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Nuclear spin relaxation in the SU(4) spin-pseudospin intertwined skyrmion regime in the v = 1
bilayer quantum Hall state
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We investigate the electron spin degree of freedom in imbalanced density v = 1 bilayer quantum Hall states
using the resistively detected nuclear-spin—lattice relaxation rate 1/ 7). The values of 1/7; in imbalanced states
increase rapidly in the vicinity of v = 1, similar to the phenomenon that is observed in the region in which
skyrmion crystals are formed. Furthermore, the value of 1/T7; in the back layer (the layer from which electrons

are transferred to the front layer) also increases in the intermediate imbalanced state. These results indicate that
the low-energy electron-spin mode, similar to the mode observed in skyrmion crystals, exists across the two
layers. We suggest that such a mode arises in spin-pseudospin intertwined SU(4) skyrmions.
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I. INTRODUCTION

Skyrmions, in which spins point in all directions normal
to a sphere, have been of great interest in recent years, not
only to the fundamental physics but also to future electronics
because they are topologically stable. This topological object
was originally introduced to describe a model for nucleons
in pion field theory,! however, it now appears in spin
structures in condensed matter physics such as chiral-lattice
ferromagnets,”™ ordinary ferromagnets,® superfluid *He-A
phase,” and quantum Hall states (QHSs).3~'! More stimulating
situations can arise when the system has an additional
pseudospin degree of freedom. In this situation, both the spin
and the pseudospin degrees of freedom can provide the system
with a higher SU(4) symmetry for a combination of a spin
and pseudospin pair of SU(2)’s. The spin and pseudospin
intertwined skyrmions [SU(4) skyrmions] were considered
by one of the authors in bilayer quantum Hall systems,'?"!>
in which the layer degree of freedom can be regarded as
pseudospin. Recently, the existence of SU(4) skyrmions has
been predicted in graphene,'® in which the valley degree of
freedom is present as a pseudospin.

Skyrmion spin textures in quantum Hall systems in
GaAs/AlGaAs heterostructures appear in the monolayer v = 1
QHS as a quasiparticle in the spin-polarized ground state.®
Here, v denotes the Landau level filling factor, which expresses
the ratio of carrier densities to magnetic fields; thus v =1
represents that electrons and magnetic flux quanta have a
one-to-one correspondence. Experimentally, optically pumped
nuclear magnetoresonance measurements revealed that the
state at filling factors slightly away from v =1 contains a
finite density of skyrmions.’ They are expected to crystallize,
at least when they are sufficiently dilute.'”!® It was also
revealed that the low-energy spin-wave mode (Goldstone
mode) in skyrmion crystals allows nuclear spins to relax more
rapidly'!"!8 after nuclear spins are polarized at v = 2/3 QHS
by a so-called flip-flop process between electron spins and
nuclear spins. 2% Our aim in this work is to detect this
fast nuclear-spin relaxation rate 1/7;, where 77 denotes the
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nuclear-spin—lattice relaxation time, in the imbalanced bilayer
QHS, where the degree of freedom of the layer can be regarded
as the pseudospin. At the bilayer v = 1 QHS when electron
densities are equally distributed in each layer, the existence
of pseudospin textures like a half-skyrmion (or meron) is
plausible from a number of experiments '~2* and theories.?>2°
It is intriguing when the density in each layer is imbalanced,
because spin and pseudospin intertwined SU(4) skyrmions
can emerge as a consequence of the interlayer and intralayer
Coulomb interaction.

In this study, we report the observation of increases in
the nuclear-spin relaxation rate 1/7; in the intermediate
imbalanced density v = 1 bilayer QHS, in which the existence
of SU(4) skyrmion crystals has been predicted theoretically.
When the density imbalance is expressed as o = (ny —
np)/(ny + nyp), where ny (n;) represents the electron density
in the front (back) layer, our data reveal a strong enhancement
of 1/T7; in the vicinity of v =1 at intermediate o values,
similar to the result that is observed in the region in which
skyrmion crystals exist. In addition, an enhancement of 1/ 7} at
intermediate o values is also observed in the back layer, from
which electrons are transferred to the front layer, indicating
that the low-energy electron-spin mode extends across the
two layers. A possible attribution of this fast relaxation is the
low-energy spin-wave mode that arises in the predicted crystal
form of SU(4) skyrmions.

