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ABSTRACT

Constricting transport through a one-dimensional quantum point contact in the quantum Hall regime enables gate-tunable selection of the edge
modes propagating between voltage probe electrodes. Here, we investigate the quantum Hall effect in a quantum point contact fabricated on low dis-
order strained germanium quantum wells. For increasing magnetic field, we observe Zeeman spin-split 1D ballistic hole transport evolving to integer
quantum Hall states, with well-defined quantized conductance increasing in multiples of ¢*/h down to the first integer filling factor v = 1. These
results establish strained germanium as a viable platform for complex experiments probing many-body states and quantum phase transitions.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0307573

Quantum point contacts (QPCs) offer a versatile platform for
investigating many-body correlations in low-dimensional condensed
matter systems. A well-known case is the so-called 0.7 anomaly, a
shoulder-like  feature in the conductance occurring at
G = 0.7 x 2¢?/h, which has been interpreted as arising from the for-
mation of a quasi-bound state in the constriction exhibiting Kondo or
Kondo-like correlations."” Beyond this, QPCs can be coupled to meso-
scopic reservoirs, such as metallic islands, enabling experimental access
to the multichannel Kondo regime.’z’4 Furthermore, QPCs have also
been used to tune the conduction of many-body fractional quantum
Hall edge modes” and to select 2D edge modes for creating coupled
Kondo states, of interest for quantum simulation of quantum phase
transitions.’

Thus far, the majority of experimental studies of many-body
physics and quantum Hall edge states in hole quantum point contacts
have been reported in high-mobility GaAs heterostructures.”” '’
Amongst group IV semiconductors, strained germanium quantum
wells'" are an alternative promising platform due to the high mobil-
ity'” " and light effective mass."” However, germanium remains com-
paratively unexplored in the context of QPCs, despite its rapidly
growing importance as a host material for low-noise spin qubits in
quantum dots,'® superconductor-semiconductor devices for hybrid
quantum systems,'” and other fundamental physics phenomena due

7

to its strong spin-orbit coupling. Ballistic 1D hole transport has previ-
ously been reported in germanium-based QPCs, as well as anisotropic
Zeeman spin splitting of the 1D conductance subbands in the out-of-
plane field direction due to a large out-of-plane g-factor.'” > However,
gate-tunable transmission of integer Landau edge modes in germa-
nium QPCs has not been previously reported.

In this Letter, we study high-field magnetotransport in QPCs fab-
ricated on a strained germanium quantum well,” which was used pre-
viously in several spin qubit experiments.”” *” In the absence of a
magnetic field we observe characteristic quantized ballistic transport in
the QPC. In a small out-of-plane magnetic field we observe Zeeman
spin splitting of the 1D subbands along with an upward shift in energy
due to the field coupling to the hole orbital momentum. When the
field is sufficiently large such that the radius of cyclotron orbit is on a
similar or smaller length scale than the width of the QPC, we observe a
transition to 2D quantum Hall physics and the emergence of integer
Landau levels, with evidence for well-defined quantum Hall plateaus
down to the first » = 1 Landau level filling.

The quantum point contact device is a two-gate layer stack
fabricated on undoped accumulation mode Ge/SiGe quantum
well heterostructure on a silicon wafer with peak mobility
i=2.5x 10° cm?V~!s7!*" using standard electron beam lithogra-
phy techniques.”® The two-dimensional hole gas (2DHG) forms in the

Appl. Phys. Lett. 128, 052103 (2026); doi: 10.1063/5.0307573
© Author(s) 2026

128, 052103-1

60:71:€} 920 Aienugad 0L


https://doi.org/10.1063/5.0307573
https://doi.org/10.1063/5.0307573
https://doi.org/10.1063/5.0307573
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0307573
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0307573&domain=pdf&date_stamp=2026-02-04
https://orcid.org/0000-0002-2323-7823
https://orcid.org/0009-0008-9053-049X
https://orcid.org/0000-0003-2275-8288
https://orcid.org/0009-0003-2891-4795
https://orcid.org/0000-0003-2512-0079
mailto:g.scappucci@tudelft.nl
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0307573
pubs.aip.org/aip/apl

