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Resistively detected NMR in a triple-gate quantum point contact: Magnetic field dependence
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We report a resistively detected nuclear magnetic resonance (RDNMR) measurement in a GaAs-based
quantum point contact in the quantum Hall breakdown regime. We focus on the detection of the 75As RDNMR
signal at different perpendicular magnetic fields in the presence of electrons occupying the lowest Landau level.
We confirm successful RDNMR detection down to B = 1.25 T (B = 3.5 T) using a high-mobility (low-mobility)
device. All the RDNMR signals exhibit a threefold spectra attributed to electric quadrupole interaction. We
find that the separation between the central transition and its satellite, � f ≈ 20 kHz, remains unaffected by
magnetic-field variation. Interestingly, the central NMR linewidths vary with the field strength. Above B = 3 T,
the linewidth tends to saturate around 13 kHz. Below B = 3 T, the linewidth decreases in proportion with field
and approaches a lower limit of 1 kHz corresponding to the GaAs nuclear dipole interaction as the field decreases
to B = 1.25 T.
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I. INTRODUCTION

When a two-dimensional electron gas (2DEG) is subjected
to a perpendicular magnetic field at low temperatures, it
exhibits several interesting phenomena. One of them is the
integer quantum Hall effect (IQHE) characterized by the for-
mation of Landau level (LL) bands [1]. The general features
of the IQHE include a smoothly connected series of quantized
conductance in units of G0 = 2e2

h , observed at zero magnetic
field in the quantum point contact (QPC) [2–4]. In the QPC
we can easily control the potential shape of the confinement
in the saddle point by changing the bias voltages applied to the
gates of the QPC device [3,5,6]. For example, the position of
the IQHE conductance plateau can be controlled in the QPC,
under a perpendicular magnetic field.

Nonzero nuclear spin polarization and its resistive detec-
tion enable resistively detected NMR (RDNMR) in semi-
conductor quantum systems, particularly in those based on
GaAs. The interaction between the electron and nuclear spins
(hyperfine interaction) leads to a change in the conductance,
and the high sensitivity enables RDNMR measurement in a
single quantum well [7–10] unveiling many interesting phe-
nomena in two-dimensional systems [11–14]. RDNMR stud-
ies have been extended to one-dimensional systems and/or
QPCs [15–17]. We exploit the QPC ability to locally control
the saddle potential shape and manipulate the dynamic nuclear
spin polarization (and its detection) in the narrow channel
to understand the RDNMR characteristics in QPCs [18,19].
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Although the effect of dynamic nuclear spin polarization on
QPC transport has been well established, there is no direct
experimental study on the limitations of RDNMR detection,
including the comparison between high-mobility and low-
mobility devices, and how the central transition linewidth,
which supposedly reflect the electronic distribution in the
point contact, evolve with fields. Thanks to a large quadrupole
splitting, the central NMR linewidth is free from strain-
induced linewidth broadening. The linewidth solely depends
on nuclear dipolar coupling and electron distribution. While
the former is field independent, the latter is thought to depend
on the field, a manifestation of electron-electron interaction in
the system.

II. DEVICE AND METHOD

In this study we first systematically test the condition lim-
iting the observability of the RDNMR signal, under the sim-
plest possible condition where the lowest LL alone (N = 0) is
occupied. The electron density in a quantum well is adjusted
by applying the backgate bias (VBG) to maintain this condition
for all the given magnetic fields. We decrease the magnetic
field and observe the changes in the RDNMR signal. By doing
so, we can track the evolution of RDNMR spectra from high
to the lowest possible magnetic field. High-mobility (low-
mobility) Hall bar-shaped AlGaAs/GaAs/AlGaAs quantum
well wafers are used in this study. A 20-nm quantum well is
located at 175 nm (140 nm) from the surface. The electron
mobility is μ = 1.47 × 106 cm2 V s (μ = 2.8 × 105 cm2 V s)
at ns = 1.8 × 1011 cm−2. The photolithography technique is
employed to cut the wafer into a 30-μm wide and 100-μm
long Hall bar. In this experiment, we use a triple-gate QPC
consisting of a split-gate pair and an additional center gate
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FIG. 1. (a) Schematic of the device mounted on a 300-mK cryo-
stat. The QPC includes triple Schottky gates consisting of a pair
of split gates and an additional center gate. An excitation current
IAC = 1 (IAC = 10) nA is applied for transport (RDNMR) detection.
(b) and (c) Conductance profiles of high-mobility and low-mobility
devices as a function of the split-gate voltage at various magnetic
fields, respectively. The white circle (cross mark) denotes the point of
successful (failed) RDNMR detection. (d) Diagonal resistance trace
throughout the current-induced dynamic nuclear polarization (DNP)
process prior to RDNMR detection. The inset shows the potential
barrier sensed by the conduction electrons, which is modified by
nuclear spin polarization.

