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We study the edge-channel transport at quantum Hall �QH� transition regions for a high-mobility Si/SiGe
QH conductor by measuring nonlocal resistance �RNL�. The RNL as a function of magnetic field changes
drastically after Landau-level crossings. The features of the RNL depend on the spin configuration between the
innermost edge channel and the bulk state: the RNL appears only when the relevant edge-bulk states have
opposite spin orientations. Also, an origin of the spin-dependent resistivity �Phys. Rev. Lett. 94, 176402
�2005�� at QH transition regions is discussed in terms of the spin-dependent inter-edge-bulk scattering.
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In a perpendicular high magnetic field, the energy spec-
trum of a two-dimensional electron system �2DES� splits
into discrete quantized energies, Landau levels �LLs�. When
the magnetic field is tilted from the normal to the 2DES
plane, the Zeeman splitting ��Ez� is enhanced with increas-
ing parallel magnetic component �B�� in addition to the nor-
mal component �B��, leading to a Landau-level crossing,
which is the so-called coincidence. Using this coincidence
method, one can examine the correlation between magne-
totransport and the spin configuration of the relevant LLs. In
2DESs confined to AlAs quantum wells, Vakili et al.1 re-
cently discovered the spin-dependent resistivity at the transi-
tion region between integer quantum Hall �QH� states before
and after coincidence conditions: enhancement of the resis-
tivity can be seen when the spin orientation of the partially
filled LL was aligned with the majority spin. A similar spin-
dependent resistivity was also observed in high-mobility
Si/SiGe heterostructures.2 The above two studies claimed
that the spin-dependent resistivity originates from a screen-
ing effect of the Coulomb interaction from the low-lying
filled LLs. In the QH regime, on the other hand, the impor-
tance of edge-channel transport has been indicated,3–5 and it
was suggested that scattering events between edge channels
are related to the spin configuration of the relevant edge
channels.6,7 Recently, using a coincidence method, we ex-
perimentally demonstrated the strong spin dependence of the
inter-edge-channel scattering event in a Si/SiGe QH device.8

Since adiabatic edge-channel transport affects the magne-
totransport properties even at QH transition regions,9,10 we
need to pay attention to the effect of the spin configuration of
the relevant edge and bulk states on edge-channel transport
to clarify the origin of the spin-dependent resistivity which is
a recent topic in dispute.1,2

In this report, we study the adiabatic edge-channel trans-
port at QH transition regions for a high-mobility Si/SiGe
heterostructure. The nonlocal resistance �RNL�, which is a
conventional tool to directly detect the inter-edge-bulk �IEB�
scattering rate, depends strongly on the spin configuration
between the innermost edge channel and the bulk state: the
RNL is experimentally observed only when the relevant edge-

bulk states have opposite spin orientations. Also, we find that
the variation in the RNL amplitude is opposite to that in the
longitudinal resistance �Rxx� amplitude before and after the
coincidences. A possible origin of the spin-dependent resis-
tivity discovered by Vakili et al.1 at QH transition regions is
the spin-dependent IEB scattering.

We study a high-mobility Si/Si0.75Ge0.25 heterostructure
grown by molecular beam epitaxy �MBE� on a strained-
relaxed Si0.75Ge0.25 buffer layer smoothed by chemical me-
chanical polishing �CMP�.11 The wafer has an electron mo-
bility of 41 m2/V s and electron density of 1.96�1015 m−2

at 50 mK, and was patterned into 40-�m-wide Hall bars with
alloyed AuSb Ohmic contacts as shown in the inset of Fig.
1�b�. Transport measurements were performed using stan-
dard lock-in techniques �18 Hz� with various alternating cur-

FIG. 1. �Color online� �a� Nonlocal resistance �RNL=R15,23� and
�b� longitudinal resistance �Rxx=R46,21� as a function of external
magnetic field for various measurement currents. The inset shows
the optical micrograph of the Hall bar sample, and the numbers
used in the measurements are depicted.
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rents �Iac� in a 3He-4He dilution refrigerator at 50 mK.
Figure 1 shows �a� nonlocal resistance �RNL� and �b� lon-

