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Breaking of inversion symmetry leads to nonlinear and nonreciprocal electron transport, in which the voltage

response does not invert with the reversal of the current direction. Many systems have incorporated inversion
symmetry breaking into their band or crystal structures. In this Letter, we demonstrate that a conventional two-
dimensional electron gas system with a back gate shows nonreciprocal behavior (with voltage proportional to
current squared) in the quantum Hall regime, which depends on the out-of-plane magnetic field and contact

configuration. The inversion symmetry is broken due to the presence of the back gate and magnetic field, and
our phenomenological model provides a qualitative explanation of the experimental data. Our results suggest a
universal mechanism that gives rise to nonreciprocal behavior in gated samples.
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I. INTRODUCTION

The current-voltage (IV) characteristics of a conductor
can be generally expressed as V = RI + R®@I> + RO ...
where R, R®, and R® are the linear and nonlinear resis-
tances. The linear response (V o< I) is understood in general
frameworks such as the linear response theory [1] and
Landauer-Biittiker theory [2—4], while the understanding of
the nonlinearities is still a challenge. Nonlinear responses can
be categorized as reciprocal or nonreciprocal depending on
whether the voltage response V switches sign upon reversal
of current direction (I — —I). The former typically arises due
to time and/or spatial symmetries [5—7] whereas the latter oc-
curs when those symmetries are broken. While nonreciprocal
responses such as magnetochiral effect [8,9], superconducting
diode effect [10,11], and nonlinear Hall effect [12,13] have
been observed in several systems, they have often been at-
tributed to peculiar band or crystal structures.

In this Letter, we demonstrate nonreciprocal behavior
in the quantum Hall regime of a conventional system of
a two-dimensional electron gas (2DEG) with a back gate.
Specifically, we measure the linear (V o< I) and the lowest-
order nonreciprocal (V o< I?) response of a GaAs/GaAlAs
2DEG, which was observed only for a device with a back
gate. We also investigate the symmetry of the observed
nonreciprocity with respect to magnetic field and contact con-
figuration. Our observations are explained qualitatively by a
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model that describes the spatial modulation of carrier density
due to the application of a bias current and the capacitive
coupling between the back gate and the 2DEG.

II. EXPERIMENT

The experimental setup is shown schematically in Fig. 1(a).
We used a GaAs/GaAlAs heterostructure that hosts a 2DEG
buried 200 nm below the surface. A back gate with voltage
Vg, located 1 um below the 2DEG, allowed us to vary the
electron density from 1.5 x 10'! to 2.7 x 10'" ecm~2 [14].
Au/Ge Ohmic contacts were attached to the 2DEG to inject
a source-drain current and measure the longitudinal (V,,) and
transverse (V,,) voltage response. The sample was patterned
into a Hall bar shape, where the distances between the source
and drain contacts, the two contacts measuring V,,, and the
two contacts measuring V,, are 1500, 800, and 400 um,
respectively. All measurements were performed at 60 mK.
Carrier density was measured using the classical Hall effect
at low magnetic fields (<0.3 T).

The current voltage characteristics of a 2DEG with the
lowest-order nonreciprocal term are written as Vy, = Ry [ +
SRPI? and Vi, = Ryl + $R2)I? respectively. Here, the bias
current is small enough to let us ignore the component whose
order is higher than I3. The central goal of this Letter is to
investigate the existence and the behavior of the nonreciprocal
response (R and R) of gated 2DEG. First, we measured
linear response (R.. and R,,) by applying an ac source-
drain current [, with a lock-in amplifier at frequency f =
27 Hz and amplitude 5 nA. The back gate voltage is fixed at
Vi = —2 V, making carrier density 1.35 x 10! cm™2. Fig-
ure 1(b) shows the out-of-plane magnetic field (B) dependence
of Ry, and R,,. As seen in the plateau of R,, and the zero
of R,,, the integer (filling factor v = 1, 2, ...) quantum Hall
effect was observed.

