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Doubly Enhanced Skyrmions in ν = 2 Bilayer Quantum Hall States
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Skyrmion excitations were measured and compared for the first time in the bilayer quantum
Hall (QH) state at the Landau-level filling factor ν = 2 and in the monolayer QH state at ν = 1.
The observed number of flipped spins, Nspin, is 14 in the bilayer sample with a large tunnelling
gap, and Nspin = 7 in the bilayer sample with a small tunnelling gap, while it is Nspin = 7 in the
monolayer sample. The difference is interpreted to be due to the interlayer exchange interaction.
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The bilayer quantum Hall (QH) state has attracted
a great deal of recent attention, particularly at the
Landau-level filling factor ν = 2. At this filling factor,
the competition between the tunnelling and the Zeeman
effect leads to interesting physics. A phase transition
has been observed between the spin-polarized state and
the spin-unpolarized state, as revealed by magnetotrans-
port measurements,1, 2) light-scattering spectroscopy3, 4)

and capacitance spectroscopy.5) The existence of inter-
layer coherence has been pointed out2, 6) in the ν = 2
spin-unpolarized bilayer QH state. Moreover, some the-
oretical works suggest a new phase that is a canted anti-
ferromagnetic state.7) In the ν = 2 spin-polarized bilayer
QH state, electrons in each layer tend to configure the
monolayer ν = 1 QH state separately,1) which is referred
to as the compound state. This state is realized when the
electron density of each layer is equal and the total den-
sity nt is sufficiently high.1, 8) It is important to explore
whether there is any difference between the excitations
in the compound ν = 2 state and the simple monolayer
ν = 1 QH state, since it will yield deep insight into the
role of the interlayer Coulomb and tunnelling interac-
tions.

In the monolayer ν = 1 QH state, the Coulomb inter-
action makes the excitation energy much larger than the
expected single-particle Zeeman energy. Provided that
the Zeeman effect is small, the lowest-energy-charged
excitations are spin textures known as Skyrmions.9-17)

They are characterized by the number of flipped spins,
Nspin. Nspin is determined from the measurements of
the activation energy by tilting a sample in the mag-
netic field while keeping the perpendicular component
B⊥ fixed. The in-plane magnetic field B‖ couples to the
system only through the Zeeman energy. The depen-
dence of the excitation energy ∆ on the total magnetic
field Btot is

∆ = ∆0,s(B⊥) +Nspin|g
∗|µBBtot. (1)

The activation energy ∆ is determined from the tem-

perature dependence of the magnetoresistance: Rxx =
R0 exp(−∆/2T ). The first term, ∆0,s, is the contri-
bution to the gap from the non-Zeeman effect such as
the Coulomb interaction, and usually depends on the
impurity concentration. Here, g∗ is the gyromagnetic
ratio (g∗ = −0.46 in GaAs) and µB is the Bohr mag-
neton. From this equation, Nspin is determined by
∂∆/∂(|g∗|µBBtot). Nspin decreases as the total field in-
creases,12) because the Skyrmion size becomes smaller.

In this Letter, we investigate Skyrmion excitations in
the compound ν = 2 state. Because a compound state
is composed of two independent monolayer states, the
tunnelling gap collapses, and spin excitations can be an-
alyzed by eq. (1). We compare the activation energy of
the bilayer ν = 2 QH state in the samples with different
tunnelling energy gaps ∆SAS with that of the induced
monolayer ν = 1 QH state. Here, the induced monolayer
state is constructed by emptying the electrons in one
layer (the experimental technique is explained in next
paragraph) in the same double quantum well sample.

Three samples with different barrier heights but the
same barrier width were grown by molecular-beam epi-

Fig. 1. Rxx vs B at θ = 0◦ in sample #10.9 with nt = 1.2 ×
1011 cm−2 at the balanced point. The inset shows an Arrhenius
plot of the magnetoresistance at ν = (B⊥ = .59 T).2 2
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Figure 2 presents the results of measurements by tilt-
ing sample #1 with a small tunnelling gap (∆SAS =
1 K). The activation energy divided by the Coulomb en-
ergy is plotted vs the Zeeman energy divided by the
Coulomb energy RZ/C = |g∗|µBBtot/(e

