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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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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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Build a theory for the
phase diagram from a

theory of the pseudogap
metal as a ‘metastable’
T = 0 quantum phase.

Lowest T phases obtained
from pseudogap metal

should connect smoothly to
conventionally order phases

obtained from
the Fermi liquid.
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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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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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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

(c)(d)

(π,π)

(0,0)

VFS=50%
VFS=63%

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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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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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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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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Ancilla theory of FL*  
in a single-band model

Ya-Hui Zhang
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J?
Ancilla qubits 
in a “trivial”  

gapped insulator  
<latexit sha1_base64="bwa9/lvrOCGtcqrfwkKxNE+4fYA="></latexit>

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



<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

Ancilla theory of the Hubbard model 

<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="bwa9/lvrOCGtcqrfwkKxNE+4fYA="></latexit>

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

<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



<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

Ancilla 
qubits

Hubbard  
model of 

hole density 
1+p

Free  
holes of  
density 

1+p

<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↵

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

<latexit sha1_base64="+as3YNuKntRETPJpNsJTctI0nRU="> Hrtosd8Bg8Ac/AAAzBATgER2AESKCDL8HX4Fv4PfwR/gp/L6Vh0HoegZUI//wF5CMGVw==</latexit>

Hancilla =
X

p

"pc
†
p↵cp↵ + JK

X

i

c†i↵
�↵↵0

2
ci↵0 · S1i + J?

X

i

S1i · S2i

Ancilla theory of the Hubbard model Ya-Hui Zhang and S. Sachdev, 
Phys. Rev. Res. 2, 023172 (2020) 

<latexit sha1_base64="LsS3OiSal5k+095/MFZPKgWxqwc="></latexit>

Schrie↵er-Wol↵ transformation at large J? yields U ⇠ J2
K/J?



<latexit sha1_base64="oZskno4Nz+a5h61PNaHbs13ptoA="></latexit>

Large
Fermi surface.
Size: 1 + p

<latexit sha1_base64="if6sHtWd1ylC4M4Sa0RkncN10pQ="></latexit>

doping p

<latexit sha1_base64="JpArXxOXas+5kAYCOamuhSRcCMk="></latexit>

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="vHAtGA2AOYVQGvVSrFl4wPA0UvA="></latexit>

Trivial
insulator

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

S2, f

<latexit sha1_base64="+Jj0X+gIe8ODabGfjWyjnQNqhKM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5oHJEnons8mQ2dllZlYIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVlDVoLGLVDlAzwSVrGG4EayeKYRQI1gpGt1O/9cSU5rF8MOOE+REOJA85RWOlR9rLuiiSIU565YpbdWcgy8TLSQVy1Hvlr24/pmnEpKECte54bmL8DJXhVLBJqZtqliAd4YB1LJUYMe1ns4sn5MQqfRLGypY0ZKb+nsgw0nocBbYzQjPUi95U/M/rpCa89jMuk9QwSeeLwlQQE5Pp+6TPFaNGjC1Bqri9ldAhKqTGhlSyIXiLLy+T5lnVu6xe3J9Xajd5HEU4gmM4BQ+uoAZ3UIcGUJDwDK/w5mjnxXl3PuatBSefOYQ/cD5/AMzMkQQ=</latexit>c↵
<latexit sha1_base64="ebnBBKbSYIN50U9D2By63bf7j2Q=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgQkoivpZFNy4r2ge0MUymk3boTBJmJkIJ2foNbnXtTtz6Hy79E6dtFrb1wIXDOfdyLsePOVPatr+twtLyyupacb20sbm1vVPe3WuqKJGENkjEI9n2saKchbShmea0HUuKhc9pyx/ejP3WE5WKReGDHsXUFbgfsoARrI30mHZ9ge4zzzlBgYe9csWu2hOgReLkpAI56l75p9uLSCJoqAnHSnUcO9ZuiqVmhNOs1E0UjTEZ4j7tGBpiQZWbTr7O0JFReiiIpJlQo4n69yLFQqmR8M2mwHqg5r2x+J/XSXRw5aYsjBNNQzINChKOdITGFaAek5RoPjIEE8nMr4gMsMREm6JmUnyRmU6c+QYWSfO06lxUz+/OKrXrvJ0iHMAhHIMDl1CDW6hDAwhIeIFXeLOerXfrw/qcrhas/GYfZmB9/QIN95g+</latexit>