Published by the American Physical Society
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FIG. 1. (a) Schematic of the device. 2DEG, source and drain electrode (S and D), four voltage contacts to measure V,, and V,, (1 to 4), and
back gate are shown. (b) Magnetic field dependence of the linear longitudinal (R,,, blue) and transverse resistance (R,,, green). [(c),(d)] The

dc current /. dependence of the differential resistances in the plateau (v = 1) regime [(c) left panel
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To detect the nonreciprocal responses, we applied an ac
source-drain current I, (frequency f = 27 Hz and amplitude
5 nA) mixed with a dc current Iy (|lic] < 20 nA), letting
I = I+ Ij.. We then measured the Ij. dependence of

the differential resistance, which is <% = R, +R®I and

di
d;;" =R, + Rg,)l . In this method, the differential resistance

at Igc = 0 corresponds to the linear resistance (R, and R,,),
and the slope of the Iy, dependence corresponds to that of
the nonreciprocal component (R? and R{). Note that we
could also detect the nonreciprocal responses by measuring
the second harmonic (27 x 2 = 54 Hz) voltage response. The
measured first (and second) harmonic voltages of the longi-
tudinal and transverse resistance correspond to R, (R?)) and
Ry (RY)), respectively. We have also used this method to eval-
uate the nonreciprocal signal and obtained the same results.
Figure 1(c) shows the /. dependence of the differential

resistance dg‘{;‘* and d;}"‘ within +20 nA. At the quantum Hall
plateau (v = 1), no Iy dependence was observed, and the
resistance remained constant, meaning that the transport is
perfectly linear within the measured range of the current.
Now, it is a surprise that d;[“ and d;/;"' exhibited a linear
dependence on Iy in the out-of-plateau regime (v = 0.7) as
shown in Fig. 1(d). This means that a finite nonreciproc-
ity emerges in this regime. The relative amplitude of the
nonreciprocal signal compared to the linear component is

RO _ 25Q/mAx(5nA? RO _ 25Q/mAx(5nA?
Red X >~ 0.3% and S s

I
4kQx5nA Rol X
0.03%, meaning that the linear component is still dominant.
From the fact that no Iy, dependence was observed at the
plateau, we can say that the observed nonlinearity is irrelevant
to contact resistance and the breakdown of the quantum Hall
effect. We have also done a control experiment using a sample
without back gate, in which no I, dependence was observed
(see Appendix A). This suggests that the existence of the back
gate is essential to observe the nonreciprocity.

dViy .
Tt

vy
> Tdr

right panel

] and outside plateau

We characterize the behavior of the nonreciprocal response
(R? and R?)) with respect to the magnetic field and the
contact configurations. In our sample, there are two config-
urations for measuring V,,. One is along the top channel
of the sample [from contact 1 to 2 in Fig. 1(a)], and the
other is along the bottom [from contact 3 to 4 in Fig. 1(a)].
As long as we deal with the linear response, there is no
configuration dependence in the results. However, the config-
uration actually matters in the nonreciprocal response, as we
see below. In Fig. 2(a), we show two traces of R? for the
two contact configurations, namely top and bottom [see the
inset in the Fig 2(a)]. Consistent with the results in Fig. 1(c),
R takes zero at the quantum Hall plateau regime and a
finite value outside the plateau. Unlike R, R is not sym-
metric with the reversal of the magnetic field (B — —B).
Moreover, it clearly depends on the configurations and there
seems to be a certain symmetric correlation between the two
datasets.

There are also two configurations for measuring V;,. One
is on the left side of the sample [from contact 1 to 3 in
Fig. 1(a)], and the other is on the right side [from con-
tact 2 to 4 in Fig. 1(a)]. Figure 2(b) shows the magnetic
field and configuration dependence of R(?). Similar to the
previous case, a peculiar symmetry in the magnetic field
and the configuration dependence was also observed. The
actual formulations of the magnetic field and configuration
symmetry will be discussed and derived in the following
section. We also measured R and R'?) with different back

gate voltages of Vg = —1 (n =1.93 x 10! cm~2) and 0 V
(n =2.50 x 10'"" cm~2). The obtained magnetic field depen-
dence is essentially the same as the ones shown in Fig. 2
(see Appendix B for data). The observation of finite nonre-
ciprocal responses and their magnetic field and configuration
symmetries are the central experimental findings in this
Letter.
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FIG. 2. Magnetic field dependence of the nonreciprocal compo-
nent (a) R (magenta, top; cyan, bottom) and (b) Rg) (magenta, left;
cyan, right). Insets show contact configurations.

