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tion (LDA), which are in good agreement with previous
calculations [11,12], and a tight-binding fit of the experi-
mentally determined FS. The spectra in Figs. 1(b) and 1(c)
were measured along momentum space directions near the
nodal and antinodal regions of the BZ, as indicated by the
arrows in Fig. 1(a). Dispersive features are clearly observ-
able, with a behavior which is ubiquitous among the cup-
rates [1]. Close to the nodal direction the QP peak exhibits
a pronounced dispersion that can be followed over
!250 meV below EF; near "!; 0#, on the other hand, the
band is much shallower with a van Hove singularity
!39 meV below EF. By integrating over a $5 meV win-
dow about EF the ARPES spectra normalized at high
binding energies, one obtains an estimate for the normal-
state FS [Fig. 1(d); the EF-intensity map across two BZs
was downfolded to the reduced zone scheme and symme-
trized with respect to the BZ diagonal, taking an average
for equivalent k points, and then fourfolded]. As discussed
later, at T % 10 K a d-wave SC gap is open along the FS;
thus this procedure returns the loci of minimum excitation
energy across the gap, which, however, still correspond to
the underlying normal-state FS crossings [1].

The FS of Tl2201-OD30 [Fig. 1(d)] consists of a large
hole-pocket centered at "!;!#, which, as suggested by the
low binding energy of the van Hove singularity [Fig. 1(c)],
appears to be approaching a topological transition from
hole to electronlike. The FS volume, counting holes, is
63$ 2% of the BZ corresponding to a carrier concentra-
tion of 1:26$ 0:04 hole=Cu atom, in very good agreement
with Hall-coefficient [13] and AMRO [6] experiments,
which found 1.30 and 1.24 itinerant holes, respectively,
in slightly more overdoped samples. These measurements
all indicate that the low-energy electronic structure of very

overdoped Tl2201 is dominated by a single CuO band. In
both ARPES and AMRO data there is no evidence for the
TlO band that in LDA calculations crosses EF and gives
rise to a small electron pocket centered at k % "0; 0# for
nonoxygenated (i.e., " % 0) Tl2201 [Fig. 1(a), dashed FS].
This, however, is no surprise even within the indepen-
dent particle picture. In fact, adjusting the chemical po-
tential in the calculations in a rigid-band-like fashion to
match the doping level of our Tl2201-OD30 sample (as
determined by the total FS volume), the TlO band is
emptied of its electrons and the LDA FS reduces to the
single CuO pocket [Fig. 1(a), solid FS]. Since full deple-
tion of the TlO band takes place for !EF ’ &0:159 eV,
corresponding to the removal of 0.024 electrons from
the TlO band (as well as 0.109 from the CuO band), already
the deviation of the Tl3' and Cu2' content of our samples
from the stoichiometric ratio 2:1, which contributes
!0:14 hole=formula unit, would be sufficient to empty
the TlO band even in the nonoxygenated " % 0 case. In
this sense, the Tl-Cu nonstoichiometry and the presence of
the TlO band cooperate in pushing the " % 0 system away
from half filling, which may help explain why nonoxygen-
ated Tl2201 is not a charge transfer insulator like undoped
(i.e., x % 0) LSCO [12]. As for the detailed shape of the
FS, which in LDA calculations is more square than in
ARPES and AMRO results, better agreement would re-
quire the inclusion in the calculations of correlation ef-
fects and/or O-doping beyond a rigid-band picture. Alter-
natively, the ARPES data can be modeled by the tight-
binding dispersion #k%$' t1

2 "coskx'cosky#' t2 coskx(
cosky ' t3

2 "cos2kx ' cos2ky# ' t4
2 "cos2kxcosky ' coskx(

cos2ky#' t5 cos2kxcos2ky, as in Ref. [14] (setting a % 1
for the lattice constant). With parameters $ % 0:2438,
t1 % &0:725, t2 % 0:302, t3 % 0:0159, t4 % &0:0805,
and t5 % 0:0034, all expressed in eV, this dispersion re-
produces both the FS shape [Fig. 1(d)] and the QP energy
at "0; 0# and especially near "!; 0# [Figs. 2(f) and 2(g)].

The analysis of the ARPES spectra in Fig. 2 indicates a
SC gap consistent with a dx2&y2 form. Because of the lack
of normal-state data, the opening of the gap for this
Tl2201-OD30 sample could not be followed via the shift
of the leading edge midpoint (LEM) across Tc, as is
commonly done (this was, however, possible in subsequent
temperature dependent experiments on a less overdoped
Tc % 74 K sample). In the present case, the existence of a
gap can be most easily visualized by the comparison of
nodal and antinodal symmetrized spectra [15], in particu-
lar, by the presence of a peak at EF along the nodal di-
rection [signature of a FS crossing; bold line in Fig. 2(a)]
and by the lack thereof along the antinodal [Fig. 2(b)]. For
a more quantitative analysis, we performed a fit of the
spectra along different k-space cuts intersecting the under-
lying normal-state FS [Fig. 2(d); as line shape we used a
Lorentzian QP peak plus a steplike background identified
by the ARPES intensity at k ) kF, all multiplied by a
Fermi function and convoluted with the instrumental en-
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FIG. 1 (color online). (a) LDA FS for two different doping
levels corresponding to a volume, counting holes, of 50% (cyan,
dashed line) and 63% (blue, solid line) of the BZ. (b),(c) ARPES
spectra taken at T % 10 K on Tl2201-OD30 along the directions
marked by arrows in (a). (d) ARPES FS of Tl2201-OD30 along
with a tight-binding fit of the data (black lines).
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are larger than the presumed doping levels, 0.11, 0.085, and
<0:05, respectively, it is clear that the pocket size scales
qualitatively with the doping level as predicted theoreti-
cally [6,10]. Interestingly, two fluid models of the pseudo-
gap state do predict the observed discrepancy between the
pocket size and carrier concentration or doping level [22].
The finding of a finite nodal FS rather than a ‘‘nodal’’ point
at low T for the Tc ¼ 0 K sample is at variance with
recently reported findings under the same conditions
[23]. The measured Fermi pockets are, however, in
good agreement with those predicted by the YRZ
ansatz. In Fig. 2(b) we show the spectral function calcu-

lated at EF as a function of doping, where Að ~k; 0Þ ¼
$ð1=!Þ ImGYRZð ~k; 0Þ and where GYRZð ~k; 0Þ is Green’s
function taken from Ref. [6]. The experimental observa-
tions are remarkably well reproduced by this model with
the doping level as the only adjustable parameter.

Turning to the question of whether the pocket areas are
temperature dependent, we show in Fig. 3(a) the observed
Fermi arc for the Tc ¼ 45 K sample measured at three
different temperatures: 60, 90, and 140 K, all in the normal
state but well below T%. The measured FS crossings in
the figure are determined by the same method used in
Figs. 1 and 2 rather than from the spectral weight at the
Fermi level. In Fig. 3(b) we show the measured arc length
as a function of temperature. It is clear that any changewith
temperature is minimal and certainly not consistent with an
increase by more than a factor of 2 between the data taken
at 140 and 60 K as would be expected by a T=T% scaling of
the arc length [21]. The discrepancy arises because pre-
vious experiments have not fully determined whether or
not a band actually crosses the Fermi level.

The picture of the low energy excitations of the normal
state emerging from the present study is of a nodal FS
characterized by a Fermi ‘‘pocket’’ that, at temperatures
above Tc, shows a minimal temperature dependence and an
area proportional only to the doping level. We now turn our
attention to the antinodal pseudogap itself.

Several theories of the pseudogap phase propose the
formation of preformed singlet pairs above Tc in the anti-
nodal region of the Brillouin zone [24]. The YRZ spin
liquid based on the RVB picture is one such model as it
recognizes the formation of resonating pairs of spin sin-
glets along the copper-oxygen bonds of the square lattice
as the lowest energy configuration. Figures 4(a)–4(d) show
a series of spectral plots along the straight sector of the
LDA FS in the antinodal region at a temperature of 140 K
for the Tc ¼ 65 K sample at the locations indicated in
Fig. 4(e). Figure 4(f) shows intensity cuts through these
plots along the horizontal lines indicated in Figs. 4(a)–4(d).
It is evident that a symmetric gap exists at all points along
this line. The particle-hole symmetry in binding energy
observed here is in marked contrast to the particle-hole
symmetry breaking predicted in the presence of density
wave order and is a necessary condition for the formation
of Cooper pairs. Thus the present observations add support
to the hypothesis that the normal state is characterized by
pair states forming along the copper-oxygen bonds and is
consistent with earlier studies.
The combination of Figs. 2 and 4 points to a more

complete picture of the low energy excitations in the nor-
mal state of the underdoped cuprates. For Tc < T < T%, a
Fermi pocket exists in the nodal region with an area pro-
portional to the doping level. One does not need to invoke
discontinuous Fermi arcs to describe the FS of underdoped
Bi2212, and Luttinger’s sum rule, properly understood, is
seen to still approximately stand. However, as is evident in
the inset of Fig. 2(a), the area of the hole pockets would
appear to be larger than assumed doping level at the higher
doping levels. This may reflect the presence of electron
pockets at the higher doping level or it may reflect the
presence of a bilayer splitting, even though the latter is
not observed in the present study. We note that the splitting
will be smaller in the underdoped region and in the nodal
region. Although not verified in the present study, one
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FIG. 2 (color online). (a) The pseudopockets determined for
three different doping levels. The black data correspond to the
Tc ¼ 65 K sample, the blue data correspond to the Tc ¼ 45 K
sample, and the red data correspond to the nonsuperconducting
Tc ¼ 0 K sample. The area of the pockets xARPES scales with the
nominal of doping level xn, as shown in the inset. (b) The Fermi
pockets derived from YRZ ansatz with different doping level.
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FIG. 3 (color online). (a) The Fermi surface crossings deter-
mined for the Tc ¼ 45 K sample at three different temperatures.
The triangles indicate measurements at a sample temperature of
140 K, the circles measurements at 90 K, and the diamonds
measurements at 60 K. (b) The measured arc lengths in (a)
plotted as a function of temperature. We note that rather than
cycling the temperatures on the same sample, the data in (a) are
measured on different samples cut from the same crystal.
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I argue that a better starting point 
is a novel quantum ground state 

with no broken symmetry: 
the Fractionalized Fermi liquid (FL*)

Fluctuations about this state are 
described by a SU(2) gauge theory 
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description of intertwined orders:  

the order parameters are  
gauge-invariant composites of a 
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Oshikawa, 2000: Area constrained by an anomaly-argument

of global U(1) and translations
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We study the effects of a small density of holes, !, on a square-lattice antiferromagnet undergoing a
continuous transition from a Néel state to a valence bond solid at a deconfined quantum critical point. We argue
that at nonzero !, it is likely that the critical point broadens into a non-Fermi-liquid “holon-metal” phase with
fractionalized excitations. The holon-metal phase is flanked on both sides by Fermi-liquid states with Fermi
surfaces enclosing the usual Luttinger area. The electronic quasiparticles carry distinct quantum numbers in the
two Fermi-liquid phases, and consequently we find that the ratio lim!→0AF /! !where AF is the area of a single
hole pocket" has a factor of 2 discontinuity across the quantum critical point of the insulator. Note, however,
that at !"0, there is no direct transition between these two Fermi-liquid states with distinct Fermi surface
configurations; instead, there is an intermediate holon-metal phase whose width shrinks to zero as !→0. We
demonstrate that the electronic spectrum at the !→0 transition is described by the “boundary” critical theory
of an impurity coupled to a !2+1"-dimensional conformal field theory. We compute the finite temperature
quantum critical electronic spectra and show that they resemble “Fermi arc” spectra seen in recent photoemis-
sion experiments on the pseudogap phase of the cuprates.
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I. INTRODUCTION

There was a great deal of work on the dynamics of a
single hole in a square-lattice antiferromagnet soon after the
discovery of high-temperature superconductivity in the cu-
prate compounds. It was demonstrated1–8 that a single hole
moving in a Néel ground state has a finite quasiparticle resi-
due, Z; so a small density of holes, !, are expected to form a
Fermi liquid. This Fermi-liquid state with Néel order will be
the starting point of our analysis. Also, Shraiman and
Siggia9,10 introduced a current-current coupling between the
hole and the antiferromagnet, which implied that a large spin
S Néel state is unstable for certain parameter ranges to spiral
spin ordering; we shall not be interested in this metallic spi-
ral state here, although the Shraiman-Siggia coupling #in Eq.
!2.12" below$ will play a key role in our analysis.

We begin with a S=1/2 Néel state of an insulating anti-
ferromagnet and imagine “turning up quantum fluctuations”
by adding further neighbor or ring-exchange couplings so
that there is a transition to a paramagnetic state in which spin
rotation invariance is restored. Now add a small density of
holes to this antiferromagnet. The main question we shall
address is what is the fate of the Fermi-liquid Néel state
across such a transition.