This paper is structured as follows: In Sec. II, we describe
the experimental method and the procedure for measuring
1/T,.In Sec. III, we present the experimental results on 1/ 7.
In Sec. IV, we discuss our results. Comparisons with previous
experiments are made and a possible example of quasiparticles
to explain our results is discussed. Finally, we present our
conclusions in Sec. V.

II. EXPERIMENTAL METHOD

The sample used in this study consists of two 20-nm-wide
GaAs quantum wells separated by a 1.5-nm-thick AlAs
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FIG. 1. (Color online) 1/7; measurement procedure using
nuclear-spin polarization and relaxation in the monolayer v = 2/3
QHS. (a) Typical example of time evolution of R,,. Inset: Expanded
view of the trace at which the magnitude of resistance changes is
measured [open circle in the main figure] after nuclear-spin relaxation
for t seconds. (b) Plot of AR, as a function of 7. The curve is the
result of fitting.

barrier layer with a tunneling gap of approximately 5 K.
The interlayer separation d of this sample is 21.5 nm. By
adjusting the biases of the front V, and back V), gates, we
can independently control the densities in the front n and
back n, layers.”” Measurements of resistances are performed
at 60 mK in a dilution refrigerator using a standard low-
frequency lock-in technique. The low-temperature electron
mobility is approximately 2 x 10° cm?/V s at a density of
1.0 x 10" em~2.

1/ T is measured by using the remarkable property of the
v =2/3 QHS. The v = 2/3 QHS, which can be interpreted
as a v =2 composite fermion QHS, has two competing
composite-fermion Landau levels with different spin con-
figurations. Therefore, the degeneracy of spin-polarized and
unpolarized ground states induces fluctuations in electron
spins which change the nuclear-spin polarization via hyperfine
coupling and increase additional inhomogeneous sources
of scattering.”’ A large current promotes this process and
increases the longitudinal resistance, which is proportional
to the nuclear-spin polarization.'? The following procedure is
used to measure 1/7) and Fig. 1 shows a typical data set as
obtained by this procedure. First, the nuclear-spin polarization
in the host materials (GaAs quantum well) is pumped by a
relatively large current (=50 nA) in the monolayer v = 2/3
regime (at v = 0.62) that induces an enhancement in the
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FIG. 2. (Color online) Image plot of R,, as a function of the front
and back gate voltages, V; and V), at B = 6.0 T.

longitudinal resistance R,, until it saturates [Fig. 1(a)] at
6.0 T. Then the gate voltages are tuned to the desired density
state (expressed in terms of v and o) for a given period
of time t, during which nuclear spins are allowed to relax
to equilibrium [inset in Fig. 1(a)]. Subsequently, the gate
voltages are restored to the first state (monolayer v = 2/3),
and the magnitude of the change in resistance A R, due to the
relaxation in nuclear-spin polarization is measured and plotted
against t [Fig. 1(b)]. By repeating the above procedure with
increasing T, we derive the relation between AR,, and T and
fitit with AR, /AR® =1 —exp(—t/T)). Here, AR? is the
induced enhancement in resistance from its initial value in the
monolayer v = 2/3 state. We can select either the front layer
or the back layer as the first monolayer v = 2/3 state and
thereby independently obtain the values of 1/ 7 in each layer.

III. RESULTS

Figure 2 shows an image plot of R,, at B=6.0 T as a
function of V; and Vj,. Bright (yellow) regions indicate that
the values of R, are small, therefore they correspond to QHS.
Several values of v and density imbalance parameter o are
indicated by thin lines. Among those lines is one denoted
vr = 1.0, where v represents the filling factor in the front
layer. The QHS that is formed mainly by the electrons in the
front layer lies along this line.?® We can see a large QHS region
that corresponds to v = 1 extending from 0 = 1.0 (monolayer
system in the front layer) to 0 = —1.0 (monolayer system in
the back layer) at the center of Fig. 2. The QHS collapses
for the lower-filling side of the v = 1 QHS. We note that the
densities still change outside of the 0 = £1.0 lines after the
system becomes a monolayer system by the gate voltages.
The v = 1 QHS region becomes wider for o 2 0.5 and o <
—0.5, indicating an increase in stability. This is attributed to
the vy =1 QHS that merges into the v =1 QHS. We see
that this additional expanded region of v = 1 QHS affects the
1/ T, behavior in Fig. 3. The calculated value of d/¢g ({g =
/N /eB), which represents the ratio of the interlayer Coulomb
energy to the intralayer Coulomb energy, is approximately 2.1
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FIG. 3. (Color online) 1/T; as a function of v around the v = 1
QHS for various values of o, from 0 to 1.