2/ε`0), where

`0 =
√
h̄/eB⊥ is the magnetic length. We used the di-

electric constant ε = 12.9. Each data set starts from
the magnetic field normal to the two-dimensional plane
(Btot = B⊥). As Fig. 2 shows, in the ν = 2 data at
nt = 1.2×1011 cm−2, the activation energy initially rises
quickly as the total magnetic field increases, where Nspin

is found to be about 7. At RZ/C = 0.027, the slope
changes suddenly and we obtain about Nspin = 1 for
RZ/C ≥ 0.027. The induced monolayer ν = 1 data at
nt = 0.6× 1011 cm−2 share all of these properties except
for the inflection point.

Figure 3 presents the results of measurements by tilt-
ing sample #10.9 with a large tunnelling gap (∆SAS =
10.9 K). From the ν = 2 data at nt = 1.2 × 1011 cm−2

in Fig. 3(a), Nspin = 14 (least-squares fitting value:
14.0±0.5) is derived for RZ/C ≤ 0.018. Nspin changes
from 14 to 7 at RZ/C = 0.018, and finally changes to 1

(nf = nb) and the monolayer system (nf 6= 0, nb = 0).
On the other hand, the modulation doping is carried out
on both layers in sample #7.6. The low-temperature
mobility of samples #10.9 and #1 is 2×106 cm2/Vs
the electron density of 2×1011 cm−2, while that of sam-
ple #7.6 is 0.3×106 cm2/Vs with the electron density of
2.6×1011 cm−2.

Measurements were performed with the samples
mounted in a mixing chamber of a dilution refrigera-
tor. The magnetic field of maximum 13.5 T was applied
to the samples. Standard low-frequency ac lock-in tech-
niques were used with a current of 20 nA to avoid heating
effects. The samples mounted on a goniometer with a su-
perconducting stepper motor19) rotate in any direction
in the magnetic field in units of 0.05◦. Figure 1 shows
the magnetoresistance Rxx as a function of B. In the in-
set, we show the typical temperature dependence of the
magnetoresistance and obtain the activation energy from
the slope of the least-squares fit.

with

taxy. They consist of two GaAs quantum wells of 200 Å
width separated by a 31-Å-thick barrier of AlxGa1−xAs
(x = 0.3, 0.33 and 1). We label them #10.9, #7.6 and
#1 according to their ∆SAS = 10.9 K, 7.6 K and 1 K,
respectively. (∆SAS of the highest barrier sample can-
not be determined by the Shubnikov-de Hass measure-
ment. We estimate ∆SAS = 1 K using a self-consistent
calculation.) The structure of samples #10.9 and
#1 is that the modulation doping is carried out only
on the front layer, and the back-layer electron is fully
field-induced through an n+-GaAs layer acting as a back
gate.18) Hence, one can control the electron density of
the back layer nb from 0 to 1.2×1011 cm−2 by adjusting
the back gate bias from 0 to 1.2 V, while the electron
density of the front layer nf is controlled by adjusting a
Ti/Au front Schottky gate bias. This sample structure
enables us to easily realize the balanced bilayer system

unique

Fig. 2. The activation energy by tilting sample #1 of the ν = 1
and ν = 2 QH states as a function of the normalized Zeeman
energy RZ/C with e2/ε`0 = .7 K. The corresponding tilt angles
are indicated on the top axis. The solid squares are for the
bilayer ν = 2 QH state at the balanced point (nf = nb). The
open squares are for the induced monolayer ν = 1 QH state.
For comparison, we have drawn lines Nspin = 7 (dashed) and
Nspin = (solid).

81
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Fig. 3. The activation energy by tilting sample #10.9 of the ν =
1 and ν = 2 QH states as a function of the normalized Zeeman
energy RZ/C with e2/ε`0 = 81.7 K. The solid marks are for the
bilayer ν = 2 QH state at the balanced point. The open marks
are for the induced monolayer ν = QH state. (The inset shows
the data of the bilayer ν = QH state around the inflection point
from Nspin = to Nspin = For comparison, we have drawn
lines Nspin = 14 (long-dashed), 7 (dashed) and 1 (solid). In (b),
a spin-polarized (compound) state is realized for RZ/C ≥ 0.009
with e2/ε`0 = .5 K.
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with the phase transition at RZ/C = 0.009. It has been
interpreted21, 22) that a phase transition occurs from the
spin-unpolarized (coherent) state to the spin-polarized
(compound) state, because ∆SAS decreases effectively as
B‖ increases.23) Once in the compound state, the tun-
nelling gap collapses and Nspin can be determined by
eq. (1). In this compound state, we have derived about
Nspin = 14 at 0.009 ≤ RZ/C ≤ 0.018, but Nspin at higher
RZ/C is slightly less than 7.

