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Anomalous transport phenomena in p, + ip, superconductors
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Spontaneous breaking of time-reversal symmetry in superconductors with the p, + ip, symmetry of the order
parameter allows for a class of effects which are analogous to the anomalous Hall effect in ferromagnets. These
effects exist below the critical temperature, 7 < 7.. We develop a kinetic theory of such effects. In particular,
we consider anomalous Hall thermal conductivity, the polar Kerr effect, the anomalous Hall effect, and the

anomalous photo- and acousto-galvanic effects.
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Introduction. One of the leading candidates for p-wave pair-
ing in electronic systems is Sr,RuO4. Numerous experiments
indicate that the superconducting state of Sr,RuQO4 has odd
parity, breaks time-reversal symmetry, and is spin triplet [ 1-6].
The order parameter consistent with these experiments is given
by the chiral p-wave state [7] which is an analog of the >He-A-
phase. The Fourier transform of the real space order parameter
Ayg(r — 1) has the form Aqg(p) ~ (px L ipy)S - 04, Wwhere
S is the spin of the Cooper pair, o are the Pauli matrices, and «
and B are spin indices. However, the observation of power law
temperature dependence of specific heat [8] and NMR [9], the
absence of electric currents along edges [10], and the absence
of a split transition in the presence of an in-plane magnetic field
[11] are inconsistent with the theoretically expected properties
of a simple chiral superconductor. Consideration of additional
experimental manifestations of spontaneous breaking of time-
reversal symmetry in p, + ip, superconductors may clarify
the nature of the superconducting state in SroRuQy.

Due to spontaneous breaking of time-reversal symmetry,
Px + ip, superconductors must exhibit anomalous transport
phenomena in the absence of external magnetic fields, similar
to those in metallic ferromagnets (see Refs. [12,13] for a
review). In this Rapid Communication we develop a theory of
several such effects in p, + ip, superconductors: the anoma-
lous Hall effect, polar Kerr effect for microwave radiation,
anomalous Hall thermal conductivity, and anomalous photo-
and acousto-galvanic effects.

It should be noted that p-wave superconductivity exists
only in the clean regime, / > &, where electron transport may
be described semiclassically. Generally, in the semiclassical
regime there are three contributions to anomalous transport
phenomena: skew scattering, side jumps, and the intrinsic
contribution. The side jump contribution arises from the shift
of the center of mass of electron wave packets during the
scattering events, while the intrinsic contribution is related to
the anomalous velocity due to Berry curvature. The magnitude
of these contributions is independent of the mean free path. In
contrast, the magnitude of the skew scattering contribution is
proportional to the quasiparticle mean free path /. As a result,
the skew scattering contribution exceeds the intrinsic and side
jump contributions by a large factor Cprl, where pp is the
Fermi momentum, and C is the prefactor that depends on the
impurity strength and the details of the band structure. In p, +
ipy superconductors / > &, the semiclassical parameter is
sufficiently large, ppl > 103A, so that the condition Cprl>1
is satisfied for most types of impurities. Therefore in this
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Rapid Communication we will take into consideration only the
skew scattering contribution. We focus on anomalous transport
phenomena in the vicinity of the critical temperature, where
quasiparticles play a major role.

Kinetic scheme. Transport theory in conventional time-
reversal invariant superconductors was developed long ago
(see, for example, reviews in Refs. [14,15]). Below we gener-
alize this approach to superconductors without time-reversal
symmetry, which exhibit anomalous transport phenomena. In
the clean regime, [ > &, and at sufficiently low frequencies,
w K |A|, where |A] is the modulus of the order parameter, the
quasiparticle dynamics can be described by the Boltzmann
kinetic equation for the quasiparticle distribution function

np(r,1),
onp(r,t)  0ép dny
at ap or

0€, On
L, (1
ar Jap

where the collision integral Iy, = Is(f D4 I in Eq. (1) describes
both elastic and inelastic scattering, and

gp:€p+v'psv ep: §§+|A|25 (23)
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In Eq. (2) m is the electron mass, while p, and ® are given
by

h h
Pi=oVy— A, ®=—dx+ed, 3)
2 c 2

where x is the order parameter phase, and ¢ and A are the
scalar and vector potentials. From Eq. (3) one obtains the
equation for the acceleration of the condensate,

d,ps = ¢E + V. )

Equations (1)—(3) should be supplemented by the expression
for the current density,

N
j:e—ps_i_e/dl"vnp’ 5
m
and by the charge neutrality condition,
_farke
vd = [ dT L n,, (©)

€p

©2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.92.100506

SONGCI LI A. V. ANDREEV, AND B. Z. SPIVAK

that relates the gauge-invariant scalar potential and the odd
in & part of the quasiparticle distribution function, and by the
self-consistency equation for the order parameter. Here v is
the density of states at the Fermi level, dT" = d3 p/(2m h)* and
v =d&,/dp.