gitudinal resistance �Rxx� as a function of total magnetic field
�Btotal� for various currents Iac of 20, 50, 100, and 200 nA.
The RNL and Rxx are defined as R15,23=V23/ I15 and R46,21
=V21/ I46, respectively, as shown in the inset of Fig. 1�b�. The
plateaus at filling factors of Landau levels, �=2,6 ,10, . . .
and �=4,8 ,12, . . ., are attributed to Zeeman splitting and
cyclotron energy gaps, respectively. Also, the dip structures
shown at odd integer filling factors of �=3 and 5 are derived
from valley splitting. Classically, the V23/ I15 �=R15,23� cannot
emerge because the current path is far from the voltage
probes. In Fig. 1�a�, however, the RNL as a function of Btotal
is clearly observed with significant Iac dependence at the
transition regions between QH states. These are the first ob-
servations of the RNL for Si-based QH systems. The observed
RNL in Fig. 1�a� indicates the presence of adiabatic edge-
channel transport at transition regions in the Si/SiGe QH
conductor. A similar adiabatic transport over macroscopic
lengths has already been observed in high-mobility
AlGaAs/GaAs QH conductors,9,10 in which the RNL arises
from suppression of the electron scattering between the in-
nermost edge channel and the bulk state.9,10 Here we regard
two valley-induced edge channels as one degenerated edge
channel. With increasing Iac, the IEB scattering is acceler-
ated, leading to a decrease in the amplitude of the RNL. An
evident current dependence of Shubnikov–de Haas oscilla-
tions �Rxx -Btotal curves� is also seen in Fig. 1�b�, and the
oscillations are significantly grown with increasing Iac, which
are caused by an acceleration of the IEB scattering. We note

that the current dependence of the Rxx is opposite to that of
the RNL.

To explore the change in the IEB scattering before and
after coincidences, we measure the angular-dependent RNL.
Figure 2 shows the RNL-B� curves for various values of �,
where � is defined as an angle between the direction normal
to the 2DES plane and the direction of an applied magnetic
field.12 The measured data are recorded at Iac=20 nA. The
first, second, and third coincidence angles �1, �2, and �3,
were deduced by measuring Rxx for different �: �1=65.6°,
�2=77.5°, and �3=82.6°.13–15 After the first coincidence, the
signal from the RNL disappears once in 65.6° ���68.9° in
all over the B� range. Although we can see wiggles and very
small peaks, we checked that these features have no current
dependence: these data are not related to the RNL with the
current dependence which was observed in Fig. 1�a�. These
features probably originate from the field dependence of Rxx
component due to the sample geometry used. For the follow-
ing findings, we have already examined the above current
dependence to judge whether these are RNL components or
not. In 69.5° ���77.0°, the RNL appears again whereas no
signal from the RNL in 2���4 can be seen. Also, near the
second coincidence angle ���77.2° �, the RNL vanishes
again, but we can see the small peaks from the RNL in 6
���10 in 78.5° ���81.8°, together with no RNL signal in
4���6. With further increasing �, we observed no signal
from the RNL once again in 82.1° ���83.2°. Though a very
small signal from the RNL in 10���12 was detected at �
=83.1° and �=83.3°, we could not obtain it at �=83.6°.

Figure 3 shows the plots of the RNL �red� and Rxx �blue� as
a function of 1/cos � �=Btotal /B�� for various B�. First, we
focus on the RNL vs 1/cos � for the representative B� with a
RNL peak. At B�=2.28 T ��=3.56�, a finite RNL decreases

FIG. 2. �Color online� �a� The RNL-B� curves measured at vari-
ous �. The blue dashed lines indicate the plateau center of the QH
states, and the LL filling factors are marked on the top. All the data
are measured at Iac=20 nA.

FIG. 3. �Color online� Plots of the RNL �left axis� and the Rxx

�right axis� vs 1/cos� for B�= �a� 2.28 T, �b� 1.5 T, and �c� 1.15 T.
The gray dashed lines correspond to the first, second, and third
coincidence angles �1, �2, and �3. The spin orientations of the in-
nermost edge channel and the bulk state are depicted.
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abruptly down to �0 at around �1. This means that the QH
state collapses at coincidence conditions, where one cannot
distinguish the edge channels and the bulk state. It should be
noted that, in �1����2, the RNL remains zero even after the
coincidence. For B�=1.5 T ��=5.4�, on the other hand, the
RNL can be seen again in �1����2, indicating that the IEB
scattering is suppressed. In �2����3, however, the RNL dis-
appears again, being similar to that seen in �1����2 for
B�=2.28 T. For B�=1.15 T ��=7.05�, the RNL can be ob-
served even in �2����3, but the RNL vanishes in �3��.

From the data, we can find the RNL—that is, suppression
of the IEB scattering—depends strongly on the coincidence
events. In order to comprehend the features gained in Fig. 3,
we illustrate �a� the energy level diagrams and �b� the repre-
sentative dispersion diagrams of edge and bulk states at QH
transition regions in Fig. 4. In 0° ����1, the spin orienta-
tions of the edge channel and the inner bulk state always
become opposite when the Fermi level is located in the tran-
sition regions between QH states as shown in Fig. 4�a�. In
contrast, the spin configuration of �edge channel, bulk state�
in 2���4 is switched from �↓, ↑� to �↓, ↓� after the first
coincidence ��1����2�, induced by the enhancement in
�Ez. After the second coincidence ��2����3�, spin switch-
ing also occurs in 4���6, and the similar switching can be
expected in 6���8 after the third coincidence ��3���. In
this context, it can be inferred that the observed disappear-
ance of the RNL for B�=2.28 T in �1����2, 1.5 T in �2
����3, and 1.15 T in �3�� is related to the spin configu-
ration of the relevant edge and bulk states. For example, we
pay attention to the 4���6 transition region and the sche-
matic dispersion diagrams in Fig. 4�b�. After the second co-
incidence ��2����3�, the spin configuration between the
innermost edge channel and the bulk state is varied from �↓,
↑� to �↓, ↓�; that is, the spin orientations become the same,
while the spin orientations are opposite after the first coinci-
dence ��1����2� in spite of the spin switching. Here we
return to the data for B�=1.5 T ��=5.4� in Fig. 3 where the
RNL did not appear after the second coincidence ��2��
��3�. In this regard, we review that the effect of spin con-
figuration on the RNL. When the spin orientations of the edge
and bulk states are the same—e.g., �↓, ↓�—the IEB scattering
is likely to be accelerated. The same interpretation can be
adapted for the data for B�=2.28 T ��=3.56� and B�

