers to the left- and right-hand

side of the junction and p/h indicates the particle- or holelike
Fermi surface, cf. Fig. 1(a). The superscript ± denotes the
direction of group velocity relative to the pn interface. In the
following, we consider the pn junction when the chemical

potentials, μL/R, lie within the band-overlap energy interval of
each sombrero. Specifically, we are interested in the response
of the junction to an external perpendicular magnetic field,
B = Bẑ.

Sharp interface setup. To numerically probe the transport
properties of the system (1), we incorporate the aforemen-
tioned junction into the numerical toolbox Kwant [25]. To
simulate a realistic transport experiment, we draw the junction
along the x direction, and include two metallic leads on the
junction’s ends. These source (S) and drain (D) leads are
positions on the left and right sides, respectively, and have
finite widths in the y direction, which are much shorter than
the sample size, see Fig. 1(a). The spatial distance between the
junction interface and the leads is chosen carefully, such that
injected holelike states from S maximally refocus in D as par-
ticlelike states [26]. Similarly, the spatial extent of the junction
in the y direction is chosen such that the refocusing scattering
states will not hit the boundaries. To remove background noise
from finite-size effects, we attach additional absorbing leads
along the top and bottom boundaries. The system’s dimen-
sions we use are taken relative to realistic Fermi wavelengths
of InAs/GASb inverted-band semiconductors [24,26]. The
perpendicular magnetic field B is introduced using standard
Peierls substitution [27]. We then study the two-terminal con-
ductance between the leads by numerically evaluating the
Landauer-Buttiker formula [28]

G = e2

h

N∑

n=1

M∑

m=1

Tr[t†
nmtnm], (2)

where tnm is the transmission coefficient from the n-th mode
in the source lead to the mth mode in the drain lead. The total
numbers of modes N and M in the leads are determined by the
widths of the leads.

Main result. In Fig. 1(b), we plot the resulting two-
terminal conductance for magnetic fields ranging between
0 ∼ 80 mT (cf. extended magnetic field range in the Supple-
mental Material [26]). We find that the magnetodifferential
conductance GB ≡ dG/dB exhibits clear periodic oscillations
with an average period �B̄ ≈ 8.43 mT. As we show below,
such oscillations in GB arise due to a mesoscopic AB effect
whose origin lies in negative refraction at the interface. This
is the main result of our work. We emphasize that such an
emergence of AB oscillations in a simple 2D pn junction
that does not rely on any external spatial confinement is
surprising [4].

To explain the mechanism of the oscillations in our system,
we first notice that, in our regime of weak magnetic fields, the
trajectories of the propagating states are only weakly affected
by the magnetic field, i.e., they remain describable by “ray
tracing” that emanate from the source in the p- and n-doped
regions, separately [26]. Hence, in this limit, AB oscillations
can emerge only when the following two prerequisites are
satisfied: (i) the interface between the p- and n-doped region
facilitates negative refraction that refocuses the trajectories at
the drain lead where they interfere, and (ii) only a narrow
distribution of incident angles participates in the negative
refraction, such that the interference pattern survives deco-
herence via averaging over the contributions of many incident
trajectories that carry different phases. Shown below, the latter
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FIG. 2. Scattering processes, negative refraction, and interfering
paths. (a) Upper panel: In reciprocal space, the scattering states and
corresponding angles for each ky are determined by their location
on the Fermi surface. Lower panel: In real space, the scattering
angles are defined with respect to the normal (dashed line) of the pn
interface (solid black line). The angles θin and θout mark the incident
angle of a hole-like state and the outgoing angle of a transmitted
particle-like state. (b) Two trajectories of a hole-to-particle trans-
mission scattering process with ±θin that enclose a finite shaded
area A(θin ), cf. Eq. (3). (c) Scattering amplitudes as a function of
the incident angle for all processes involving an incident hole-like
state. (d) Trajectories of the incident hole-like state injected from
the source lead, with their opacity determined by the scattering
amplitudes in (c). The maximal transmitted angle θmax and the finite
width of S define the enclosed A(θmax) between the source and drain
lead. Here we omit trajectories of the transmitted hole-like state in
the n-doped region for clarity.

will be the result of filtering by the transmission coefficients
at the pn interface.

To demonstrate (i), we consider an incident hole-like
spinor ψL,+

h from the source with momentum k = (kx, ky),
see Fig. 2(a). We assume that the pn junction is homoge-
neous along the y direction, such that ky is conserved in all
scattering processes. Thus, we can determine the outgoing
states ψ

L/R,−
h/p and their corresponding momenta (kL/R,−

p/h , ky)
from momentum conservation at the Fermi surface, cf. band
structures in insets of Fig. 2(a), and Ref. [22]. Note that the
incident and outgoing states are defined with respect to the pn
interface, as illustrated in Fig. 2(a). The propagating direction
of each scattering state is given by its group velocity v =
∇kE (k)|k=(kL/R,−

p/h ,ky ), see arrows in upper panel of Fig. 2(a).