patterned by evaporating 5-nm Ti/20-nm Au on top of the
Hall bar as schematically depicted in Fig. 1(a). The nominal
length of the QPC channel is 600 nm. The width of the
center gate is 200 nm, and the separation between the center
and side gates is also 200 nm. Negative voltage is applied
to the split gates (VSG) to confine the electron in the quasi-
one-dimensional channel, while the bias applied to the center
gate (VCG) modifies the shape of the confinement potential. A
coil wrapped around the sample provides an rf magnetic field
parallel to the sample, for NMR measurements. We conduct
transport and RDNMR measurements in a single shot 3He
refrigerator with a base temperature of 300 mK. We monitor
the diagonal conductance using a Lakeshore 370 AC resis-
tance bridge. Here we control the outside/bulk filling factor
(νb) and the inside/QPC filling factor (νqpc) under the simplest
combination (νb, νqpc) = (2, 1), which is the contribution of
the (lowest Landau level) alone. Figure 1(a) shows the device
layout and experimental setup (rf coil not shown), which is
similar to the setup used in Ref. [18].

III. RESULTS

We apply IAC = 1 nA to measure the conductance profile
of the QPC. To maintain νb = 2 for any given magnetic field,
higher electron density is required at higher magnetic fields.
At B = 1.25 T (3 T), νb = 2 corresponds to ns = 6.045 ×
1010 cm−2 (ns = 1.451 × 1011 cm−2). Therefore, VBG is tuned
to set νb = 2 for a given magnetic field. The VSG pinch-off
voltage becomes more negative at a higher magnetic field
due to the higher electron density as expected. We have an

additional center gate in our QPC. Applying a more positive
(negative) center-gate bias VCG at a fixed electron density
deepens (shallow) the confinement potential and increases the
separation between the subbands, resulting in a more negative
(positive) pinch-off voltage [20]. In our experiment, we set
the inside of the QPC at νqpc by controlling both VCG and VSG.
We adjust VCG such that the plateau is centered around the
same VSG value for all the magnetic fields. This retains the
RDNMR detection point around the same VSG. For example,
VCG = −0.2 V is applied at B = 3 T and VCG = −0.1 V is
applied at B = 1.25 T. Figure 1(b) [1(c)] shows the conduc-
tance profile of a high-mobility (low-mobility) device under
the above mentioned conditions.

Although the plateau appears in the same VSG range, other
noticeable effects of the magnetic field such as the quality
of the νqpc = 1 conductance plateau can be observed. The
magnetic field (B) changes the separation energy between the
subbands and lifts the spin degeneracy due to Zeeman energy
(EZ = g∗μBB). Increasing the magnetic field results in higher
separation between the up-spin and down-spin channels. As
the Zeeman separation becomes more notable in proportion
with B, a longer and more pronounced νqpc = 1 plateau can
be observed. Using a high-mobility device, we observe the
νqpc = 1 plateau down to B = 1.25 T, whereas with a low-
mobility device, the νqpc = 1 plateau become imperceptible
at B = 3 T. This is because the broader density of states of
the electron LLs in a low-mobility wafer require higher B
to clearly separate both energetically and spatially the two
different spin states.