=1.15 T ��=7.05�. The other transition regions—e.g., 8��
�10, etc.—showed the same features qualitatively.

In AlGaAs/GaAs systems,5 the scattering between the in-
nermost edge channel and the bulk state is governed by their
spatial separation, �X. In particular, the �X of the spin-
resolved levels is based on the �Ez; as a result, the IEB
scattering can be generally suppressed as the �X is expanded
by the enhancement in the �Ez. In the present case, when the
� is raised and the first coincidence occurs, the �X becomes
the maximum derived from the cyclotron energy gap of 	
c.
However, the RNL cannot be seen with increasing � in 2
���4. In short, the edge-bulk scattering events cannot be
explained only by the change in the �X. Hence, we should
deliberate the spin configuration in the relevant edge-bulk
states in order to interpret the features observed in Fig. 3.
Recently, we experimentally demonstrated that the inter-

edge-channel �IEC� scattering depends merely on the spin
orientation between the relevant edge channels in a Si/SiGe
QH device.8 The RNL discussed here depends on the spin
configuration of the edge and bulk states, as well as the edge-
edge scattering reported previously.6–8 We now infer that the
suppression of the IEB scattering originates from the restric-
tion of the spin-flip scattering processes, caused by the weak
spin-orbit interaction in Si systems.8

We in turn concentrate on the Rxx as a function of 1/cos �
in Fig. 3. For B�=2.28 T ��=3.56� the Rxx increases signifi-
cantly at around �1, which is a general feature around coin-
cidence conditions.13–15 After the first coincidence ��1��
��2�, the Rxx shows a constant value of �6 k�. Also, for
B�=1.5 T ��=5.4� and B�=1.15 T ��=7.05�, similar satu-
ration behavior of the Rxx can be seen after the second and
third coincidences ��2����3 and �3���, respectively. The
saturated Rxx after the increase has already been reported in
AlAs quantum wells in Fig. 2 of Ref. 1, and this has been
considered as the spin-dependent resistivity due to screening
effect of the Coulomb interaction from the filled LLs.1,2 We
notice that the RNL discussed above vanishes with the satu-
ration of the Rxx when the spin orientations of the low-lying
LLs are the same in regard to the partially filled level in
which the Fermi energy resides. Taking this inverse depen-
dence and the current dependence shown in Fig. 1 into ac-
count, we can deduce that the Rxx features presented here are
dominated by the IEB scattering event. Namely, with regard
to the spin-dependent resistivity discovered by Vakili et al.,1

our experimental data in Fig. 3 indicate the clear influence of
the IEB scattering of electrons on the Rxx: when the Rxx is
suppressed, the RNL appears, while when the Rxx is enhanced,
the RNL disappears, systematically. As is well known, since
the IEB scattering depends on the magnitude of the current
flow,9 the complicated current dependence of the IEB scat-
tering also becomes crucial. In fact, although the spin-
dependent Rxx similar to the data reported by Lai et al.2 was
observed at Iac=20 nA after the first coincidence, the spin

FIG. 4. �Color online� �a� Energy-level diagrams of electrons for
0° ����1, �1����2, and �2����3 in the single-particle pic-
ture for Si/SiGe QH systems. �b� Energy dispersion diagrams of the
relevant edge and bulk states in 4���6 for various �.
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dependence was broken by increasing Iac for our samples
�not shown here�. Accordingly, the spin dependence of the
RNL presented in this paper—i.e., the spin-dependent sup-
pression of the IEB scattering—influences the Rxx at transi-
tion regions in QH systems.

In summary, we have studied a nonlocal resistance due to
the suppression of the inter-edge-bulk scattering of electrons
for a high-mobility Si/SiGe quantum Hall system. We have
found an evident dependence of the nonlocal resistance on
the spin configurations of the relevant edge-bulk regions.

Also, the spin-dependent resistivity discovered by Vakili et
al.1 at QH transition regions can be probed by measuring the
nonlocal resistance.
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