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Competing Charge Density Waves Probed by Nonlinear Transport
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K. Bennaceur,l’z‘3 C. Lupien,1 B. Reulet,] G. Gervais,3 L.N. Pfeiffer,4 and K. W. West"
lDépartement de Physique et Institut Quantique, Université de Sherbrooke, Sherbrooke, Québec JIK 2RI, Canada
2Department of Physics, Amrita Vishwa Vidyapeetham, Amritapuri 690525, India
*Department of Physics, McGill University, Montréal, Québec H3A 2T8, Canada
4Deparl‘ment of Electrical Engineering, Princeton University, Princeton, New Jersey 08544, USA

® (Received 23 November 2017; published 30 March 2018)

Charge density waves (CDWs) in the second and third Landau levels (LLs) are investigated by both
nonlinear electronic transport and noise. The use of a Corbino geometry ensures that only bulk properties
are probed, with no contribution from edge states. Sliding transport of CDWs is revealed by narrow band
noise in reentrant quantum Hall states R2a and R2c of the second LL, as well as in pinned CDWs of the
third LL. Competition between various phases—stripe, pinned CDW, or fractional quantum Hall liquid—in
both LLs are clearly revealed by combining noise data with maps of conductivity versus magnetic field and

bias voltage.
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Spontaneous charge ordering is one of the many in-
triguing quantum phenomena occurring in a 2D electron
gas (2DEG) under a magnetic field. In the first (N = 0)
Landau level (LL), the short-range attractive part of
Coulomb interaction is known to be responsible for the
condensation of quasiparticles into an incompressible
Laughlin liquid [1] hosting a fractional quantum Hall
effect (FQHE) and carrying fractional charges. In higher
LLs (N > 2), however, the situation is markedly different,
as the combination of short-range attractive with long-range
repulsive Coulomb interaction leads to electronic phases
forming charge density waves (CDWs). At half filling
factor of these LLs, v* = v — [v] = 1/2, with [v] defined as
the integer part of v = n h/eB (where ny is the electron
density and B is the magnetic field), an alternation between
stripes of filling v* = 1 and v* = 0 with a spatial period on
the order of the cyclotron length leads to a ground state with
broken symmetry, believed to be a smectic liquid crystal. At
finite temperature, a Berezinskii-Kosterlitz-Thouless
(BKT) transition is predicted [2,3] between a smectic
and a nematic phase, followed by a melting at higher
energy, restoring the isotropic phase. Several observations
of anisotropic transport supporting these theories have been
reported [4-7]. At lower partial filling factor v* ~ M/(3N),
Hartree-Fock calculations [8,9] also predict a pinned
bubble crystal with M electrons (or holes) per bubble,
which was observed with microwave conductivity mea-
surements [10]. In between such phases, at v = 1/4 and
v = 3/4, pinned CDW phases have been observed [11]
and, albeit still debated, could be composed of stripe
segments with a depinning transition to a nematic electron
liquid crystal at finite bias voltage [6].

In the second (N = 1) Landau level (SLL), CDW and
FQHE are known to compete, and a reentrant quantum Hall
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effect (RIQHE) is often observed among various FQHE
states when the electron mobility is sufficiently high [12].
The RIQHE is characterized by a plateau in the Hall
resistance at given noninteger values of partial filling factor
v*. Although there are experimental evidences that RIQHE
states are CDWs, their nature is still being highly debated
[13—15]. At first sight, the absence of transport anisotropy
suggested charge ordering in the form of bubble phases;
however, recent experiments involving resistively detected
nuclear magnetic resonances (RDNMRs) [14] show that
RIQHE phases near v* = 1/2 (R2b and R2c) host polarized
and unpolarized spin regions, suggestive of a stripe phase. In
contrast, another RDNMR experiment [13], focusing on
RIQHE phases at v* < 1/3 (R2a and R2d), suggests that
these are more likely bubble phases. Furthermore, other
recent works show that, in spite of a competition, CDW and
FQHE phases could even coexist at a same v* [16,17].
Most previous transport investigations of CDW phases
have been performed in van der Pauw (VdP) or Hall bar
geometries, where both bulk and edge transport contribute.
With the exception of Refs. [18-21], and to our knowledge,
only the resistivity and not the conductivity has been
mapped out as function of dc bias in the SLL [15] and
in the third Landau level (TLL) [6]. This is precisely the
purpose of this Letter where bulk electronic transport
properties in both the SLL and TLL are investigated in
ultrahigh mobility Corbino-shaped 2DEG samples. The
differential conductance G = 0I/9V, as well as the current
noise spectral density S;;, was measured as a function of dc
bias voltage V4. and magnetic field in samples with
different ring sizes. This allowed us to draw several
conclusions: (i) transport involves sliding CDWs, sug-
gesting a stripelike order CDW such as a nematic electron
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liquid crystal in the RIQHE of the SLL and away from half
filling in the TLL; (ii) a bubble-phase scenario for three
RIQHE states in the SLL is unlikely; and (iii) FQHE and
CDWs can coexist in the SLL.