As the RDNMR-signal shape and strength are sensitive
to the detection point [18,21–23], we carefully select the
RDNMR detection point at around the same value of νqpc <

1, denoted by the white circles in Figs. 1(b) and 1(c). Prior
to RDNMR detection, we polarize the nuclear spin through a
current induced-dynamic nuclear polarization (DNP) process
by applying 10-nA AC current at the off-resonance frequency
for 1000 s. The diagonal resistance (Rd ) attains a constant
value after a few hundred seconds as shown in Fig. 1(d),
indicating that the nuclear spin polarization is saturated in
the channel. Applying a bias current higher than the critical
current of the IQHE breakdown excites electrons to the upper
LLs accompanied by electron spin flip. When the electrons in
the up-spin channel are scattered to the down-spin channel,
they can transfer their polarization to the nuclear spins (flip-
flop process) through hyperfine interaction and build positive
nuclear polarization [18,24,25]. The slowly evolving Rd over
time is evidence of the DNP process [17]. The timescale of the
nuclear spin polarization is in good agreement with previous
reports on GaAs devices [7,8,26].

The RDNMR detection mechanism is depicted in the inset
of Fig. 1(d). The potential barrier sensed by the up-spin and
down-spin electrons is separated by the Zeeman energy EZ

(see solid lines). In the presence of positive nuclear polariza-
tion (positive indicates that the nuclear polarization is parallel
to the external magnetic field B), the Zeeman separation
decreases to E ′

Z = g∗μB(B + BN ) with respect to the
Overhauser shift (see the dashed lines). It is noteworthy
that BN becomes negative, in the case of positive nuclear
polarization. As the conductance through the QPC is sensitive
to small changes in the barrier, nuclear polarization can be
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FIG. 2. (a) and (b) RDNMR signals of the high-mobility and low-mobility devices measured at νqpc < 1 with magnetic-field variation.
The strain around the QPC structure increases the quadrupolar fields, resulting in a threefold degeneracy spectra for all the RDNMR signals.
(c) Energy diagram of an I = 3

2 nuclear spin system in the presence of external magnetic fields (left), quadrupole fields (middle), and Knight
fields (right).

sensitively detected by determining the QPC conductance.
At νqpc < 1, the up-spin electrons alone pass through the
channel, whereas the down-spin ones are completely blocked.
Therefore, the barrier for the up-spin electrons determines the
QPC conductance.

After the DNP process, we detect the RDNMR by rf
sweeping near the 75As Larmor frequency at a sweep rate
of 100 Hz/s. At the corresponding frequency, the nuclear
spins are depolarized by the rf-magnetic field [9] and the
potential barrier reverts to its original value separated by
EZ. The up-spin electrons sense a decrease in the potential
barrier, and the transmission increases [18,19]. Consequently,
we detect the conductance peaks in the Gd trace as shown
in Figs. 2(a) and 2(b), where the RDNMR signals detected
at several B are summarized for both high- and low-mobility
devices. The frequency of the RDNMR signal varies linearly
with respect to the applied magnetic field, confirming that all
the signals are at the Larmor frequency of 75As. We detect
the RDNMR signal down to B = 1.25 T (B = 3.5 T) using a
high-mobility (low-mobility) device. The signal-to-noise ratio
(SNR) is forfeited as B decreases.

The RDNMR signal strength is proportional to the degree
of nuclear spin polarization, which is enhanced by electron
scattering between different spin edge channels in the IQHE
breakdown regime. Here we can observe that the amplitude
of the RDNMR signal decreases when the applied magnetic
field is reduced. This decrease in the magnetic field renders
the separation between the up-spin and down-spin channels
ambiguous, thereby reducing the spin-flip scattering proba-
bility and incorporating a smaller number of spins in the
RDNMR detection process. It is noteworthy that the suc-
cessful detection of the RDNMR signal coincides well with
the clear observation of the νqpc = 1 plateau. However, it is
not solely dependent on the Zeeman-splitting separation. The
limitation of the ohmic contacts also plays an important role in
delimiting the RDNMR observability in our experiment. The
electron density is lesser when the magnetic field is decreased
by reducing VBG = 0.8 V (B = 3 T) to VBG = −0.9 V (B =
1.25 T) for tuning νb = 2. At this point, the electron density
is close to the lowest density to obtain good ohmic contacts
and reliable transport characteristics. It is difficult to make
electron density, i.e., magnetic field, much lower.
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The 75As nuclear spin has a spin number I = 3
2 , and the

