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ABSTRACT

In this Letter, we report a systematic study of a structure found in zero magnetic field at or near 0.2 x (e*/h) in Ing,5Gag,sAs
heterostructures, where e is the fundamental unit of charge and h is Planck’s constant. This structure has been observed in many samples and
stays at near constant conductance despite a large range of external potential changes, the stability indicating a quantum state. We have also
studied the structure in the presence of high in-plane magnetic fields and find an anisotropy which can be related to the Rashba spin-orbit
interaction and agrees with a recent theory based on the formation of coherent back-scattering. A possible state with conductance at
0.25 x (e*/h) has also been found. The quantum states described here will help with the fundamental understanding of low-dimensional elec-
tronic systems with strong spin-orbit coupling and may offer new perspectives for future applications in quantum information schemes.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0170273

Recently, non-magnetic fractional quantization at a series of
conductance values was discovered for hole conduction in one-
dimensional transport in Ge' and electrons in GaAs” systems using
patterned gate devices with an additional top-gate. This was the first
time that non-magnetic fractional quantization was identified in a con-
ductivity experiment, though several theoretical models have already
been proposed.”” It was found in a quasi-1D system which was weakly
confined, suggesting a completely different origin from that underlying
the fractional quantum Hall effect and indicating new physical pro-
cesses. A theoretical explanation was proposed by Shavit and Oreg” to
explain such 1D fractions, which is based on a strong electron-electron
interaction and coherent scattering between backscattered left-moving
and right-moving electrons, particularly in the presence of an asymmet-
ric 1D confinement potential. This may also be regarded as an entangle-
ment between the two channel directions when momentum conserving
backscattering occurs. A significant difference with earlier results on
GaAs is that it was not necessary to apply an asymmetric bias, which
would produce different carrier concentrations in the spin—split bands.

The Rashba spin-orbit interaction (RSOI) in heterostructures’ is
particularly appropriate for nanostructures and is based on a lack of

inversion symmetry due to the imposition of an electric field. This cou-
ples to the electron motion and can be regarded as resulting in a “syn-
thetic magnetic field”'"'" As the RSOI strength can be tuned, in
principle, by changing the shape of the confining potential via external
gate bias voltages,” it can be considered as a basis for possible spin-
tronic devices."” " In this work, we have used Ing,sGag 2sAs hetero-
structures to study spin-effects as it provides a large Zeeman energy
spin-splitting in a moderate magnetic field as well as a band bending
displaying RSOL'® Consequently, any states appearing due to coherent
backscattering may be modified by a coupling between the interaction
and the RSOL Here, the Landé g-factor, |g*| =9 in Ing;5GagosAs'’
compared to 0.44 in GaAs,'®'” with a consequently larger spin-
splitting in applied magnetic field for the case of Ing ;5Gag ,5As.

The devices are fabricated from Ing;5Gag,5As/Alg75Ing5As het-
erostructures grown using molecular beam epitaxy”’ > with the 2D
electron gas forming ~120 nm beneath the surface. The low tempera-
ture mobility of the measured devices is 2.5 x 10> cm*/V s (3.4 x 10
cm?/V s), and the electron density is 2.2 x 10" cm™* (4.9 x 10" cm™?)
in the dark (light) conditions. The devices have a strong Rashba coeffi-
cient'*" & ~ 10" eV m. The electron beam lithography defined gates
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FIG. 1. (a) The conductance in units of e%/h as a function of patterned gate voltage
against top-gate voltage (Vig) from 0V (left) to —3.5V (right) in intervals of —0.02V,
the lowest carrier concentration is on the right and highest on the left. A plateau at
0.2 x (e’/h) is observed when the top-gate voltage reached —3 V. (b) A single trace
that shows the detailed 0.2 x (e%h) structure.

in these devices are separated by 400 and 200 nm in length. A global
top-gate was patterned on the 1D channel and was insulated by a
200 nm thick layer of cross-linked poly-methyl-methacrylate.

In all the experiments, the two-terminal conductance (G) is mea-
sured in the absence of a DC source-drain voltage, by sweeping the
split-gate voltage (V) at constant top-gate voltage (Vyg), in the pres-
ence of a 10 4V ac voltage source at 77 Hz applied between the source
and drain contacts. The devices were measured in a cryogen-free dilu-
tion refrigerator with a base temperature of 25 mK. Structure was
found near 0.2 x (e’/h) and was observed in five devices from three
different wafers of similar design. This systematic study with different
conditions was repeated in two different devices during three different
cooldowns.