Three samples in concentric Corbino geometries have
been fabricated on the same 2DEG with electron density
n, = 3.8 x 10" cm™2. Contact inner and outer diameters
D;,/Dy, are 150/750, 960/1000, and 1300/1400 pm,
respectively, for C1, C2, and C3 [see inset of Fig. 1(a)].
Details pertaining to the wafer design, fabrication, cooldown
procedure, mobility, and noise measurements are provided
in the Supplemental Material [22]. Except when noted,
measurements have been performed at base temperature
(7 mK) with an estimated electron temperature of 20 mK.
The zero-bias conductivity o, versus magnetic field is
shown in Fig. 1(a) for sample C1. The transition between
Shubnikov—de Haas oscillations and integer quantum Hall
regime occurs at B~ 1 T. There, the conductivity o,
maxima are very close to 0.5 ez/ h, as expected [23,24],
and vary by less than ~10% for temperature between 20 and
200 mK in both spin-resolved branches. At higher magnetic
fieldsin Landau levels N < 5, 5, departs from 0.5 €%/ h. As
shown in Fig. 1(c), the conductivity maxima vary non-
monotonically with temperature and increase from 20 to
50 mK, reaching ~1.7¢?/h at v = 9/2, and then decrease
with increasing temperature. Finally, we note that the
temperature dependence of the spin-down phases v = 9/2
and v = 13/2 are more robust than for the spin-upv = 11/2
andv = 15/2, as has been observed in the stripe phase in the
VdP geometry [4,5].
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FIG. 1. (a) Conductivity o, versus magnetic field B for sample

C1. (Inset) Schematics of the samples. (b),(c) o,, of sample C1 at
20 mK (blue curve), 50 mK (orange curve), 100 mK (green
curve), and 200 mK (red curve) in the SLL lower spin branch (b)
and in the N =2 and N =3 LL (¢).

Our measurements in the TLL are reported in Fig. 2. Panel
(a) of this figure shows a color intensity plot of ¢, versus dc
bias voltage V. and filling factor v in the lower spin branch
of the TLL (4 <v < 5) for sample C1. The nonlinear
transport measurements reveal important features that are
absent at V4. = 0. We first focus on the central region cor-
responding to the stripe phase around v = 9/2. Corbino
samples have rotational invariance; however, the anisotropy
of the stripe phase appears as follows. The conductivity in the
Corbino geometry is given by o,.=(G/2x)In(Dyy/D;iy)
where G is the differential conductance and Dy, (D) is the
inner (outer) ring diameter. In an isotropic phase, o, should
not depend on the sample size. Yet, we observe that, in the
(presumably anisotropic) stripe phase, the conductivity ratios
of the three different samples are far from the expected value
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FIG.2. (a)o,, inthe TLL versus V4. and v in C1. Narrow band

