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We summarize the basic ideas of our topological model of the pseudogap state of high
temperature superconductors (HTS) as a condensate of charged magnetic monopoles,
with a focus on new experimental signatures. These include the surface quantum Hall
effect, the generation of electric fields when applying magnetic fields by the oblique
Meissner effect, and the generation of circular electric fields surrounding electric currents
by the oblique Ampeére law.
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INTRODUCTION

Elementary physics courses go a long way to teach us that while single electric charges are abundant
in everyday life, magnetic charges appear always in dipoles. It took the genius of Dirac in the 1930s to
show that this is not correct. Magnetic monopoles can exist if singularities in the electromagnetic
fields are admitted, see [1] for a review. Technically speaking, this is the case if the gauge group is
compact, i.e., gauge functions are considered as angular variables [2]. While this may sound odd, it
turns out that these singularities are unobservable coordinate singularities if the magnetic charges
take only certain quantized values proportional to #. In this case, magnetic monopoles are the
endpoints of infinitely long, quantized vortices that are unobservable even by the Aharonov-Bohm
effect and are called Dirac strings. Quantum electromagnetism with magnetic monopoles is thus
perfectly self-consistent.

When electromagnetic forces are embedded in grand unified theories of elementary
particle interactions (GUTs), their singularities are resolved within tiny inner cores
“containing” very heavy particles [1]. Such fundamental monopoles are so heavy that
they could have been produced only in the big bang. After 4 decades of active search,
however, they remain elusive.

Lighter monopoles, however, could be realized as excitations in emergent condensed matter
systems, where the typical energy scales are 12-13 orders of magnitude smaller than the GUT
scale. The Maxwell action (in its non-relativistic form) appears indeed as the electromagnetic
response of Mott insulators. For certain Mott insulators with emergent granular structure,
however, it is indeed the compact version of the gauge theory which is relevant, and monopoles
are thus admitted as bone fide excitations [3]. Let us see how this comes about. Consider a
granular ground state made of “bubbles” of Cooper pair condensate, with these bubbles distant
enough to suppress tunneling, so that the system is indeed an insulator. Each condensate granule
is characterized by the phase ¢ of its superconducting order parameter. As a consequence,
quantized vortices can form in the spaces between the bubbles. Note that these are Josephson
vortices, with no normal cores: they are characterized only by the non-trivial circulations of the
phases, see [4] for a review.
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Nothing prevents these vortices from being open, with a
monopole-antimonopole pair at their ends, so that magnetic
flux is conserved overall. Two cases can arise. If the vortex has
tension, then it is observable, typically short and the monopoles
are confined into dipoles. When the tension vanishes these
vortices become infinitely long and there is no energy cost in
making one go from a monopole to infinity and then back to its
antimonopole. Since they are quantized they cannot be detected
by the Aharonov-Bohm effect. In other words, for vanishing
tension the vortices become Dirac strings and one is left with a
neutral gas of magnetic monopoles. Granular insulators of this
type, emerging, for example, in the vicinity of a superconductor-
insulator transition [5], are thus generically characterized by the
presence of magnetic monopoles. If the temperature is also low
enough the magnetic monopoles are free to Bose condense [3].

Magnetic monopoles can be incorporated into the
electromagnetic realm by modifying the inhomogeneous
Maxwell equations to include the corresponding monopole
current jt ,

wy _ v
OET = e )
OuF" = gjim'"s
where F* = (1/2)6‘“""ﬁF,4; is the dual field strength tensor, g =
(27/e) is the quantized magnetic charge, and we use natural units
c=1,h=1and ¢ = 1. In the following we will review the role the
monopoles may play in the physics of the pseudogap state of
high-T, superconductors [6-15] and propose the concrete
experimental setup to detect them.

The monopoles that we consider carry both the electric charge
2e and magnetic charge 7r/e (h/2e in physical units) and are called
dyons. The topological theory of high-temperature
superconductivity [16] establishes that the pseudogap state is
the state harboring a condensate of dyons and that the charges
carrying the electric current in this state are stable symmetry-
protected fermionic edge dyons. We propose that edge dyons can
be detected by measuring magnetic and electric fields that encircle
currents carried by these excitations.