We work in linear response to external perturbations, and
neglect corrections to equilibrium value of | A|. We also assume
that . > t, where 7. and t are inelastic and elastic mean
free time, respectively. Therefore the main contribution to
the aforementioned anomalous effects comes from elastic
scattering, which is described by the collision integral

Iy = /(pr,np/ — Wppnp)8(&p — &y)dI. @)

Skew scattering of quasiparticles corresponds to the part
of scattering probability Wy, in Eq. (7) that is associated
with breaking of time-reversal symmetry, 6 Wppy = Wpp —
W_p—p # 0. Thus, all the aforementioned effects are propor-
tional to 6 Wy,y. Skew scattering arises beyond the lowest Born
approximation for the scattering amplitude. Below we consider
pointlike impurities. In the normal state such impurities scatter
electrons only in the s-wave channel and do not cause
skew scattering. Therefore in the superconducting state skew
scattering of quasiparticles is entirely due to the breaking of
time-reversal symmetry by the p, + ip, order parameter. The
elastic scattering probability for quasiparticles with energy
€ can be characterized by & =&, £ =&, = =& and the
azimuthal angles ¢, ¢’, which define the direction of p and p’
in the xy plane. For simplicity, we assume cylindrical Fermi
surface (with energy independent of p,) and obtain for the
scattering probability [16]

Wpp = Wo + Wi[1 — cos(p — ¢ + 28.)]. ®

Here §. is the energy-dependent scattering phase shift. It is
related to the normal state s-wave phase shift §, by

dn€
8. = arctan ————. )
Ve — A2
We assume weak impurities, for which §,, =~ tan§,, = —mwv'V)),

is small. Here Vj is the impurity pseudopotential [17]. In this
case Wy and W, are given by

N2
Wo(&.&) = %)% (102)
A 2
i) = S8 (10b)

Here 7! = 27n;vV{, with n; being the impurity density,
is the elastic scattering rate in the normal state. The coef-
ficient ¢ (€) = (€% — |A[*)/[€*(1 + 82) — | A|*] represents the
enhancement factor of the quasiparticle scattering cross section
over the normal state value. The first term in Eq. (8), Wy
given by Eq. (10a) has the same structure as in s-wave
superconductors. It describes scattering only within the same
(particlelike, & > 0, or holelike, & < 0) branch and does not
lead to branch imbalance relaxation. The second term, W,
in Eq. (8) is absent in s-wave superconductors. It leads to
both skew scattering and scattering between branches of the
quasiparticle spectrum with different signs of &. The skew
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scattering cross section, described by the sin(¢ — ¢’) sin 28,
term in Eq. (8), is energy dependent. It follows from Egs. (8),
(9), and (10b) that it changes sign when impurity potential Vy
changes from repulsive to attractive.

Below we consider linear response to several external per-
turbations and look for the quasiparticle distribution function
in the form n, = n© + nY’, where n© is a locally equilibrium
Fermi distribution, and ng) describes the deviation from
equilibrium. Noting that the collision integral (7) is nullified
by an arbitrary function n”(&,) we write the linearized
Boltzmann equation in the form

S(p) = / AT Wy (nl) — ni))8(ep — ). (11)

where the source S(p) is obtained by linearizing the left-hand
side of Eq. (1) about the equilibrium, and its specific form the
depends on the type of perturbation.