at o = 0. Subsequently, we measure 1/ 7} along the lines of o
(for v dependence) and v (for o dependence).

Figure 3 shows a plot of 1/7; measured in the front layer
for each value of o, as a function of v. At the monolayer
point, the 1/7; value increases in the vicinity of either
side of v =1 because the Goldstone mode in skyrmion
crystals has a low-energy spin excitation mode that exchanges
the angular momentum with the host nuclear spins via a
hyperfine interaction.'®!" When o is decreased, 1/ T; values
continuously decrease to the values at o = 0 for the v < 1.0
region, while maintaining the maximum value at v = 0.9
for most values of o even at o = 0. Whereas 1/7; values
for the v > 1.0 region do not change continuously:,1/7}
values at, for example, o = 0.55 are lower than those at
o = 0. This asymmetric behavior can be explained easily by
reviewing Fig. 2. The lower relaxation rate is ascribable to the
stable QHS region, which is broadened to larger values of v
especially at around o = 0.6, on account of the superposition
of vy =1 and v =1 QHSs. Moreover, as o is increased,
1/ T, increases rapidly for most values of o. For example,
1/ T, for o = 0.55 increases by approximately two orders of
magnitude at v = 0.9. This strongly suggests the existence
of low-energy electron-spin fluctuations of quasiparticles with
structures similar to that of the skyrmion crystal at o = 1 and
of continuous evolution in the range from o = 0 to 1.

In order to confirm the spatial distributions of the spin
texture across the two layers, we investigate 1/7; for both
layers. Figure 4 shows 1/7; as a function of o for the front
and back layers at v = 0.9 and 1.0. As o is increased (i.e.,
the electrons in the back layer are brought to the front layer),
1/ T, in the front layer increases significantly and approaches
the fast monolayer relaxation rate. However, in the back layer,
nuclear relaxation by electrons is supposed to be suppressed
monotonously. However, in the back layer as well, 1/7; at
v = 0.9 increases and takes a maximum value at o = 0.55,
somewhat mimicking the rate in the front layer, although it
then decreases to as low as the value observed at ¢ = 0 due
to the absence of electrons. At o = 0.55, the filling factor
of the back layer is approximately 1/4, and no QHS with
this filling factor is observed in this sample; nor is the liquid
state of composite fermion with four flux quanta probable.
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FIG. 4. (Color online) Data set for 1/T; as a function of ¢ for the

front and back layers at v = 0.9 and v = 1.0.

Therefore, the maximum in 1/7; at v = 0.9 in the back layer
strongly indicates that the low-energy spin excitation mode
occurs across the two layers and that the quasiparticles have
interlayer charge distributions due to the finite value of the
tunneling energy.