Specifically, we consider the “deconfined” quantum phase
transition proposed in Ref. 11 for an insulating S=1/2
square-lattice antiferromagnet.12–15 This is a theory for a
transition between a Néel state and a spin-gap state with
valence bond solid !VBS" order !the latter state is spin rota-
tion invariant, but breaks lattice symmetries by ordering of
valence bonds". These two states break distinct symmetries
of the Hamiltonian, and so cannot generically have a con-
tinuous transition between them in the Landau-Ginzburg-
Wilson theory of phase transitions. However, such a transi-

tion is found in a deconfined theory focusing not on order
parameters but on fractionalized excitations and emergent
gauge forces. The transition is tuned by the coupling s
!which represents the strength of frustrating exchange inter-
actions" !see Fig. 1". Upon doping, we will argue that the
most likely possibility is that the insulating deconfined criti-
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FIG. 1. !Color online" Schematic phase diagram. The ellipses
represent spin-singlet valence bonds. The coupling s tunes the in-
sulator across the Néel-VBS transition, and ! is the mobile hole
density. The deconfined quantum critical point is at s=sc in the
insulator with !=0. The vacancies !“holons”" carry a gauge charge
q= ±1 under an emergent U!1" gauge force. In the cartoons above,
the reader can interpret q as a sublattice label. In the s#sc Néel
phase, q determines the spin: a vacancy on an up !down" spin site
carries net spin down !up" and so is equivalent to a charge e, spin-
1 /2 hole. For s"sc, the hole is a composite of a vacancy and a
nearby unpaired spin with opposite q, moving by rearranging
nearest-neighbor valence bonds; note that this motion preserves
spin and sublattice quantum numbers separately !see also Ref. 16".
So there are twice as many states per momentum for a charge e,
spin-1 /2 hole in the VBS state than there are in the Néel state.
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cal point gets broadened into a non-Fermi-liquid “holon-
metal” phase, with no Fermi surface !shown shaded in Fig.
1". The qualitative distinction between the Néel and VBS
states also survives in the Fermi-liquid states at !"0 !shown
unshaded in Fig. 1": we will show that a characteristic prop-
erty !specified shortly" of the Fermi surface has a disconti-
nuity in the limit !→0 as s is scanned across the s=sc criti-
cal point of the insulator. We also compute finite temperature
electronic spectra in the vicinity of the transition and find
that they resemble “Fermi arc” spectra seen in recent photo-
emission experiments on the pseudogap phase of the
cuprates.17

There have been other discussions in the literature18–20 of
transitions between Fermi liquids, including proposals that
there could be a continuous quantum transition with a dis-
continuous change in the shape of the Fermi surface !recent
experiments21 on CeRhIn5 are compatible with an abrupt or
very rapid change in Fermi surface topology". This would
require a sudden change in the Fermi surface as a function of
s at a fixed nonzero value of !. We will argue that such a
change is unlikely in our models, and the situation is as
illustrated in Fig. 1, with an intermediate non-Fermi-liquid
phase.

By an extension of arguments in early work,22–27 it is
expected that a significant portion of the phase diagram in
Fig. 1 is unstable at low temperatures to superconductivity.
We defer consideration of such superconducting states to fu-
ture work, and limit ourselves here to the normal states.

We now turn to a more detailed summary of our results.
First, we discuss our results in the unshaded regions of Fig.
1. In these regions, we are adding a small density of mobile
carriers to conventionally ordered insulators, and we obtain
Fermi-liquid phases with electronlike quasiparticles with a
nonzero quasiparticle residue, i.e., Z!0. Non-Fermi-liquid
physics appears only in the shaded region.

In the s#sc Néel phase, we obtain a Fermi-liquid state1–8

with four hole pockets centered at the K! p= !$ /2a"!±1, ±1",
where a is the lattice spacing, shown in Fig. 2. However,
because of the halving of the Brillouin zone by magnetic
order, only two of these pockets are distinct. After account-
ing for the twofold spin degeneracy, we conclude that the
area enclosed by each pocket is AF= !2$"2! /4. Another way
of understanding this halving of the Brillouin zone !which is
also indicated in the caption of Fig. 1 and discussed further
in Sec. III" is as follows. We can consider the doped hole as
a vacancy in the background of a Néel state. If this hole is to
move without leaving a string of broken bonds,1 it must pre-
serve its sublattice label. However, because of the broken
symmetry associated with the Néel order, the sublattice loca-
tion is not independent of the spin of the vacancy, and two
labels are really the same quantum number.

Next, we discuss a small density of holes in the s"sc
VBS state. As we will demonstrate in Sec. IV, in this state
the four hole pockets are no longer pinned at the K! p, but
instead move a distance % away, as indicated in Fig. 2. This
shift arises from the Shraiman-Siggia9 coupling. The value of
% is determined by s−sc, but is independent of ! to lowest
order in !. Consequently, for sufficiently small !, the hole
pockets do not intersect the reduced Brillouin zone bound-

aries, associated with the appearance of VBS order. The four
hole pockets therefore all contain distinct quasiparticles
states, and after accounting for the twofold spin degeneracy,
we now conclude that the area enclosed by each pocket is
AF= !2$"2! /8. As above, another interpretation of this result
is indicated in Fig. 1, and will be described in more detail in
Sec. IV: the hole motion in the VBS state also preserves its
sublattice index, but now the sublattice and spin labels are
distinct quantum numbers. We also note here that the Fermi
surface configuration of the VBS state in Fig. 2 differs
strongly from that found in a strongly dimerized state28 in
which the Fermi surfaces are near the !$ /2 ,$" point; the
present Fermi surfaces inherit many of their properties from
their proximity to the deconfined quantum critical point.

We can summarize the above statements into one of the
main zero temperature results of this paper:

# lim
!→0

AF

!
#

s#sc

= 2 & # lim
!→0

AF

!
#

s"sc

. !1.1"

Note that on both sides of the equation, we are taking the
limit !→0 at fixed s. Thus, although a characteristic feature
of the Fermi surface !the ratio AF /!" changes discontinu-
ously as s crosses sc, the Fermi surface itself is of vanish-
ingly small size. The result in Eq. !1.1" does not constitute a
discontinuous change in the Fermi surface in the sense of
other proposals.18–20 Instead, at any fixed !"0, we argue
below that there is an intermediate non-Fermi-liquid phase of
finite width between the two Fermi-liquid states, as was
shown in Fig. 2.

We note in passing that the Fermi-liquid states of Fig. 2
differ in their Fermi surface topology from the “large Fermi
surface” state expected at large !. The physics as !→0, in
the vicinity of the Mott insulator near a deconfined quantum
critical point, is quite distinct from that of a weak-coupling
Fermi liquid, and so a large Fermi surface state is not ex-

λ

Neel VBS

FIG. 2. !Color online" Momentum space Fermi surfaces in the
Néel and VBS regions of Fig. 1. The filled circles are the four K! p

wave vectors, with K! 1= !$ /2a"!1,1", K! 2= !$ /2a"!1,−1", K! 3=−K! 1,
and K! 4=−K! 2, with a the lattice spacing. The dashed line in the Néel
phase indicates the boundary of the magnetic Brillouin zone. Only
the Fermi surfaces within this zone contribute to the Luttinger
counting, and so the area of each ellipse is AF= !2$"2! /4. In the
VBS phase, all four pockets are inequivalent, and so the area of
each ellipse is AF= !2$"2! /8. The dashed lines now show the re-
duction of the Brillouin zone due to the VBS order which appears at
sufficiently low temperatures; “shadow” Fermi surfaces, with weak
photoemission intensity !estimated in the text", will appear as re-
flections across these lines, and these Fermi surfaces are not shown.
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FIG. 2. Comparison of measured angle dependent magnetoresistivity with a Boltzmann

transport model. a, Magnetoresistivity ωεc at 72 T and 85 K as a function of ϑ for ϖ = 0→, 23o

and 45o. Full underlying data is shown in Supplementary Fig. S1. b, Equivalent simulated ωεc(ϑ)

(see Methods). Inset: Fermi-surface used for simulations.

relation, ωc(ε) → ↑vc(ε)vc(↓ε)↔ =
↑∫
0

dt exp{iεt}↑vc(t)vc(0)↔k. The time-delayed velocity

correlation ↑vc(t)vc(0)↔k, is averaged over all possible starting points k on the Fermi sur-

face [12, 13]. The resistivity ϑc is then obtained by inverting the conductivity ωc(ε) and

taking the zero-frequency limit.

The more e!ectively vc averages to zero around a cyclotron orbit, the smaller is the c-axis

conductivity, and therefore the larger is the c-axis resistivity. Such a physical picture enables

a qualitative understanding of the results in Fig. 1. For very long relaxation times, εcϖ ↗ 1,

electrons can traverse the cyclotron orbit multiple times and the c-axis resistivity approaches

the ‘clean’ limit. In this limit, the conductivity corresponds to the average velocity of a single

complete orbit. As the scattering becomes more intense, and εcϖ decreases, the time-delayed

velocity correlation is suppressed at long times such that the magnetic field dependence of

the c-axis resistivity weakens and eventually disappears in the ‘dirty limit’, εcϖ ↘ 1

When B is aligned along the c-axis, the c-axis component of the velocity does not change

around any given orbit for the simply warped Fermi-surface of Hg1201, (ϱ = 0→ in Fig. 1c).

Hence, the conductivity is the same as that at B = 0 such that ςϑc ≃ 0 at ϱ = 0→, as

observed (Fig. 1e). A very weak magnetoresistivity for B along symmetry directions is well
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FIG. 1. Observation of the Yamaji e!ect. a, Phase diagram of superconducting temperature

versus doping of Hg1201 [28]. Red dot marks the focus of this work. b, Schematic of the polar (ω)

and azimuthal (ε) angles. a, b and c are crystallographic directions. c, Schematic example orbit

on a quasi-2D Fermi-surface for B→c. Arrows indicate the instantaneous velocity on the orbit.

The c-axis component of the velocity, vc, does not change on the orbit. d, Schematic of example

orbit for ω = ωYamaji. vc oscillates around the orbit and averages to zero. e, Polar magnetic field

orientation-dependent curves of the magnetoresistivity ϑϖc at three di!erent fields, and at 85 K

and ε = 0→. The arrow highlights the Yamaji peak, which disappears into the background at

lower B due to the lower ϱcς . f, The same for two di!erent temperatures. The peak is more

pronounced at lower temperature due to a higher ϱcς . To emphasize the Yamaji peak and to avoid

the e!ect of superconductivity at lower temperature, we plot the di!erence ϖc(72 T) ↑ ϖc(50 T).

g, Azimuthal angle-dependence of the Yamaji peak at ε = 0→ and 45→. The inset schematically

shows the relationship between caliper radius kcal(ε) and ε for an elliptical pocket. The caliper

radius is determined directly from the Yamaji angle by kcal(ε) = 3φ/4c tan[ωYamaji(ε)] where c is

the c↑axis lattice parameter (see Methods) [12, 13, 29]. We find kcal(ε = 0→) = 0.12 ± 0.01 Å↑1

and kcal(ε = 45→) = 0.16± 0.02 Å↑1, respectively.

i.e. a significant fraction of electrons must complete a cyclotron orbit without scattering.

K. Yamaji JPSJ 58, 1520 (1989)
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Observation of the Yamaji effect in a cuprate 
superconductor
 

Mun K. Chan    1  , Katherine A. Schreiber1, Oscar E. Ayala-Valenzuela    1, 
Eric D. Bauer    2, Arkady Shekhter    1 & Neil Harrison    1

The pseudogap state of high-temperature superconducting 
cuprates, known for its partial gapping of the Fermi surface above the 
superconducting transition temperature, is believed to hold the key to 
understanding the origin of Planckian relaxation and quantum criticality. 
However, the nature of the Fermi surface in the pseudogap state has 
remained a fundamental open question. Here we report the observation of 
the Yamaji e!ect, which appears as a peak in the c-axis resistivity at a speci"c 
angle of the applied magnetic "eld, in angle-dependent magnetoresistivity 
measurements above the critical temperature in the cuprate HgBa2CuO4+δ. 
The observation of the Yamaji peak is evidence for small Fermi-surface 
pockets in the normal state of the pseudogap phase. The small size of the 
pockets, each estimated to occupy only 1.3% of the Brillouin zone area, is not 
expected given the absence of long-range broken translational symmetry.

Although evidence for symmetry breaking has been found in the 
pseudogap phase1–6, its connection to quantum criticality has not 
yet been established. For such symmetry breaking to be relevant 
for quantum criticality, it must also have a direct effect on the Fermi 
surface7,8. Indeed, Fermi-surface reconstruction has been explored 
extensively in the cuprates through magnetic quantum oscillations and 
angle-dependent magnetoresistivity measurements7–9. Such measure-
ments have revealed a magnetic-field-induced charge-density wave 
phase10 that exists at temperatures well below the superconducting 
transition temperature, Tc (refs. 11,12), and an antiferromagnetic phase 
present at very low hole dopings13. Because these phases are restricted 
to narrow low-temperature or low-doping regimes, they are not indica-
tive of the broader underdoped region and high temperatures spanned 
by the pseudogap, depicted in Fig. 1a.

In the pseudogap state at temperatures above Tc, the conspicuous 
observation of anomalous Fermi arcs in photoemission experiments 
that do not seem to form closed pockets14,15 has inspired suggestions 
of an unconventional Fermi surface16–18 or even the total absence 
thereof15,19,20. Recent work on La2−y−xNdySrxCuO4 (Nd-LSCO) (ref. 21) 
found a change in the angle-dependent magnetoresistivity across 
the putative pseudogap critical doping, which was reported to be 
consistent with a transformation from large to small Fermi surfaces. 
However, it has also been argued22 that this change could be consistent 

with a Lifshitz transition resulting from crossing of a van Hove singu-
larity, which does not drastically change the size of the Fermi surface. 
Therefore, there is a crucial need to clarify the Fermi surface of the 
pseudogap state.