Anomalous Hall thermal conductivity. We first consider
the Hall component of the thermal conductivity «,, which
describes the heat flux perpendicular to the direction (x axis)
of the temperature gradient. In this case the source term in Eq.
(11) has the form

g an©®
S@) =7 v VT ——. (12)

The expression for the heat flux is
de
0 P 1)
j¢ = /dl"ep o ny’. (13)

Note that dep/0p = v& /€ is the group velocity of the quasi-
particles, while v is the bare velocity as in a normal metal,
|[v| = vp. The solution of Eqgs. (11) and (12) has the form

O £ n©® )
ny’ = ——=vp VT ——[a,(e) sing + a.(€) cos ¢].
p T de

The Hall component of the thermal conductivity tensor, vy,
is determined by o (¢€) in the above expression, which is given
by ay(€) = a(e)/[b*(€) + a*(e)], with

A 2
a(e) = @ Al sin 24, (14a)
2t 2¢el&|
A 2
b(e) = E + @ Al (cos 28, +2). (14b)
€T 2t 2€|&|
For weak impurities, |§,| < 1, we obtain, close to T,
A1
o =3kl — ) é,, 15
Ky K(JTT) (15)

where k = 7>vT D/3 (with D = v:t/2 being the diffusion
constant) is the normal state thermal conductivity.

Polar Kerr effect. Next we consider a linearly polarized
electromagnetic wave at normal incidence to the xy surface of
Dx + ipy superconductor. The reflected wave is elliptically
polarized with the major axis rotated with respect to the
incident one by the polar Kerr angle [18]

(1 —n? 4+ k») Ak + 2nk An

0, =
T T =2 2+ Qe

, (16)
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where n and k are, respectively, the real and imaginary parts
of the refraction index and
4 (n — iK)oyy
An+iAK::___9L?ﬂQZL
w n?+r?
where oy, is the complex ac conductivity.

In this case the electric field is uniform in the direction
parallel to the surface of the sample, ® = 0, and the value
of p,(¢) is determined by Eq. (4). The diagonal part of the
conductivity is given by [14]

, a7

i NL(T
oo ~ o 4 ), (18)
w

where N,(T) is the temperature-dependent superfluid density
and op = e?vD is the Drude conductivity. In contrast to the
thermal conductivity consideration, in the present case n® =
1/(explep + v - ps(1)]/ T + 1) gives a nonvanishing contribu-
tion to the current response [via Ny(7T')] because the superfluid
momentum depends on the electric field. The Kerr angle 6 is
determined by the value of the Hall component of conductivity
Oy

yTo find o,, we seek the solution of Eq. (1) in the form
n=n"%e/T)+ nf,l). The source in Eq. (11) becomes

an©®
de

where the external electric field E is along the x direction. The

nonequilibrium distribution nf,l) has the form

n©

de

The Hall conductivity depends only on the function S(e€),
which is given by B,(€) = a(e)/{[b(€) — iw]* + a*(¢)}, with
a(e) and b(e) being defined in Eq. (14). Substituting Eq. (20)
into Eq. (5) we obtain the Hall conductivity in the weak
impurity limit, |7vVp| < 1, in the form

S(p) = —iwn)) —ev-E (19)

n\) = —eEvp [Bs(€)sing + Be(e)cospl.  (20)

» Al /00 dx
o(w) = op—35,
’ P2 Jo cosh’ (VX2 ¥ 1)Al/2T)
2
1
x ot @1

(—iwTxv/xZ+ 1 +x2 43742

where x = |£|/|A|. At temperature close to 7, and at low
frequencies, w1t <K 1, this expression yields

It A
Opy = —— 8, — Op.
T R

This result was derived assuming p, + ip, symmetry of the
order parameter. In the p, — ip, state the Hall conductivity o,
has opposite sign. It also changes sign if the impurity potential
Vo changes from repulsive, §, < 0, to attractive, §, > 0, in
agreement with Ref. [19]. Note that our result for the low
frequency Hall conductivity, Eq. (22), is proportional to the
elastic mean free time t and to the density of quasiparticles.
There is another contribution to oy, associated with the ex-
istence of the transverse component of the superfluid velocity
vy ~ Py, Which is proportional to the condensate acceleration
in the x direction. It may not be obtained within the present
formalism that is based on the Boltzmann kinetic equation for
the quasiparticles. At T ~ T, this contribution is smaller than

(22)
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the quasiparticle contribution, Eq. (22). However, at T < T,
when the quasiparticle contribution becomes exponentially
small, in Eq. (21) it becomes the dominant contribution.
The requirement for this contribution to exist is violation of
Galilean invariance in the system. Thus it should exist in any
crystalline superconductors with p, + ip, symmetry [20,21].
The conclusion that o, remains finite even at @ — 0, and
T = 0 is in agreement with the results presented in Fig. 2 of
Ref. [20]. Galilean invariance can also be broken by impurities.
The corresponding contribution to oy, is inversely proportional
to the electron mean free time.