IV. DISCUSSION

As mentioned, the quasiparticle excitation at o =0 is
pseudospin textures (bimerons), in which a low-energy spin
mode is considered to be absent. However, our observation at
o =0 as well as the corresponding observation of Kumada
et al>*3! show a small maximum in 1/7; at v = 0.9. They
attribute this to the spin fluctuations in the compressible
puddles in the incompressible (QHS) back ground.’> (We
discuss the spin degree of freedom further later.) Careful
comparisons reveal the difference from the previous data’*3!
that were measured at 0.3 K. The values of 1/7) for 0 = 0 in
our data are an order smaller than in the previous work.3%3! We
attribute this to suppression of the thermal fluctuation in spins
because our experiment was performed at a lower temperature
(60 mK). However, at the monolayer limit (o0 = 1), the values
of 1/T, become slightly larger than the values in previous
observations.'®*" According to the heat capacity measurement
nearv = 1 QHS,*? a sharp peak was observed at approximately
36 mK, suggesting the transition from liquid to solid state
of skyrmions. Our data were taken at a temperature much
closer to this value. Therefore, skyrmions are in a more
favorable situation for forming a local structure similar to
that of a solid state, especially in the presence of potential
variations by the intrinsic impurities. This favors fast nuclear
relaxation because the wavelength of the spin mode becomes
longer, although the size of each skyrmion is smaller in our
experiment due to the higher magnetic field. Between o = 0
and o0 = 1, we see a behavior of 1/ 7} similar to thatat o = 1
in Fig. 3. The similarity and the continuous change observable
in the range o = 1 to o = 0 suggests a continuous transition
from skyrmions to bimerons, which was also observed in
the activation energy measurement.>* However, skyrmions
do not support the interlayer charge distribution, and on
the contrary, bimerons do not support the collective spin
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mode. Therefore, we need quasipartcles that possess properties
of both skyrmions and bimerons to explain the result in
Fig. 4. Such quasiparticles may be SU(4) skyrmions that
intertwine spin and pseudospin textures and also have the
interlayer charge distribution.!> Although it is controversial
whether the spin and pseudospin entangled textures can be
stabilized as the energy minima for charged excitations, this
has been argued to occur in the intermediate charge imbalance
state. '

According to the theory, there are three Goldstone modes
for the liquid state of SU(4) skyrmions.'3 In addition to spin-
wave and pseudospin-wave modes, the SU(4) skyrmion liquid
has a gapless collective mode involving spin and pseudospin
fluctuations. Recent theoretical studies have suggested that
SU(4) skyrmions form crystals in the intermediate imbalance
region of the v = 1 bilayer QHS.>33¢ Collective modes in
crystals of SU(4) skyrmions have been studied extensively by
Coté et al *® According to their analysis, the U(1) gapless mode
that is responsible for the fast nuclear-spin relaxation still exists
even in the presence of tunneling energy, Zeeman energy, and
electrical bias between the two layers. Our experiment satisfies
the above conditions except the temperature. However, taking
into account that the temperature is close to the liquid-to-solid
transition point,? the possibility of the U(1) gapless mode in
the SU(4) skyrmion crystal cannot be excluded.

It is also intriguing that 1/7; at v = 1.0 in the front layer
increases rapidly at o = 0.6 in Fig. 4. Although the values are
smaller than the values at v = 0.9, this is indicative of spin
fluctuations at a finite temperature. It is noteworthy that there
is no maximum around o = 0.6 in the behavior of 1/Tj in the
back layer at exactly v = 1.0. This difference suggests that the
origin for increasing 1/7; is not the low-energy spin waves
across the layers, but local skyrmions in compressible puddles
in the front layer, since v can approach 0.8 or 0.9 in these
puddles for o 2 0.6.

Finally, we comment on the spin degree of freedom in the
v = 1 balanced bilayer QHS (o = 0). In earlier studies per-
taining to the v = 1 bilayer QHS, the spin degree of freedom
was often neglected because of the simple assumption that a
strong magnetic field leads to the generation of fully polarized
spins. However, recently conducted experiments®*3!37 have
indicated the possible involvement of the spin degree of
freedom in quasiparticle excitation in the v = 1 bilayer QHS.
Ourdataono = 0inFig. 3 as well as previous experiments®*-3!
show that 1/ T increases as v deviates from 1, suggesting that
electron spins are included in the quasiparticle excitation of the
balanced bilayer QHS. The small increase in 1/7T; at v = 0.9
in this state might be ascribable to the compressible puddles
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in the incompressible background.**-*? Since the monolayer
v = 1/2 state is regarded as a Fermi liquid of composite
fermions*® with opposite spin levels that are almost degenerate,
electron spins can fluctuate without any change in energy.'” If
the number of compressible puddles increases when v deviates
from v =1, 1/T) gradually increases, as shown in Fig. 3.
There has been, however, a suggestion39 that a lattice of
entangled SU(4) skyrmions has a lower energy than a lattice of
spin-polarized bimerons at o = 0 if d /{3 is large enough and
the Zeeman coupling is not too large. Therefore a low-energy
spin mode can occur as v away from 1. Our experiment satisfies
these conditions, and we find an experimental fact that implies
entanglement at ¢ = 0, namely, the continuous change shown
in Fig. 3 in the range fromo = 1 too = 0.