noise was observed in red overlay regions. (b) G/D;, (G being the
conductance and D;, the inner contact diameter) versus V. at
v = 9/2 in the three samples. (¢) 6, versus V4. atv = 4.25, 4.68,
475, 4.82 in C1. (d),(e) Noise spectral density S;;(f) versus
frequency f atv = 4.68 and 4.5. (f) S;;(f) versus frequency f at
v=4.68 for V4. =0, —1.28, —1.29, —1.36 mV. (g) (Blue) dc
current / versus V. at v = 4.68 with a zoom on narrow band
noise region in central inset. (Red) Cubic interpolation of 7(V ).
The grayed zone is where narrow band noise occurs.
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of one: at 20 mK and Vg =0V, 6% /6 =2.6 and
0S¢l /63 = 6.8. This phase is known to have a preferred
direction (the so-called easy axis), and as a consequence, we
rather expect the conductance to be proportional to the
number of stripes linking the two contacts, i.e., in our case
to D;,. This is what is observed here: as shown in Fig. 2(b),
the ratio of conductance G at V4. =0V over D;, is
G/D;, = 0.026 €*/hum™', as extracted from a linear fit
of G versus D;, (see [22]). In contrast, at 200 mK, where the
stripe phase is expected to have melted, the conductivity
ratios are found to be 6<! /6$? ~ 0.7 and much closer to the
expected value of one. Finally, we observe three regimes of
conductance for samples C1 and C3 [see Fig. 2(b)] with
increasing bias voltage: one that increases with V4, a second
where it decreases, and a third that is nearly constant. This is
consistent with a smooth BKT transition between a smectic
to a nematic phase and then to an isotropic phase, as observed
recently in Ref. [25].

At filling factors deviating from v = 9/2, the differential
conductance is observed to vary abruptly at nonzero dc bias
forming diamond-shaped regions; see dashed lines in
Fig. 2(a). In addition, a pronounced hysteresis upon voltage
sweep direction is also observed. This is consistent with the
depinning transition typical of a pinned CDW [11,18]. The
diamonds are located at filling factors in the vicinity of
v*=1/4 and v* =3/4, as was previously reported
[6,11,18]. We note the situation is, however, more complex
for v* = 3/4, where o, has several jumps, which could be
different depinning transitions occurring at different thresh-
old bias voltages, as exemplified by the green curve of
Fig. 2(c). Finally, a finite bias voltage may introduce LL
tilting, which could then lead to current flow in higher LLs
by way of mechanisms such as breakdown. However this is
unlikely here since the typical threshold values V. ~ 2 mV
are well below the LLs spacing (A ~ 6 meV at B = 3.5 T),
and the typical breakdown voltage values measured at
v = 3 are on the order of V. ~ 10 mV.

The current noise spectral density S;;(f) as a function of
dc bias voltage V4. was measured in a dc to 65 kHz
bandwidth. Examples of such spectra are presented in
Fig. 2(f) for fixed dc bias voltage. The voltage dependence
of the spectra are shown as color intensity plots in Figs. 2(d)
and 2(e) for sample C1 at two different filling factors in the
TLL. In certain ranges of dc bias voltage, the noise spectra
show peaks at finite frequencies, often followed by several
harmonics, as shown for v = 4.68 in Fig. 2(f). This narrow
band noise (NBN) occurs at the boundary separating stripes
and pinned CDWs around v* ~ 0.3 and v* ~ 0.7 and often
at bias voltage significantly above depinning threshold
voltage [see regions in red overlay in Fig. 2(a)]. NBN was
reported before in [26] for v =4+ 1/4 and 6+ 1/4;
however, there was no clear understanding of these
phenomena. The NBN observed here is reminiscent of
“washboard noise” associated with sliding mode conduc-
tivity of CDWs [27]. In this scenario, the current carried by