Applied Physics Letters

compressively strained Ge quantum well, positioned 55 nm below the
dielectric interface, via a global titanium/palladium top gate and has
been characterized in previous work.”' The 2DHG is further confined
using a pair of Ti/Pd QPC split gates 300 nm long and 300 nm wide to
deplete the 2DHG and create a ballistic 1D channel between two
2DHG reservoirs. The QPC split gates are separated from the hetero-
structure by a 7nm thick layer of Al,O; deposited via atomic layer
deposition, and a 20 nm thick layer of Al,O; separates the split gates
and the top gate. Ohmic contact is made via thermally annealed plati-
num contacts. A scanning electron micrograph of the device along with
a schematic of the measurement circuit is provided in Fig. 1(a).
Measurements were performed in a dilution refrigerator with a base
temperature of 85 mK at the mixing chamber, using low-frequency ac
lock-in techniques with an applied excitation voltage Viq .. =100 uV.
Measurements presented here were performed at a fixed 2D hole den-
sity of p=1.6x 10" cm?, calculated from the frequency of
Shubnikov-de Haas oscillations when the QPC gates are open in the
2D regime. The longitudinal voltage Vi was measured across the sam-
ple, while the Hall voltage Vi is measured diagonally across the QPC.
As a preliminary characterization, we show in Fig. 1(b) longitudi-
nal conductance at B = 0T calculated as G = % / ( ‘I%X - Rs), where
R is the series resistance correction accounting for the resistivity of the
2D hole reservoirs between the QPC constriction and the voltage
probe contacts. The conductance exhibits quantized plateaus in integer
multiples of 2¢?/h as a function of side gate voltage Vi, characteristic
of ballistic 1D transport. The shoulder-like structure at 0.7 x 2¢*/h is
an expected feature in QPC conductance and can be attributed to the
formation of a quasi-bound state in the vicinity of the saddle-point
potential formed by the QPC gates.””** In our data, the 0.7 anomaly
is a weak feature due to the relatively low effective mass of holes in
germanium (m; = 0.06) and low measurement temperature (see
supplementary material Sec. I for additional discussion). Moving on to
finite bias spectroscopy, Fig. 1(c) is a color map of transconductance

(a) (b)
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dG/dVg as a function of Vi, and Vg 4c. Applying a dc voltage causes
the 1D subbands to evolve from conductance quantized at multiples of
2¢?/h to odd multiples of ¢?/h, from which the subband spacing
AE, ,+1 = eVy can be extracted and is plotted with respect to sub-
band index # in Fig. 1(d).”” While the QPC constriction gates are gen-
erally stable over time with minimal drift in pinch-off voltage observed
(see supplementary material Sec. I), we observe small local charge
jumps (AVy = —10mV) in the QPC constriction gates in Fig. 1(c).
These charge jumps are likely due to one or more charge defects under
the QPC split gates and do not affect the overall visibility of the 1D
subband spacing. The values found here for the energy spacing
between 1D subbands are consistent with those reported in a similar
strongly confined split-gate QPC with a global top gate architecture in
Ref. 20. The 1D subband energy spacing in this germanium hole QPC
is an order of magnitude larger than the 1D subband spacing of holes
in comparable QPC devices in GaAs.””” The larger 1D subband spac-
ing of holes in germanium can be attributed to germanium having a
lighter hole effective mass m} ~ 0.06m,~ compared to m; = 0.4m,
for holes in GaAs.”' The energy spacings of the germanium 1D hole
subbands reported in Ref. 19 are an order of magnitude smaller, which
is likely due to the different electrostatic confinement profile created
from using an architecture consisting of a channel gate and two side
gates.