III. ANALYSIS

Now, we discuss the origin of the nonreciprocal responses
as well as the field and the configuration symmetries. The
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observation of the nonreciprocal response infers that the in-
version symmetry is broken in the sample. We suggest that it
is caused by the capacitive coupling between the 2DEG and
the back gate. Our model assumes that the carrier density is
influenced by both the back gate voltage and the Hall voltage,
which alters the potential difference between the 2DEG and
back gate. This creates a gradient of carrier density across and
along the sample [15,16], breaking the inversion symmetry
and leading to nonreciprocal behavior [17].

A. Model

In the quantum Hall plateau regime, the current is car-
ried by the edge channels and no dissipation or potential
drop occurs. Therefore, the potential distribution would look
like the dotted horizontal lines shown in Fig. 3(a). v (x, B)
and v,(x, B) are the potential along the top and the bottom
channel. In the figure, Rny = U—}elz is the Hall resistance at the
quantum Hall plateau. The contacts along the top channel
separated by a distance d [see the voltage V,.(top)], which
is the potential difference between v, (x) and v,(x + d). Then,
Vi (top) is given by V,, (top) = v;(x) — v, (x + d) = RnyI/Z —
R)%.I /2 = 0. Similarly, the Hall voltage V,,(left) is given by
the voltage difference between the two contacts on the left or
right side of the sample, Vy (left) = v;(x) — vp(x) = ngl /2 —
(—=R21/2) = R2I. Note that both V,,(top) and V,,(left) are
linear in /. This reflects the experimental observation that
there is no nonlinearity in the plateau regime.

Next, we consider the situation outside the plateau. The
current is carried not only by the edge channel but also
by the bulk, giving rise to a finite dissipation and a poten-
tial drop. The position-dependent potential can be written as
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FIG. 3. (a) Schematic summary of the model. Due to the Hall effect, a potential gradient in the transverse direction of the sample is created.
This modulates the potential between the 2DEG and the back gate space dependence, modulating the carrier density in space (n &= An at the
sample edges are shown). Popup: Schematic of the Hall voltage along the x (longitudinal) axis of the sample. Solid (dotted) lines show the
potential profile outside (inside) the plateau. Red and blue lines correspond to the top and bottom channels, respectively. Potential differences

. . . @ 1om)_ g2
that correspond to V, and V;, are indicated by red and blue rectangles. (b) Comparison of the data from the experiment M (blue

R (left)—R$) (right)
2

0Ryy BC

(green line) and the model R, —5* =

line) and

(pink line) setting C = 10 pF/cm?.
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v;(x) = pyy(top, x, n(x))I, where resistivity oy, (top, x, n(x))
is that of the top channel as a function of x and n(x). Here,
the key assumption is that the carrier density is also a function
of x, making n(x). Considering that the potential difference
between the 2DEG and the back gate determines the car-
rier density, n(x) can be written such as n(x) = N + C[V; +
v;(x)] = ng + Cv,(x). Here, N is the carrier density without
back gate voltage or injection current, C is the capacitance
between the 2DEG and the back gate, and np = N + CVg.
Hereafter, we briefly sketch the outline of the derivation
of the nonreciprocal responses. See Appendix D for detailed
derivation. We consider the longitudinal voltage along the
top channel V,,(top) as an example. The linear term of
Vix(top) comes from the spatial dependence of the resistivity.
Assuming a constant carrier density of n, V,.(top)=
Py (top, x, M)l — pyy(top, x + d,n)l = —de] o I
As we see in Appendix D, the coefficient of I corresponds to
R... The nonreciprocal term of V,.(top) can be obtained
considering the spatial dependence of carrier density
n(x). Vix(top) = ny(tOP, n(x)I — /Oxy(top’ n(x +d))I ~
s [n(x) — n(x + ) = 222Clo,(x) — v, (x + d)I.  Here,
we assume that the amount of modulation of the carrier
density due to the injection current is small enough
compared to the original carrier density [Cv,(x) < ngl.
Using vt(x) — v(x +d) = Ry (top)], we obtain V,,(top) =
R, (top) 3” CI* oc I?. Similarly, expressions of R? and
R for all configurations are obtained (see Appendix D for
detailed derivation).