G /(e?/h)

pubs.aip.org/aip/apl

Figure 1(a) shows the conductance at 25 mK vs a symmetric split-
gate voltage, producing a parabolic confinement potential over a range
of stepped top-gate voltages from 0 to —3.5V in steps of —0.02V, cor-
responding to decreasing the electron density in the channel. At
Vig=0, the 1D channel is well-defined with conductance plateaus
quantized at G=n x Gy with Gy=2 X (€*/h) and n is an integer.23 In
Figs. 1(a) and 1(b), the structure forms a conductance plateau at value
02 x (e*/h) in addition to integer quantized plateaus when Vg is
changed from —3 to —3.4 V. As seen in Fig. 1(b), the 0.2 x (e’/h) struc-
ture stays constant to form a plateau despite an external V, changing
by 20mV. More detailed consideration shows that the conductance
deviation of the 0.2 x (e*/h) structure is between 0.7% and 1.0%, which
demonstrates that it is reasonably flat. Here, our results are consistent
with previous reports"” where zero-field fractions are observed at low
carrier densities. As with the latter cases, fractional plateaus are found
when the lateral confinement is weakened so allowing the electron—
electron interactions to dominate and the electrons relax in the second
dimension. We note that the existence of a conductance plateau indi-
cates that the state is independent of the change in external potential so
fitting the definition of a quantum state, i.e., is locked and independent
of small changes in the potential environment.

Figure 2 shows the temperature dependence of the 0.2 x (e*/h)
conductance structure measured at a fixed Vig = —3.4 V with the tem-
perature stabilized between 30 mK and ~1.6K in steps of 50 mK.
Figure 2(b) is an expanded part of Fig. 2(a). Plateaus at integer multi-
ples of Gy show up as expected and the 0.2 x (e*/h) appears at 30 mK.
With increasing T, however, the 0.2 ><(e2/h) structure is observed to
form a resonant shape at ~0.2 x (e*/h) before rising at the highest
temperatures eventually disappearing at 1.6 K. The transition between
a plateau and resonant shape is predicted in Shavit and Oreg” and
reproduced experimentally here. We point out that each trace has been
repeated ten times at fixed temperature to check the reproducibility.
We note an absence of any other structure below ¢*/h indicating the
absence of impurity scattering of disorder. The structure reported here
is the only type which is observed.
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FIG. 2. (a) The conductance in units of e%h as a function of Vg at fixed Vig = —3.4V against temperature (T) from 30 mK to ~1.6 K. (b) Expanded figure of (a). The conduc-

tance traces have been shifted horizontally for clarity.
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The role of disorder has also been investigated and is shown in
Fig. 3(b). In this sample, there is clearly some disorder induced scatter-
ing as what should be a spin—split plateau at e*/h has a distinct reso-
nance line shape. In this plot, the carrier concentration, confinement,
and asymmetry of confinement are reduced from right to left. It is seen
that the 0.2 x (e*/h) structure is present initially with a resonant shape
but as the asymmetry evolves to the right it increases in magnitude
and changes shape to merge with the spontaneously spin-split state
(€’/h). However, as shown in Fig. 3(b), as the asymmetry increases at a
low carrier concentration, the 0.2 x (e*/h) structure reappears and
forms a plateau before climbing toward a higher conductance with no
structure indicating the transition to 2D. The appearance of the 0.2
with a symmetric confinement potential and its disappearance and re-
emergence with increasing asymmetry is a different form of behavior
to that found in GaAs.” It is noteworthy that the fractional plateau is
pulled out of the disorder at the weakest confinement and lowest car-
rier concentration.

To explore whether the spin-orbit interaction affects the forma-
tion of fractional states, an in-plane magnetic field was applied trans-
verse to the current (i) direction [B, shown in Fig. 4(a)] and also
parallel to i [B, shown in Fig. 4(b)]. In both measurements, G is mea-
sured as a function of Vg, at a fixed Vi  against stepped B in intervals
of 0.1 T. The pinch-off voltage is different in Figs. 4(a) and 4(b) as the
sample is measured during different cooldowns.

As shown in both Figs. 4(a) and 4(b), a conductance structure at
0.2 x (e*/h) appears at zero-magnetic field. Furthermore, as a result of
the Zeeman effect, a spin-polarized state is shown in both figures as
the conductance forms a plateau at ¢*/h in high fields.”* There is some
disorder scattering present as seen by the shape of what should be
quantized plateaus. The structure above e*/h behaves in a similar way
for both figures, though fractional structures below it are sensitive to
the magnetic field direction and behave completely differently. As
shown in Fig. 4(a) when B, is applied, the 0.2 x (e*/h) structure grad-
ually vanishes when the magnetic field approaches 1T. However, the
behavior is different when the field is parallel to the current direction.
In Fig. 4(b), the 0.2 x (e*/h) structure is present at zero-magnetic field
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FIG. 3. (a) The conductance in units of e%h as a function of asymmetric split-gate
voltage at fixed Vi, The voltage difference between the split-gates (AV,,) was
incremented from 0V (left) to —1.5V (right) in steps of —0.02V. (b) Expanded fig-
ure of (a) to give details on the 0.2 x (e%h) plateau emerging at the lowest carrier
concentrations. All traces have been shifted laterally by 0.01V for clarity.
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FIG. 4. (a) Conductance in units of e?h vs Vg at fixed Vg, the in-plane magnetic
field (B), which is normal to the current direction (B, ) is stepped in intervals of 0.1 T
(cooldown 1). (b) Similar to (a) but with the direction of magnetic field in-plane-
parallel to the current. Here, B, is varied from OT (left) to 10T (right) in steps of
0.1T. For clarity, all traces in both figures have been shifted horizontally by 0.01 V.