Hall effect for normal current injection. Let us now
consider a normal metal/(p, + ip,)-superconductor junction,
through which a steady current is flowing. At 7T < |A]
this situation was considered in Ref. [22]. In this regime
conversion of normal current to supercurrent is mediated by
multiple Andreev reflections. Here we work near the critical
temperature and consider a setup in which the normal current
is injected into the superconductor in the x direction, as shown
in the inset in Fig. 1. In this case the conversion of quasiparticle
current to the supercurrent occurs in the superconductor. Just as
in the case of the s-wave superconductor, near 7., the electric
field penetrates into the superconductor to a large distance
Lo > [, which is determined by the relaxation of imbalance
between the populations of quasiparticles in electronlike,
& > 0, and holelike, £ < 0, branches of the spectrum (see,
for example, Ref. [14], and references therein). The new
feature of normal current injection that appears in p, +ip,
superconductors is that skew scattering of quasiparticles
generates nonequilibrium current that is perpendicular to the
electric field. Another aspect is that, in contrast to s-wave su-
perconductors, impurity scattering leads to branch imbalance
relaxation even if the magnitude of the order parameter |A|
is isotropic in the Fermi surface. Below we assume that the
inelastic scattering rate is smaller than 1/t and thus impurity
scattering gives the dominant contribution to branch imbalance
relaxation.

In linear response we write the quasiparticle distribution

function in the superconductor in the form n(o)(ep /T)+ ng).

F

12F >

101 N Ex S
| 1 |
8; j
6F

4F

FIG. 1. (Color online) Plot of the functions F_,(x) (solid line)
and Fy(x) (dashed line) in Eq. (30). The inset shows a schematic
setup of the normal current injection experiment. Electric current is
injected into the superconductor S from the normal metal N along
the x axis. Skew scattering of quasiparticles generates an anomalous
Hall current in the y direction.

100506-3



SONGCI LI A. V. ANDREEV, AND B. Z. SPIVAK

This yields the source term in Eq. (11),

(D

€ ar
Atlength scales in excess of the mean free path we may employ
the diffusive approximation. With the aid of Eq. (5) the Hall
current j, can be expressed in the form

(23)

. AP,

Jy(x) = —4€vD5nfd$?3xna(€,x), (24)
where 7i,(£,x) is the antisymmetric in & part of the
distribution function averaged over the momentum di-
rections. The latter satisfies the diffusion equation with
relaxation

2

L U
Dmna(é,x) = %na(%_sx)v (25)

with  energy-dependent  relaxation  rate
TV A]2(E2 4 2|A|*)/E%. The solution of Eq. (25) is

75'(6) =

nq(§,x) = 14(§,0) exp[—x/Lo(&)], (26)

where Lo(§) = /Dtg(§) is the energy-dependent branch
imbalance relaxation length.

We work in the vicinity of the critical temperature T,
where for typical thermal quasiparticles & ~ T, (|§] > |A]),
the relaxation lengths are long, Lo (&) =1|§|/|A| > [. These
quasiparticles diffuse into the bulk of the superconductor and
contribute to the gauge-invariant potential ® given by Eq. (6).
The boundary value of the nonequilibrium quasiparticle
population, 71,(£,0) in Eq. (26), is obtained by matching the
solution of Eq. (25) with the solution of diffusion equation
with energy relaxation for the electrons in the normal metal.
The result depends on both the inelastic mean free path in the
normal metal, /,, and the branch imbalance relaxation length
L g in the superconductor. For [, > L ¢ the boundary condition
is

eE(0)Lo(8)

Ma(6.0) = sgn(®) a7y’

27

where E,(0) is the electric field in the normal metal gener-
ating the steady current. Here we used the fact that in the
stationary case E = —V®/e, which follows from Eq. (4).
Using this relation and substituting Eqgs. (27) and (26)
into Egs. (6) and (24) we obtain the spatial distributions
of the electric field E,(x) and the Hall current j,(x) in
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the superconductor,