B. Magnetic field and configuration symmetry

Using the model shown above, we derive the magnetic
field and configuration symmetries of the nonreciprocal resis-
tances. For R} and R(), one obtains the relation below:

R@(bot, —B),
—R$)(left, —B),

R%(top, B) =
R (left, B) =
R{)(right, B) = —R{ (right, —B). (1)

Xy

These outcomes on the commutation in magnetic field and
configuration in R{ and the antisymmetry in R{ are
in approximate agreement with the experimental observation
in Fig. 2.

According to the model, R} and R$?) should also be corre-
lated to each other:

R (top) — R (bot) = RY) (left) — R (right),  (2)
R (top) — R (bot) = RY) (left) — RS (right)
IR,y
= 2CR,
al/lo
2CB . 3R,
= __Rxx = . (3)
n B
In the last transformation Euler’s chain rules (Zﬁ:;" B =
—(22 )k, (520 = —E(52 ), are used [16,18]. Equation (2)

illustrates that the potent1al drop across the top and right chan-
nels is equivalent to that across the bottom and left channels.

This equivalence should be consistently maintained, indepen-
dent of the specificities of the model.

Now, we compare the calculation with the experimen-
tal data shown in Fig. 3(c). The two traces in the top
panel demonstrate a correspondence between R (left) —
Rg)(right) and R®(top) — R®(bot) as predicted in Eq. (2).
Note that this relation is not exactly satisfied, where the
blue and green curves are not exactly on each other. This
is because the four components were not measured simul-
taneously. Initially, R(z)(left) and Rg)(top) were measured,

and after changing the terminal configurations R (right) and
R (bottom) were measured subsequently. Therefore, the two
measurements are not perfectly identical due to unavoidable
factors such as fluctuations in the magnetic field, subtle tem-
perature variations, and minor changes in the gate voltage.

Moreover, the expectations from the model [Eq. (3)] and
the data also agree with each other, as shown in the bottom
panel of Fig. 3(c). In the bottom panel of Fig. 3(c), the capac-
itance C is assumed to be 300 nF/cm?. These results show
that our model captures the behavior of the nonreciprocal
responses very well. However, the capacitance we assumed
to obtain a quantitative agreement (300 nF/cm?) is by a
factor of ~30 bigger than the value estimated with other
methods (9.6 nF/cm? by carrier density and 12 nF/cm? by
direct measurement).

The capacitance used in the plot only considered the ge-
ometric capacitance at zero magnetic field, while the total
capacitance (Cyy) is composed of both geometric capacitance

(Cgeo) and quantum capacitance (Cp) such that i‘ = Clm

£ where n is

= The quantum capacitance is given by Cp =
the carrier density and u is the chemical potentlal. However,
the ratio of the quantum capacitance Cy (the noninteracting
compressibility near zero magnetic fields) and the geomet-

; ; o Co _ Em* d __ 4d ~_ 4000nm
ric capacitance C, is G, = A X = @ = Tomm = = 400.

Here, e is the elementary charge, m* is the effective mass, 7 is
the reduced Planck constant, d is the distance between 2DEG
and back gate (1 um in our sample), ¢ is the permittivity of
GaAs, g is the vacuum permittivity, and aj = 10nm is the
effective Bohr radius in GaAs. Since Cy and C, add inversely,
the contribution of C, is 400 times smaller than that of C, (i.e.,
it amounts to 0.25%). Though the above estimation of C is
valid near zero fields, exchange and correlation corrections
to Cp tend to be smaller than the value obtained from our
estimate, probably even at a higher magnetic field. In addition,
since the slope of the Hall effect (R,, vs B) is the same for both
small and large magnetic fields, the density and the capaci-
tance remain constant over a wide range of magnetic fields.
Therefore, the quantum capacitance contribution is expected
to be small. These points suggest that an effect that is magnetic
field independent is necessary to determine the microscopic
origin of the nonreciprocity.