One way to do this in quasi-two-dimensional (layered) metals, 
such as the cuprates, is through observation of the Yamaji effect, which 
describes the phenomena when all quasiparticle orbits on the Fermi 
surface become degenerate at particular orientations of the magnetic 
field. The signature of the Yamaji effect in angle-dependent magne-
toresistivity is a peak in the interlayer, or c-axis, resistivity, ρc, when the 
orientation of the magnetic field is tilted away from the c axis23–25. One 
of the criteria for the observation of a Yamaji peak, similar to magnetic 
quantum oscillations, is that the product of the cyclotron frequency, 
ωc, and the transport relaxation time, τ, must be at least of the order 
of unity, ωcτ ≳ 1: that is, a non-negligible fraction of electrons must 
complete a cyclotron orbit without scattering. The cyclotron frequency 
is given by ωc = eB/m⋆, where B is the magnetic field, m* is the quasipar-
ticle effective cyclotron mass and e is the electric charge. Therefore, 
similar to quantum oscillations, the observation of the Yamaji effect is 
evidence for a Fermi-surface pocket23–25. Unlike quantum oscillations, 
which can be observed only at low temperatures when cyclotron orbits 
are quantized26, the Yamaji effect does not require orbital quantization. 
In this respect, the Yamaji effect is much better suited for Fermi-surface 
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found a change in the angle-dependent magnetoresistivity across 
the putative pseudogap critical doping, which was reported to be 
consistent with a transformation from large to small Fermi surfaces. 
However, it has also been argued22 that this change could be consistent 

with a Lifshitz transition resulting from crossing of a van Hove singu-
larity, which does not drastically change the size of the Fermi surface. 
Therefore, there is a crucial need to clarify the Fermi surface of the 
pseudogap state.

One way to do this in quasi-two-dimensional (layered) metals, 
such as the cuprates, is through observation of the Yamaji effect, which 
describes the phenomena when all quasiparticle orbits on the Fermi 
surface become degenerate at particular orientations of the magnetic 
field. The signature of the Yamaji effect in angle-dependent magne-
toresistivity is a peak in the interlayer, or c-axis, resistivity, ρc, when the 
orientation of the magnetic field is tilted away from the c axis23–25. One 
of the criteria for the observation of a Yamaji peak, similar to magnetic 
quantum oscillations, is that the product of the cyclotron frequency, 
ωc, and the transport relaxation time, τ, must be at least of the order 
of unity, ωcτ ≳ 1: that is, a non-negligible fraction of electrons must 
complete a cyclotron orbit without scattering. The cyclotron frequency 
is given by ωc = eB/m⋆, where B is the magnetic field, m* is the quasipar-
ticle effective cyclotron mass and e is the electric charge. Therefore, 
similar to quantum oscillations, the observation of the Yamaji effect is 
evidence for a Fermi-surface pocket23–25. Unlike quantum oscillations, 
which can be observed only at low temperatures when cyclotron orbits 
are quantized26, the Yamaji effect does not require orbital quantization. 
In this respect, the Yamaji effect is much better suited for Fermi-surface 
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At the Yamaji angle, the orbits in the plane
orthogonal to B have an area which is

independent of momentum in the c direction, to
first order in the hopping along the c direction.
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FIG. 1. Observation of the Yamaji e!ect. a, Phase diagram of superconducting temperature

versus doping of Hg1201 [28]. Red dot marks the focus of this work. b, Schematic of the polar (ω)

and azimuthal (ε) angles. a, b and c are crystallographic directions. c, Schematic example orbit

on a quasi-2D Fermi-surface for B→c. Arrows indicate the instantaneous velocity on the orbit.

The c-axis component of the velocity, vc, does not change on the orbit. d, Schematic of example

orbit for ω = ωYamaji. vc oscillates around the orbit and averages to zero. e, Polar magnetic field

orientation-dependent curves of the magnetoresistivity ϑϖc at three di!erent fields, and at 85 K

and ε = 0→. The arrow highlights the Yamaji peak, which disappears into the background at

lower B due to the lower ϱcς . f, The same for two di!erent temperatures. The peak is more

pronounced at lower temperature due to a higher ϱcς . To emphasize the Yamaji peak and to avoid

the e!ect of superconductivity at lower temperature, we plot the di!erence ϖc(72 T) ↑ ϖc(50 T).

g, Azimuthal angle-dependence of the Yamaji peak at ε = 0→ and 45→. The inset schematically

shows the relationship between caliper radius kcal(ε) and ε for an elliptical pocket. The caliper

radius is determined directly from the Yamaji angle by kcal(ε) = 3φ/4c tan[ωYamaji(ε)] where c is

the c↑axis lattice parameter (see Methods) [12, 13, 29]. We find kcal(ε = 0→) = 0.12 ± 0.01 Å↑1

and kcal(ε = 45→) = 0.16± 0.02 Å↑1, respectively.

i.e. a significant fraction of electrons must complete a cyclotron orbit without scattering.
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lower B due to the lower ϱcς . f, The same for two di!erent temperatures. The peak is more
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i.e. a significant fraction of electrons must complete a cyclotron orbit without scattering.
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and 45o. Full underlying data is shown in Supplementary Fig. S1. b, Equivalent simulated ωεc(ϑ)

(see Methods). Inset: Fermi-surface used for simulations.

relation, ωc(ε) → ↑vc(ε)vc(↓ε)↔ =
↑∫
0

dt exp{iεt}↑vc(t)vc(0)↔k. The time-delayed velocity

correlation ↑vc(t)vc(0)↔k, is averaged over all possible starting points k on the Fermi sur-

face [12, 13]. The resistivity ϑc is then obtained by inverting the conductivity ωc(ε) and

taking the zero-frequency limit.

The more e!ectively vc averages to zero around a cyclotron orbit, the smaller is the c-axis

conductivity, and therefore the larger is the c-axis resistivity. Such a physical picture enables

a qualitative understanding of the results in Fig. 1. For very long relaxation times, εcϖ ↗ 1,

electrons can traverse the cyclotron orbit multiple times and the c-axis resistivity approaches

the ‘clean’ limit. In this limit, the conductivity corresponds to the average velocity of a single

complete orbit. As the scattering becomes more intense, and εcϖ decreases, the time-delayed

velocity correlation is suppressed at long times such that the magnetic field dependence of

the c-axis resistivity weakens and eventually disappears in the ‘dirty limit’, εcϖ ↘ 1

When B is aligned along the c-axis, the c-axis component of the velocity does not change

around any given orbit for the simply warped Fermi-surface of Hg1201, (ϱ = 0→ in Fig. 1c).

Hence, the conductivity is the same as that at B = 0 such that ςϑc ≃ 0 at ϱ = 0→, as

observed (Fig. 1e). A very weak magnetoresistivity for B along symmetry directions is well
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The pseudogap state of high-temperature superconducting 
cuprates, known for its partial gapping of the Fermi surface above the 
superconducting transition temperature, is believed to hold the key to 
understanding the origin of Planckian relaxation and quantum criticality. 
However, the nature of the Fermi surface in the pseudogap state has 
remained a fundamental open question. Here we report the observation of 
the Yamaji e!ect, which appears as a peak in the c-axis resistivity at a speci"c 
angle of the applied magnetic "eld, in angle-dependent magnetoresistivity 
measurements above the critical temperature in the cuprate HgBa2CuO4+δ. 
The observation of the Yamaji peak is evidence for small Fermi-surface 
pockets in the normal state of the pseudogap phase. The small size of the 
pockets, each estimated to occupy only 1.3% of the Brillouin zone area, is not 
expected given the absence of long-range broken translational symmetry.

Although evidence for symmetry breaking has been found in the 
pseudogap phase1–6, its connection to quantum criticality has not 
yet been established. For such symmetry breaking to be relevant 
for quantum criticality, it must also have a direct effect on the Fermi 
surface7,8. Indeed, Fermi-surface reconstruction has been explored 
extensively in the cuprates through magnetic quantum oscillations and 
angle-dependent magnetoresistivity measurements7–9. Such measure-
ments have revealed a magnetic-field-induced charge-density wave 
phase10 that exists at temperatures well below the superconducting 
transition temperature, Tc (refs. 11,12), and an antiferromagnetic phase 
present at very low hole dopings13. Because these phases are restricted 
to narrow low-temperature or low-doping regimes, they are not indica-
tive of the broader underdoped region and high temperatures spanned 
by the pseudogap, depicted in Fig. 1a.

In the pseudogap state at temperatures above Tc, the conspicuous 
observation of anomalous Fermi arcs in photoemission experiments 
that do not seem to form closed pockets14,15 has inspired suggestions 
of an unconventional Fermi surface16–18 or even the total absence 
thereof15,19,20. Recent work on La2−y−xNdySrxCuO4 (Nd-LSCO) (ref. 21) 
found a change in the angle-dependent magnetoresistivity across 
the putative pseudogap critical doping, which was reported to be 
consistent with a transformation from large to small Fermi surfaces. 
However, it has also been argued22 that this change could be consistent 

with a Lifshitz transition resulting from crossing of a van Hove singu-
larity, which does not drastically change the size of the Fermi surface. 
Therefore, there is a crucial need to clarify the Fermi surface of the 
pseudogap state.

One way to do this in quasi-two-dimensional (layered) metals, 
such as the cuprates, is through observation of the Yamaji effect, which 
describes the phenomena when all quasiparticle orbits on the Fermi 
surface become degenerate at particular orientations of the magnetic 
field. The signature of the Yamaji effect in angle-dependent magne-
toresistivity is a peak in the interlayer, or c-axis, resistivity, ρc, when the 
orientation of the magnetic field is tilted away from the c axis23–25. One 
of the criteria for the observation of a Yamaji peak, similar to magnetic 
quantum oscillations, is that the product of the cyclotron frequency, 
ωc, and the transport relaxation time, τ, must be at least of the order 
of unity, ωcτ ≳ 1: that is, a non-negligible fraction of electrons must 
complete a cyclotron orbit without scattering. The cyclotron frequency 
is given by ωc = eB/m⋆, where B is the magnetic field, m* is the quasipar-
ticle effective cyclotron mass and e is the electric charge. Therefore, 
similar to quantum oscillations, the observation of the Yamaji effect is 
evidence for a Fermi-surface pocket23–25. Unlike quantum oscillations, 
which can be observed only at low temperatures when cyclotron orbits 
are quantized26, the Yamaji effect does not require orbital quantization. 
In this respect, the Yamaji effect is much better suited for Fermi-surface 
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larity, which does not drastically change the size of the Fermi surface. 
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pseudogap state.

One way to do this in quasi-two-dimensional (layered) metals, 
such as the cuprates, is through observation of the Yamaji effect, which 
describes the phenomena when all quasiparticle orbits on the Fermi 
surface become degenerate at particular orientations of the magnetic 
field. The signature of the Yamaji effect in angle-dependent magne-
toresistivity is a peak in the interlayer, or c-axis, resistivity, ρc, when the 
orientation of the magnetic field is tilted away from the c axis23–25. One 
of the criteria for the observation of a Yamaji peak, similar to magnetic 
quantum oscillations, is that the product of the cyclotron frequency, 
ωc, and the transport relaxation time, τ, must be at least of the order 
of unity, ωcτ ≳ 1: that is, a non-negligible fraction of electrons must 
complete a cyclotron orbit without scattering. The cyclotron frequency 
is given by ωc = eB/m⋆, where B is the magnetic field, m* is the quasipar-
ticle effective cyclotron mass and e is the electric charge. Therefore, 
similar to quantum oscillations, the observation of the Yamaji effect is 
evidence for a Fermi-surface pocket23–25. Unlike quantum oscillations, 
which can be observed only at low temperatures when cyclotron orbits 
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larity, which does not drastically change the size of the Fermi surface. 
Therefore, there is a crucial need to clarify the Fermi surface of the 
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toresistivity is a peak in the interlayer, or c-axis, resistivity, ρc, when the 
orientation of the magnetic field is tilted away from the c axis23–25. One 
of the criteria for the observation of a Yamaji peak, similar to magnetic 
quantum oscillations, is that the product of the cyclotron frequency, 
ωc, and the transport relaxation time, τ, must be at least of the order 
of unity, ωcτ ≳ 1: that is, a non-negligible fraction of electrons must 
complete a cyclotron orbit without scattering. The cyclotron frequency 
is given by ωc = eB/m⋆, where B is the magnetic field, m* is the quasipar-
ticle effective cyclotron mass and e is the electric charge. Therefore, 
similar to quantum oscillations, the observation of the Yamaji effect is 
evidence for a Fermi-surface pocket23–25. Unlike quantum oscillations, 
which can be observed only at low temperatures when cyclotron orbits 
are quantized26, the Yamaji effect does not require orbital quantization. 
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FIG. 1. Observation of the Yamaji e!ect. a, Phase diagram of superconducting temperature

versus doping of Hg1201 [28]. Red dot marks the focus of this work. b, Schematic of the polar (ω)

and azimuthal (ε) angles. a, b and c are crystallographic directions. c, Schematic example orbit

on a quasi-2D Fermi-surface for B→c. Arrows indicate the instantaneous velocity on the orbit.