THE MEISSNER EFFECT IN
SUPERCONDUCTORS

A Bose condensate of electric charges is a superconductor [4]
carrying the dissipationless currents described by London
equations

) 1
i, = 37 B
L )
VA qje =--B >
A
where q is the charge unit, g = 2e for Cooper pairs, and A; is the
London penetration depth. Together with the Ampére’s law,

VAB=gj, (3)

they imply that both magnetic fields and currents are screened in
the superconductor on the scale A;. At magnetic fields below the
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lower critical field H,, the surface currents generate a magnetic
field that exactly counterbalances the applied external magnetic
fields so that the external magnetic field is expelled from the
superconductor. This Meissner state of a superconductor can be
viewed as a phase in which vortices, the magnetic excitations of
the system, are confined, the energy to separate a vortex-
antivortex pair being higher than the thermal energy and the
supplied magnetic energy.

THE ELECTRIC MEISSNER EFFECT IN
SUPERINSULATORS

At no surprise, magnetic monopole condensate is a dual mirror of
Cooper pair condensate [3]. The corresponding “electric London
equations” are

8271, lB

T Im = 2D

FUET @)
2m 1

V/\_jm:_z 4
T A

where f parametrizes the effective strength of the Coulomb
interaction in the insulating ground state and Ag denotes the
“electric penetration depth.” Together with the dual Ampére law
VAE=-5 5)

=——J»

fa”
they imply that magnetic currents exist only on the sample
surfaces. In this case it is the electric field E that is expelled
from the sample interior by the dissipationless monopole
surface currents: this is the “electric Meissner effect”. In the
Meissner state, whatever the applied external voltage is, the
electric field is completely screened, so that there is not a
response electric current. This is thus a state with an infinite

resistance (even at finite temperatures) and it s
correspondingly called a superinsulator [5, 17, 18]. In
superinsulators, the excitations are electric vortices.

Contrary to the magnetic vortices of superconductors,
which must be closed or end at the sample boundaries, the
electric flux tubes can have sources. So, even in the Meissner
state, there are neutral excitations consisting of charge-
anticharge pairs bound by the electric flux tubes generating
a linear potential. These are the electric equivalent of pions,
with the charges playing the role of quarks [19]. In a
superinsulator, the electric charges are confined, but at
variance to vortex confinement in superconductors, the
charge-confining potential is linear and not logarithmic.

OBLIQUE SUPERINSULATORS AND THE
PSEUDOGAP

The described superinsulator is an exact dual mirror of a
superconductor. To understand superinsulators, it is sufficient
to substitute E — B and B — — E and 2e < 271/2¢ in all one knows
about superconductivity (a value f # 1 takes into account an
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effective screening of the electric charge). Things can become
more exotic though. Indeed, the usual Maxwell action

1
- 3 2 _p2
SM—J-dthﬁ(E—B), (6)
is not the only quadratic functional in the electric and magnetic
fields that arises in three dimensions. The so-called 6-term is an
additional possibility [20, 21]:

2

2
So = Jdtd3x %E ‘B= Jdtd3x %Fﬂveﬂmﬁmﬁ. )

This is a topological term, which simply means that, due to the
presence of the totally antisymmetric tensor €*”*, it can be
formulated independently of a metric, and hence of the
geometric details of the manifold. When it appears in the
effective field theory for an insulator, its effects are totally
transparent to disorder and localization effects, they are
determined only by the topology of the sample. When the 8-
term is added to the effective action of insulators one gets the
famed (strong) topological insulators (for a review see [22]). It
turns out that when the gauge symmetry is compact, as explained
above, the parameter 6 is an angle: the correct periodicity is 6 — 6
+ 27 for fermionic systems and 6 — 6 + 47 for bosonic systems
[23]. Correspondingly, fermionic topological insulators are
characterized by 6 = 7, while bosonic ones have 6 = 27.

The topological character of the §-term can also be established
from it being a total derivative

1
ZFWG"V“ﬂFaﬁ = 0,(Aue" 3. Ap). (8)
Therefore, all the effects of the O-term are seen at the

boundaries of the sample and are governed there by the
effective Chern-Simons action [24].