X
E.(x) = E,(0)F, , 28
(x) 0) 0<(LQ)> (28)
L) = opEL (0, 12 2F al 29
]y(x)—UD x( ) n(?) —2<<LQ>>9 ( )

where (L) = 2 In2(T/|Al) and the functions F,, are defined

as
F,(x) /Ood ' < 12’“) (30)
(x) = ——exp|—In2-},
o Peosii(y) T y

and are plotted in Fig. 1. The spatial distributions of the
Hall current j,(x) and the electric field E,(x) are drastically
different, and cannot be related by a local Hall conductivity
oyy. Atrelatively short distances, [ < x < (L), we see from
Eq. (29) that j,(x) opE(0)8,(|A|/T)*(Lg)/x, so that the
Hall current is

. A1\ (Lo)
I, = /dx Jy(x) = opE(0)d, <?> (Lo)In -

Anomalous photo- and acousto-galvanic effects. When an
electromagnetic or an acoustic wave propagates through a con-
ductor it generates an anisotropic in momentum p distribution
function. The induced current density is proportional to the rate
of the the momentum transfer from the wave to the electron
system, [15]

Jy = Toy,.

Here 1 is the rate of momentum density transfer due to the wave
adsorption, and x is the direction of the wave propagation.
In p, +ip, superconductors an anomalous current in the y
direction is generated. Considerations similar to those leading
to Eq. (22) near T, yield

|A

Oy ™~ Olxx— Op.

T

Finally, we note that all anomalous transport phenomena
discussed above are driven by the underlying symmetry of
the superconducting state. Therefore they should exist in any
superconductor whose order parameter breaks time-reversal
symmetry (see, for example, Refs. [23-27]). Although our
consideration focused on p, + ip, materials we believe our
approach is applicable to other superconductors with broken
time-reversal invariance.

Acknowledgments. S.L.. and A.A. were supported by the
US Department of Energy Office of Science, Basic Energy
Sciences under Award No. DE-FG02-07ER46452. B.S. thanks
the International Institute of Physics (Natal, Brazil) for
hospitality.

[1] A.P. Mackenzie and Y. Maeno, Rev. Mod. Phys. 75, 657 (2003).

[2] K. D. Nelson, Z. Q. Mao, Y. Maeno, and Y. Liu, Science 306,
1151 (2004).

[3] F. Kidwingira, J. D. Strand, D. J. Van Harlingen, and Y. Maeno,
Science 314, 1267 (2006).

[4] J. Xia, Y. Maeno, P. T. Beyersdorf, M. M. Fejer, and A.
Kapitulnik, Phys. Rev. Lett. 97, 167002 (2006).

[5] G. M. Luke et al., Nature (London) 394, 558 (1998).

[6] Y. Maeno, S. Kittaka, T. Nomura, S. Yonezawa, and K. Ishida,
J. Phys. Soc. Jpn. 81, 011009 (2012).

[7] T. M. Rice and M. Sigrist, J. Phys.: Condens. Matter 7, L643
(1995).

[8] S. Nishizaki, Y. Maeno, and Z. Mao, J. Low Temp. Phys. 117,
1581 (1999).

100506-4


http://dx.doi.org/10.1103/RevModPhys.75.657
http://dx.doi.org/10.1103/RevModPhys.75.657
http://dx.doi.org/10.1103/RevModPhys.75.657
http://dx.doi.org/10.1103/RevModPhys.75.657
http://dx.doi.org/10.1126/science.1103881
http://dx.doi.org/10.1126/science.1103881
http://dx.doi.org/10.1126/science.1103881
http://dx.doi.org/10.1126/science.1103881
http://dx.doi.org/10.1126/science.1133239
http://dx.doi.org/10.1126/science.1133239
http://dx.doi.org/10.1126/science.1133239
http://dx.doi.org/10.1126/science.1133239
http://dx.doi.org/10.1103/PhysRevLett.97.167002
http://dx.doi.org/10.1103/PhysRevLett.97.167002
http://dx.doi.org/10.1103/PhysRevLett.97.167002
http://dx.doi.org/10.1103/PhysRevLett.97.167002
http://dx.doi.org/10.1038/29038
http://dx.doi.org/10.1038/29038
http://dx.doi.org/10.1038/29038
http://dx.doi.org/10.1038/29038
http://dx.doi.org/10.1143/JPSJ.81.011009
http://dx.doi.org/10.1143/JPSJ.81.011009
http://dx.doi.org/10.1143/JPSJ.81.011009
http://dx.doi.org/10.1143/JPSJ.81.011009
http://dx.doi.org/10.1088/0953-8984/7/47/002
http://dx.doi.org/10.1088/0953-8984/7/47/002
http://dx.doi.org/10.1088/0953-8984/7/47/002
http://dx.doi.org/10.1088/0953-8984/7/47/002
http://dx.doi.org/10.1023/A:1022551313401
http://dx.doi.org/10.1023/A:1022551313401
http://dx.doi.org/10.1023/A:1022551313401
http://dx.doi.org/10.1023/A:1022551313401