The c-axis component of the velocity, vc, does not change on the orbit. d, Schematic of example

orbit for ω = ωYamaji. vc oscillates around the orbit and averages to zero. e, Polar magnetic field

orientation-dependent curves of the magnetoresistivity ϑϖc at three di!erent fields, and at 85 K

and ε = 0→. The arrow highlights the Yamaji peak, which disappears into the background at

lower B due to the lower ϱcς . f, The same for two di!erent temperatures. The peak is more

pronounced at lower temperature due to a higher ϱcς . To emphasize the Yamaji peak and to avoid

the e!ect of superconductivity at lower temperature, we plot the di!erence ϖc(72 T) ↑ ϖc(50 T).

g, Azimuthal angle-dependence of the Yamaji peak at ε = 0→ and 45→. The inset schematically

shows the relationship between caliper radius kcal(ε) and ε for an elliptical pocket. The caliper

radius is determined directly from the Yamaji angle by kcal(ε) = 3φ/4c tan[ωYamaji(ε)] where c is

the c↑axis lattice parameter (see Methods) [12, 13, 29]. We find kcal(ε = 0→) = 0.12 ± 0.01 Å↑1

and kcal(ε = 45→) = 0.16± 0.02 Å↑1, respectively.

i.e. a significant fraction of electrons must complete a cyclotron orbit without scattering.
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cuprates, known for its partial gapping of the Fermi surface above the 
superconducting transition temperature, is believed to hold the key to 
understanding the origin of Planckian relaxation and quantum criticality. 
However, the nature of the Fermi surface in the pseudogap state has 
remained a fundamental open question. Here we report the observation of 
the Yamaji e!ect, which appears as a peak in the c-axis resistivity at a speci"c 
angle of the applied magnetic "eld, in angle-dependent magnetoresistivity 
measurements above the critical temperature in the cuprate HgBa2CuO4+δ. 
The observation of the Yamaji peak is evidence for small Fermi-surface 
pockets in the normal state of the pseudogap phase. The small size of the 
pockets, each estimated to occupy only 1.3% of the Brillouin zone area, is not 
expected given the absence of long-range broken translational symmetry.

Although evidence for symmetry breaking has been found in the 
pseudogap phase1–6, its connection to quantum criticality has not 
yet been established. For such symmetry breaking to be relevant 
for quantum criticality, it must also have a direct effect on the Fermi 
surface7,8. Indeed, Fermi-surface reconstruction has been explored 
extensively in the cuprates through magnetic quantum oscillations and 
angle-dependent magnetoresistivity measurements7–9. Such measure-
ments have revealed a magnetic-field-induced charge-density wave 
phase10 that exists at temperatures well below the superconducting 
transition temperature, Tc (refs. 11,12), and an antiferromagnetic phase 
present at very low hole dopings13. Because these phases are restricted 
to narrow low-temperature or low-doping regimes, they are not indica-
tive of the broader underdoped region and high temperatures spanned 
by the pseudogap, depicted in Fig. 1a.

In the pseudogap state at temperatures above Tc, the conspicuous 
observation of anomalous Fermi arcs in photoemission experiments 
that do not seem to form closed pockets14,15 has inspired suggestions 
of an unconventional Fermi surface16–18 or even the total absence 
thereof15,19,20. Recent work on La2−y−xNdySrxCuO4 (Nd-LSCO) (ref. 21) 
found a change in the angle-dependent magnetoresistivity across 
the putative pseudogap critical doping, which was reported to be 
consistent with a transformation from large to small Fermi surfaces. 
However, it has also been argued22 that this change could be consistent 

with a Lifshitz transition resulting from crossing of a van Hove singu-
larity, which does not drastically change the size of the Fermi surface. 
Therefore, there is a crucial need to clarify the Fermi surface of the 
pseudogap state.

One way to do this in quasi-two-dimensional (layered) metals, 
such as the cuprates, is through observation of the Yamaji effect, which 
describes the phenomena when all quasiparticle orbits on the Fermi 
surface become degenerate at particular orientations of the magnetic 
field. The signature of the Yamaji effect in angle-dependent magne-
toresistivity is a peak in the interlayer, or c-axis, resistivity, ρc, when the 
orientation of the magnetic field is tilted away from the c axis23–25. One 
of the criteria for the observation of a Yamaji peak, similar to magnetic 
quantum oscillations, is that the product of the cyclotron frequency, 
ωc, and the transport relaxation time, τ, must be at least of the order 
of unity, ωcτ ≳ 1: that is, a non-negligible fraction of electrons must 
complete a cyclotron orbit without scattering. The cyclotron frequency 
is given by ωc = eB/m⋆, where B is the magnetic field, m* is the quasipar-
ticle effective cyclotron mass and e is the electric charge. Therefore, 
similar to quantum oscillations, the observation of the Yamaji effect is 
evidence for a Fermi-surface pocket23–25. Unlike quantum oscillations, 
which can be observed only at low temperatures when cyclotron orbits 
are quantized26, the Yamaji effect does not require orbital quantization. 
In this respect, the Yamaji effect is much better suited for Fermi-surface 

Received: 4 December 2024

Accepted: 13 August 2025

Published online: 16 September 2025

 Check for updates

1Pulsed Field Facility, National High Magnetic Field Laboratory, Los Alamos National Laboratory, Los Alamos, NM, USA. 2Los Alamos National Laboratory, 
Los Alamos, NM, USA.  e-mail: mkchan@lanl.gov

<latexit sha1_base64="IOhIG06Ag1EXz47fh7op4Bb1R7Y="></latexit>

Predicted FL* pocket fraction = p/8 = 1.25% !
Fluctuating AF metal fraction = p/4 = 2.5%.

(p/8 also in Yang-Rice-Zjang ansatz, Peter Johnson photoemission, 
and Jenny Hoffman and Seamus Davis STMs;  Stanescu-Kotliar) Jing-Yu Zhao, S. Chatterjee, S. S., Ya-Hui Zhang, arXiv:2510.13943



Critical quantum  
spin liquid  
on the  

square lattice



<latexit sha1_base64="yOcOiXjk9xhCVVR2bwes/u2Rgfk="></latexit>

hb↵i 6= 0:
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Néel order

S=1/2 square lattice

<latexit sha1_base64="7w3wAeEOlnncCe2PyVMf0ThTlgU="></latexit>

zω → bAω + ωωεb
†
Bε ; Lz = |(εµ ↑ iaµ)zω|2 + s|zω|2 + u|zω|4 + Lmonopole

T. Senthil, A. Vishwanath, L. Balents, S. Sachdev,  
and M. P. A. Fisher, Science 303, 1490 (2004)

<latexit sha1_base64="X/3b9bLaKgAlweBdeZ9w0niw7vM="></latexit>

Represent spins in terms of
S = 1/2 bosonic spinons S → b†ωωωεbε

<latexit sha1_base64="Q3L2JiA0KvP0qo6BFsfBoTdyH10="></latexit>

U(1) gauge symmetry: b → beiω

CP1
U(1) gauge theory.

’t Hooft/Lieb-Schultz-Mattis

anomalies realized by

monopole Berry phases.

<latexit sha1_base64="uWoMq27KyLU3W74YoIErTjg1SW0="></latexit>

Critical spin liquid
without quasiparticles?



<latexit sha1_base64="yOcOiXjk9xhCVVR2bwes/u2Rgfk="></latexit>

hb↵i 6= 0:
Néel order

<latexit sha1_base64="/dXu8mJn93I4H6Dk/Jc4Bzzux34="></latexit>

hb↵i = 0:
Spin liquid

(a)

(b)

(a)

(b)

or

<latexit sha1_base64="L3AsDXUhuhVAM6NOmKYsd3Hm58o="></latexit>

Valence bond solid (VBS)

N. Read and S. Sachdev, Phys. Rev. Lett. 62, 1694 (1989) 
N. Read and S. Sachdev, Phys. Rev. B 42, 4568 (1990)

<latexit sha1_base64="dRImT6BILinhuESugpb5LZPtaAg="></latexit>

J2/J1 = 0:
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substantial length scale, but ultimately confines at the longest distances.
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Adding charge fluctuations to the ω-flux spin liquid
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• Begin with the ω-flux spin liquid in the fermionic spinon description.

Hf = iJ
∑

→ij↑

eij
(
f†
iωfjω → f†

jωfiω
)
↑ iJ

∑

→ij↑

eij
(
!†

iUij!j →!†
jUji!i

)
; !i =

(
fi↓
f†
i↔

)

Hf is invariant under SU(2) rotations in spin and SU(2) rotations in Nambu space; Uij is
the SU(2) gauge field.
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• Introduce a charge e, SU(2) fundamental boson Bi such that the
composite of Bi and !i is an electron. The projective symmetries require:

<latexit sha1_base64="KIWtYHNhftFeaQ9usImM4rfL8nw="></latexit>

• Begin with the ω-flux spin liquid in the fermionic spinon description.

Hf = iJ
∑

→ij↑

eij
(
f†
iωfjω → f†

jωfiω
)
↑ iJ

∑

→ij↑

eij
(
!†

iUij!j →!†
jUji!i

)
; !i =

(
fi↓
f†
i↔

)

Hf is invariant under SU(2) rotations in spin and SU(2) rotations in Nambu space; Uij is
the SU(2) gauge field.



<latexit sha1_base64="xXUGC7q0lT98q8hMA95Kkk9yaMc="></latexit>

eij = →1
<latexit sha1_base64="9EMW1nJ9NDv3DXMtrxF2GXFG3OQ="></latexit>

eij = 1

<latexit sha1_base64="Y2ES2WfrLQfcWsqvIPRO3uIWVbs="></latexit>

Symmetry fω Ba

Tx (→1)yfω (→1)yBa

Ty fω Ba

Px (→1)xfω (→1)xBa

Py (→1)yfω (→1)yBa

Pxy (→1)xyfω (→1)xyBa

T (→1)x+yωωεfε (→1)x+yBa

Projective transformations of the f spinons
and B chargons on lattice sites i = (x, y)

under the symmetries
Tx : (x, y) ↑ (x+1, y); Ty : (x, y) ↑ (x, y+1);
Px : (x, y) ↑ (→x, y); Py : (x, y) ↑ (x,→y);
Pxy : (x, y) ↑ (y, x); and time-reversal T .
The indices ε,ϑ refer to global SU(2) spin,

while the index a = 1, 2 refers to gauge SU(2).
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fω and B both move in ω-flux
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〉
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i eijUijBj

)

bond current: i
〈
c†iωcjω ↔ c†jωciω

〉

↓ Jij = ↔Jji = Re
(
B†

i eijUijBj

)
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Energy functional for B and U : E [B,U ] = E2[B,U ] + E4[B,U ] + EYM [U ]
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EYM [U ] = ε
∑

↭



1↑ 1

2
ReTr

∏

ij↔↭
Uij




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From the theory of fω spinons
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<latexit sha1_base64="FuJqJDTMkIOMw8tNol1pwzrO2p8=">AAACHHicbZDLSsNAFIYnXmu9Rd0IbgaL4KqkotVlqRuXClaFppTJ5KQdnEzizIlaQn0UV271KdyJW8GH8B2cXhBvPwz8/OcczpkvSKUw6HnvzsTk1PTMbGGuOL+wuLTsrqyemSTTHBo8kYm+CJgBKRQ0UKCEi1QDiwMJ58Hl4aB+fg3aiESdYi+FVsw6SkSCM7RR2133JVMdCbROfT1yvoIr6rXdklf2hqJfpvLblMhYx233ww8TnsWgkEtmTLPipdjKmUbBJfSLfmYgZfySdaBprWIxmFY+/EGfbtkkpFGi7VNIh+n3iZzFxvTiwHbGDLvmd20Q/ldrZhgdtHKh0gxB8dGiKJMUEzrAQUOhgaPsWcO4FvZWyrtMM44WWtE3YImqDnZzH+EWb0Ro9+RVofqWzx8af83ZTrlSLe+d7JZq9TGpAtkgm2SbVMg+qZEjckwahJM78kAeyZNz7zw7L87rqHXCGc+skR9y3j4BNIih5g==</latexit>

hBi 6= 0

<latexit sha1_base64="HulmENLP8+GskjboaIn7RUUM/d4="></latexit>

Including only
nearest-neighbor
couplings in B

M. Christos, Zhu-Xi Luo, H. Shackleton, Ya-Hui Zhang,  
M. S. Scheurer, and S. S., PNAS 120, e2302701120 (2023)

<latexit sha1_base64="eSjlV01ejX/uGlssw1giAxxS2l0="></latexit>

Adding charge fluctuations to the ω-flux spin liquid

<latexit sha1_base64="6dTIjR1nUMNur8dI+W88uMapKcI="></latexit>

From the theory of fω spinons



<latexit sha1_base64="9e6gWnBKFBMzUZN0nn9m8c2eEX8="></latexit>

At T = 0, minimize E [B,U ].

<latexit sha1_base64="smbMAIJ1bh3iAliTvS8PiCqTAm4="></latexit>

Parameters chosen so that the ground state is a d-wave superconductor,
and second best state is a period-4 stripe.

<latexit sha1_base64="zerXssqiAKEzGd7sj3Agbj6J1D4="></latexit>

d-SC with
4 nodal quasiparticles

and vF → v!.



<latexit sha1_base64="2D0de6dfVqJrLW8v51hWZqJp3/4="></latexit>

• Simulation of classical, thermal theory for bosons B, U
defined by Z2+0

• Diagonalize 3-layer fermion Hamiltonian for c, f1, f
for each snapshot of B, U , and average.

