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In a “thought experiment,” now a classic in physics pedagogy, Feynman visualizes Young’s double-slit
interference experiment with electrons in magnetic field. He shows that the addition of an Aharonov-Bohm
phase is equivalent to shifting the zero-field wave interference pattern by an angle expected from the
Lorentz force calculation for classical particles. We have performed this experiment with one slit, instead
of two, where ballistic electrons within two-dimensional electron gas diffract through a small orifice
formed by a quantum point contact (QPC). As the QPC width is comparable to the electron wavelength,
the observed intensity profile is further modulated by the transverse waveguide modes present at the in-
jector QPC. Our experiments open the way to realizing diffraction-based ideas in mesoscopic physics.
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The wave nature of electrons and the fact that an extra
Aharonov-Bohm (AB) phase [1] must add to their wave
functions on account of the minimal coupling of their
elementary charge to the vector potential are two edifices
of the quantum theory of matter. Both of these have been
independently tested in the laboratory in a variety of con-
texts on free electrons [2—4], and in situations involving
ballistic quasiparticles in the mesoscopic regime [5-8].
An interplay of these two distinct phenomena, beautiful
in its simplicity and pedagogical richness, occurs when
the electrons in the Young’s double-slit experiment are also
subjected to weak magnetic field. The AB phase due to the
magnetic field adds to the phase arising from the path dif-
ference between interfering electrons. The result is that the
original interference pattern is preserved but with a global
angular shift, as if the electrons were classical charged par-
ticles experiencing Lorentz force [9].

In the present Letter, we experimentally study this phe-
nomenon using mesoscopic transport in GaAs high-mobil-
ity two-dimensional electron gas where quantum point
contacts (QPCs) will act as sources and detectors of elec-
trons [10,11]. The geometry is slightly modified to a single
slit, instead of two.

Many wave and quantum optical phenomena in ballistic
electron transport have already been extensively studied
using QPCs. These include conduction quantization
[10,12] and the controversial “0.7 anomaly” [13], spin
polarization and filtering [14,15], and many-particle corre-
lations [16,17] involving temporal coherence. Experiments
involving aspects of spatial coherence of electrons, on the
other hand, are not so common. This is because despite
very large phase-breaking times, the electron wave fronts
and their trajectories are sensitive to the smallest of imper-
fections within the solid. A few early studies which did try
to delve into diffraction physics were rather preliminary or
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needed to invoke disorder in a fundamental way to explain
the results [18-21]. Scanning probe microscope images of
two-dimensional electron gas with QPCs have also shown
that while the mode structure [22] is discernible close to the
QPC exit, one typically ends up with a classical random
branched flow in the bulk of the material [23,24].
Compared to many earlier studies, our experiments are per-
formed at less than 2 orders of magnitude lower tempera-
ture on very-high-mobility samples with optimized
geometry.

Relevant to our experiment, consider a scalar wave of
wave number k confined to a two-dimensional plane.
Diffraction follows from the Huygens-Fresnel way of con-
structing a propagating wave front from forward-moving
secondary circular waves [25]. On encountering a one-
dimensional obstacle, a slit ¢(y) of width W, the wave
function w(r,0) at a point P(r,0) far away from the
obstacle (r> W) is approximately proportional to the
Fourier transform of the aperture function ¢(y) times an
obliquity factor Z(0)
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For a large one dimensional slit (k! < W) placed
symmetrically at the origin along the y axis, ¢(y) =1
if —(W/2)<y<(W/2) and zero otherwise, one
obtains the familiar sinc function [25], where sinc (x)=
sin(x)/x. Experimentally one measures |y(r,6)>. The
same would be true for free electrons, except that in an
external magnetic field BZ perpendicular to the plane,
the electrons will also acquire an extra phase ®p,,,(y.A)
depending on their trajectories from a point in the aperture
to the detector (see Supplemental Material, Ref. [26]) and
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Pae(V.A) = —(e/h) §oA-dl = —(e/h) §B-ds =
—(e/h) x (1/2)BLy, is the relative AB phase between the
two interfering paths, OP and QP [Fig. 1(a)], due to the
vector potential A. The same expression [Eq. (2)], apart
from the experimentally unimportant constants, can also
be derived using more rigorous Green function-based
analysis [19,26]. Equation (2) tells us that the contribution
of the AB phase is exactly on the same footing as that due
to the phase arising from the classical path difference. A
detector placed at O’ (6 = 0") will, in a finite magnetic field
B, effectively measure the zero-field intensity correspond-
ing to a point P (for which sin € = eBL/2hk), implying
the equivalence

wo (r,0 =0,B) & yp(r,0,B=0). (3)

Thus even if a detector is fixed in space, one can still mea-
sure the complete angular spread of the diffraction pattern
by simply varying the magnetic field. The magnetic field
does not alter the pattern but only shifts it as a whole.
Remarkably, the above picture is also exactly reconciled
with the classical Lorentz force calculation. The angular
deflection of the electrons then simply becomes sin 6 =
L/2r,. for a cyclotron radius r, = hk/eB, where hk is
the momentum associated with the de Broglie wave of elec-
trons. This simple but profound observation due to
Feynman [9] will form the basis of our measurements.
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FIG. 1 (color online).