Figure 2(a) is a color map of longitudinal resistance Ry plotted
against split-gate voltage V; and out-of-plane perpendicular magnetic
field B, . The lighter regions correspond to high resistance. Darker
regions correspond to low or zero resistivity. On the far left side of the
panel at B = 0: the 1D subband occupation is zero in the vicinity of
QPC pinch-off at Viz > 400 mV. As the Vi, becomes more negative,
the electrostatic confinement of the QPC widens, and 1D subbands
occupy the constriction. The region where Ry =~ 12.9kQ at 400
> Vg > 200 corresponds to the first 1D conductance plateau 2e* /h.
As Vi, becomes more negative, additional 1D subbands occupy the

(d)
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FIG. 1. (a) Scanning electron micrograph of a nominally identical quantum point contact (QPC) device and schematic of the circuit. An ac-voltage signal Vsq is applied across
the QPC, and Ky, Vi, and V;; are measured. (b) Conductance G as a function of split-gate voltage Vs,. Plateaus form at integer multiples of 26 /h indicating ballistic 1D con-
ductance inside the QPC constriction. The trace has been corrected for a series resistance Rs = 2.4 kQ). The gray arrow indicates the 0.7 x 2¢? /h anomaly. (c) Color map of
source-drain bias transconductance 9G/dVs, (a.u.) plotted against Vi and Vsg. Light blue regions correspond to risers in 1D conductance and dark blue regions correspond
to plateaus. Vg was swept from pinch-off at Vsq = 450 mV toward Vs; = —250 mV at increments of Vsq4c. The white overlaid traces indicate the dc voltage drop across the
QPC. (d) 1D subband spacing AE, ;.1 as a function of subband index n extracted from source—drain bias spectroscopy in panel (c).
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FIG. 2. (a) Color map of longitudinal resistivity Ry as a function of split-gate voltage
Vg and out-of-plane magnetic field B, . The bottom of the map is the region of
QPC pinch-off; the 1D subband occupation of the QPC approaches the 2D definition
point near the top of the map. The integer Landau filling factors are labeled. (b)
Color map of diagonal resistivity Ry, as a function of split-gate voltage Vsq and out-
of-plane magnetic field B, . The overlaid white dashed line indicates when the cal-
culated electrostatic width of the QPC (Wqpc) equals twice the cyclotron radius
(2r;), marking the transition from ballistic 1D transport to 2D Landau fan behavior
(see supplementary material Sec. Il). (c) Transconductance dGy, /dVgg plotted with
respect to Vsy and magnetic field B. Dark regions correspond to conductance pla-
teaus and light regions correspond to conductance risers. The dashed line again

indicates the transition from 1D to 2D.

QPC and Ry, decreases in steps. Where Vi, < —400mT, the QPC
gates are no longer electrostatically confining the holes to a 1D channel
and the system is effectively 2D. As B increases toward 1T, the sub-
bands undergo Zeeman spin splitting. The subbands also have a
noticeable upward curvature due to B, coupling with the orbital
momentum of the holes, which further confines the holes and pushes
the subbands higher in energy. When B is sufficiently large such that
the magnetic length /p of a given 1D subband is smaller than the width

ARTICLE pubs.aip.org/aip/apl

of the QPC channel, 2D integer Landau levels start to emerge. At
B=4.5T, the n = 1 subband evolves into the » = 1 Landau level and
the system is purely 2D. At B= 5T, Ry = 0 and only a single edge
mode is propagating through the QPC. At B=32T when
Vg < 200mV, Ry = 0 and two edge modes are propagating through
the QPC; when 400 mV > Vg >200mV, a single spin-resolved bal-
listic conductance channel occupies the QPC and has resistance
Ry = 12.9kQ. At non-integer filling factors at low magnetic field, the
Ry of the single spin-resolved conductance channel recovers its usual
magnitude of 25.8 kQ (corresponding to Gy, = €*/h). The drop in Ry
in the ballistic 1D conductance regime at integer filling factors gives
rise to the overall effect of fluctuating Ry, that is periodic in 1/B and
non-dispersive in V. This phenomenon is described in Ref. 32 and
further discussion is provided in supplementary material Sec. IIL