a sliding CDW is given by Icpw = efyin,., where f, =
vy/A is the fundamental frequency (here on the order of
10 kHz), 4 is the periodicity of the CDW, v, is the drift
velocity, and n,. is the density of electrons condensed in the
sliding CDW. As there is already current flowing in the
sample when NBN occurs, it is difficult to measure
precisely Icpw as a function of bias voltage. However,
by interpolating the dc current versus bias voltage (V)
[blue curve in Fig. 2(g)] with a cubic polynomial [red curve
in Fig. 2(g)] and subtracting it from I(Vy.) (see [22]), a
current increase is observed. The voltage range in which an
increase of the dc current is observed coincides with that
where NBN is observed [shaded region in Fig. 2(g)]. At
v =4.68, we find Icpw/fo = 2.46 x 10713 A's. Assuming
further a CDW periodicity on the order of the cyclotron
radius [8] [, = /N + 1z ~31.8 nm (/z being the mag-
netic length), an estimate for the electron density in the
CDW is found to be n, ~ 4.8 x 10° cm™2. The velocity of
the sliding CDW can also be estimated, v, ~ 380 ums™!.
Given the electron density n, = 3.8 x 10! cm™2, at
v = 4.68, the density of charge in the 68% filled lower
spin branch TLL is n;, =5.1 x 10" cm™ and, as a
consequence, the sliding CDW would carry 9% of the
charges present in this LL. The observation of narrow band
noise at biases above the depinning voltage, and given that
sliding CDWs are generally observed with depinning of 1D
electron crystals along the crystal wave vector direction
suggests here the occurrence of two depinning transitions.
First, a depinning transition occurring in the easy direction
(perpendicular to the crystal wave vector) allowing for the
current to flow, then a sliding of the crystal, likely in the
crystal wave vector direction. We conclude that an electron
nematic liquid crystal that is susceptible to being pinned in
both directions is a good candidate to support our obser-
vations and is consistent with the previous work of Ref. [6].

Similar measurements have been carried out in the SLL
and reported in Fig. 3. The Corbino geometry does not
provide any information regarding the Hall resistance, and
as such, it is difficult to unambiguously identify the
RIQHE. However, the position of the conductance maxima,
as well as their temperature dependence [see, for example,
Fig. 1(b) for C1], can be compared and identified with
previously RIQHE states and identified as R2a, R2b, and
R2c, per the nomenclature of Refs. [12,28,29]. Focusing on
R2c¢ in C1 [Fig. 3(a)], we observe that it holds peculiar
similarities with the stripe phases observed in the TLL.
First, the maximum conductivity o5 is singularly
enhanced at low temperatures and reaches ¢ —20 mK —
0.3¢%/h with mx—20mK /Gmax=200mK ~ 10 [Fig. 1(b)].
Comparing it to the CDWs in the TLL, such an increase
is observed only in the stripe phase, where at v =9/2,
onax —20 mK /smax =200 mK ~ 20 This behavior is not
observed in the bubble phases. These peaks in conductance
are present in R2a, R2b, and R2c¢ in all our Corbino
samples and, while they resemble the stripe conductivity
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FIG.3. (a)o,, inthe SLL versus V. and v in C1. Narrow band
noise was observed in red overlay regions. (b) G/D;, versus V.
in R2c¢ center (v = 2.58) for the three samples. (¢) o,, versus
V4 at different filling factors around v = 5/2 in C1. (d) Current
noise spectral density S;;(f) versus frequency f at v = 2.29,
2.49, 2.58, 2.59.

maxima observed at v = 9/2, they disappear (or melt) at
lower Joule power P dissipated in the sample. For example,
P ~ 3 pW was sufficient to destroy the conductance peak in
R2c, whereas a P ~ 18 pW is required to destroy the stripe
phase in C1 at v = 9/2. We take this as evidence disfavor-
ing scenarios based on isotropic bubble phases because it is
difficult to reconcile it with the conductance enhancement
at low temperatures for these RIQHE states. However, these
phases cannot be associated with the stripe phase occurring
at v = 9/2 because here the conductance is not propor-
tional to the ring diameter D;, [Fig. 3(b)].

