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ABSTRACT ARTICLE HISTORY
The quantum-mechanical dephasing effect of a two-dimensional Accepted 15 January 2016
parity symmetry breaking is demonstrated in a solid-state
quantum-coherent mesoscopic ring interferometer. The interfer-
ometer, fabricated onan InGaAs/InAlAs hgterostructure, shows parity symmetry; quantum
Aharonov-Bohm oscillations under magnetic fields at low temper- coherence; mesoscopic
atures. Under asymmetric bias voltage on side-gates, a weakening physics; InGaAs;

of the Aharonov-Bohm oscillations is observed. The weakening interferometer
corresponds to an effective dephasing under two-dimensional

parity symmetry breaking by the applied electric field, and is inter-

preted as a counterpart to the weakening observed under time-

reversal symmetry breaking by a magnetic field.
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The quantum-mechanical effects of broken symmetries, including time-reversal
symmetry and parity symmetry, can be studied experimentally via the result-
ing quantum dephasing in mesoscopic solid-state systems. In the present work,
Aharonov-Bohm (AB) oscillations [1-5] are used to study dephasing under a bro-
ken parity symmetry induced in the respective arms of a quantum ring interfer-
ometer. The oscillations appear in the low-temperature electrical conductance of
the interferometer structure versus applied magnetic field B. Symmetries play an
important role in solid-state phenomena, among others in the categorization of fer-
roic orders (ferroelectric, ferromagnetic, multiferroic, and others) [6]. The work
below focuses on the foundational nature and geometrical aspects of mirror sym-
metry breaking in a quantum mechanically coherent entity. Previously, the effects of
time-reversal symmetry breaking by magnetic fields were studied in a similar struc-
ture, and the geometrical aspects, described by a magnetic length, of time-reversal
symmetry breaking were emphasized [7]. The mirror symmetry manipulated in the
present work is a two-dimensional parity symmetry, and its study in quantum phe-
nomena is justified due to the role CPT (charge conjugation-parity-time) symmetry
assumes in quantum physics.
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Figure 1. Scanning electron micrograph of the side-gated ring interferometer, with schematic mea-
surement setup. Conducting areas are lighter in shade, etched non-conducting trenches darker. The
ring’s average radius is 650 nm.

Low-temperature mesoscopic quantum electronic transport on a narrow-gap
semiconductor InGaAs quantum well is used, where the interferometer length scale
is comparable to the spin coherence and quantum phase coherence lengths in the
material. Hence phenomena relying on a retention of quantum coherence can be
observed (for an example, see [8]). AB oscillations are evidence of the nonlocal
quantum nature of mesoscopic conductance phenomena, and are caused by quan-
tum interference between partial waves traveling in spatially separate interferometer
arms when a magnetic flux ¢ threads between the two arms [2,7]. The two partial
waves accumulate a total relative AB phase of 27 if they traverse separate trajec-
tories enclosing a magnetic flux quantum h/e (where h = 27 h with A the Planck
constant and e the electron charge). Due to alternatively constructive and destruc-
tive quantum interference, the transmittance and conductance of the interferometer
then oscillate in B with a periodicity corresponding to ¢ = h/e.

Figure 1 shows a scanning electron micrograph of the ring interferometer studied
in this work. Conducting areas, including the ring, are defined by lighter-colored
areas, whereas darker areas are depleted of carriers (the innermost lighter-colored
disc has no function). The ring has a lithographic average radius r = 650 nm, and
the arms have lithographic width 300 nm (the conducting width is narrower due
to edge depletion [2]). A variable uniform B is applied over the ring area, while the
resistance R of the ring is measured using low-frequency ac lock-in four-terminal
measurements. Figure 1 indicates the direction of the ac excitation current through
the ring, kept at 20 nA to prevent carrier heating. The expected AB oscillation period
in B, given by (h/e)/(rr*),is 3.1 mT for the given r. Figure 1 also shows two side-gates
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Figure 2. (a) Resistance R of the ring measured vs B normal to the surface, at T= 038 Kand Vg, =
Vg = 0. Aharonov-Bohm oscillations (amplitude ~ 10 ©2 not fully resolved in this wide-range fig-
ure) appear, modulated in amplitude, on top of a resistance background and universal conductance
fluctuations. (b) High-resolution zoom-in on the region 145 mT < B < 225 mT, showing R with the
magnetoresistance background removed (AR) to emphasize the Aharonov-Bohm oscillations, with
measured periodicity 2.9 mT.