<latexit sha1_base64="TtGiwyI7x4gmTPbwnT2ZKaX2GSs="></latexit>

Monte Carlo at a temperature T

Z2+0 =

∫ ∏

i

DBi

∫ ∏

→ij↑

DUij exp [→E [B,U ]/T ]
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<latexit sha1_base64="TtGiwyI7x4gmTPbwnT2ZKaX2GSs="></latexit>

Monte Carlo at a temperature T

Z2+0 =

∫ ∏

i

DBi

∫ ∏

→ij↑

DUij exp [→E [B,U ]/T ]
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<latexit sha1_base64="TtGiwyI7x4gmTPbwnT2ZKaX2GSs="></latexit>

Monte Carlo at a temperature T

Z2+0 =

∫ ∏

i

DBi

∫ ∏

→ij↑

DUij exp [→E [B,U ]/T ]

°0.8

°0.6



<latexit sha1_base64="TQ1Zd0ja5NmaICC7g8pphRUv8PA="></latexit>

J. E. Ho!man, E. W. Hudson,

K. M. Lang, V. Madhavan,

H. Eisaki, S. Uchida, J.C. Davis

Science 295, 466 (2002)
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<latexit sha1_base64="59hxgeXP3eJxgTHxmdZwYvgtS2M="></latexit>

! =

Helicity

Modulus <latexit sha1_base64="T3r62rOxcgvjOdMTrzaIfMRAddg=">AAACGXicbVDLSgMxFM3UVx1fVZduBovgxjLTRXVZdCMIUsE+oFNKJnOnDc0kQ5IR6tDfcOOvuHGhiEtd+TemD0FbDwQO55zLzT1BwqjSrvtl5ZaWV1bX8uv2xubW9k5hd6+hRCoJ1IlgQrYCrIBRDnVNNYNWIgHHAYNmMLgY+807kIoKfquHCXRi3OM0ogRrI3ULrh9Aj/KMANcgR/Y1MCX4ie/bV0IZhVF9b/vAw59Et1B0S+4EziLxZqSIZqh1Cx9+KEgam3HCsFJtz010J8NSU8JgZPupggSTAe5B21COY1CdbHLZyDkySuhEQprHtTNRf09kOFZqGAcmGWPdV/PeWPzPa6c6OutklCepBk6mi6KUOVo445qckEogmg0NwURS81eH9LHExHSgbFOCN3/yImmUS16lVLkpF6vnszry6AAdomPkoVNURZeohuqIoAf0hF7Qq/VoPVtv1vs0mrNmM/voD6zPb1ZOoSc=</latexit>

Nelson-
Kosterlitz

<latexit sha1_base64="TtGiwyI7x4gmTPbwnT2ZKaX2GSs="></latexit>

Monte Carlo at a temperature T

Z2+0 =

∫ ∏

i

DBi

∫ ∏

→ij↑

DUij exp [→E [B,U ]/T ]



Theory of hole pockets 
and fractionalized 
intertwined orders 



<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�

Hubbard  
model of 

hole density 
1+p

<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

<latexit sha1_base64="40iBAFM7nTMgJo51LrEN/YYeLJA=">AAACCXicdVDLSgNBEJz1bXxFPXoZDIKnsBvzOga9iCcFYwLZEGYnnWTI7Owy06uGJV/gyat+hTfx6lf4Ef6DkxhBRQsaiqpuuruCWAqDrvvmzM0vLC4tr6xm1tY3Nrey2ztXJko0hzqPZKSbATMghYI6CpTQjDWwMJDQCIYnE79xDdqISF3iKIZ2yPpK9ARnaKXGWcePQcedbM7Nu+VqsVSmlkxhSaVwVPVc6s2UHJnhvJN997sRT0JQyCUzpuW5MbZTplFwCeOMnxiIGR+yPrQsVSwE006n547pgVW6tBdpWwrpVP0+kbLQmFEY2M6Q4cD89ibiX14rwV61nQoVJwiKfy7qJZJiRCe/067QwFGOLGFcC3sr5QOmGUebUMY3YONTfRykPsIt3oiu3ZOWhBrbfL5CoP+Tq0LeK+eLF8Vc7XiW1ArZI/vkkHikQmrklJyTOuFkSO7JA3l07pwn59l5+Wydc2Yzu+QHnNcPUP2bwA==</latexit>

J?
Ancilla qubits 
in a “trivial”  

gapped insulator  

<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

<latexit sha1_base64="40iBAFM7nTMgJo51LrEN/YYeLJA=">AAACCXicdVDLSgNBEJz1bXxFPXoZDIKnsBvzOga9iCcFYwLZEGYnnWTI7Owy06uGJV/gyat+hTfx6lf4Ef6DkxhBRQsaiqpuuruCWAqDrvvmzM0vLC4tr6xm1tY3Nrey2ztXJko0hzqPZKSbATMghYI6CpTQjDWwMJDQCIYnE79xDdqISF3iKIZ2yPpK9ARnaKXGWcePQcedbM7Nu+VqsVSmlkxhSaVwVPVc6s2UHJnhvJN997sRT0JQyCUzpuW5MbZTplFwCeOMnxiIGR+yPrQsVSwE006n547pgVW6tBdpWwrpVP0+kbLQmFEY2M6Q4cD89ibiX14rwV61nQoVJwiKfy7qJZJiRCe/067QwFGOLGFcC3sr5QOmGUebUMY3YONTfRykPsIt3oiu3ZOWhBrbfL5CoP+Tq0LeK+eLF8Vc7XiW1ArZI/vkkHikQmrklJyTOuFkSO7JA3l07pwn59l5+Wydc2Yzu+QHnNcPUP2bwA==</latexit>

J?

<latexit sha1_base64="NKkfjRK5abTq7yxe9DIpKPFto/c="></latexit>

Antiferromagnetic Kondo JK

<latexit sha1_base64="+Jj0X+gIe8ODabGfjWyjnQNqhKM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5oHJEnons8mQ2dllZlYIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVlDVoLGLVDlAzwSVrGG4EayeKYRQI1gpGt1O/9cSU5rF8MOOE+REOJA85RWOlR9rLuiiSIU565YpbdWcgy8TLSQVy1Hvlr24/pmnEpKECte54bmL8DJXhVLBJqZtqliAd4YB1LJUYMe1ns4sn5MQqfRLGypY0ZKb+nsgw0nocBbYzQjPUi95U/M/rpCa89jMuk9QwSeeLwlQQE5Pp+6TPFaNGjC1Bqri9ldAhKqTGhlSyIXiLLy+T5lnVu6xe3J9Xajd5HEU4gmM4BQ+uoAZ3UIcGUJDwDK/w5mjnxXl3PuatBSefOYQ/cD5/AMzMkQQ=</latexit>c↵ Free holes of  
density 

1+p

Ancilla Layer Model of FL* in a single-band Hubbard model

<latexit sha1_base64="xAm2Qvfd5gT+4WR6Ym3DgHtUCpk="></latexit>

U (HHubbard +Htrivial insulator)U
→1 = Hancilla

<latexit sha1_base64="Hhc1B/rgA4xrv8HmhruU4XTtH7w="></latexit>

Schrie!er-Wol!
transformation
at large J→

yields U → J2
K/J→

Ya-Hui Zhang and S. Sachdev, 
Phys. Rev. Res. 2, 023172 (2020) 



<latexit sha1_base64="ECYpLrXO5xN5PckjZSUIQCWO/gA="></latexit>

HKondo lattice =
∑

i,j

[
→tijc

†
iωcjω → t1,ijf

†
1iωf1jω

]

→
∑

i

! (c†iωf1iω + f
†
1iωciω)
}<latexit sha1_base64="w8L7NFEuEBbco+ydLKtKS+odAzY="></latexit>

Heavy Fermi liquid

of electrons c, f1
S1 → f†

1ωωωεf1ε

E. Mascot,  A. Nikolaenko,  M. Tikhanovskaya,  Ya-Hui Zhang, D. K. Morr, and S. S., PRB 105, 075146 (2022)

<latexit sha1_base64="rX/77FrqLrmBheyQy/29OvPCcUE="></latexit>

Your favorite spin liquid

{
{

<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+

<latexit sha1_base64="40iBAFM7nTMgJo51LrEN/YYeLJA=">AAACCXicdVDLSgNBEJz1bXxFPXoZDIKnsBvzOga9iCcFYwLZEGYnnWTI7Owy06uGJV/gyat+hTfx6lf4Ef6DkxhBRQsaiqpuuruCWAqDrvvmzM0vLC4tr6xm1tY3Nrey2ztXJko0hzqPZKSbATMghYI6CpTQjDWwMJDQCIYnE79xDdqISF3iKIZ2yPpK9ARnaKXGWcePQcedbM7Nu+VqsVSmlkxhSaVwVPVc6s2UHJnhvJN997sRT0JQyCUzpuW5MbZTplFwCeOMnxiIGR+yPrQsVSwE006n547pgVW6tBdpWwrpVP0+kbLQmFEY2M6Q4cD89ibiX14rwV61nQoVJwiKfy7qJZJiRCe/067QwFGOLGFcC3sr5QOmGUebUMY3YONTfRykPsIt3oiu3ZOWhBrbfL5CoP+Tq0LeK+eLF8Vc7XiW1ArZI/vkkHikQmrklJyTOuFkSO7JA3l07pwn59l5+Wydc2Yzu+QHnNcPUP2bwA==</latexit>

J?
<latexit sha1_base64="ckOvILXfgkviHncuhUFaQ00oW5Q=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgQkpSfC2LblxWtA9oQplMJ+3QmSTMTIQSsvMb3Oranbj1R1z6J07bLGzrgQuHc+7lXI4fc6a0bX9bhZXVtfWN4mZpa3tnd6+8f9BSUSIJbZKIR7LjY0U5C2lTM81pJ5YUC5/Ttj+6nfjtJyoVi8JHPY6pJ/AgZAEjWBvJTV1foIesVztDQa9csav2FGiZODmpQI5Gr/zj9iOSCBpqwrFSXceOtZdiqRnhNCu5iaIxJiM8oF1DQyyo8tLpzxk6MUofBZE0E2o0Vf9epFgoNRa+2RRYD9WiNxH/87qJDq69lIVxomlIZkFBwpGO0KQA1GeSEs3HhmAimfkVkSGWmGhT01yKLzLTibPYwDJp1arOZfXi/rxSv8nbKcIRHMMpOHAFdbiDBjSBQAwv8Apv1rP1bn1Yn7PVgpXfHMIcrK9fjwyXaw==</latexit>

S2, f

<latexit sha1_base64="ebnBBKbSYIN50U9D2By63bf7j2Q=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgQkoivpZFNy4r2ge0MUymk3boTBJmJkIJ2foNbnXtTtz6Hy79E6dtFrb1wIXDOfdyLsePOVPatr+twtLyyupacb20sbm1vVPe3WuqKJGENkjEI9n2saKchbShmea0HUuKhc9pyx/ejP3WE5WKReGDHsXUFbgfsoARrI30mHZ9ge4zzzlBgYe9csWu2hOgReLkpAI56l75p9uLSCJoqAnHSnUcO9ZuiqVmhNOs1E0UjTEZ4j7tGBpiQZWbTr7O0JFReiiIpJlQo4n69yLFQqmR8M2mwHqg5r2x+J/XSXRw5aYsjBNNQzINChKOdITGFaAek5RoPjIEE8nMr4gMsMREm6JmUnyRmU6c+QYWSfO06lxUz+/OKrXrvJ0iHMAhHIMDl1CDW6hDAwhIeIFXeLOerXfrw/qcrhas/GYfZmB9/QIN95g+</latexit>

S1, fa}<latexit sha1_base64="KdQJsN0zqwsUF6ItmE7aSTITp1E="></latexit>

!

<latexit sha1_base64="+gIYVL6S8vv37FUr0VPUw8GWaF0="></latexit>

Kondo lattice heavy Fermi liquid.
Size 1 + p+ 1 = p (mod 2).

Small Fermi surface!

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
<latexit sha1_base64="860OnqZb9AT6S2QR9Arl77G7U4c=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae2oUy2m3bpZhN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKj7Sf9VAkI5z2yxW36s5BVomXkwrkaPTLX71BTNOISUMFat313MT4GSrDqWDTUi/VLEE6xiHrWioxYtrP5hdPyZlVBiSMlS1pyFz9PZFhpPUkCmxnhGakl72Z+J/XTU147WdcJqlhki4WhakgJiaz98mAK0aNmFiCVHF7K6EjVEiNDalkQ/CWX14lrYuqV6vW7i8r9Zs8jiKcwCmcgwdXUIc7aEATKEh4hld4c7Tz4rw7H4vWgpPPHMMfOJ8/zR6RBQ==</latexit>cω

Ancilla Layer Model of FL* in a single-band Hubbard model



<latexit sha1_base64="pGjpRwO+jCSO78sn2z8kiRDn5U8="></latexit>

Hspin liquid = iJ

∑

→ij↑

eij

(
!†

iUij!j →!†
jUji!i

)
; !i =

(
fi↓
f
†
i↔

)

}<latexit sha1_base64="w8L7NFEuEBbco+ydLKtKS+odAzY="></latexit>

Heavy Fermi liquid

of electrons c, f1
S1 → f†

1ωωωεf1ε

}

{
{

<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+

<latexit sha1_base64="40iBAFM7nTMgJo51LrEN/YYeLJA=">AAACCXicdVDLSgNBEJz1bXxFPXoZDIKnsBvzOga9iCcFYwLZEGYnnWTI7Owy06uGJV/gyat+hTfx6lf4Ef6DkxhBRQsaiqpuuruCWAqDrvvmzM0vLC4tr6xm1tY3Nrey2ztXJko0hzqPZKSbATMghYI6CpTQjDWwMJDQCIYnE79xDdqISF3iKIZ2yPpK9ARnaKXGWcePQcedbM7Nu+VqsVSmlkxhSaVwVPVc6s2UHJnhvJN997sRT0JQyCUzpuW5MbZTplFwCeOMnxiIGR+yPrQsVSwE006n547pgVW6tBdpWwrpVP0+kbLQmFEY2M6Q4cD89ibiX14rwV61nQoVJwiKfy7qJZJiRCe/067QwFGOLGFcC3sr5QOmGUebUMY3YONTfRykPsIt3oiu3ZOWhBrbfL5CoP+Tq0LeK+eLF8Vc7XiW1ArZI/vkkHikQmrklJyTOuFkSO7JA3l07pwn59l5+Wydc2Yzu+QHnNcPUP2bwA==</latexit>