1 64
Sboundary = ~—— =—A,€70,A,. 9
boundary 4 2m € ©)
What if the topological insulator admits magnetic

monopoles? In this case something very peculiar happens:
due to the O-term the magnetic monopoles acquire also an
electric charge 0/27. This phenomenon is known as Witten
effect [25]. The monopoles carrying also the electric charge are
called dyons. In [16] we have proposed a topological effective
theory of the HTS in which the mysterious pseudogap state is
established to be a Bose condensate of 6 = 27 dyons, while the
superconducting dome harbors a phase-separated coexistence
regime of the dyon condensate with the normal Cooper pair
condensate, and 7/f* is identified with a monotonic function of
the relative doping ratio p/pmay with p being the doping and
Pmax being its value at the maximum T.. The 6-term, in this case,
is responsible for the magneto-electric effect, indeed observed
experimentally in the pseudogap state [16]. Let us, therefore,
focus on the properties of a dyon condensate.

When dyons Bose condense, we expect a peculiar state to arise
“mixing” superconductor and superinsulator features. Indeed, in
this case the London equations assume the form

Topological Model of the Pseudogap

2 2
atz—ﬂjm _ A 3 <B + (9 9E>,
fq (fq) 2w , 2m
2 A 6
LI 2<E_(ﬂp__B>
fa™  (fa) 2n 2m
where A denotes the ultraviolet cutoff of the effective theory. Let
us now combine the second of these equations with the (static)
Ampere equations

(10)

0
VAB= fq-—jm
2m
5 (11)
VAE=-25
fq
where we have used the fact that the electric current is j. = (6/27)
jm since it is carried by charged monopoles. Taking the curl of the
second equation in (Eq. 10) and using (Eq. 11) we get (for
sourceless currents)

1
V2 - )jm =0, (12)
( A

where

M= — ——— (13)

This shows that all currents are screened in the interior of the
dyon condensate and survive only in a surface strip of width A.
But what happens to the electric and magnetic fields? The London
Equation 10 clearly show that now the appropriate axes in the
“flavour” electric-magnetic space are tilted. This is the reason why
such a state is called an obliqgue superinsulator [16]. A
combination of electric and magnetic fields such that

g U9 0

o
= —¢B = 8n1aZ— — B, (14)
2mhcey 21 2w

(here we have reinstated physical units and have chosen g = 2e;
« = €*/(4neghc) = 1/137 is the fine structure constant) is not
screened and can penetrate the oblique superinsulator, without
generating surface currents. This combination plays the same role
as the electric field in a superconductor. Let us decompose any
combination of electromagnetic fields in the orthogonal basis

(f9 6 -1
2mheey 2 |, (fq)2 0 | (15)
1 2mhceg 27

where the upper component is the electric one and the lower
component is the magnetic one, with magnetic fields multiplied
by ¢ so that they have the same units as electric fields.
Combinations along the first basis vector can penetrate the
oblique superinsulator, combinations along the second basis
vector are expelled; they play the same role as the magnetic
fields in superconductors. Let us assume that we apply the
external magnetic field c¢B. We can decompose the
corresponding “flavour” vector (0, ¢B) into its components
along the above orthogonal basis and the second component
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will be expelled. Therefore, the oblique superinsulator reacts to

the applied field by generating, via surface currents,
compensating magnetic and electric fields:
(fo 0\
2mhcey 21
cBeomp = 2 > cB,
Lo (Y 0
2mhcey 21
‘ (16)
(f9* 6
_ 2mhcey 2m
comp —

2 B
1+ (ﬁ i)
2mhcey 21

We call this effect the oblique Meissner effect and it constitutes
our first experimental prediction: the external magnetic field
applied to the HTS material in the deeply underdoped (f > 1)
pseudogap state induces the electric field

E=" 1 B~545"cB
—F%C = 5. SFC . (17)

Note that, in the deeply underdoped regime f>> 1, the oblique
penetration depth (Eq. 13) becomes very small, so that this
topological magnetoelectric effect should be observable for
reasonable values of the doping.