ANOMALOUS TRANSPORT PHENOMENA IN p, +ip, ...

[9] K. Ishida, H. Mukuda, Y. Kitaoka, Z. Q. Mao, Y. Mori, and Y.
Maeno, Phys. Rev. Lett. 84, 5387 (2000).

[10] P. G. Bjornsson, Y. Maeno, M. E. Huber, and K. A. Moler,
Phys. Rev. B 72, 012504 (2005); J. R. Kirtley, C. Kallin, C. W.
Hicks, E.-A. Kim, Y. Liu, K. A. Moler, Y. Maeno, and K. D.
Nelson, ibid. 76, 014526 (2007); C. W. Hicks, J. R. Kirtley, T.
M. Lippman, N. C. Koshnick, M. E. Huber, Y. Maeno, W. M.
Yuhasz, M. B. Maple, and K. A. Moler, ibid. 81, 214501 (2010).

[11] Z. Q. Mao, Y. Maeno, S. NishiZaki, T. Akima, and T. Ishiguro,
Phys. Rev. Lett. 84, 991 (2000).

[12] N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, and N. P.
Ong, Rev. Mod. Phys. 82, 1539 (2010).

[13] Di Xiao, Ming-Che Chang, and Qian Niu, Rev. Mod. Phys. 82,
1959 (2010).

[14] A.G. Aronov, Yu. M. Gal’perin, V. L. Gurevich, and V. 1. Kozub,
Adv. Phys. 30, 539 (1981).

[15] A. G. Aronov, Yu. M. Gal’perin, V. L. Gurevich, and V. L.
Kozub, in Nonequilibrium Superconductivity, edited by D. N.
Langenberg and A. I. Larkin (Elsevier, New York, 1986).

[16] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.92.100506 for a derivation.

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 92, 100506(R) (2015)

[17] L. D. Landau and E. M. Lifshitz, Quantum Mechanics, 3rd ed.
(Butterworth-Heinemann, Amsterdam, 2004), Sec. 151.

[18] R. M. White and T. H. Geballe, Long Range Order in Solids
(Academic, New York, 1979).

[19] R. M. Lutchyn, P. Nagornykh, and V. M. Yakovenko, Phys. Rev.
B 80, 104508 (2009).

[20] E. Taylor and C. Kallin, Phys. Rev. Lett. 108, 157001
(2012).

[21] C. Kallin, Rep. Prog. Phys. 75, 042501 (2012).

[22] A. Keles, A. V. Andreev, and B. Z. Spivak, Phys. Rev. B 89,
014505 (2014).

[23] J. A. Sauls, Adv. Phys. 43, 113 (1994).

[24] J. D. Strand, D. J. Bahr, D. J. Van Harlingen, J. P. Davis, W. J.
Gannon, and W. P. Halperin, Science 328, 1368 (2010).

[25] J.D. Strand, D.J. Van Harlingen, J. B. Kycia, and W. P. Halperin,
Phys. Rev. Lett. 103, 197002 (2009).

[26] E. R. Schemm, R. E. Baumbach, P. H. Tobash, F. Ronning,
E. D. Bauer, and A. Kapitulnik, Phys. Rev. B 91, 140506(R)
(2015).

[27] E. R. Schemm, W. J. Gannon, C. M. Wishne, W. P. Halperin,
and A. Kapitulnik, Science 345, 190 (2014).