[9,10] defined by the lighter-colored areas flanking the ring, and separated from the
conducting arms by an insulating trench of width 250 nm. To each side-gate a voltage
bias can be applied referred to the ring potential (or ground), V1, or Vigg. The side-
gate voltages Vi, and Vg create an electric field (with dominant component in
the plane of the ring), penetrating respectively the left or right interferometer arm.
The difference in electric fields over the left and right interferometer arms breaks
the mirror symmetry or two-dimensional parity symmetry of the structure. As an
example, Fig. 2(a) shows the measured resistance of the ring (Vg = Vgr = 0) ata
temperature T = 0.38 K, as function of B. On top of the classical ring resistance of
2450 2 (B = 0) and of a long-period magnetoresistance structure due to universal
conductance fluctuations [11], pronounced AB oscillations appear. The oscillations,
appearing e.g. strongly at £0.05 T, +0.16 T, £0.24 T, £0.41 T, etc., are non-uniform
and modulated in amplitude as expected [2,12-14]. Figure 2(b) shows a zoom-in
at higher-resolution, where a magnetoresistance background has been removed to
accentuate the AB oscillations. The AB periodicity in Figs. 2(a) and 2(b) is 2.9 mT,
in excellent agreement with the predicted periodicity of 3.1 mT.

The interferometer in Fig. 1, yielding a periodicity of h/e due to the AB phase
as seen in Fig. 2, is a Mach-Zehnder interferometer, relying on spatially sepa-
rate interferometer arms [7]. A spatial asymmetry between the two arms, either
intentional or originating in fabrication and materials imperfections, can give rise
to an additional phase shift between the two partial waves, possibly leading to
dephasing and a decrease in the oscillations’ visibility. It is readily seen that in the
extreme asymmetric case of elimination of one of the arms, or for a side-gate volt-
age sufficiently negative to deplete one of the arms of electrons, the oscillations will
disappear.
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Figure 3. Left axis: resistance R ( = Ryx) of the ring vs B up to the integer quantum Hall regime, at
T=0.38Kand Vi, = Vgr = 0. Shubnikov-de Haas oscillations appear for B < ~3 T, developing in inte-
ger quantum Hall features. Right axis: Hall resistance Ryy over unpatterned sample regions, showing
integer quantum Hall plateaux, labeled with the Landau level filling factor v.

The AB ring was fabricated on an IngesGag 36As/Ing45Aly 55As heterostructure
by electron beam lithography and reactive ion etching (ICP-RIE). Electrons in the
heterostructure form a two-dimensional electron system (2DES) located in a 10 nm
wide Ing4Gag36As quantum well at a depth 50 nm from the surface. The 2DES
density Ng = 1.48x10'® m~? (resulting in a Fermi wavelength of 21 nm) and the
mobility is 7.8 m?/Vs at 0.4 K, yielding in a 2DES resistivity 54 Q/CJ. With non-
parabolicity in the conduction band, the mean free path amounts to 3.2 um, sig-
nifying the interferometer operates in the ballistic regime. The quality of the het-
erostructure is evident from Fig. 3, which shows the Hall resistance Rxy and the
longitudinal resistance Rxx as measured over the ring (T = 0.38 K) up to high B.
The Rxy trace shows integer quantum Hall plateaux, up to Landau level filling factor
v = 8. The Rxx trace also shows integer quantum Hall effect features at higher B. Yet
minima do not reach Rxx = 0 since Rxx was obtained over the mesoscopic ring in
which opposite edge states communicate and hence backscatter [15]. At lower B the
Rxx trace contains Shubnikov-de Haas oscillations. The value for Ng was obtained
from both Shubnikov-de Haas and Hall data.