although it forms a resonant peak rather than a plateau (deviation of
the mean value is about 5%). When B is increased from 0 to 6 T, the
mean value of the peaks stays near 0.2 x (¢*/h) with decreasing oscilla-
tory amplitude. Increasing the field to 6.3 T, the conductance suddenly
jumps to 0.4 x (e’/h), followed by a gradual decrease with increasing
field until it eventually settles at 0.25 x (e*/h) at B, = 10'T.

The differences between the two orientations of magnetic field
point to the role of the Rashba spin-orbit interaction. As pointed out
in Ref. 25, the electric field can come either from the confining 2D
electric field, producing the heterostructure, or the 1D field arising
from the split-gate voltage. However, in this instance, it is not essential
to know the relative strengths to understand the phenomenon. The
anisotropy of magnetic effects in 1D transport when the RSOI is oper-
ative has been explored in Refs. 25-27, where there is a lifting of the
spin-degeneracy for perpendicular orientation and formation of a gap
when parallel (schematic figure is given in Fig. 5). Hence, the backscat-
tering process considered by Shavit and Oreg cannot operate for B per-
pendicular when only one spin level is occupied but is operative for B
parallel. The field orientation dependence of the 0.2 feature agrees with
this expectation of the theory.

The transjtion from a fraction of 0.2-0.4 fits the Shavit and Oreg
formula % x (e*/h) with a value of 0.2 x (e*/h) when the numbers
of forward and backscattered electrons are n; =1 and n, =2. If this
changes to n; =1 and n, = 3, then the increase to 0.4 x (€*/h) follows.
The subsequent decrease to 0.25 cannot be explained by this model
and possibly points to a pairing which has been suggested can be a
consequence of the RSOT™* or found due to a repulsive potential.”’

A similar phenomenon has been reported in Ge,' where a 0.25
x (¢*/h) plateau is also observed when B, =8T. However, the 0.25
x (e*/h) originated from a 0.5 x (e*/h) plateau at zero-field and was
halved as a result of spin-polarization at a high field. Here, the electron
spin starts to polarize at 4T indicated by a clear quantized plateau at

Appl. Phys. Lett. 123, 183502 (2023); doi: 10.1063/5.0170273
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FIG. 5. A schematic figure of energy dispersion showing the effect of an in-plane (a) transverse (B ) and (b) parallel (B,) applied magnetic field on the spin-gap structure
observed with weak RSOI coupling. The field direction is expressed compared to the direction of current (i). We also show the directions of scattering for parallel configuration.

Er indicates the Fermi energy.

e?/h, and as shown in Fig. 4(b), the 0.2 x (ez/h) structure is not
affected by the lifting of spin-degeneracy and stays constant until 6 T.
Therefore, it suggests that the fractional conductance quantized at 0.25
x (€*/h) is already a spin-polarized state. Another possible explanation
for the 0.25 x (e*/h) state is fractional charge,‘w where such conduc-
tance value can be easily understood by substituting (1/2) x e for e.

A similar 0.2 x (e*/h) structure has been observed in LaAlOs/
SrTiOs-based 1D electron waveguides at zero magnetic field.”"”* Both
LaAlO;/SrTiO; and InGaAs systems possess strong spin-orbit cou-
pling, although the electron—electron interaction can be attractive in
LaAlO5/SrTiOj; heterostructures, in the InGaAs systems, it is repulsive.

As a final comment, we point out that the 0.7 structure,” which
was initially found some time ago and has been explored in depth is
not related to the present findings. The 0.7 corresponds to 1.4 x (e*/h)
and its characteristic is that it declines to e*/h in the presence of a mag-
netic field indicating the dependence on spin-polarization. Here, the
structure is below e*/h and does not show a decline with increasing
magnetic field. The theory of Shavit and Oreg” has been quoted as this
gives a good agreement with the discovered odd denominator fractions
and alternatives are not available.

In summary, we have presented evidence for the existence of non-
magnetic fractional quantization of conductance combined with the
RSO, which produces differences from the results found in materials
with weak RSOI. The spin-dependent lateral displacement of the E-k
relations produces the requisite band structure for coherent back scat-
tering which is created by asymmetric confinement when the RSOI is
absent. In addition, the orientation of a magnetic field produces mark-
edly different effects on fractionalization. Increasing the strength of the
1D confinement will produce a range of different aspects of fractionali-
zation, and this work illustrates the role of manipulation of the wave-
function, which can lead to a number of new physical phenomena.

The authors would like to thank Professor Yuval Oreg and
Dr. Gal Shavit for many fruitful discussions.
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