Our o,, data also suggest a coexistence occurring
between CDWs and FQHE states in the SLL, as was
previously reported in [17] with optical measurement. To
illustrate it, we focus on the v = 5/2 FQHE state and its
vicinity [Fig. 3(c)]. Aty = 5/2, the conductivity minima is
at zero-bias voltage, as expected for a FQHE state [green

curve in Fig. 3(c)]. As soon as we depart from the exact
filling factor v = 5/2, a maximum in the conductivity is
observed at zero-bias voltage, followed by a local minimum
at finite bias [red and orange curves in Fig. 3(c)]. Already at
v =252 [brown curve in Fig. 3(c)] the conductivity
resembles that of the RIQHE phase; i.e., it decreases with
increasing bias voltage as crystalline order melts, as in
Fig. 3(b). Previous work suggested the onset melting
energy for RIQHE states to be lower than the FQHE
gap [29,30], and since o,, give a direct access to bulk
conductivity without any contribution from edge states
(unlike in [31-33]), the zero-bias peak in the conductivity
points toward phase coexistence. First, the crystal melts
with increasing bias voltage, whereas the FQHE state
vanishes at higher bias voltage. A similar situation where
a competition occurs between a series of FQHE states and
the Wigner crystal, albeit with increasing temperature
rather than dc bias, has been previously reported deep in
the first Landau level [34]. We also observe a similar
coexistence between electron liquids and CDWs at filling
factors in the vicinity of v = 7/3 and v = 8/3 FQHE states,
although in a less pronounced way.

NBN was also observed in the SLL for R2c¢ and to a
lesser extent in R2a, as shown in Fig. 3(d). This is, to our
knowledge, the first observation of NBN in the SLL. Here,
the typical fundamental frequency observed is 5—-10 times
lower than in the TLL. Applying a similar interpolation
technique, we find in R2c¢ (at v = 2.58) that Icpw/fo ~
8.43 x 107'* A's [22]. Given that here the cyclotron length
is I, =23.4 nm, we estimate the charge density in the
sliding CDW to be n,~22x 10° cm™ with a drift
velocity of v, =234 um-s~'. At v =258, given the
electron density in the last LL being n; =5.52x
10" cm™2, the sliding CDW corresponds to 4% of the
SLL lower spin branch electron density. This is consistent
with what we have observed in the TLL and provides
confidence that a sliding CDW is a reasonable explanation.
Finally, as in the TLL, the sliding CDW points toward a
depinning transition of an electron liquid crystal, implying
here that such a phase is present in reentrant states R2a
and R2c.

To conclude, narrow band noise observations show that
CDWs in the TLL and RIQHE states R2a and R2c¢ in the
SLL very likely contain a stripelike order susceptible of
being pinned, such as for a nematic electron liquid crystal.
The combination of these observations with conductivity
maps versus dc bias taken in the SLL and TLL show that
RIQHE states R2a, R2b, and R2c are unlikely to be bubble
states, and instead points toward an electron liquid crystal
ordering that can coexist with FQHE liquids.

This work has been supported by Canada Excellence
Research Chairs program, NSERC, CIFAR, MDEIE,
FRQNT via INTRIQ and the Canada Foundation for
Innovation. The work at Princeton University was funded

136801-4



PHYSICAL REVIEW LETTERS 120, 136801 (2018)

by the Gordon and Betty Moore Foundation through the
EPiQS initiative Grant No. GBMF4420 and by the National
Science Foundation MRSEC Grant No. DMR-1420541.
The authors acknowledge fruitful discussions with René
Coté, Edouard Pinsolle, and Ganesh Sundaram, as well as
the technical help of Gabriel Laliberté and Oulin Yu.

[1] R.B. Laughlin, Phys. Rev. Lett. 50, 1395 (1983).

[2] E. Fradkin and S. A. Kivelson, Phys. Rev. B 59, 8065
(1999).

[3] O. Ciftja and C. Wexler, Int. J. Mod. Phys. B 20, 747 (2006).

[4] M. P. Lilly, K. B. Cooper, J. P. Eisenstein, L. N. Pfeiffer, and
K. W. West, Phys. Rev. Lett. 82, 394 (1999).

[5] R.R. Du, D.C. Tsui, H.L. Stormer, L. N. Pfeiffer, K. W.
Baldwin, and K. W. West, Solid State Commun. 109, 389
(1999).

[6] J. Gores, G. Gamez, J. H. Smet, L. N. Pfeiffer, K. W. West,
A. Yacoby, V. Umansky, and K. von Klitzing, Phys. Rev.
Lett. 99, 246402 (2007).