100506-5


http://dx.doi.org/10.1103/PhysRevLett.84.5387
http://dx.doi.org/10.1103/PhysRevLett.84.5387
http://dx.doi.org/10.1103/PhysRevLett.84.5387
http://dx.doi.org/10.1103/PhysRevLett.84.5387
http://dx.doi.org/10.1103/PhysRevB.72.012504
http://dx.doi.org/10.1103/PhysRevB.72.012504
http://dx.doi.org/10.1103/PhysRevB.72.012504
http://dx.doi.org/10.1103/PhysRevB.72.012504
http://dx.doi.org/10.1103/PhysRevB.76.014526
http://dx.doi.org/10.1103/PhysRevB.76.014526
http://dx.doi.org/10.1103/PhysRevB.76.014526
http://dx.doi.org/10.1103/PhysRevB.76.014526
http://dx.doi.org/10.1103/PhysRevB.81.214501
http://dx.doi.org/10.1103/PhysRevB.81.214501
http://dx.doi.org/10.1103/PhysRevB.81.214501
http://dx.doi.org/10.1103/PhysRevB.81.214501
http://dx.doi.org/10.1103/PhysRevLett.84.991
http://dx.doi.org/10.1103/PhysRevLett.84.991
http://dx.doi.org/10.1103/PhysRevLett.84.991
http://dx.doi.org/10.1103/PhysRevLett.84.991
http://dx.doi.org/10.1103/RevModPhys.82.1539
http://dx.doi.org/10.1103/RevModPhys.82.1539
http://dx.doi.org/10.1103/RevModPhys.82.1539
http://dx.doi.org/10.1103/RevModPhys.82.1539
http://dx.doi.org/10.1103/RevModPhys.82.1959
http://dx.doi.org/10.1103/RevModPhys.82.1959
http://dx.doi.org/10.1103/RevModPhys.82.1959
http://dx.doi.org/10.1103/RevModPhys.82.1959
http://dx.doi.org/10.1080/00018738100101407
http://dx.doi.org/10.1080/00018738100101407
http://dx.doi.org/10.1080/00018738100101407
http://dx.doi.org/10.1080/00018738100101407
http://link.aps.org/supplemental/10.1103/PhysRevB.92.100506
http://dx.doi.org/10.1103/PhysRevB.80.104508
http://dx.doi.org/10.1103/PhysRevB.80.104508
http://dx.doi.org/10.1103/PhysRevB.80.104508
http://dx.doi.org/10.1103/PhysRevB.80.104508
http://dx.doi.org/10.1103/PhysRevLett.108.157001
http://dx.doi.org/10.1103/PhysRevLett.108.157001
http://dx.doi.org/10.1103/PhysRevLett.108.157001
http://dx.doi.org/10.1103/PhysRevLett.108.157001
http://dx.doi.org/10.1088/0034-4885/75/4/042501
http://dx.doi.org/10.1088/0034-4885/75/4/042501
http://dx.doi.org/10.1088/0034-4885/75/4/042501
http://dx.doi.org/10.1088/0034-4885/75/4/042501
http://dx.doi.org/10.1103/PhysRevB.89.014505
http://dx.doi.org/10.1103/PhysRevB.89.014505
http://dx.doi.org/10.1103/PhysRevB.89.014505
http://dx.doi.org/10.1103/PhysRevB.89.014505
http://dx.doi.org/10.1080/00018739400101475
http://dx.doi.org/10.1080/00018739400101475
http://dx.doi.org/10.1080/00018739400101475
http://dx.doi.org/10.1080/00018739400101475
http://dx.doi.org/10.1126/science.1187943
http://dx.doi.org/10.1126/science.1187943
http://dx.doi.org/10.1126/science.1187943
http://dx.doi.org/10.1126/science.1187943
http://dx.doi.org/10.1103/PhysRevLett.103.197002
http://dx.doi.org/10.1103/PhysRevLett.103.197002
http://dx.doi.org/10.1103/PhysRevLett.103.197002
http://dx.doi.org/10.1103/PhysRevLett.103.197002
http://dx.doi.org/10.1103/PhysRevB.91.140506
http://dx.doi.org/10.1103/PhysRevB.91.140506
http://dx.doi.org/10.1103/PhysRevB.91.140506
http://dx.doi.org/10.1103/PhysRevB.91.140506
http://dx.doi.org/10.1126/science.1248552
http://dx.doi.org/10.1126/science.1248552
http://dx.doi.org/10.1126/science.1248552
http://dx.doi.org/10.1126/science.1248552