S1, fa

Ancilla theory of the Hubbard model 

<latexit sha1_base64="KBnGJC4K0xjNWkLLPa5apXmvMF4="></latexit>

JK

Ya-Hui 
Zhang

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



<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="RN2yjk3EYDyCVjh9OpI3o2M4tI8="></latexit>

0

<latexit sha1_base64="Zcjpn7pcgKgArvXOqPQ4UFGSaM0="></latexit>

JK
Kondo 

RG

Ancilla 
qubits

Hubbard  
model of 

hole density 
1+p

Free  
holes of  
density 

1+p

<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="GEAfOVUZkzxm1ZvP3dfKaj+E6cg="></latexit>

Ferromagnetic
Kondo eJK

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

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

<latexit sha1_base64="+as3YNuKntRETPJpNsJTctI0nRU="> Hrtosd8Bg8Ac/AAAzBATgER2AESKCDL8HX4Fv4PfwR/gp/L6Vh0HoegZUI//wF5CMGVw==</latexit>

Hancilla =
X

p

"pc
†
p↵cp↵ + JK

X

i

c†i↵
�↵↵0

2
ci↵0 · S1i + J?

X

i

S1i · S2i

Ancilla theory of the Hubbard model Ya-Hui Zhang and S. Sachdev, 
Phys. Rev. Res. 2, 023172 (2020) 



<latexit sha1_base64="oZskno4Nz+a5h61PNaHbs13ptoA="></latexit>

Large
Fermi surface.
Size: 1 + p

<latexit sha1_base64="if6sHtWd1ylC4M4Sa0RkncN10pQ="></latexit>

doping p

<latexit sha1_base64="JpArXxOXas+5kAYCOamuhSRcCMk="></latexit>

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="vHAtGA2AOYVQGvVSrFl4wPA0UvA="></latexit>

Trivial
insulator

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

S2, f

<latexit sha1_base64="+Jj0X+gIe8ODabGfjWyjnQNqhKM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5oHJEnons8mQ2dllZlYIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVlDVoLGLVDlAzwSVrGG4EayeKYRQI1gpGt1O/9cSU5rF8MOOE+REOJA85RWOlR9rLuiiSIU565YpbdWcgy8TLSQVy1Hvlr24/pmnEpKECte54bmL8DJXhVLBJqZtqliAd4YB1LJUYMe1ns4sn5MQqfRLGypY0ZKb+nsgw0nocBbYzQjPUi95U/M/rpCa89jMuk9QwSeeLwlQQE5Pp+6TPFaNGjC1Bqri9ldAhKqTGhlSyIXiLLy+T5lnVu6xe3J9Xajd5HEU4gmM4BQ+uoAZ3UIcGUJDwDK/w5mjnxXl3PuatBSefOYQ/cD5/AMzMkQQ=</latexit>c↵
<latexit sha1_base64="ebnBBKbSYIN50U9D2By63bf7j2Q=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgQkoivpZFNy4r2ge0MUymk3boTBJmJkIJ2foNbnXtTtz6Hy79E6dtFrb1wIXDOfdyLsePOVPatr+twtLyyupacb20sbm1vVPe3WuqKJGENkjEI9n2saKchbShmea0HUuKhc9pyx/ejP3WE5WKReGDHsXUFbgfsoARrI30mHZ9ge4zzzlBgYe9csWu2hOgReLkpAI56l75p9uLSCJoqAnHSnUcO9ZuiqVmhNOs1E0UjTEZ4j7tGBpiQZWbTr7O0JFReiiIpJlQo4n69yLFQqmR8M2mwHqg5r2x+J/XSXRw5aYsjBNNQzINChKOdITGFaAek5RoPjIEE8nMr4gMsMREm6JmUnyRmU6c+QYWSfO06lxUz+/OKrXrvJ0iHMAhHIMDl1CDW6hDAwhIeIFXeLOerXfrw/qcrhas/GYfZmB9/QIN95g+</latexit>