[71 G. Sambandamurthy, R. M. Lewis, H. Zhu, Y.P. Chen,
L. W. Engel, D.C. Tsui, L. N. Pfeiffer, and K. W. West,
Phys. Rev. Lett. 100, 256801 (2008).

[8] A. A. Koulakov, M. M. Fogler, and B. I. Shklovskii, Phys.
Rev. Lett. 76, 499 (1996).

[9]1 M. M. Fogler, Lecture Notes in Physics (Springer-Verlag,
Berlin, 2002), Vol. 595, p. 98.

[10] R.M. Lewis, P.D. Ye, L. W. Engel, D.C. Tsui, L.N.
Pfeiffer, and K. W. West, Phys. Rev. Lett. 89, 136804
(2002).

[11] K. B. Cooper, M. P. Lilly, J. P. Eisenstein, L. N. Pfeiffer, and
K. W. West, Phys. Rev. B 60, R11285(R) (1999).

[12] J.P. Eisenstein, K.B. Cooper, L.N. Pfeiffer, and K. W.
West, Phys. Rev. Lett. 88, 076801 (2002).

[13] L. Tiemann, T. D. Rhone, N. Shibata, and K. Muraki, Nat.
Phys. 10, 648 (2014).

[14] B. Friess, V. Umansky, L. Tiemann, K. von Klitzing, and
J. H. Smet, Phys. Rev. Lett. 113, 076803 (2014).

[15] A.V. Rossokhaty, Y. Baum, J. A. Folk, J. D. Watson, G. C.
Gardner, and M. J. Manfra, Phys. Rev. Lett. 117, 166805
(2016).

[16] N. Samkharadze, K.A. Schreiber, G.C. Gardner,
M.J. Manfra, E. Fradkin, and G. A. Csathy, Nat. Phys.
12, 191 (2016).

[17] A.L. Levy, U. Wurstbauer, Y. Y. Kuznetsova, A. Pinczuk,
L. N. Pfeiffer, K. W. West, M. J. Manfra, G. C. Gardner, and
J. D. Watson, Phys. Rev. Lett. 116, 016801 (2016).

[18] X. Wang, H. Fu, L. Du, X. Liu, P. Wang, L. N. Pfeiffer,
K. W. West, R. R. Du, and X. Lin, Phys. Rev. B 91, 115301
(2015).

[19] B. A. Schmidt, K. Bennaceur, S. Bilodeau, G. Gervais, L. N.
Pfeiffer, and K. W. West, Solid State Commun. 217, 1
(2015).

[20] H. Fu, P. Wang, P. Shan, L. Xiong, L. N. Pfeiffer, K. W.
West, M. A. Kastner, and X. Lin, Proc. Natl. Acad. Sci.
U.S.A. 113, 12386 (2016).

[21] P. Wang, Y. Wu, H. Chen, R. Zhang, L. N. Pfeiffer, K. W.
West, R.R. Du, X.C. Xie, and X. Lin, arXiv:1706.08829.

[22] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/PhysRevLett.120.136801 for details
on the sample fabrication, experimental scheme, and addi-
tional measurements.

[23] Y. Huo, R. E. Hetzel, and R. N. Bhatt, Phys. Rev. Lett. 70,
481 (1993).

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

[25] Q. Qian, J. Nakamura, S. Fallahi, G. C. Gardner, and M. J.
Manfra, Nat. Commun. 8, 1536 (2017).

[26] K.B. Cooper, J.P. Eisenstein, L. N. Pfeiffer, and K. W.
West, Phys. Rev. Lett. 90, 226803 (2003).

[27] R. M. Fleming and C. C. Grimes, Phys. Rev. Lett. 42, 1423
(1979).

[28] N. Deng, A. Kumar, M.J. Manfra, L. N. Pfeiffer, K. W.
West, and G. A. Csathy, Phys. Rev. Lett. 108, 086803
(2012).

[29] N. Deng, J. D. Watson, L. P. Rokhinson, M. J. Manfra, and
G. A. Csathy, Phys. Rev. B 86, 201301(R) (2012).