magnetic quantum number may take values |m〉 = |+ 3
2 〉,

|+ 1
2 〉, |− 1

2 〉, |− 3
2 〉, providing four different energy states as

illustrated in Fig. 2(c). All nuclear state with spin number
I > 1

2 have nonspherical charge distribution and a nonzero
electric quadrupole moment (Q). This quadrupole moment
can interact with electric field gradient (EFG) induced by
strain and shifts the energy-levels separation. In the absence
of electric field gradient, all four states are equidistant in
energy (h̄ωZ), and present a single NMR signal for any
�m = ±1 transition as indicated by the leftmost energy level
diagram in Fig. 2(c). In the presence of additional quadrupole
interaction, without considering the multiple photon process
[27], this single peak spectrally splits into three different
peaks [9,14] with the energy separation modified by ±δ as
illustrated by the middle energy-level diagram in Fig. 2(c). In
a perfectly uniform electric field gradient, it only splits the res-
onance without introducing additional broadening. The first,
second, and third peaks correspond to (|−1/2〉 ↔ |−3/2〉),
(|+1/2〉 ↔ |−1/2〉), and (|+3/2〉 ↔ |+1/2〉), respectively.
The first and third peaks are attributed to satellite transitions
(STs) in which the spectral position is modified by quadrupole
interaction (δ), whereas the second peak is attributed to the
central transition (CT) and is not modified by quadrupole
interaction. The rightmost energy level diagram in Fig. 2(c)
depicts the shifts in energy levels and resonance frequency
due to the Knight shifts (K). The presence of electron spin
polarization changes the effective magnetic field felt by the
nuclear spin. Since the electron density is spatially distributed,
the Knight shift felt by the nuclear spin would vary in space
and can be observed as an inhomogeneous broadening in the
resonance peaks.

All the RDNMR signals in Figs. 2(a) and 2(b) show
threefold spectra with a separation of � f ≈ 20 kHz between
the central and satellite transitions. Quadrupole splitting is
enhanced due to the strain between the Schottky gate and
GaAs wafer. The different thermal shrinkages between the
GaAs and metal gates enhance the electric-field gradient
(EFG) and induce quadrupole splitting, when cooled down to
300 mK. The strain field changes laterally along the quantum
well [28]; it has a minimum value right below the center gate,
becoming maximum halfway between the center and split
metal gate. In this experiment, we apply a negative voltage
to the center gate for distributing the electrons in a wide range
in space; hence, it is reasonable for the broad ST peak to be
separated by approximately 20 kHz from the CT. Our result
demonstrates that � f is independent of B, suggesting that the
electron channel is located at almost the same position for all
B. In addition, this result indicates that our control of VCG and
VSG maintains the same QPC channel condition, supporting
successful RDNMR.

In Figs. 2(a) and 2(b) another feature of the RDNMR signal
can be observed. All the RDNMR signals exhibit broaden-
ing. Lowering the magnetic field causes abrupt changes in
the diagonal resistance trace, resulting in sharper RDNMR
signals. Figure 3(a) shows a representative Gaussian fitting
of the RDNMR signal at B = 1.25 T obtained using a high-
mobility device. For first-order quadrupole interaction, where
the quadrupole energy is considerably much smaller than the

FIG. 3. (a) Representative Gaussian fitting (dashed lines) of the
RDNMR signal detected at B = 1.25 T using a high-mobility device.
Gaussian fitting is used to obtain the FWHM of the central transition.
(b) FWHM of the central transition plotted as a function of B.
The black dots (red dots) denote the FWHM of the high-mobility
(low-mobility) device. The FWHM is dependent on the magnetic
field, and approaches a lower limit of 1 kHz (blue dashed lines) corre-
sponding to the nuclear dipole interaction [7,29]. (c) Self-consistent
calculation of the conduction band-edge energy and electron density
profile along the growth direction, highlighted around the quantum
well, for two different backgate bias values.

nuclear Zeeman energy as in this case, the ST linewidth broad-
ening alone is affected, whereas the CT remains unaffected.
Thus, to avoid complication, we analyze the FWHM of the CT
of both devices, and the results are shown in Fig. 3(b); the red
(black) dots indicate the FWHM of the high-mobility (low-
mobility) device. The FWHM increases from 4 to 13 kHz
on increasing the magnetic field from 1.25 to 7 T with clear
saturation in the high-field regime. The FWHM is saturated at
13 kHz, on further increasing the magnetic field.