J?
<latexit sha1_base64="ckOvILXfgkviHncuhUFaQ00oW5Q=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgQkpSfC2LblxWtA9oQplMJ+3QmSTMTIQSsvMb3Oranbj1R1z6J07bLGzrgQuHc+7lXI4fc6a0bX9bhZXVtfWN4mZpa3tnd6+8f9BSUSIJbZKIR7LjY0U5C2lTM81pJ5YUC5/Ttj+6nfjtJyoVi8JHPY6pJ/AgZAEjWBvJTV1foIesVztDQa9csav2FGiZODmpQI5Gr/zj9iOSCBpqwrFSXceOtZdiqRnhNCu5iaIxJiM8oF1DQyyo8tLpzxk6MUofBZE0E2o0Vf9epFgoNRa+2RRYD9WiNxH/87qJDq69lIVxomlIZkFBwpGO0KQA1GeSEs3HhmAimfkVkSGWmGhT01yKLzLTibPYwDJp1arOZfXi/rxSv8nbKcIRHMMpOHAFdbiDBjSBQAwv8Apv1rP1bn1Yn7PVgpXfHMIcrK9fjwyXaw==</latexit>

S2, f

<latexit sha1_base64="ebnBBKbSYIN50U9D2By63bf7j2Q=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgQkoivpZFNy4r2ge0MUymk3boTBJmJkIJ2foNbnXtTtz6Hy79E6dtFrb1wIXDOfdyLsePOVPatr+twtLyyupacb20sbm1vVPe3WuqKJGENkjEI9n2saKchbShmea0HUuKhc9pyx/ejP3WE5WKReGDHsXUFbgfsoARrI30mHZ9ge4zzzlBgYe9csWu2hOgReLkpAI56l75p9uLSCJoqAnHSnUcO9ZuiqVmhNOs1E0UjTEZ4j7tGBpiQZWbTr7O0JFReiiIpJlQo4n69yLFQqmR8M2mwHqg5r2x+J/XSXRw5aYsjBNNQzINChKOdITGFaAek5RoPjIEE8nMr4gMsMREm6JmUnyRmU6c+QYWSfO06lxUz+/OKrXrvJ0iHMAhHIMDl1CDW6hDAwhIeIFXeLOerXfrw/qcrhas/GYfZmB9/QIN95g+</latexit>

S1, fa}<latexit sha1_base64="KdQJsN0zqwsUF6ItmE7aSTITp1E="></latexit>

!

<latexit sha1_base64="YRfNDEqeN28ZAy6CJJqdXLt0NtA="></latexit>

⇡-flux spin liquid

<latexit sha1_base64="+gIYVL6S8vv37FUr0VPUw8GWaF0="></latexit>

Kondo lattice heavy Fermi liquid.
Size 1 + p+ 1 = p (mod 2).

Small Fermi surface!

<latexit sha1_base64="xXUGC7q0lT98q8hMA95Kkk9yaMc=">AAACW3icbZDPThsxEMadhRaa0hKKOHGxGlXqpdFuGwI9VELl0iNIBJCyUeT1ThIH/1nZs6GRtU/Sa3moHngXvCGq2rQjWfr0zTea8S8rpHAYx78a0cbms+ db2y+aL3devd5t7b25cqa0HPrcSGNvMuZACg19FCjhprDAVCbhOrs9q/vXc7BOGH2JiwKGik20GAvOMFij1i6MfDoX6XxW0S/0QzJqteNOvCwad7rx0efkE/3tJCvRJqs6H+01umlueKlAI5fMuUESFzj0zKLgEqpmWjooGL9lExgEqZkCN/TLyyv6Ljg5HRsbnka6dP+c8Ew5t1BZSCqGU7feq83/9QYljk+GXuiiRND8adG4lBQNrTHQXFjgKBdBMG5FuJXyKbOMY4DVTB0EknqCU58ifMc7kYc9vid0+I+GO26UYjqvyVXep5mReX2lkV5U1XpkthaZ1ZHAOVmn+q+4+thJep3eRbd9+nVFfJsckrfkPUnIMTkl38g56RNOSvKD/CT3jYdoI2pGO0/RqLGa2Sd/VXTwCOEUuIc=</latexit>

eij = →1

<latexit sha1_base64="9EMW1nJ9NDv3DXMtrxF2GXFG3OQ=">AAACWHicdVDLahtBEGxtHraVl+0ccxkiAjmJ3WAUXwwmueToQGQbtIqYnW1JI89jmemVI4b9j1yTv7K/JrOyAo6SNAwUVdV0TRWVkp7S9KaTPHj46PHO7l 73ydNnz1/sHxyee1s7gUNhlXWXBfeopMEhSVJ4WTnkulB4UVx9bPWLJTovrflCqwrHms+MnErBKVJfcRLypcyXi4adsGyy38v66XpY+hf4LfVgM2eTg85RXlpRazQkFPd+lKUVjQN3JIXCppvXHisurvgMRxEartGPwzp2w95EpmRT6+IzxNbs/Y3AtfcrXUSn5jT321pL/ksb1TQ9HgdpqprQiLtD01oxsqztgJXSoSC1ioALJ2NWJubccUGxqW7uMdZoZjQPOeE3upZlvBMG0sT/GLwWVmtuyra4JoS8sKpsU1oVZNNsWxZblkVrud/z/8H5u3426A8+H/VOP2wa34VX8BreQgbv4RQ+wRkMQYCD7/ADfnZuE0h2kr07a9LZ7LyEPyY5/AW3BbgK</latexit>

eij = 1

<latexit sha1_base64="ECYpLrXO5xN5PckjZSUIQCWO/gA="></latexit>

HKondo lattice =
∑

i,j

[
→tijc

†
iωcjω → t1,ijf

†
1iωf1jω

]

→
∑

i

! (c†iωf1iω + f
†
1iωciω)

<latexit sha1_base64="S4IVr98deT/LJ27sVLmY4XD6zM8="></latexit>

ω-flux S2 spin liquid.
S2 = f†

ωωωεfε

<latexit sha1_base64="QJv+BewQ6rY8F9AOgoVVlrtAq4I="></latexit>

Fermionic spinons f moving in ω-flux and an emergent SU(2) gauge field U

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
<latexit sha1_base64="860OnqZb9AT6S2QR9Arl77G7U4c=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae2oUy2m3bpZhN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKj7Sf9VAkI5z2yxW36s5BVomXkwrkaPTLX71BTNOISUMFat313MT4GSrDqWDTUi/VLEE6xiHrWioxYtrP5hdPyZlVBiSMlS1pyFz9PZFhpPUkCmxnhGakl72Z+J/XTU147WdcJqlhki4WhakgJiaz98mAK0aNmFiCVHF7K6EjVEiNDalkQ/CWX14lrYuqV6vW7i8r9Zs8jiKcwCmcgwdXUIc7aEATKEh4hld4c7Tz4rw7H4vWgpPPHMMfOJ8/zR6RBQ==</latexit>cω

<latexit sha1_base64="AIWehyjcqW9Kz0FYdDyEaZUzKfQ="></latexit>

+EYM [U ]

Ancilla Layer Model of FL* in a single-band Hubbard model



}

}<latexit sha1_base64="w8L7NFEuEBbco+ydLKtKS+odAzY="></latexit>

Heavy Fermi liquid

of electrons c, f1
S1 → f†

1ωωωεf1ε

}
<latexit sha1_base64="lATFWuLfiF2MAGf+8KpliQuhBvk="></latexit>

Couple Kondo lattice and

spin liquid by charge e,
SU(2) fundamental Higgs boson B

{
{

<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+

<latexit sha1_base64="40iBAFM7nTMgJo51LrEN/YYeLJA=">AAACCXicdVDLSgNBEJz1bXxFPXoZDIKnsBvzOga9iCcFYwLZEGYnnWTI7Owy06uGJV/gyat+hTfx6lf4Ef6DkxhBRQsaiqpuuruCWAqDrvvmzM0vLC4tr6xm1tY3Nrey2ztXJko0hzqPZKSbATMghYI6CpTQjDWwMJDQCIYnE79xDdqISF3iKIZ2yPpK9ARnaKXGWcePQcedbM7Nu+VqsVSmlkxhSaVwVPVc6s2UHJnhvJN997sRT0JQyCUzpuW5MbZTplFwCeOMnxiIGR+yPrQsVSwE006n547pgVW6tBdpWwrpVP0+kbLQmFEY2M6Q4cD89ibiX14rwV61nQoVJwiKfy7qJZJiRCe/067QwFGOLGFcC3sr5QOmGUebUMY3YONTfRykPsIt3oiu3ZOWhBrbfL5CoP+Tq0LeK+eLF8Vc7XiW1ArZI/vkkHikQmrklJyTOuFkSO7JA3l07pwn59l5+Wydc2Yzu+QHnNcPUP2bwA==</latexit>

J?
<latexit sha1_base64="ckOvILXfgkviHncuhUFaQ00oW5Q=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgQkpSfC2LblxWtA9oQplMJ+3QmSTMTIQSsvMb3Oranbj1R1z6J07bLGzrgQuHc+7lXI4fc6a0bX9bhZXVtfWN4mZpa3tnd6+8f9BSUSIJbZKIR7LjY0U5C2lTM81pJ5YUC5/Ttj+6nfjtJyoVi8JHPY6pJ/AgZAEjWBvJTV1foIesVztDQa9csav2FGiZODmpQI5Gr/zj9iOSCBpqwrFSXceOtZdiqRnhNCu5iaIxJiM8oF1DQyyo8tLpzxk6MUofBZE0E2o0Vf9epFgoNRa+2RRYD9WiNxH/87qJDq69lIVxomlIZkFBwpGO0KQA1GeSEs3HhmAimfkVkSGWmGhT01yKLzLTibPYwDJp1arOZfXi/rxSv8nbKcIRHMMpOHAFdbiDBjSBQAwv8Apv1rP1bn1Yn7PVgpXfHMIcrK9fjwyXaw==</latexit>

S2, f

<latexit sha1_base64="ebnBBKbSYIN50U9D2By63bf7j2Q=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgQkoivpZFNy4r2ge0MUymk3boTBJmJkIJ2foNbnXtTtz6Hy79E6dtFrb1wIXDOfdyLsePOVPatr+twtLyyupacb20sbm1vVPe3WuqKJGENkjEI9n2saKchbShmea0HUuKhc9pyx/ejP3WE5WKReGDHsXUFbgfsoARrI30mHZ9ge4zzzlBgYe9csWu2hOgReLkpAI56l75p9uLSCJoqAnHSnUcO9ZuiqVmhNOs1E0UjTEZ4j7tGBpiQZWbTr7O0JFReiiIpJlQo4n69yLFQqmR8M2mwHqg5r2x+J/XSXRw5aYsjBNNQzINChKOdITGFaAek5RoPjIEE8nMr4gMsMREm6JmUnyRmU6c+QYWSfO06lxUz+/OKrXrvJ0iHMAhHIMDl1CDW6hDAwhIeIFXeLOerXfrw/qcrhas/GYfZmB9/QIN95g+</latexit>
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Kondo lattice heavy Fermi liquid.
Size 1 + p+ 1 = p (mod 2).

Small Fermi surface!
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Ancilla Layer Model of FL* in a single-band Hubbard model
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Higgs field ! determines

the pseudogap.

In FL* →!↑ ↓= 0,

antinodal pseudogap is

determined by →!↑,
and electrons cω are in 4

area p/8 hole pockets.
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• Spinons fω in bottom layer are in a ω-flux spin liquid with a SU(2) gauge field U .

• Higgs boson B has charge e, and is a SU(2) fundamental.

• Yukawa coupling between cω, fω and B.

• B is a fractionalized order parameter, whose composites describe numerous

superconducting and charge order parameters!

Ancilla Layer Model of FL* in a single-band Hubbard model
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• Simulation of classical, thermal theory for bosons B, U
defined by Z2+0

• Diagonalize 3-layer fermion Hamiltonian for c, f1, f
for each snapshot of B, U , and average.
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Monte Carlo at a temperature T

Z2+0 =

∫ ∏

i

DBi

∫ ∏

→ij↑

DUij exp [→E [B,U ]/T ]
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FL* fermionic spectrum with B = 0, U = 1
4 holes pockets of size p/8;

4 nodal spinons
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FL* fermionic spectrum with B = 0, U = 1
4 holes pockets of size p/8;

4 nodal spinons
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Monte Carlo at a
temperature T > TKT
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Monte Carlo at a
temperature T > TKT
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Kyle M. Shen, . . . Z.-X. Shen, Science 307, 901 (2005)
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Photoemission observations



From FL* to dSC, 
and the nature of 
nodal quasiparticles



tion (LDA), which are in good agreement with previous
calculations [11,12], and a tight-binding fit of the experi-
mentally determined FS. The spectra in Figs. 1(b) and 1(c)
were measured along momentum space directions near the
nodal and antinodal regions of the BZ, as indicated by the
arrows in Fig. 1(a). Dispersive features are clearly observ-
able, with a behavior which is ubiquitous among the cup-
rates [1]. Close to the nodal direction the QP peak exhibits
a pronounced dispersion that can be followed over
!250 meV below EF; near "!; 0#, on the other hand, the
band is much shallower with a van Hove singularity
!39 meV below EF. By integrating over a $5 meV win-
dow about EF the ARPES spectra normalized at high
binding energies, one obtains an estimate for the normal-
state FS [Fig. 1(d); the EF-intensity map across two BZs
was downfolded to the reduced zone scheme and symme-
trized with respect to the BZ diagonal, taking an average
for equivalent k points, and then fourfolded]. As discussed
later, at T % 10 K a d-wave SC gap is open along the FS;
thus this procedure returns the loci of minimum excitation
energy across the gap, which, however, still correspond to
the underlying normal-state FS crossings [1].