A scanning electron micrograph of the device [26] and
the associated circuitry for the injection of electrons and
their detection through transport measurement is shown
in Fig. 1(b). The device consists of several ballistic
QPCs which were used as either injector or detector (col-
lector). The conductance of a QPC was varied by changing
the effective size of the constriction by applying an electro-
static gate voltage. In our experiment, QPC2 [Fig. 1(b)] was
used as injector (with I; = 1 nA current injected through it)
and both QPC1 and QPC4 as detectors for measuring the
diffraction pattern. The experiments were performed with
two, four, and five modes at the injector QPC2, correspond-
ing to the gate voltages Vg, = —2.24, —2.0,and —1.9 V,
respectively. Here the number of modes N = G/G, was
estimated from the value of measured conductance (G)
in units of the conductance quantum (G, = 2¢”/h), and
rounding it off to the closest lower integer [22,27]. The res-
olution of the measured signal (V) is sensitive to the width
of the detector QPC. The width of both the detectors was
maintained at an optimal value, corresponding to two con-
ducting modes.

Figure 2(a) shows the forward transmission signal mea-
sured by the detector QPC4 in nonlocal voltage configura-
tion as a function of magnetic field, when two modes are
transmitted through the injector QPC2. The measured
intensity profile is sharply peaked near B = 0, and an inten-
sity modulation is observed as the magnetic field is
increased in either polarity. In this configuration
(L =1 pm), a clear modulated intensity profile was
observed only for two modes. For larger widths, corre-
sponding to, say, four or five modes, only the quantum
coherent beam collimation was discernible [26,28]. This

Schematic of the coordinate system in two dimensions, device design, and associated circuitry for the diffraction

experiment. (a) In zero magnetic field, the phase difference between the two interfering paths, OP and QP,is §(B = 0) = ky sin 6. When
the magnetic field is applied, the AB phase associated with them becomes —(e/%)(1/2)BLy, proportional to the area enclosed by the two
paths as shown by the shaded region AOPQ. If the point P(r, 0) is detected at O’ in the presence of magnetic field, the classical phase is then
compensated by the AB phase. The vector potential effectively causes an angular shift, sin 6 = eBL/2#k, of the whole diffraction pattern.
The classical trajectory of the electron represented by an arc OO’ (red color) describes the equivalent shift based on Lorentz force cal-
culation. (b) Scanning electron micrograph of the patterned GaAs/AlGaAs high-mobility two-dimensional electron gas is shown. The
light areas in the scanning electron micrograph are the metallic split gates (QPCs) forming the injectors and detectors. Schematic circuit
describes injection and detection process, with QPC2 as injector and QPC1 or QPC4 as detectors. Vi, Vo, and V54 determine the
selection of desired modes at the injector and the detector QPCs. The two long diagonal gates were not used in the present Letter.
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FIG. 2 (color online).
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Magnetic field-dependent measured signals for different number of modes at the injector QPC. (a) Nonlocal

voltage (V) detected at QPC4 for current (/;) injected through QPC2 (two modes). (b) Nonlocal voltage detected at QPC1 for current
injected through QPC?2 in the magnetic focusing experiment. The two curves correspond to 4 and 5 transverse modes at the injector
QPC2. The configurations of the injector and detector QPCs and the associated measurement circuitry for both cases are shown in the
respective insets. The figures are plotted on the logarithmic and linear scale, respectively, to assist in clear visualization of the modu-

lation in measured signal.

is probably because the energy difference between the
modes rapidly decreases as the QPC width is increased
and because of the inherent sensitivity of the diffraction
pattern, which fundamentally depends on spatial coher-
ence, to even the smallest imperfections within the sample.

To observe the effect of higher modes, the experiment
was repeated with the detector at 45° QPC1) with respect
to the injector (QPC2) [Fig. 2(b)]. The injector to detector
distance was now reduced to L' = L/v/2 = 0.7 um and
hence the electrons travel a shorter distance in comparison
with the forward detection geometry. A nearly symmetric
modulation in the diffraction patterns was obtained, but
with the center shifted to nonzero magnetic field,
B = (2hk/eL') sin 45 =0.119T [Fig. 2(b)]. The elec-
tron density calculated from this focusing field,
n~1.28x 10" cm™, is very close to that obtained from
Hall measurement.