In Fig. 4, we show the data of sample #7.6 (∆SAS =
7.6 K), whose mobility, 0.3 × 106 cm2/Vs, is one order
lower than that of sample #10.9. These data are consis-
tent with those in sample #10.9.

It is essential to compare the compound ν = 2 state at
nt = 1.2×1011 cm−2 to the monolayer ν = 1 QH state at
nt = 0.6×1011 cm−2. We have tuned the density so that
this compound ν = 2 state is composed of two monolayer
ν = 1 states at nt = 0.6 × 1011 cm−2. On one hand, in
sample #1 (Fig. 2) with ∆SAS = 1 K, the excitation with
Nspin = 7 was observed both in the compound ν = 2
state and in the induced monolayer ν = 1 QH state. On

at RZ/C = 0.033. In contrast, the induced monolayer
ν = 1 data at nt = 0.6 × 1011 cm−2 show Nspin = 7
(7.3±0.4) for RZ/C ≤ 0.018, as observed in sample #1
at the same RZ/C value. It should be emphasized that
Nspin = 14 is twice as large as Nspin = 7.

So far, we have focused on the spin-polarized (com-
pound) state at ν = 2, which is realized at higher density.
We now study the state at ν = 2 at low density, which
is a spin-unpolarized state.8) When the sample is tilted,
the data at ν = 2 with nt = 0.7× 1011 cm−2 in Fig. 3(b)
show a rapid decrease to the limit of RZ/C = 0.009, as in
the bilayer ν = 1 QH state,20) which indicates that inter-
layer coherence spontaneously developed in the ν = 2 QH
state.2) The other feature for the ν = 2 QH state is that it
starts to increase at RZ/C = 0.009. The behavior of the
activation energy for RZ/C ≥ 0.009 is unique to the com-
pound ν = 2 state.21) Namely, the state is stable only at
the balanced point and the activation energy increases as
the sample is tilted. Consequently, we have two phases21)

the other hand, in sample #10.9 (Fig. 3) with ∆SAS =
10.9 K, the excitation with Nspin = 14 was observed in
the compound ν = 2 state at RZ/C ≤ 0.018, but Nspin =
7 in the induced monolayer ν = 1 QH state. On the
basis of these results, it is reasonable to conclude that
the excitation with Nspin = 14 (Nspin = 7) occurs when
the tunnelling interaction is large (small).

Let us elucidate the difference in spin excitations in
these two samples with small and large tunnelling ef-
fects. Note that the difference does not originate in the
direct interlayer Coulomb interaction since it is identi-
cal between the two samples. The monolayer ν = 1 QH
state is a QH ferromagnet, where all spins are aligned in
a single direction not only by the Zeeman effect but also
by the intralayer Coulomb exchange interaction. We now
consider the compound ν = 2 state, which is composed
of two monolayer QH ferromagnets. The two layers are
independent when the tunnelling effect is absent. Hence,
we obtain spin excitations identical to those in the mono-
layer QH state in sample #1. However, a large tunnelling
effect implies a large overlap of the wave functions, which
makes the interlayer exchange interaction operate. Con-
sequently, a spin flip in one of the layers affects the spin
texture in the other layer. It is reasonable expect that
Skyrmions are doubly created on the two layers in sample
#10.9 due to the interlayer exchange interaction. It is
intriguing to consider whether the interlayer exchange in-
teraction induces the ferromagnetic or antiferromagnetic
interaction. The former enhances a Skyrmion-Skyrmion
pair (Fig. 5). The mechanism is akin to that in the ν = 2
interlayer-coherent phase, where the experimental data1)

is interpreted by a pair excitation of Skyrmions.6) On the
other hand, an antiferromagnetic interaction24, 25) will
enhance a Skyrmion-anti-Skyrmion pair. However, the
present magnetotransport experiment is unable to de-
termine the type of the interaction.