In the interior of superconductors, the charges are Bose-
condensed, while the “orthogonal” excitations, vortices, are in
an out-of-condensate state and confined (in the Meissner state).
In the interior of an oblique superinsulator, excitations with
(electric, magnetic) charges (6/2m, 1) are in the Bose
condensate, while the orthogonal excitations (1, — 6/27) are
confined. As in normal superinsulators there are possible
neutral dyon-antidyon excitations connected by a string
carrying both electric and magnetic flux, oblique pions.
Currents are limited to a strip of the width Ay around the
surfaces. Since in this strip region both electric and magnetic
fields penetrate the system and are not forced into confining flux
tubes, one expects single dyon excitations to arise. In the
underdoped regime f > 1, the surface strips become very thin,
so that these dyons behave essentially as 2D particles, realizing
symmetry-protected edge states like those of the quantum Hall
effect or of topological insulators [26, 27]. As we have derived
previously, the electromagnetic interaction in these quasi-2D
strips contains the Chern-Simons term due to the bulk §-term.
This Chern-Simons term converts the surface dyons into
fermions via the anyon mechanism. For 6 = 2m, these
symmetry-protected surface fermions with the charge 2e are
the only charged low-lying excitations in the pseudogap state.
As any fermion living on a 2D surface, they give rise to the integer
quantum Hall effect with Hall conductivity oy = (2e)*/27, as
appropriate to fermions with charge 2e.

The surface fermionic dyons typically live on a Chalker-
Coddington percolation network [28] and, being symmetry-
protected, behave on it as a perfect Fermi liquid, giving rise to
the resistance proportional to 77, as has been indeed observed in
the pseudogap state [29, 30]. Moreover, since dyons carry both
electric and magnetic charges, they spontaneously break the

Topological Model of the Pseudogap

purely electric C, symmetry of the antiferromagnetic
background lattice to the diagonal C, combined electric-
magnetic symmetry, giving rise to the observed nematic
effects [31, 32]. And, as we have already mentioned, the
observed magnetoelectric Kerr effect [33] follows straight
from the very presence of the 8-term, as in topological insulators.

The presence of the fermionic dyons gives rise to more
measurable effects. Suppose we produce an electric current I,
of these excitations in the pseudogap state and that we encircle the
sample by an orthogonal conducting ring. Since each particle in
the current carries also a unit of magnetic charge, the dual
Ampeére law

1 1

E=—-——1, (18)
2nr &

second equation in (Eq. 11), implies that a voltage
T 1 1 T 1
V=5 ———I.=966,= —I., 19
\sz \8a cgg \ f2 ce (19)

is induced in the conducting ring.

A “SMOKING-GUN” EXPERIMENT

Now we focus on one sharp and unique prediction of the theory
presented above, and describe in full detail an experiment that can
put this prediction to a rigorous test.

The idea is illustrated in Figure 1. A dc current of electrically
charged particles (electron monopoles) running through a
straight metallic wire generates a circumferential magnetic
field that can be detected and measured, e.g., by deflecting a
compass needle (Figure 1A). A dual of this experiment can be
performed by running a dc current of magnetically charged
particles (magnetic monopoles) through a straight wire of an
appropriate material, thus generating a circumferential electric
field. The later can be detected e.g., by wrapping around that
straight wire a pick-up coil and measuring the electric current in
the coil, or if the coil is not completely closed, measuring a dc
voltage between the two ends (Figure 1B). The same experiment
would work if the low-energy excitations in the material under
study were dyons (Figure 1C), with the added advantage that in
this case the dc current, simultaneously both electric and
magnetic, through the straight central wire can be simply
sustained by using a standard current source.

The above illustration is conceptual. To make it practical, and
allowing for the possibility that the induced electric field may be
very weak, we want to make the coil as close to the central wire as
possible. One way to do this is using two techniques, thin film
deposition and lithography, that have been developed to a high
level for the needs of the semiconductor electronics industry. Our
choice of the materials are high-temperature superconducting
(HTS) cuprates, since these have been proposed to host dyons in a
large part of the temperature-doping phase diagram. Fortunately,
in the last couple decades, atomic-layer-by-layer molecular beam
epitaxy (ALL-MBE) has been developed to the level of producing
atomically perfect single-crystal films of cuprates, down to one
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FIGURE 1 | Electrons, magnetic monopoles, and dyons. (A) An electric current induces circumferential magnetic field. (B), A magnetic monopole current induces
circumferential electric field, which would therefore be a “smoking gun” experimental signature of the existence of magnetic monopoles. (C), A dyon current induces both
circumferential electric and magnetic fields.
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Step 5. Deposit 25 ML for the ‘active’ LSCO layer. Step 6. lon-mill the active LSCO layer;
leave the bottom SC contact areas intact.