The FS of Tl2201-OD30 [Fig. 1(d)] consists of a large
hole-pocket centered at "!;!#, which, as suggested by the
low binding energy of the van Hove singularity [Fig. 1(c)],
appears to be approaching a topological transition from
hole to electronlike. The FS volume, counting holes, is
63$ 2% of the BZ corresponding to a carrier concentra-
tion of 1:26$ 0:04 hole=Cu atom, in very good agreement
with Hall-coefficient [13] and AMRO [6] experiments,
which found 1.30 and 1.24 itinerant holes, respectively,
in slightly more overdoped samples. These measurements
all indicate that the low-energy electronic structure of very

overdoped Tl2201 is dominated by a single CuO band. In
both ARPES and AMRO data there is no evidence for the
TlO band that in LDA calculations crosses EF and gives
rise to a small electron pocket centered at k % "0; 0# for
nonoxygenated (i.e., " % 0) Tl2201 [Fig. 1(a), dashed FS].
This, however, is no surprise even within the indepen-
dent particle picture. In fact, adjusting the chemical po-
tential in the calculations in a rigid-band-like fashion to
match the doping level of our Tl2201-OD30 sample (as
determined by the total FS volume), the TlO band is
emptied of its electrons and the LDA FS reduces to the
single CuO pocket [Fig. 1(a), solid FS]. Since full deple-
tion of the TlO band takes place for !EF ’ &0:159 eV,
corresponding to the removal of 0.024 electrons from
the TlO band (as well as 0.109 from the CuO band), already
the deviation of the Tl3' and Cu2' content of our samples
from the stoichiometric ratio 2:1, which contributes
!0:14 hole=formula unit, would be sufficient to empty
the TlO band even in the nonoxygenated " % 0 case. In
this sense, the Tl-Cu nonstoichiometry and the presence of
the TlO band cooperate in pushing the " % 0 system away
from half filling, which may help explain why nonoxygen-
ated Tl2201 is not a charge transfer insulator like undoped
(i.e., x % 0) LSCO [12]. As for the detailed shape of the
FS, which in LDA calculations is more square than in
ARPES and AMRO results, better agreement would re-
quire the inclusion in the calculations of correlation ef-
fects and/or O-doping beyond a rigid-band picture. Alter-
natively, the ARPES data can be modeled by the tight-
binding dispersion #k%$' t1

2 "coskx'cosky#' t2 coskx(
cosky ' t3

2 "cos2kx ' cos2ky# ' t4
2 "cos2kxcosky ' coskx(

cos2ky#' t5 cos2kxcos2ky, as in Ref. [14] (setting a % 1
for the lattice constant). With parameters $ % 0:2438,
t1 % &0:725, t2 % 0:302, t3 % 0:0159, t4 % &0:0805,
and t5 % 0:0034, all expressed in eV, this dispersion re-
produces both the FS shape [Fig. 1(d)] and the QP energy
at "0; 0# and especially near "!; 0# [Figs. 2(f) and 2(g)].

The analysis of the ARPES spectra in Fig. 2 indicates a
SC gap consistent with a dx2&y2 form. Because of the lack
of normal-state data, the opening of the gap for this
Tl2201-OD30 sample could not be followed via the shift
of the leading edge midpoint (LEM) across Tc, as is
commonly done (this was, however, possible in subsequent
temperature dependent experiments on a less overdoped
Tc % 74 K sample). In the present case, the existence of a
gap can be most easily visualized by the comparison of
nodal and antinodal symmetrized spectra [15], in particu-
lar, by the presence of a peak at EF along the nodal di-
rection [signature of a FS crossing; bold line in Fig. 2(a)]
and by the lack thereof along the antinodal [Fig. 2(b)]. For
a more quantitative analysis, we performed a fit of the
spectra along different k-space cuts intersecting the under-
lying normal-state FS [Fig. 2(d); as line shape we used a
Lorentzian QP peak plus a steplike background identified
by the ARPES intensity at k ) kF, all multiplied by a
Fermi function and convoluted with the instrumental en-
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Tl2201-OD30 T=10 K hν=59 eV
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(0,0)

VFS=50%
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FIG. 1 (color online). (a) LDA FS for two different doping
levels corresponding to a volume, counting holes, of 50% (cyan,
dashed line) and 63% (blue, solid line) of the BZ. (b),(c) ARPES
spectra taken at T % 10 K on Tl2201-OD30 along the directions
marked by arrows in (a). (d) ARPES FS of Tl2201-OD30 along
with a tight-binding fit of the data (black lines).
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BCS/Bogoliubov quasiparticles
in a d-wave superconductor

Ek =
�
"2k +�2

k

�1/2

�k = �0 (cos kx � cos ky)

4 nodal points where

Ek0+q =
⇣
v2F q

2
? + v2�q

2
k

⌘1/2

with vF � v�.
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FL* → d-SC:

Cooper pairing of the Fermi surface?

Ek =
(
ω2k +!2

k

)1/2

!k = !0 (cos kx ↑ cos ky)

No!
Leads to 8 nodal points of
Bogoliubov quasiparticles

and 4 nodal spinons of ε-flux spin liquid.
FL* → d-SC*

<latexit sha1_base64="uwSaZoIgMileGtiBlth586BXAGg="></latexit>

FL* has 4 electron-like pockets
and 4 nodal spinons

of the ω-flux spin liquid

<latexit sha1_base64="v70smkRCmG6a6FBthNKz7PHbiZE=">AAACJHicbZC7SgNBFIZnvRtvUbGyGQyChYSNBLURRBtLBXOB7BJmZ88mg7Ozy8xZNSx5GBsLfRU7sbDxOSydXBCNHhj4+P9zOGf+IJXCoOu+O1PTM7Nz8wuLhaXlldW14vpG3SSZ5lDjiUx0M2AGpFBQQ4ESmqkGFgcSGsHN+cBv3II2IlHX2EvBj1lHiUhwhlZqF7c8yVRHAj2jnh7RCXXbxVKl7A6LfoM7qZTIuC7bxU8vTHgWg0IumTGtipuinzONgkvoF7zMQMr4DetAy6JiMZj98FakZoh+PvxJn+5aM6RRou1TSIfqz+Gcxcb04sB2xgy7ZtIbiP95rQyjYz8XKs0QFB8tijJJMaGDWGgoNHCUPQuMa2HPprzLNONowyt4BmyyqoPd3EO4xzsR2j15Vaj+v1H9gfpBuXJYPryqlk7PxqEtkG2yQ/ZIhRyRU3JBLkmNcJKTB/JEnp1H58V5dd5GrVPOeGaT/Crn4wv+J6UN</latexit>

→B↑ = 0



<latexit sha1_base64="s6hk+LP3xh1d1PfgZsJVDW7+hDQ="></latexit>

FL* → d-SC:

Cooper pairing of the Fermi surface?

Ek =
(
ω2k +!2

k

)1/2

!k = !0 (cos kx ↑ cos ky)

No!
Leads to 8 nodal points of
Bogoliubov quasiparticles

and 4 nodal spinons of ε-flux spin liquid.
FL* → d-SC*

FL*   d-SC*

BCS mechanism applied to FL* pseudogap leads to non-BCS superconductor!

<latexit sha1_base64="v70smkRCmG6a6FBthNKz7PHbiZE=">AAACJHicbZC7SgNBFIZnvRtvUbGyGQyChYSNBLURRBtLBXOB7BJmZ88mg7Ozy8xZNSx5GBsLfRU7sbDxOSydXBCNHhj4+P9zOGf+IJXCoOu+O1PTM7Nz8wuLhaXlldW14vpG3SSZ5lDjiUx0M2AGpFBQQ4ESmqkGFgcSGsHN+cBv3II2IlHX2EvBj1lHiUhwhlZqF7c8yVRHAj2jnh7RCXXbxVKl7A6LfoM7qZTIuC7bxU8vTHgWg0IumTGtipuinzONgkvoF7zMQMr4DetAy6JiMZj98FakZoh+PvxJn+5aM6RRou1TSIfqz+Gcxcb04sB2xgy7ZtIbiP95rQyjYz8XKs0QFB8tijJJMaGDWGgoNHCUPQuMa2HPprzLNONowyt4BmyyqoPd3EO4xzsR2j15Vaj+v1H9gfpBuXJYPryqlk7PxqEtkG2yQ/ZIhRyRU3JBLkmNcJKTB/JEnp1H58V5dd5GrVPOeGaT/Crn4wv+J6UN</latexit>

→B↑ = 0



<latexit sha1_base64="8klCj5tSWcQNHpFCIBUpEaSagRE="></latexit>

Alternative route to d-wave superconductivity:

Use the pre-existing pairing of the
underlying spin liquid

and confine the spin liquid!

Shubhayu Chatterjee and S. S.,  
PRB 94, 205117 (2016) 
Maine Christos and S.S., 

npj Quantum Materials 9, 4 (2024)
FL*   d-SC

<latexit sha1_base64="v70smkRCmG6a6FBthNKz7PHbiZE=">AAACJHicbZC7SgNBFIZnvRtvUbGyGQyChYSNBLURRBtLBXOB7BJmZ88mg7Ozy8xZNSx5GBsLfRU7sbDxOSydXBCNHhj4+P9zOGf+IJXCoOu+O1PTM7Nz8wuLhaXlldW14vpG3SSZ5lDjiUx0M2AGpFBQQ4ESmqkGFgcSGsHN+cBv3II2IlHX2EvBj1lHiUhwhlZqF7c8yVRHAj2jnh7RCXXbxVKl7A6LfoM7qZTIuC7bxU8vTHgWg0IumTGtipuinzONgkvoF7zMQMr4DetAy6JiMZj98FakZoh+PvxJn+5aM6RRou1TSIfqz+Gcxcb04sB2xgy7ZtIbiP95rQyjYz8XKs0QFB8tijJJMaGDWGgoNHCUPQuMa2HPprzLNONowyt4BmyyqoPd3EO4xzsR2j15Vaj+v1H9gfpBuXJYPryqlk7PxqEtkG2yQ/ZIhRyRU3JBLkmNcJKTB/JEnp1H58V5dd5GrVPOeGaT/Crn4wv+J6UN</latexit>

→B↑ = 0



<latexit sha1_base64="8klCj5tSWcQNHpFCIBUpEaSagRE="></latexit>

Alternative route to d-wave superconductivity:

Use the pre-existing pairing of the
underlying spin liquid

and confine the spin liquid!

Shubhayu Chatterjee and S. S.,  
PRB 94, 205117 (2016) 
Maine Christos and S.S., 

npj Quantum Materials 9, 4 (2024)
FL*   d-SC

<latexit sha1_base64="v70smkRCmG6a6FBthNKz7PHbiZE=">AAACJHicbZC7SgNBFIZnvRtvUbGyGQyChYSNBLURRBtLBXOB7BJmZ88mg7Ozy8xZNSx5GBsLfRU7sbDxOSydXBCNHhj4+P9zOGf+IJXCoOu+O1PTM7Nz8wuLhaXlldW14vpG3SSZ5lDjiUx0M2AGpFBQQ4ESmqkGFgcSGsHN+cBv3II2IlHX2EvBj1lHiUhwhlZqF7c8yVRHAj2jnh7RCXXbxVKl7A6LfoM7qZTIuC7bxU8vTHgWg0IumTGtipuinzONgkvoF7zMQMr4DetAy6JiMZj98FakZoh+PvxJn+5aM6RRou1TSIfqz+Gcxcb04sB2xgy7ZtIbiP95rQyjYz8XKs0QFB8tijJJMaGDWGgoNHCUPQuMa2HPprzLNONowyt4BmyyqoPd3EO4xzsR2j15Vaj+v1H9gfpBuXJYPryqlk7PxqEtkG2yQ/ZIhRyRU3JBLkmNcJKTB/JEnp1H58V5dd5GrVPOeGaT/Crn4wv+J6UN</latexit>

→B↑ = 0

<latexit sha1_base64="3Y8QLApp6e3qeOi23+OmF/aAfgk="></latexit>

Confine the ω-flux spin-liquid by a

condensate of B, →B↑ ↓= 0 for

a suitable Higgs potential E4(B).

This leads to a d-wave superconductor

with 4 nodal points and vF ↔ v!!