Figure 2(b) is a color map of Hall resistance R} plotted against
split-gate voltage Vi, and magnetic field B . Similarly to Fig. 2(a), the
lighter regions correspond to high resistivity, and darker regions corre-
spond to low resistivity. The 1D Zeeman spin-split subbands are visible
at B < 1T and Landau levels emerge beyond B > 1.5 T. The fluctuat-
ing resistance between integer and non-integer filling factors comes
from the fluctuating Ry, component of R, described for panel (a). The
fine fringe-like structures that appear in both Ry, and Ry, at B=4T
can be attributed to tunneling between the 1D ballistic channel and the
2D v =1 Landau level.” Beyond B =~ 5.5T, field-induced disorder
begins to emerge, and we are unable to observe fractional states
expected at higher fields in this measurement. The field-induced disor-
der emerges first in the 1D quantum limit in the vicinity of Vi,
= 400 mV and can be interpreted as the magnetic length approaching
the scale of fluctuations in the 2DHG potential. ™

Figure 2(c) shows transconductance aGiy /OV as a function of
Ve and magnetic field B. Similarly to Fig. 1(c), bright regions corre-
spond to risers in conductance and dark regions correspond to pla-
teaus. Each 1D subband is spin degenerate at B = 0T, then undergoes
Zeeman spin splitting in the low-field regime, where Wqpc < 27.. Ata
sufficiently high field, where Wqpc > 27, the spin-resolved 1D sub-
bands take on Landau fan-like behavior and continue to evolve linearly
in the magnetic field until they form edge modes. The fluctuations in
resistance Ry and R}, (and correspondingly conductance Gy,), where
there is 1D ballistic transport coinciding at 2D integer filling factors,
are not visible in 0Gy, /0V.

Figure 3 shows the conductance G with respect to Vg, at the v/
=1,2,3,4 Landau levels, taken at B = 5.0, 3.2, 2.2, 1.7 T, respec-
tively. These line cuts correspond to the indicated regions of Ry and
Ryy in Fig. 2 and have been corrected for the series resistance R, of the
2DHG reservoirs (which varies with respect to the out-of-plane field)
and offset in Vi for clarity.”” In the absence of a magnetic field, the 1D
conductance shows up to six clear plateaus at integer multiples of
2¢*/h [see Fig. 1(b)]. A v = 1, the conductance exhibits only a single
plateau at G = ¢?/h. As the Landau level occupation of the QPC con-
striction increases to v = 2, then v = 3, and additional edge modes
are able to propagate, and conductance steps emerge at G = 2¢%/h
and G = 3¢?/h, respectively. All four line cuts exhibit well-defined
steep pinch-offs, indicating that there is no disorder such as spurious
charge traps in the vicinity of the 1D constriction. Small oscillations on
the plateau of v = 2 and more substantially on the plateau of v = 3
are likely Fabry-Pérot oscillations due to interference of reflected edge
modes.™
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FIG. 3. Transverse (Hall) conductance G;, as a function of split-gate voltage
Vgg at Landau filling factors v = 1,2,3,4, taken at B=5T, 3.2T, 2.2T, and
1.7T, respectively. Each trace has been corrected for a fixed series resistance
of Ry = 5.6kQ,3.3kQ, 4.9kQ, and 6.7 kQ, respectively. Traces have been offset
in Vg for clarity.

The excellent quantization particularly at filling factors v =1
and v = 2 demonstrates that strained germanium is a viable platform
for implementing more complex experiments probing many-body
states and quantum phase transitions typically performed on III-V
materials.” This is despite strained germanium quantum wells for this
study were grown on a silicon substrate, having known structural dis-
order due to the lattice mismatch and fluctuating strain-related defects
impacting 2D hole gas mobility.”*' More recent generations of
strained Ge quantum wells grown on germanium substrates are sub-
stantially less disordered due to one order of magnitude less disloca-
tions with an order of magnitude higher mobility and 2x smaller
percolation density.'” We anticipate that future QPC devices fabricated
on such wafers offer a potential path forward to explore more complex
quasiparticle phenomena such as fractional quantum Hall effects and
chiral edge states.™”

See the supplementary material for measurements of QPC con-
ductance in magnetic fields of less than 0.5 Tesla, further discussions
of the transition from 1D to 2D, the calculated electrostatic width of
the QPC, and transconductance maps.
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