V. CONCLUSIONS

In conclusion, we have investigated the nuclear-spin re-
laxation rate 1/7;, which has a strong relation with a low-
energy spin-wave mode in crystals of quasiparticles. We have
found that the values of 1/7; at intermediate imbalanced
states increase by two orders of magnitude in the vicinity
of the v = 1 QHS. Furthermore, the values of 1/7; for the
back layer also increase in intermediate density states. These
results indicate that a low-energy spin-wave mode similar
to the one in the skyrmion crystal at the monolayer v = 1
QHS exists across the layers and that the quasiparticles have
interlayer charge distributions. The SU(4) skyrmion, which
has a spin-pseudospin intertwined texture, can be considered
an example of such a quasiparticle compared with the theories
on SU(4) skyrmions. In addition, in view of the application to
nuclear-spin engineering, our results suggest that we might be
able to control the nuclear-spin relaxation rate via controlling
the bias voltage between two layers.

ACKNOWLEDGMENTS

We acknowledge N. Kumada and K. Muraki, of NTT Basic
Research Laboratories, and Y. Hirayama, of Tohoku Univer-
sity, for their helpful discussions, and we acknowledge T. Saku
for growing the heterostructures of the sample. This research
was supported in part by Grants-in-Aid for Scientific Research
(No. 21340082, No. 21740236, and No. 24540331), a Grant-in
Aid for Scientific Research on Innovative Areas from MEXT
of Japan (No. 25103722), and a Grant-in-Aid from the Global
COE program entitled “The Next Generation of Physics, Spun
from Universality and Emergence.” D.T. acknowledges the
support from The Murata Science Foundation.

“Department of Physics, Cornell University, Ithaca, New York 14853,
USA.

fterasawa@hyo-med.ac.jp

I'T. Skyrme, Nucl. Phys. 31, 556 (1962).

2U. K. RoBler, A. N. Bogdanov, and C. Pfleiderer, Nature 442, 797
(2006).

3S. Muhlbauer, B. Binz, F. Jonietz, C. Pfleiderer, A. Rosch,
A. Neubauer, R. Georgii, and P. Boni, Science 323, 915 (2009).

4X. Z. Yu, Y. Onose, N. Kanazawa, J. H. Park, J. H. Han,
Y. Matsui, N. Nagaosa, and Y. Tokura, Nature 465, 901
(2010).
3S. Seki, X. Z. Yu, S. Ishikawa, and Y. Tokura, Science 336, 198
(2012).
®M. Finazzi, M. Savoini, A. R. Khorsand, A. Tsukamoto, A. Itoh,
L. Duo, A. Kirilyuk, T. Rasing, and M. Ezawa, Phys. Rev. Lett. 110,
177205 (2013).

205103-4


http://dx.doi.org/10.1016/0029-5582(62)90775-7
http://dx.doi.org/10.1038/nature05056
http://dx.doi.org/10.1038/nature05056
http://dx.doi.org/10.1126/science.1166767
http://dx.doi.org/10.1038/nature09124
http://dx.doi.org/10.1038/nature09124
http://dx.doi.org/10.1126/science.1214143
http://dx.doi.org/10.1126/science.1214143
http://dx.doi.org/10.1103/PhysRevLett.110.177205
http://dx.doi.org/10.1103/PhysRevLett.110.177205

NUCLEAR SPIN RELAXATION IN THE SU(4) SPIN-PSEUDOSPIN ...

"P. M. Walmsley and A. I. Golov, Phys. Rev. Lett. 109, 215301
(2012).

8S. L. Sondhi, A. Karlhede, S. A. Kivelson, and E. H. Rezayi, Phys.
Rev. B 47, 16419 (1993).

°S.E. Barrett, G. Dabbagh, L. N. Pfeiffer, K. W. West, and R. Tycko,
Phys. Rev. Lett. 74, 5112 (1995).