IV. DISCUSSION

Several factors affect the broadening of the RDNMR
signal, namely, dipolar interaction [7,29], quadrupolar in-
teraction [7,14,26], and Knight shifts [12,17,30–33]. The
broadening due to direct dipolar coupling (≈1 kHz) is field
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independent, whereas the CT is unaffected by quadrupolar
interaction. As both interactions are unaffected by B variation,
the other interactions should be considered. In nonzero elec-
tron spin polarization, the Knight shifts modify the effective
Zeeman separation between each state. The Knight shift is
proportional to the electron density [K ∝ (n↑ − n↓)], which
in our case is tuned over the B variation. We can expect the
FWHM to increase in proportion with B, when the spatial
distribution is maintained constant for the electron channel in
the QPC. After changing B, we always tune νb = 2 using the
backgate voltage. Therefore, to better understand the effect
of the bias applied to the backgate, we calculate the out-of-
plane electron density distribution in the quantum well using
the one-dimensional self-consistent Poisson and Schrödinger
equations [34]. The result at VBG = 2.6 V (0.6 V), which
corresponds to the VBG applied at B = 4 T (B = 2.5 T), is
summarized in Fig. 3(c). The out-of-plane electron density
varies slowly with VBG (i.e., the magnetic field); however,
this change is very small to explain the FWHM saturation
by the variation in the out-of-plane electron density profile.
We might need to consider the in-plane electron density
distribution to describe the saturation of the FWHM at 13 kHz.

One possible explanation is that the effect of Coulomb
interaction compromises the effect of the Knight shifts. Direct
Coulomb interaction between electrons is generally charac-
terized by VC ∝ e2/εlB. Here e is the elementary charge, ε

is the dielectric constant, and lB = √
h̄/eB is the magnetic

length. Therefore, the interaction strength scales linearly with
the square root of the magnetic field

√
B. The electrons are ex-

pected to spread-out spatially with the increase in the field to
minimize Coulomb interaction. A recent theory demonstrates
that a confined one-dimensional channel changes its shape
depending on the magnetic field [35]. It is almost the same
without the magnetic field in a low B region, but changes at
a high field, reflecting incompressible and compressible stripe
characteristics in the IQHE. The transition is expected at a B
field where lB is close to the channel width. Although lB of

approximately 13 nm at 4 T appears smaller than the expected
channel width, such a scenario might contribute to FWHM
saturation. Further experimental and theoretical studies are
needed to clarify this point.

V. SUMMARY

In summary, we detect RDNMR signals under a sim-
plest combination of (νb, νqpc) = (2, 1) down to B = 1.25 T
(B = 3.5 T) using a high-mobility (low-mobility) device. The
RDNMR amplitude decreases significantly on decreasing the
magnetic field. We can deduct the RDNMR observability
based on the quality of the νqpc = 1 conductance plateau.
The RDNMR signal is harder to detect when the νqpc = 1
conductance plateau is less pronounced because it reflects the
clear separation between the up-spin and down-spin chan-
nels. All our RDNMR signals exhibit threefold degeneracy
spectra and separation between each peak of � f ≈ 20 kHz.
The splitting is enhanced due to EFG induced-quadrupole
interaction, which is independent of the field. On the contrary,
the linewidth of the RDNMR signal is dependent on the
magnetic field. FWHM analysis reveals that the linewidth
broadening is proportional to the magnetic field in a low-
field regime reflecting the contribution of the Knight shifts,
and saturation at higher fields suggesting the contribution of
Coulomb interaction.
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