Crucially, the hole-to-particle transmission scattering process
exhibits negative refraction at the interface, i.e., for ψL,+

h
with a positive incident angle θin = sin−1(ky/|k|) > 0, the

outgoing particlelike spinor ψR,−
p in the n-doped region propa-

gates at a negative angle θout < 0. This trajectory can interfere
at the drain lead with another trajectory where ψL,+

h impinges
on the pn interface at −θin, see Fig. 2(b). Crucially, the two
interfering paths encircle a kite-shaped area

A(θin ) = L2 tan(θin )
Rpn

Rpn + 1
+ Alead , (3)

where L is the distance between S and D. The value of Rpn

represents the ratio between the length of the p− and n-doped
region, which is chosen according to the focal point of trajec-
tories [26], see also Fig. 2(b). Finally, Alead = LWs accounts
for the added area introduced by the finite width Ws of the
source lead.

To check if (ii) is satisfied, we employ a scattering ma-
trix formalism [26] to calculate the transmission thp and thh

and reflection rhp and rhh scattering coefficients as a func-
tion of the incident angle, θin, where we assume an incident
holelike spinor (first subscript = h) and consider all four
possible outgoing cases, see Fig. 2(c). At most angles the
dominant process is a reflection of a hole, rhh, making the
junction very opaque. Interestingly, we find that thp, which
leads to negative refraction, maximizes in a narrow range
around a finite incident angle |θin| ≈ θmax = 5π/36 [26]. In
other words, electrons transmitted through the pn junction are
mostly carried by trajectories incident around θmax, while the
other angles are screened by the pn interface. We demonstrate
this effect by drawing the ray trajectories of the holelike states
injected from the source and transmitted as particlelike states
into the drain lead, see Fig. 2(d). The drawn trajectories’ opac-
ity is taken according to their transmission amplitude at the
interface, cf. Fig. 2(c). Thus, we find a large depleted area due
to the transmission filtering at small angles and high density
only in a narrow scattering angle region. Note that by taking
only the two trajectories with the maximal thp into account,
defined by θ = ±θmax and marked by dashed lines in Fig. 2(d),
we can use Eq. (3) to obtain A(θmax) = 4.69 × 105 nm2 for
Ws = 80 nm and Rpn = 131/44 in our setup.

Each scattering trajectory follows a path P and accumu-
lates a dynamical phase φD = exp(

∫
x∈P dl · k). To these paths,

we can introduce the perpendicular magnetic field as a vec-
tor potential A = (−By/2, Bx/2, 0), where it may impact the
scattering amplitudes in three ways: (i) bend the trajectories
due to a Lorentz force, (ii) alter the scattering angles and am-
plitudes at the junction, and (iii) introduce an Aharonov-Bohm
(AB) phase to the interfering paths via minimal coupling,
exp(

∫
x∈P dl · A). Neglecting (i) and (ii) due to the weak mag-

netic fields we used, we can divide the sum in Eq. (2) into
terms that do not include interfering paths (where the accumu-
lated phase is irrelevant) and interfering scattering trajectories
that are impacted by the magnetic flux through the area A.
We can, moreover, assume that the dominant magnetic-field
dependent scattering process involves the paths at θin = ±θmax

[26], leading to

GB ≈ e2

h
|thp(θmax)|2 d

dB
[1 + cos(φtot )] , (4)

where φtot = eBA(θmax)/h is the flux threading the enclosed
area A(θmax). The magnetic response (4), therefore, exhibits a
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FIG. 3. Smooth interface. (a) Upper panel: A spatially varied chemical potential (solid line) induces an effective barrier defined by the
length over which the Fermi level is inside the gap, leading to an effective two-interface junction (dotted line). Lower panel: Transmission
amplitude of a hole-to-particle |thp| scattering as a function of the incident angle θin and the effective barrier length leff . (b) Numerically
obtained GB as a function of the magnetic field B and the (effective) barrier length (leff ) l . (c) Left: Cuts of (b) at l = 3, 7, 16 nm (red, green,
black), cf. dashed lines. Right: Fast Fourier transform of the patterns.

period �B = h[eA(θmax)]−1 that is solely determined by the
AB phase. In our case, we obtain a period of �B = 8.82 mT,
which is in good agreement with the one extracted from the
numerics, cf. Fig. 1(b).