Figure 4 show the ring resistance R vs B obtained under asymmetric side-gate
biasing, for —75 mT < B < 75 mT. AB oscillations of amplitude ~ 4...10 €2, on a
background of ~ 2800 ...3300 €2, are clearly visible in specific regions of B (ampli-
tude modulations are also present, as discussed in [2]). In these experiments, Vg is
varied from 1.8 V to —1.2 V, while Vg = 0. The values R(B = 0) in Fig. 4 demon-
strates that the ring becomes more resistive at more negative Vg, as expected from a
depletion of electrons in the left arm at more negative side-gate voltages. The back-
ground magnetoresistance, partially due to universal conductance fluctuations, also
varies with V¢, since the mesoscopic representation of the sample changes for differ-
ent V. A slight hysteresis in both Vg, and Vg occurs as well, but has no impact
on the AB oscillation data. In Fig. 4 overall strongest AB oscillations in R occur
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Figure 4. Resistance R of the ring measured vs B at T = 0.38 K under asymmetric side-gate bias, with
Vi, as indicated and Vgz = 0. The left panel shows data for Vg > 0, the right panel for Vg, < 0.
Aharonov-Bohm oscillations are visible in all traces.

for Vg = Vgr = 0, the mirror-symmetric case. For Vg, = 0.6 V with Vgr = 0
the oscillations are slightly diminished, whereas for Vg, = 1.8 V with Vg = 0 the
oscillations are clearly diminished. For Vg = —1.2 V with Vgr = 0 the oscillations
have weakened significantly. Figure 5 contains a quantification of the observations
relating to Fig. 4, with the maximum observed oscillation amplitude over —75 mT
< B < 75 mT, plotted vs Vg (Vgr = 0). The plotted amplitude forms an approx-
imate measure of the strength of the quantum interference effect in the presence
of the inevitable amplitude modulation. The strongest oscillations occur for Vg =
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Figure 5. The maximum amplitude of Aharonov-Bohm oscillations observed in the data of Fig. 4, as
function of Vg, (with Vgr = 0).
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Ver = 0, with visibility falling for both Vi, < 0and Vr, > 0. The fall-oft is stronger
for Vg1 < 0, likely due to secondary effects of electron depletion in the left arm for
Vi < 0. It is the maximum in oscillation strength observed for Vg, = Vgr =0, the
symmetric case, which forms the main result of the study.

The breaking of the two-dimensional parity symmetry hence results in a fading
of the quantum interference signal, and thus effectively in a dephasing effect for
the system. The Mach-Zehnder interferometer used in the experiment is specifi-
cally sensitive to spatial asymmetry, relying on spatially separate paths. The Mach-
Zehnder interferometer can be contrasted with interferometer arrays wherein the
signal arises from time-reversed paths, and such arrays hence show a sensitivity
to time-reversal symmetry breaking, e.g. originating in B penetrating the arms [7].
The present experiment constitutes a dual to such interferometric measurements
of time-reversal symmetry breaking, as in the present experiment an electric field
breaks two-dimensional parity symmetry in an interferometer specifically sensitive
to parity symmetry. The experiment shows that, in analogy to the effect of time-
reversal symmetry breaking by a magnetic field, a breaking of parity symmetry by
an electric field leads to an effective quantum dephasing.

In conclusion, a mesoscopic ring Mach-Zehnder interferometer with side-gates
was fabricated on an InGaAs/InAlAs heterostructure. Aharonov-Bohm quantum
interference oscillations in the interferometer are measured at 0.38 K under applied
magnetic fields, to study the dephasing effect of spatial symmetry breaking over the
ring. The side-gates allow application of transverse electric fields, and under asym-
metric bias they allow a breaking of the mirror or two-dimensional parity symmetry
of the device. It is observed that indeed the amplitude of the Aharonov-Bohm oscil-
lations weakens under asymmetric side-gate bias, confirming the effective dephas-
ing effect of a breaking of two-dimensional parity symmetry. The experiments form
a dual counterpart to previous experiments studying the dephasing effects of time-
reversal symmetry breaking and substantiate the non-trivial consequences of sym-
metry breaking in quantum-coherent structures.
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