[30] C.R. Dean, B.A. Piot, P. Hayden, S. Das Sarma, G.
Gervais, L. N. Pfeiffer, and K. W. West, Phys. Rev. Lett.
100, 146803 (2008).

[31] J. B.Miller, I. P. Radu, D. M. Zumbiihl, E. M. Levenson-Falk,
M. A. Kastner, C. M. Marcus, L. N. Pfeiffer, and K. W. West,
Nat. Phys. 3, 561 (2007).

[32] 1. P. Radu, J. B. Miller, C. M. Marcus, M. A. Kastner, L. N.
Pfeiffer, and K. W. West, Science 320, 899 (2008).

[33] S. Baer, C. Rossler, T. Ihn, K. Ensslin, C. Reichl, and W.
Wegscheider, Phys. Rev. B 90, 075403 (2014).

[34] W. Pan, H.L. Stormer, D.C. Tsui, L. N. Pfeiffer, K. W.
Baldwin, and K. W. West, Phys. Rev. Lett. 88, 176802
(2002).

136801-5


https://doi.org/10.1103/PhysRevLett.50.1395
https://doi.org/10.1103/PhysRevB.59.8065
https://doi.org/10.1103/PhysRevB.59.8065
https://doi.org/10.1142/S0217979206033632
https://doi.org/10.1103/PhysRevLett.82.394
https://doi.org/10.1016/S0038-1098(98)00578-X
https://doi.org/10.1016/S0038-1098(98)00578-X
https://doi.org/10.1103/PhysRevLett.99.246402
https://doi.org/10.1103/PhysRevLett.99.246402
https://doi.org/10.1103/PhysRevLett.100.256801
https://doi.org/10.1103/PhysRevLett.76.499
https://doi.org/10.1103/PhysRevLett.76.499
https://doi.org/10.1103/PhysRevLett.89.136804
https://doi.org/10.1103/PhysRevLett.89.136804
https://doi.org/10.1103/PhysRevB.60.R11285
https://doi.org/10.1103/PhysRevLett.88.076801
https://doi.org/10.1038/nphys3031
https://doi.org/10.1038/nphys3031
https://doi.org/10.1103/PhysRevLett.113.076803
https://doi.org/10.1103/PhysRevLett.117.166805
https://doi.org/10.1103/PhysRevLett.117.166805
https://doi.org/10.1038/nphys3523
https://doi.org/10.1038/nphys3523
https://doi.org/10.1103/PhysRevLett.116.016801
https://doi.org/10.1103/PhysRevB.91.115301
https://doi.org/10.1103/PhysRevB.91.115301
https://doi.org/10.1016/j.ssc.2015.05.005
https://doi.org/10.1016/j.ssc.2015.05.005
https://doi.org/10.1073/pnas.1614543113
https://doi.org/10.1073/pnas.1614543113
http://arXiv.org/abs/1706.08829
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.136801
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.136801
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.136801
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.136801
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.136801
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.136801
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.136801
https://doi.org/10.1103/PhysRevLett.70.481
https://doi.org/10.1103/PhysRevLett.70.481
https://doi.org/10.1103/PhysRevB.48.18060
https://doi.org/10.1103/PhysRevB.48.18060
https://doi.org/10.1038/s41467-017-01810-y
https://doi.org/10.1103/PhysRevLett.90.226803
https://doi.org/10.1103/PhysRevLett.42.1423
https://doi.org/10.1103/PhysRevLett.42.1423
https://doi.org/10.1103/PhysRevLett.108.086803
https://doi.org/10.1103/PhysRevLett.108.086803
https://doi.org/10.1103/PhysRevB.86.201301
https://doi.org/10.1103/PhysRevLett.100.146803
https://doi.org/10.1103/PhysRevLett.100.146803
https://doi.org/10.1038/nphys658
https://doi.org/10.1126/science.1157560
https://doi.org/10.1103/PhysRevB.90.075403
https://doi.org/10.1103/PhysRevLett.88.176802
https://doi.org/10.1103/PhysRevLett.88.176802