IV. CONCLUSION

In summary, we investigated the nonreciprocal transport re-
sponse in the quantum Hall regime next to the plateau regions
in high magnetic field. We also found that these responses
obey certain symmetry relations and are reconstructed from
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FIG. 4. The dc current Iy, dependence of the differential resis-

tances in the plateau (v = 1) regime [(a) left panel, d;;‘ ; right panel,
d:;“‘] and outside plateau (v = 0.7) regime [(b) left panel, £~ ; right
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linear response coefficients. Our phenomenological model
based on the capacitive coupling between the 2DEG and the
back gate also supports the observation, whereas the origin
of a quantitative discrepancy remains unsolved. These results
suggest a universal mechanism of obtaining nonreciprocal
responses in gated devices.
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APPENDIX A: CONTROL EXPERIMENT

We have conducted a control experiment using a

GaAs/GaAlAs without back gate (n = 1.2 x 10'' cm™2). We
AV,

measured % and o7 asa function of Iy at v = 0.7 and 1 as
shown in Fig. 4. Here, no Iy, dependence was observed. This
result suggests that the presence of the back gate is essential

to generate nonreciprocal responses.

APPENDIX B: BACK GATE VOLTAGE DEPENDENCE

Figure 5 shows the magnetic field dependence of R'? and
RY) at two different back gate voltages of —1 (n=1.93 x
10" ecm™?) and 0 V (n =2.50 x 10'"" cm™2). The same
behavior as seen in Fig. 2 (zeros at the quantum Hall plateau
and antisymmetries in magnetic field) is observed.

@
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< <
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S S
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1
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FIG. 5. Magnetic field dependence of the nonreciprocal compo-
nent. (a) Vg = —1 V [left, R®(top); right, Rg,)(left)]. by Veg=0V
[left, RY (top); right, R (left)].

APPENDIX C: CAPACITANCE MEASUREMENT

We have estimated the capacitance between 2DEG and
back gate by two means as shown in Fig. 6, we mea-
sured a classical Hall effect at low magnetic field (< 0.5 T)
with which we deduce the carrier densities as a function
of back gate. By fitting n =N 4+ CV; (N is the density at
zero gate voltage), we estimated the capacitance C & 9.6
nF/cm2 (see Fig. 6(a)). Second, we connected a current-
to-voltage (IV) converter to the 2DEG and grounded back

T3 .
= -
S .
'S n®
2 |
c 1
1—2.0 0.6
500
<
=
- 250 B
E
0 1
0 100 200

frequency (Hz)

FIG. 6. (a) Back gate dependence of carrier density. (b) Fre-
quency dependence of the out-of-phase component of the charging
current across 2DEG and back gate.
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gate. By applying an ac voltage to the 2DEG, we mea-
sured the out-of-phase component of the current flowing
through the IV converter. This circuit can be consid-
ered as measuring a charging current of a capacitor (with
negligible resistance and inductance) under an ac voltage
application, from which we deduce the capacitance C ~
12 nF/cm? (see Fig. 6(b)).

APPENDIX D: DERIVATION OF THE MODEL

The configuration, position, and carrier density-dependent
potential are expressed as v;(x) = p,,(top, x, n(x))I. As dis-
cussed in the main text, the key assumption is that the carrier
density is also a function of x, making n(x). Considering that
the carrier density is determined by the potential difference
between the 2DEG and the back gate, n(x) can be written
as n(x) = N + C[Vgg + v;(x)] = nyg + Cv;(x). Here, N is the
carrier density without back gate voltage and injection cur-
rent, no = N + CVpg, and C is the capacitance between the
2DEG and the back gate. Then, v;(x) can be expressed as
below:

v, (x) = pyy(top, x, n(x))I

a Xy
~ Dy (top, x, o)l + a/; YCu ). (D)
0

Here, we assumed that the amount of modulation of the carrier
density due to the injection current is small enough com-

pared to the original carrier density [Cv,(x) < ng]. The above
equation can be solved with v, (x):

Pxy(tOp, X, ng)I

v (x) ~
’ 1 -2y

( )c12 (D2)

~ o+ 0

where p)’(‘,(x) = py,(top, x, ng). We assumed that the amount

of potential modulation due to the injection current is small

enough compared to the total potential [3’;*;:)'% () K

vy (x)I], which also means that the first term of Eq. (D1) is
much larger than the second term. We assume that the poten-
tial changes linearly in space v, (x +d) = v, (x) + %d +
o(d?) and obtain the expression of v, (x + d):

dpL
vi(x +d) = (x) + ox -

dpl dp' a%pl,
+<ﬁﬁ+p’ 'Oy)deIz. (D3)

dl

0x 0ng ¥ 9x0ng

One can obtain the expression for vy(x) and vy(x 4+ d) by
exchanging p)’w(x) with pf\,(x) in Egs. (D2) and (D3).