FIGURE 2 | Dyon detection device assembling, stage 1. Left panels: side view; right panels: top view. Dashed line in right panels indicates location of section shown
in left panels.
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FIGURE 3| Dyon detection device assembling, stage 2. Left panels: side view; right panels: top view. Dashed line in right panels indicates location of section shown
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Step 12. Wire-bond to the four
LSCO/gold contact pads.

unit cell (UC) thick while maintaining the critical temperature
(T.) as high as that in the bulk crystals [34-36]. Moreover,
heterostructures and superlattices have been fabricated with
atomically smooth surfaces and interfaces, and engineered
down to a single atomic layer. In parallel, we have also de-
veloped the lithographic techniques to fabricate HTS devices
down to nanometer scale [37]. In what follows, we leverage
on these advanced synthetic and lithographic capabilities.

In Figure 2, Figure 3 we show a design of a multilayer thin-film
device, envisioned to enable detection of magnetic monopoles and
dyons. The design may appear complicated but is essentially just a
realistic embodiment of the concept illustrated in Figure 1C. The
process is shown step-by-step, from two orthogonal viewing
directions (a side and the top view). The central piece is a drive
“wire” of underdoped La,_,Sr,CuO, (UD-LSCO), a material that we
conjecture to host dyons as low-energy excitations. It is current-
biased across the gold contacts I" and I", shown in Figure 3 panel 12.
A dc current in the range of micro-to milli-Amperes can be easily
achieved. Take, for example, a UD-LSCO film with a representative

resistivity p = 10 mQ-cm, patterned into a bar that is 100 ym long,
40 ym wide and 25 nm thick; that would give the resistance R =
10 kQ, and the current of I = 1 mA for a voltage bias V=10 V. These
are quite comfortable values to work with using our standard
experimental setups for transport measurements.

The second key part of our dyon-detector device is the pick-up
ring or coil used to detect the circumferential electric field, or
equivalently, the induced voltage at the end points of a ring that
is not completely closed. Allowing for the possibility that this
circumferential field may be small, we may therefore wish to use
a low frequency (1-100 KHz) ac drive current and lock-in detection
techniques. As the preferred material for the pick-up coil, we choose
optimally doped (OP) LSCO. Apart from a low dissipation, OP-
LSCO has the advantage of excellent crystallographic and chemical
compatibility with the material (UD-LSCO) we use for the central
drive wire. Since the drive wire must be electrically isolated from the
pick-up coil, for this we can use thin layers of LaSrAlO, (LSAO), the
same material that we use for the substrate. We have already
demonstrated the capability to grow LSCO epitaxially on LSAO
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and vice versa, with excellent crystal quality and atomically abrupt
interfaces. Moreover, ultrathin (1-2 UC) LSAO layers are insulating
enough to completely disrupt out-of-plane supercurrent and
decouple LSCO layers.

The experiment described above has been designed using LSCO
as the compound of choice. Note that fabrication of
heterostructures described in Figure2 andFigure 3 requires
three materials with quite disparate properties—the active
underdoped cuprate “wire” that hosts dyons, the HTS
superconducting layers used to make the detection coil, and the
insulating spacer layers that isolate the wire from the coil. One
constraint on the choice of these three materials is that they need to
be perfectly compatible in terms of their crystallographic structure,
chemical composition, and electronic properties, so that the
heterostructure can be grown with the high quality of each
layer and with atomically sharp interfaces. The main advantage
of LSCO is that it can be used for all three constituent materials, just
by adjusting the Sr doping level-underdoped LSCO for the active
wire, optimally doped LSCO for the HTS coil, and undoped LCO
(without any Sr) as the insulating spacer. Technically, this is called
quasi-homo-epitaxy, and it guarantees essentially perfect
compatibility of layers with quite disparate transport properties.