10K . Hashimoto, K. Muraki, T. Saku, and Y. Hirayama, Phys. Rev.
Lett. 88, 176601 (2002).

"W. Desrat, D. K. Maude, M. Potemski, J. C. Portal, Z. R.
Wasilewski, and G. Hill, Phys. Rev. Lett. 88, 256807 (2002).

127. F. Ezawa, Phys. Rev. Lett. 82, 3512 (1999).

13Z. F. Ezawa and K. Hasebe, Phys. Rev. B 65, 075311 (2002).

147.F.Ezawa, G. Tsitsishvili, and K. Hasebe, Phys. Rev. B 67, 125314
(2003).

157. F. Ezawa and G. Tsitsishvili, Phys. Rev. B 70, 125304 (2004).

16K, Yang, S. Das Sarma, and A. H. MacDonald, Phys. Rev. B 74,
075423 (2006).

17L. Brey, H. A. Fertig, R. C6té, and A. H. MacDonald, Phys. Rev.
Lett. 75, 2562 (1995).

18R. Co6té, A. H. MacDonald, L. Brey, H. A. Fertig, S. M. Girvin, and
H. T. C. Stoof, Phys. Rev. Lett. 78, 4825 (1997).

19]. H. Smet, R. A. Deutschmann, W. Wegscheider, G. Abstreiter, and
K. von Klitzing, Phys. Rev. Lett. 86, 2412 (2001).

208, Kraus, O. Stern, J. G. S. Lok, W. Dietsche, K. von Klitzing,
M. Bichler, D. Schuh, and W. Wegscheider, Phys. Rev. Lett. 89,
266801 (2002).

21S. Q. Murphy, J. P. Eisenstein, G. S. Boebinger, L. N. Pfeiffer, and
K. W. West, Phys. Rev. Lett. 72, 728 (1994).

22A. Fukuda, D. Terasawa, M. Morino, K. Iwata, S. Kozumi,
N. Kumada, Y. Hirayama, Z. F. Ezawa, and A. Sawada, Phys. Rev.
Lett. 100, 016801 (2008).

2D, Terasawa, S. Kozumi, A. Fukuda, M. Morino, K. Iwata,
N. Kumada, Y. Hirayama, Z. F. Ezawa, and A. Sawada, Phys. Rev.
B 81, 073303 (2010).

PHYSICAL REVIEW B 88, 205103 (2013)

2D, Terasawa, A. Fukuda, T. Morikawa, Y. D. Zheng, A. Sawada,
and Z. F. Ezawa, Phys. Rev. B 86, 165320 (2012).

K. Yang, K. Moon, L. Zheng, A. H. MacDonald, S. M.
Girvin, D. Yoshioka, and S.-C. Zhang, Phys. Rev. Lett. 72, 732
(1994).

26K. Moon, H. Mori, K. Yang, S. M. Girvin, A. H. MacDonald,
L. Zheng, D. Yoshioka, and S.-C. Zhang, Phys. Rev. B 51, 5138
(1995).

27K, Muraki, N. Kumada, T. Saku, and Y. Hirayama, Jpn. J. Appl.
Phys. 39, 2444 (2000).

2 R, varies at some points because complicated interactions between
the intralayer and the interlayer Coulomb energies disturb the vy =
1 state at these points.

8. Kronmiiller, W. Dietsche, K. v. Klitzing, G. Denninger,
W. Wegscheider, and M. Bichler, Phys. Rev. Lett. 82, 4070 (1999).

30N. Kumada, K. Muraki, K. Hashimoto, and Y. Hirayama, Phys. Rev.
Lett. 94, 096802 (2005).

3IN. Kumada, K. Muraki, and Y. Hirayama, Physica E 34, 164
(2006).

32D. B. Chklovskii and P. A. Lee, Phys. Rev. B 48, 18060 (1993).

33V, Bayot, E. Grivei, S. Melinte, M. B. Santos, and M. Shayegan,
Phys. Rev. Lett. 76, 4584 (1996).

34D. Terasawa, M. Morino, K. Nakada, S. Kozumi, A. Sawada, Z. F.
Ezawa, N. Kumada, K. Muraki, T. Saku, and Y. Hirayama, Physica
E 22, 52 (2004).