The expressions for the linear and the nonlinear resis-
tances are obtained by calculating V., (top) = v,(x) — v, (x +
d), Vi (bot) = vp(x) — vp(x + d), Vyy(eft) = v;(x) — vp(x),
and V,,(right) = v;(x +d) — v(x + d). In each expression,
the terms proportional to / and I? are assigned to the linear
(Ryy and R,,) and the nonreciprocal (R and Rg)) resistances

that are observed experimentally:

9ol (x
Ry = — P00, (D4)
0ox

Ry = pi,(x) — pl(x), (D5)

W@ @ 8%pl, (x )} c

R®(top) = —2
xx (10P) ax o P oxen

(D6)
903, (x) px )
R§§>(1eft)=2(p;y(x o P2, (x)—= )C, (D7)
3pb,(x) 0"
R;?(bot)z—z[—p 0 90 | b oy 2L Con® e
0x al’l() Y oxon no
(D8)
3Py, (x) 3p; 2 0% ply (x)
(2) (1 D> Ty ¢ xy
R (rlght)_< o am TP >2dC

B 3sz(x) 3,0,}:),(36) b
ox ong Pry

9%p2 (x)
) ——— e >2dC

aplL,(x) 3pb,(x)
+2C| oy ()2 = Pl () —
an() an()

D9)

Using the model shown above, we derive the magnetic field
and configuration symmetries of the nonreciprocal resis-
tances. To derive the symmetry relations, we first get three
useful relations to discuss the magnetic field symmetry. First,
the reversal of the magnetic field is equivalent to exchanging
the top and the bottom channels:

Py (B) = pl(=B). (D10)
Second, using the fact that R, (top) = R, (bot),
ok, 0%
9 (D11)
ax ox
Third, by differentiating Eq. (D5) with n, one obtains
R, 90l  p?
P 2T (D12)

3n0 ano ano

By using (D7), (D9), and (D10), one obtains the relations
below:

R (left, B) =
2 .
R)(Q,) (right, B) =

—RG)(left, —B),

2) /e
—R$) (right, —B). (D13)

This means that the Rg) (left) is antisymmetric in B. The same
goes for Rg) (right). Also, Egs. (D4) and (D6) lead to another
symmetry relation for R®:

R®(top, B) = R® (bot, —B). (D14)

The relation between R$) and R%) is also obtained by com-
bining Egs. (D6)~(D9):

R (left) — RY) (right) = R (top) — R (bot).  (D15)

We have seen the symmetry relations within R} and R$,
and we can further derive the connection between them using
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Egs. (D6)—(D9), and (D14):
2) 2) (1 — p® @)
R (left) — R\ (right) = R\;’(top) — R,3’(bot)

R, 2CB = 0R,y
=2CRy—— = ——Ru——.
angy n B

(D16)
The transformation from the first line to the second line goes

like below. By plugging Egs. (D11) and (D12) into Eq. (D6),

Ik, (x) dpl,(x) « 9 90y
ox ang Pry dx dng

3 0pb
2dC | pb,(x)— —2
+ (pxy(X) ™ Bn())

RP(top) = —2dC<

3 (0R, 9ph
2dC| pl(x)— [ =— E
+ |:'0xy(x)3x< ong + ang
3 (o
= R®(bot) — 2dc[(p;y — p){{v)a< 2 )}

8n0

9y R,

—2dC 9Py IRy
dx dny

oR,
= R@(bot) + 2CR,, —2=. (D17)
Bno
In the transformation from the second line to the third line

in Eq. (3), Euler’s chain rules are applied for a given func-

tion of R(n, B) [16,18], that is, (52)5 = —(2£)g, (52), =
B ORyy
3 (5B n-
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