In our experiment, where the ratio of the wavelength to
the width (i.e., (kW /x) ~ N) of the aperture is fixed to a
small value by the measured conductance, it is evident that
the usual Fraunhofer diffraction condition A; << W is not
valid. In the limit of Ap ~ W, the diffraction problem
becomes very difficult as one is neither in the Rayleigh
scattering nor in the proper Fraunhofer diffraction regime
[29]. A similar problem has also attracted attention in optics
in the context of anomalously large transmission through
subwavelength apertures [30], where surface plasmons
or surface evanescent waves need to be additionally
included [31]. Here, the effect of small aperture can be
approximately dealt with by replacing the aperture function
¢(v) in Eq. (2) by the expected transverse mode structure
[22] at the injector QPC, so that the amplitude of the
Huygens’ secondary wavelets is weighted by the value
of the electron eigenfunctions in the transverse direction
at the QPC exit [19,26]. The aperture function ¢;(y) for
a single mode (assuming an infinite barrier) should

then be written as ¢,(y) = /2/W cos (zy/W), if

(W/2)| <y, and zero  otherwise.  Similarly,
Dy (y) = /2/W sin(2zy/W)], if |[(W/2)| <y, and zero
otherwise, for the second mode, and so on. The intensity
of the diffraction pattern for a detector QPC at an angle
0 =0 [at O in Fig. 1(a)] in the magnetic field, given by

> fu(B)

where  f,(B) = (1/2i)[e*/AF (k,, — &) — e~ lx2)/2 x
F(ky,+¢&) and the function  F(k,, )=
\/V_V25inc[(W/2)(kya + )] with k,, =7za/W and & =
eBL/2h.

Two sinc functions in f,(B) imply that each mode in the
diffraction pattern is associated with double peaks around
ky, = 8" = 0, except for the funcdamental for which a single
peak is obtained around € = 0 . Having the detector at an
arbitrary angle 6, only shifts the whole diffraction pattern
around the focusing field, without changing it. The
obliquity factor Z(@) in Egs. (2) and (3) is constant for
a fixed position of the detector and thus does not enter
the analysis.

The theoretically simulated amplitudes of individual
modes and their resultant corresponding to two, four,
and five modes are shown in Figs. 3(b), 3(d), and 3(f),
respectively. The upper panels, Figs. 3(a), 3(c), and 3(e),
show a comparison of normalized intensity between the
experimental data and theory for the respective modes.
For the detector at 45° to the injector QPC, the experimental
curves [Figs. 3(c) and 3(e)] are shifted such that the origin
is at the focusing angle. We observe that a relatively simple
diffraction analysis is able to reproduce the main features of
the measured diffraction pattern. We emphasize that for a
given mode only one fitting parameter, the QPC width W,
has been used in the theoretical plots in Fig. 3. The inferred
values of the effective channel width W for two [Figs. 3(a)

2

I=|y(r,0=0,B)] = . 4)
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FIG. 3 (color online). Amplitudes and intensities of the diffrac-
tion patterns corresponding to two, four, and five modes.
Comparison of normalized intensity profiles between the theory
(red) and experimental data (blue) corresponding to the transmis-
sion of two, four, and five modes are shown in the upper panels
(a), (c), and (e), respectively. The lower panels (b), (d), and (f)
show the plot of amplitude profiles for the individual modes
and their resultant (red) corresponding to the transmission of
two, four, and five modes at the injector QPC. In all the plots,
magnetic field B is converted to angular deflection 6 following
sin @ = L/2r,.

and 3(b)], four [Figs. 3(c) and 3(d)] and five [Figs. 3(e) and
3(f)] modes are W ~ 511, 673, and 693 nm, respectively
[32]. The reduced magnitude of modulation of intensity
(fringe visibility) in the experimental data is expected
due to finite phase coherence of electrons and also due
to limited resolution of the detection process determined
by the finite width of the detector QPC.

Figures 3(a) and 3(b)are plotted on a log scale while
Figs. 3(c) and 3(d) and Figs. 3(e) and 3(f) are on a linear
scale. This is because the observed modulation in the latter
case is due to the interference effects caused by the mode
structure ¢(y) within the central diffraction maximum
itself. This is evident in the theoretically simulated plots
in Fig. 3. Having many modes modulating the aperture
function is qualitatively equivalent to having multiple slits.
This will cause additional interference fringes within the
diffraction envelope.

In summary, we have experimentally illustrated the
equivalence of the abstract quantum formulation of electron
waves with an added topological phase and classical picture
for free-space propagation of electrons under Lorentz force
using the single slit diffraction experiment. Apart from the

general interest in the specific problem we have addressed,
this is the first comprehensive demonstration of electron
diffraction in QPCs. In the future, concepts based on dif-
fraction physics may themselves open up a new range of
possibilities in mesoscopic physics. For example, it has
already been proposed that multiple-slit electron diffraction
in a material with large spin-orbit coupling can generate
spatially separated spin-polarized currents [33]. Our experi-
ment is a step toward realizing such ideas.
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