3J. Bourassa, B. Roostaei, R. C6té, H. A. Fertig, and K. Mullen,
Phys. Rev. B 74, 195320 (2006).

3R. Coté, D. B. Boisvert, J. Bourassa, M. Boissonneault, and H. A.
Fertig, Phys. Rev. B 76, 125320 (2007).

3. B. Spielman, L. A. Tracy, J. P. Eisenstein, L. N. Pfeiffer, and
K. W. West, Phys. Rev. Lett. 94, 076803 (2005).

38B. 1. Halperin, P. A. Lee, and N. Read, Phys. Rev. B 47,7312 (1993).

¥B. Dougot, M. O. Goerbig, P. Lederer, and R. Moessner, Phys. Rev.
B 78, 195327 (2008).

205103-5


http://dx.doi.org/10.1103/PhysRevLett.109.215301
http://dx.doi.org/10.1103/PhysRevLett.109.215301
http://dx.doi.org/10.1103/PhysRevB.47.16419
http://dx.doi.org/10.1103/PhysRevB.47.16419
http://dx.doi.org/10.1103/PhysRevLett.74.5112
http://dx.doi.org/10.1103/PhysRevLett.88.176601
http://dx.doi.org/10.1103/PhysRevLett.88.176601
http://dx.doi.org/10.1103/PhysRevLett.88.256807
http://dx.doi.org/10.1103/PhysRevLett.82.3512
http://dx.doi.org/10.1103/PhysRevB.65.075311
http://dx.doi.org/10.1103/PhysRevB.67.125314
http://dx.doi.org/10.1103/PhysRevB.67.125314
http://dx.doi.org/10.1103/PhysRevB.70.125304
http://dx.doi.org/10.1103/PhysRevB.74.075423
http://dx.doi.org/10.1103/PhysRevB.74.075423
http://dx.doi.org/10.1103/PhysRevLett.75.2562
http://dx.doi.org/10.1103/PhysRevLett.75.2562
http://dx.doi.org/10.1103/PhysRevLett.78.4825
http://dx.doi.org/10.1103/PhysRevLett.86.2412
http://dx.doi.org/10.1103/PhysRevLett.89.266801
http://dx.doi.org/10.1103/PhysRevLett.89.266801
http://dx.doi.org/10.1103/PhysRevLett.72.728
http://dx.doi.org/10.1103/PhysRevLett.100.016801
http://dx.doi.org/10.1103/PhysRevLett.100.016801
http://dx.doi.org/10.1103/PhysRevB.81.073303
http://dx.doi.org/10.1103/PhysRevB.81.073303
http://dx.doi.org/10.1103/PhysRevB.86.165320
http://dx.doi.org/10.1103/PhysRevLett.72.732
http://dx.doi.org/10.1103/PhysRevLett.72.732
http://dx.doi.org/10.1103/PhysRevB.51.5138
http://dx.doi.org/10.1103/PhysRevB.51.5138
http://dx.doi.org/10.1143/JJAP.39.2444
http://dx.doi.org/10.1143/JJAP.39.2444
http://dx.doi.org/10.1103/PhysRevLett.82.4070
http://dx.doi.org/10.1103/PhysRevLett.94.096802
http://dx.doi.org/10.1103/PhysRevLett.94.096802
http://dx.doi.org/10.1016/j.physe.2006.03.006
http://dx.doi.org/10.1016/j.physe.2006.03.006
http://dx.doi.org/10.1103/PhysRevB.48.18060
http://dx.doi.org/10.1103/PhysRevLett.76.4584
http://dx.doi.org/10.1016/j.physe.2003.11.214
http://dx.doi.org/10.1016/j.physe.2003.11.214
http://dx.doi.org/10.1103/PhysRevB.74.195320
http://dx.doi.org/10.1103/PhysRevB.76.125320
http://dx.doi.org/10.1103/PhysRevLett.94.076803
http://dx.doi.org/10.1103/PhysRevB.47.7312
http://dx.doi.org/10.1103/PhysRevB.78.195327
http://dx.doi.org/10.1103/PhysRevB.78.195327