If the proposed experiment provides a positive outcome, it
would be questioned whether this phenomenon is relevant for
understanding of HTS in cuprates. If it is, then indeed it should be
generic to all HTS cuprates, and one would wish to replicate the
same experiment using all other key families of HTS cuprates,
including YBa,Cu;0; (YBCO), Bi,Sr,Ca,Cupy102442 (BSCCO),
Tl,,Ba,Ca,_1Cu, Oz iz (TBCCO) and Hg,Ba,Ca,Cuyy1Osnisn
(HBCCO) for the active “wire.” Of these, we have already amply
demonstrated that high-quality HTS films of YBCO and BSCCO
(with n = 1,2,8) can be grown by ALL-MBE. However, the choice
of the adequate insulator material has yet to be determined, by
some focused material-science experiments. As for Tl- and Hg-
based cuprates, the situation is less favorable for ALL-MBE, since
these compounds contain highly volatile constituent atoms (Tl
and Hg) that would evaporate out of the film once it is brought to
the typical growth temperature (600-750°C) needed to achieve
good crystallinity. Hence, for these cuprate families, we would
need a different experimental strategy and device design; at the
moment, these are still under development, but appear feasible.

In the design shown in Figure2, Figure3 the top and
bottom halves of the superconducting OP-LSCO coil are
deliberately staggered, for clarity. Note that this is not
necessary; once the reader understands the above device
pattern, he/she can easily imagine the two halves being
placed right on top of one another, while keeping just the
voltage gold contacts V" and V™ staggered. Other variations of
this design, including but not limited to drive wires and pick-
up coils of different dimensions, are also easily conceived. We
have demonstrated the capability to fabricate LSCO nanowires
down to 100 nm in width and 1 nm in the thickness of the HTS
layer. On the other hand, our design features large-area gold
contact, to ensure low contacts resistances, several orders of
magnitude smaller than the drive wire resistance.

The key remaining step is to estimate the (order-of-
magnitude of) expected signal, i.e., the voltage V between

Topological Model of the Pseudogap
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FIGURE 4 | Multiple-loop dyon-detection device. In order to increase the
detection sensitivity, several individual devices as in Figure 2, Figure 3 can be
fabricated and connected in a series array.

the contacts V" and V'. We can choose I = 1 mA as a
representative drive current, and the device geometry and
dimensions as specified in Figure2, Figure3. We could
then evaluate V from Eq.(18), if we only knew the exact
form of the function f; however, this is not known precisely
at the moment. Nevertheless, we know that 77/f* is a monotonic
function of the (relative) doping level p/py.x and that f=1 in
OP-LSCO and f>»> 1 in extreme UD-LSCO. Assuming, e.g., that
f~ 10, 000, from (Eq. 18) we get V ~ 600 mV, which would be
four to five orders of magnitude above our noise threshold
(~10nV). Hence, the signal/noise level should be excellent
even if f were a few more orders of magnitude larger.

For clarity, the device depicted in Figure2, Figure3
contains the simplest coil with just a single turn. It is
straightforward, though, to generalize this design to a
device that includes a multiple-turn coil, as illustrated
in Figure 4. Note that compared with the single-turn device
this design in fact requires no additional processing steps, just
a little more complex lithographic mask. The main advantage
here is that in this way one could increase further the signal,
basically multiplying it by the number of turns, which can
easily be made of the order of 10-100.

SUMMARY AND OUTLOOK

We have presented a theoretical conjecture that low-energy
excitation in UD-LSCO should behave as dyons, carrying both
the electric and magnetic charges, and outlined a detailed
description of a new experimental device specifically
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designed to enable detection of such excitations. By virtue of
the advanced synthesis and lithographic techniques that have
been developed in the last few decades, this experiment has
now become doable. It should be a real “smoking-gun” yes-or-
no experiment. A positive result promises to uniquely prove
the conjecture and the existence of magnetic monopoles in
UD-LSCO, which would be an exciting and important
discovery of a new state of condensed matter. We hope that
our work will motivate and stimulate further theoretical and
experimental efforts in this direction.
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