Shubhayu Chatterjee and S. S.,  
PRB 94, 205117 (2016) 
Maine Christos and S.S., 

npj Quantum Materials 9, 4 (2024)
FL*   d-SC

<latexit sha1_base64="v70smkRCmG6a6FBthNKz7PHbiZE=">AAACJHicbZC7SgNBFIZnvRtvUbGyGQyChYSNBLURRBtLBXOB7BJmZ88mg7Ozy8xZNSx5GBsLfRU7sbDxOSydXBCNHhj4+P9zOGf+IJXCoOu+O1PTM7Nz8wuLhaXlldW14vpG3SSZ5lDjiUx0M2AGpFBQQ4ESmqkGFgcSGsHN+cBv3II2IlHX2EvBj1lHiUhwhlZqF7c8yVRHAj2jnh7RCXXbxVKl7A6LfoM7qZTIuC7bxU8vTHgWg0IumTGtipuinzONgkvoF7zMQMr4DetAy6JiMZj98FakZoh+PvxJn+5aM6RRou1TSIfqz+Gcxcb04sB2xgy7ZtIbiP95rQyjYz8XKs0QFB8tijJJMaGDWGgoNHCUPQuMa2HPprzLNONowyt4BmyyqoPd3EO4xzsR2j15Vaj+v1H9gfpBuXJYPryqlk7PxqEtkG2yQ/ZIhRyRU3JBLkmNcJKTB/JEnp1H58V5dd5GrVPOeGaT/Crn4wv+J6UN</latexit>

→B↑ = 0 <latexit sha1_base64="8klCj5tSWcQNHpFCIBUpEaSagRE="></latexit>

Alternative route to d-wave superconductivity:

Use the pre-existing pairing of the
underlying spin liquid

and confine the spin liquid!

<latexit sha1_base64="3Y8QLApp6e3qeOi23+OmF/aAfgk="></latexit>

Confine the ω-flux spin-liquid by a

condensate of B, →B↑ ↓= 0 for

a suitable Higgs potential E4(B).

This leads to a d-wave superconductor

with 4 nodal points and vF ↔ v!!



Shubhayu Chatterjee and S. S.,  
PRB 94, 205117 (2016) 
Maine Christos and S.S., 

npj Quantum Materials 9, 4 (2024)
FL*   d-SC

<latexit sha1_base64="e8U+A9l+JyabLk31JE1Yttp1/dU=">AAACJ3icbZDLSgMxFIYz3q23UTeCm2ARXEiZSqkui25cVrBV6JSSyZy2wUxmTM5Uy1Cfxo0LfRV3okvfwqXpBfF2IPDx/+dwTv4gkcKg5705U9Mzs3PzC4u5peWV1TV3faNu4lRzqPFYxvoyYAakUFBDgRIuEw0sCiRcBFcnQ/+iB9qIWJ1jP4FmxDpKtAVnaKWWu+VLpjoS6DH19Zh8BdfUa7n5YsEbFf0C77eSJ5OqttwPP4x5GoFCLpkxjaKXYDNjGgWXMMj5qYGE8SvWgYZFxSIw+2FPJGaEzWz0mQHdtWZI27G2TyEdqd+HMxYZ048C2xkx7Jrf3lD8z2uk2D5qZkIlKYLi40XtVFKM6TAZGgoNHGXfAuNa2LMp7zLNONr8cr4BG67qYDfzEW7xRoR2T1YSavBvVH+gflAolgvls1K+cjwJbYFskx2yR4rkkFTIKamSGuHkjtyTR/LkPDjPzovzOm6dciYzm+RHOe+f1Pimjg==</latexit>

→B↑ ↓= 0

<latexit sha1_base64="llto4uYDhYBgsa17/ApP5Se6T+4=">AAACEHicbVDLSgNBEJyNrxhfUY9eFoPgQcJGQvQYFMRjRPOAJITZ2U4yZHZ2memNhiWf4MWD/oo38eof+CcenWyCaExBQ1HVTTXlhoJrdJxPK7W0vLK6ll7PbGxube9kd/dqOogUgyoLRKAaLtUguIQqchTQCBVQ3xVQdweXE78+BKV5IO9wFELbpz3Ju5xRNNLtsHPVyeYKeSeB/UOceSVHZqh0sl8tL2CRDxKZoFo3C06I7Zgq5EzAONOKNISUDWgPmoZK6oM+8YY81Altx8nXY/vImJ7dDZQZiXai/j6Oqa/1yHfNpk+xr+e9ibjIa0bYPW/HXIYRgmTToG4kbAzsSQW2xxUwFCNDKFPcvG2zPlWUoSkq09JgWpQ97McthAe8557JiYtcjhdW9Y/UTvOFUr50U8yVL2alpckBOSTHpEDOSJlckwqpEkZ65JE8kxfryXq13qz36WrKmt3skz+wPr4BFumecA==</latexit>vF

<latexit sha1_base64="lkOvsK6t4vMz/5DRC3r0iZMs88s=">AAACFXicbVDLSgNBEJz1GeMr6tHLYhA8SNhIiB6DevAYwTwgG8LsbCcZMju7zPRGw5Kf8OJBf8WbePXsn3h0sgmiMQUNRVU31ZQXCa7RcT6tpeWV1bX1zEZ2c2t7Zze3t1/XYawY1FgoQtX0qAbBJdSQo4BmpIAGnoCGN7ia+I0hKM1DeYejCNoB7Une5YyikZrDjnsNAmknly8WnBT2D3HmlTyZodrJfbl+yOIAJDJBtW4VnQjbCVXImYBx1o01RJQNaA9ahkoagD71hzzSKW0n6etj+9iYvt0NlRmJdqr+Pk5ooPUo8MxmQLGv572JuMhrxdi9aCdcRjGCZNOgbixsDO1JD7bPFTAUI0MoU9y8bbM+VZShaSvrajBVyh72ExfhAe+5b3KSEpfjhVX9I/WzQrFcKN+W8pXLWWkZckiOyAkpknNSITekSmqEEUEeyTN5sZ6sV+vNep+uLlmzmwPyB9bHNy3/oKI=</latexit>v!

<latexit sha1_base64="8klCj5tSWcQNHpFCIBUpEaSagRE="></latexit>

Alternative route to d-wave superconductivity:

Use the pre-existing pairing of the
underlying spin liquid

and confine the spin liquid!

<latexit sha1_base64="3Y8QLApp6e3qeOi23+OmF/aAfgk="></latexit>

Confine the ω-flux spin-liquid by a

condensate of B, →B↑ ↓= 0 for

a suitable Higgs potential E4(B).

This leads to a d-wave superconductor

with 4 nodal points and vF ↔ v!!
<latexit sha1_base64="gKnmBRP6HnL/940h7ML3U4Xgi94="></latexit>

Resolves di!culty in early theories of
d-SC from spin liquids

(Zhang, Gros,Rice, Shiba (1988);
Kotliar, Liu (1988)),

in which spinons turned into Bogoliubov
quasiparticles with vF → v!.



Shubhayu Chatterjee and S. S.,  
PRB 94, 205117 (2016) 
Maine Christos and S.S., 

npj Quantum Materials 9, 4 (2024)
FL*   d-SC

<latexit sha1_base64="e8U+A9l+JyabLk31JE1Yttp1/dU=">AAACJ3icbZDLSgMxFIYz3q23UTeCm2ARXEiZSqkui25cVrBV6JSSyZy2wUxmTM5Uy1Cfxo0LfRV3okvfwqXpBfF2IPDx/+dwTv4gkcKg5705U9Mzs3PzC4u5peWV1TV3faNu4lRzqPFYxvoyYAakUFBDgRIuEw0sCiRcBFcnQ/+iB9qIWJ1jP4FmxDpKtAVnaKWWu+VLpjoS6DH19Zh8BdfUa7n5YsEbFf0C77eSJ5OqttwPP4x5GoFCLpkxjaKXYDNjGgWXMMj5qYGE8SvWgYZFxSIw+2FPJGaEzWz0mQHdtWZI27G2TyEdqd+HMxYZ048C2xkx7Jrf3lD8z2uk2D5qZkIlKYLi40XtVFKM6TAZGgoNHGXfAuNa2LMp7zLNONr8cr4BG67qYDfzEW7xRoR2T1YSavBvVH+gflAolgvls1K+cjwJbYFskx2yR4rkkFTIKamSGuHkjtyTR/LkPDjPzovzOm6dciYzm+RHOe+f1Pimjg==</latexit>

→B↑ ↓= 0

<latexit sha1_base64="llto4uYDhYBgsa17/ApP5Se6T+4=">AAACEHicbVDLSgNBEJyNrxhfUY9eFoPgQcJGQvQYFMRjRPOAJITZ2U4yZHZ2memNhiWf4MWD/oo38eof+CcenWyCaExBQ1HVTTXlhoJrdJxPK7W0vLK6ll7PbGxube9kd/dqOogUgyoLRKAaLtUguIQqchTQCBVQ3xVQdweXE78+BKV5IO9wFELbpz3Ju5xRNNLtsHPVyeYKeSeB/UOceSVHZqh0sl8tL2CRDxKZoFo3C06I7Zgq5EzAONOKNISUDWgPmoZK6oM+8YY81Altx8nXY/vImJ7dDZQZiXai/j6Oqa/1yHfNpk+xr+e9ibjIa0bYPW/HXIYRgmTToG4kbAzsSQW2xxUwFCNDKFPcvG2zPlWUoSkq09JgWpQ97McthAe8557JiYtcjhdW9Y/UTvOFUr50U8yVL2alpckBOSTHpEDOSJlckwqpEkZ65JE8kxfryXq13qz36WrKmt3skz+wPr4BFumecA==</latexit>vF

<latexit sha1_base64="lkOvsK6t4vMz/5DRC3r0iZMs88s=">AAACFXicbVDLSgNBEJz1GeMr6tHLYhA8SNhIiB6DevAYwTwgG8LsbCcZMju7zPRGw5Kf8OJBf8WbePXsn3h0sgmiMQUNRVU31ZQXCa7RcT6tpeWV1bX1zEZ2c2t7Zze3t1/XYawY1FgoQtX0qAbBJdSQo4BmpIAGnoCGN7ia+I0hKM1DeYejCNoB7Une5YyikZrDjnsNAmknly8WnBT2D3HmlTyZodrJfbl+yOIAJDJBtW4VnQjbCVXImYBx1o01RJQNaA9ahkoagD71hzzSKW0n6etj+9iYvt0NlRmJdqr+Pk5ooPUo8MxmQLGv572JuMhrxdi9aCdcRjGCZNOgbixsDO1JD7bPFTAUI0MoU9y8bbM+VZShaSvrajBVyh72ExfhAe+5b3KSEpfjhVX9I/WzQrFcKN+W8pXLWWkZckiOyAkpknNSITekSmqEEUEeyTN5sZ6sV+vNep+uLlmzmwPyB9bHNy3/oKI=</latexit>v!

Non-BCS mechanism applied to pseudogap leads to BCS superconductor!

<latexit sha1_base64="8klCj5tSWcQNHpFCIBUpEaSagRE="></latexit>

Alternative route to d-wave superconductivity:

Use the pre-existing pairing of the
underlying spin liquid

and confine the spin liquid!

<latexit sha1_base64="3Y8QLApp6e3qeOi23+OmF/aAfgk="></latexit>

Confine the ω-flux spin-liquid by a

condensate of B, →B↑ ↓= 0 for

a suitable Higgs potential E4(B).

This leads to a d-wave superconductor

with 4 nodal points and vF ↔ v!!
<latexit sha1_base64="gKnmBRP6HnL/940h7ML3U4Xgi94="></latexit>

Resolves di!culty in early theories of
d-SC from spin liquids

(Zhang, Gros,Rice, Shiba (1988);
Kotliar, Liu (1988)),

in which spinons turned into Bogoliubov
quasiparticles with vF → v!.



<latexit sha1_base64="ySzEf1chsdqEyztMMPN9bJYO3RA="></latexit>

→!↑ ↓= 0

<latexit sha1_base64="Ww5GhWbFdBvutRFUvfGka+raU7s="></latexit>

→!↑ = 0

Keimer, Kivelson, Norman,  
Uchida, and Zaanen,  
Nature 518, 179 (2015)

FL*

<latexit sha1_base64="ZhbOFaVKdpn0pgqeCW4yjCx7gQ8="></latexit>

→B↑ = 0

<latexit sha1_base64="mIGMd+j1d7bPUFu8t/wD9Rsj0lU="></latexit>

→B↑ ↓= 0

From the FL* pseudogap to  
d-SC and FL

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+}<latexit sha1_base64="n7VR7jjH76neZvy5C2R4yGGUcLE="></latexit>

! →= 0

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+

{<latexit sha1_base64="nKOIoyfa3E1JYOFEk+YPmrzCYdw=">AAACDnicbZDPSsNAEMY3/q31X9Wjl2ARPEhJSq09Sr14VLC20Iay2Uzbxc0m7E7UEvoEXjzoq3gTr76Cb+LRbQyo1Q8GPuabYYafHwuu0XHerbn5hcWl5cJKcXVtfWOztLV9paNEMWixSESq41MNgktoIUcBnVgBDX0Bbf/6dJq3b0BpHslLHMfghXQo+YAziqZ10eyXyk6lUW04R1XbqTiZvo2bmzLJdd4vffSCiCUhSGSCat11nRi9lCrkTMCk2Es0xJRd0yF0jZU0BH0Y3PBYZ9ZLs58n9r4JA3sQKVMS7az7czmlodbj0DeTIcWRns2mzf+yboKDhpdyGScIkn0dGiTCxsieArADroChGBtDmeLmbZuNqKIMDaZiT4NhKIc4SnsId3jLA3MnrXE5MajcWTB/zVW14tYr9Yta+aSZQyuQXbJHDohLjskJOSPnpEUYAXJPHsmT9WA9Wy/W69fonJXv7JBfst4+AYfhnZo=</latexit>

B

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
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