Graded pn interface. Perfectly sharp pn interfaces can-
not be realized in experiments. We, therefore, proceed to
check how the predicted AB oscillations behave in the pres-
ence of a graded interface. We model it by introducing a
spatially modulated chemical potential μ(x) = μR + (μL −
μR)[1 − tanh(x/l )]/2, where l is its characteristic length,
see in Fig. 3(a). Importantly, this interpolation introduces an
effective gapped region between the p and n regions. We
numerically calculate GB as a function of l and show it in
Fig. 3(b). We observe a clear change in the oscillating pattern
at l ≈ 7 nm. More quantitatively, the frequency of oscillation
in GB reduces for smoother interfaces, cf. three cuts at l =
3 nm, 7 nm, and 16 nm in Fig. 3(c).

To gain a deeper understanding of the observations
discussed above, we analytically describe an effective po-
tential barrier induced by the smooth interface by employ-
ing an effective two-interface model. As the Fermi level
leaves the upper/lower band at energies �± = (−M1M0 ±
A
√
M2

2 − M2
1)/M2, the barrier between the p- and n-

doped regions has an effective length leff = x+ − x− with
x± = arctanh(1 − 2(�± − μR)/(μL − μR))l . In this simpli-
fied model, we assume the interfaces between the three
regions to be sharp; see the dashed line in the upper panel
of Fig. 3(a). Using the S-matrix formalism, we once more
calculate the transmission amplitude thp as a function of the
incident angle and effective barrier length leff [26] and show
the result in the lower panel of Fig. 3(a). For a short barrier
leff < 10 nm, we obtain a similar behavior as in the pre-
vious case of a vanishing barrier, with negative refraction
centered around θmax ≈ 5π/36. Interestingly, with increasing
leff , we find a crossover in the behavior of |thp|, i.e., the

maximal transmitted angle θmax undergoes an abrupt transi-
tion at leff ≈ 10 nm. As a result, for a longer interface leff >

10 nm, |thp| maximizes at a smaller angle of θ ′
max ≈ π/18,

which implies a smaller enclosed area A(θ ′
max), and a different

AB-oscillation period that follows from Eq. (4), which is in
agreement with the numerical results, cf. Fig. 3. We attribute
this transition to a competition between the length of the
barrier and the decay length of evanescent waves penetrating
the barrier from the interfaces [29]: the system enters the
tunneling limit when the electrons only tunnel through the
overlapping evanescent tails, resulting in an abrupt change of
the θmax [26]. Moreover, we find that the oscillating pattern
persists to larger magnetic fields for small θmax, which is
favorable to experimental realizations [26].

In conclusion, we propose the realization of an AB in-
terferometer using negative refraction in a two-dimensional
inverted-band pn junction. A key difference, compared with
common AB interferometers, is that we do not impose ex-
ternal spatial confinement on the trajectories of electrons;
instead, the confinement emerges naturally due to the band
structure’s characteristic sombrero shape. Specifically, using
the S-matrix formalism, we find that the negative refrac-
tion transmission amplitudes are facilitated by hole-to-particle
scattering thp, whose distribution maximizes in a narrow range
of incident angles. The latter realizes an effective spatial
confinement that guides electrons [22]. This emergent spatial
confinement entails that all transmitted electronic trajectories
exhibit a kite-shaped enclosed surface which, under the ex-
ternal magnetic field, gives rise to unique AB oscillations
in conductance. Commonly, one would expect a reduction
in the transmission due to a smooth interface [23], while,
on the contrary, we find that the oscillations persist with a
distinct change in the AB-oscillation period. Moreover, we
tested the robustness of the AB oscillations against finite
temperature and disorder [26]. We observe clear oscillations
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up to temperatures of 1 K and disorder strength of sev-
eral meV’s, which gives strong indications that the proposed
setup can be realized in realistic experimental situations. The
proposed mechanism of generating AB interference is re-
lated to the sombrero hat shape of the band structure, which
can be found in a plethora of systems, including s-wave
and chiral p-type superconductors [30], heterostructures with
strong Rashba spin-orbit interaction like HgTe/CdTe [31] and
InAs/GaSb [24], two-dimensional monochalcogenides like
GaSe [32], and transition metal dichalcogenides like WTe2

[33]. Moreover, the Bernal bilayer graphene, which is known
for its tunability of the sombrero-hat bandstructure under a

biased voltage [34–36], suggests potential realizations of AB
interferometer with graphene-based material. With all of the
aforementioned, we think that the physics discussed in this
work can be experimentally tested in current state-of-the-art
mesoscopic platforms.
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