It is notable that the spin flip makes a transition from
Nspin = 14 to 7 at RZ/C = 0.018 in Fig. 3(a). The
flip number for RZ/C ≥ 0.018 is identical (Nspin = 7)

to

to the one in the induced monolayer QH state. This
is presumably because the increase of the Zeeman en-
ergy overcomes the interlayer exchange interaction and
Skyrmions are excited independently in each layer.

The energy and the size of the Skyrmion are theoreti-
cally estimated at ν = 1 as9, 10, 26)

∆

e2/ε`0
'

√
π

32
+

3β

4κ
− Γoffset (2)

where β represents the strength of the Coulomb energy
which depends on sample parameters such as the layer
thickness (β = 3π2/64 for a large Skyrmion in an ideal
planer system), and κ is the size of the Skyrmion

κ '
β1/3

2

{
RZ/C ln

( √
2π

32RZ/C
+ 1

)}−1/3

. (3)

The offset Γoffset may be due to impurities in the sam-
ple. Nspin = ∂(∆/(e2/ε`0))/∂RZ/C depends smoothly
on RZ/C . The monolayer data of Schmeller et al.12) are
fitted reasonably well.6)

It is better to fit our experimental data by the lines

Fig. 4. The activation energy by tilting sample #7.6 of the ν =
QH states at the balanced point as a function of the normalized
Zeeman energy RZ/C . For comparison, we have drawn lines
Nspin = (long-dashed) and 7 (dashed).
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Nspin = 14, 7, 1, not by this formula. This finding im-
plies that at the preferred numbers Nspin = 14, 7, 1,
the excitation occurs with lower energy than at other
Nspin values. The same behavior is observed in sam-
ples with very different mobility (2 × 106 cm2/Vs and
0.3× 106 cm2/Vs). Because of this finding, the preferred
number is not due to the impurity effect. It must have
a different origin, reminiscent of the magic-number mo-
mentum in a quantum-dot system where electrons config-
ure in a polygonal pattern originating from the Coulomb
interaction.27, 28) It is plausible that the non-Zeeman
term ∆0,s(B⊥) of the activation energy creates a local
minimum at these preferred numbers to make a virtual
Wigner crystal locally. Further experiments are needed
to confirm this conjecture. It is intriguing that sudden
changes in Nspin have also been observed in other exper-
iments.15-17)

In conclusion, we have measured the activation energy
of the ν = 2 QH state at the balanced point (nf = nb)
and the ν = 1 QH state at the monolayer point (nf 6= 0,
nb = 0) by tilting the samples. We used three samples
with different ∆SAS and mobility. In samples #10.9 and
#7.6, the excitation with Nspin = 14 was observed in
the compound ν = 2 state, which is twice as large as
Nspin = 7 observed in the induced monolayer ν = 1 QH
state. In sample #1, in contrast, Nspin is the same in
the compound ν = 2 state and in the induced monolayer
ν = 1 QH state. We have argued that this difference is
due to the interlayer exchange interaction.
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Note added in proof —The value of the gyromagnetic ratio g∗ =
−0.46 is only appropriate in zero magnetic field for bulk GaAs
[M. Seck, M. Potemski and P. Wyder, Phys. Rev. B 56 (1997)
7422]. The magnetic field effect tends to linearly reduce the value

of g [M. Dobers, K. v. Klitzing and G. Weimann, Phys. Rev. B 38
(1988) 5453]. For our case this effect increases slightly the deduced
Skyrmion number, but it does not change our conclusion at all.

Fig. 5. Schematic diagram of spin flips in the compound ν = 2
state. Arrows represent the direction of a spin. (a) In sample
#1 with a small tunnelling gap, spin excitations are identical to
those in the monolayer ν = 1 QH state. (b) In sample #10.9
with a large tunnelling gap, spin excitations in one of the layers
affect those in the other layer due to the interlayer exchange
interaction. A Skyrmion-Skyrmion pair will be excited if the
interaction is ferromagnetic. We have illustrated the overlap of
the wave functions on the right-hand side.