S1, fa

Ancilla theory of the Hubbard model 

<latexit sha1_base64="KBnGJC4K0xjNWkLLPa5apXmvMF4="></latexit>

JK

Ya-Hui 
Zhang

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



<latexit sha1_base64="oZskno4Nz+a5h61PNaHbs13ptoA="></latexit>

Large
Fermi surface.
Size: 1 + p{

{<latexit sha1_base64="U6Yue7B12tNdGrOfQBxAgHXgXi0="></latexit>

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="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="if6sHtWd1ylC4M4Sa0RkncN10pQ="></latexit>

doping p

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

J?

<latexit sha1_base64="JpArXxOXas+5kAYCOamuhSRcCMk="></latexit>

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="vHAtGA2AOYVQGvVSrFl4wPA0UvA="></latexit>

Trivial
insulator

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

<latexit sha1_base64="KBnGJC4K0xjNWkLLPa5apXmvMF4="></latexit>

JK

Ancilla theory of the Hubbard model 

<latexit sha1_base64="zC0ApIRDYMIKaDwtBO4WTQ+K7k0="></latexit>

FL*

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

S2, f

<latexit sha1_base64="p/xVw2bkUUD+Sfs1V84Rs6znlSw="></latexit>

Pseudogap metal =

Kondo Lattice Heavy

Fermi Liquid

�
Spin Liquid

Ya-Hui 
Zhang

<latexit sha1_base64="j3bJzql7LZhNd8yX6jnUwMzrYfQ="></latexit>

Kondo lattice
heavy Fermi liquid.

Size 1 + p+ 1
= p (mod 2).

Small Fermi surface!

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

<latexit sha1_base64="95XpI8jB5C2p7//WgFbhyRMk82Q=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgQkoiRV0W3bisaB/QxjCZTtqhM0mYmQglZOs3uNW1O3Hrf7j0T5y2WdjWAxcO59zLuRw/5kxp2/62Ciura+sbxc3S1vbO7l55/6ClokQS2iQRj2THx4pyFtKmZprTTiwpFj6nbX90M/HbT1QqFoUPehxTV+BByAJGsDbSY9rzBbrPPOcMBZ7jlSt21Z4CLRMnJxXI0fDKP71+RBJBQ004Vqrr2LF2Uyw1I5xmpV6iaIzJCA9o19AQC6rcdPp1hk6M0kdBJM2EGk3VvxcpFkqNhW82BdZDtehNxP+8bqKDKzdlYZxoGpJZUJBwpCM0qQD1maRE87EhmEhmfkVkiCUm2hQ1l+KLzHTiLDawTFrnVeeiWrurVerXeTtFOIJjOAUHLqEOt9CAJhCQ8AKv8GY9W+/Wh/U5Wy1Y+c0hzMH6+gXCBpgN</latexit>

S1, f1



<latexit sha1_base64="oZskno4Nz+a5h61PNaHbs13ptoA="></latexit>

Large
Fermi surface.
Size: 1 + p{

{<latexit sha1_base64="U6Yue7B12tNdGrOfQBxAgHXgXi0="></latexit>

Spin liquid
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Figure 2: Hole-doping dependence of the connected spin-spin correlations under influence
of a hole C

c
� for di↵erent distances in comparison to Ref [1].

ferromagnetic correlations induced by the hole in contrast to the antiferromagnetic ones
for the bare correlators. Additionally, the change in nature from anti- to ferromagnetic
with increasing doping is reproduced, although at slightly lower doping compared to
experiment, with 0.16 doping being the first data point showing ferromagnetic correla-
tions. Within (probably underestimated) error-bars, however, there is still the possibility
of antiferromagnetic correlations at this point.
The hole-induced next-nearest neighbor correlators show a significant deviation from

experimental data, but the large error-bars here point towards unreliable data due to
under-sampling. Therefore, there is still the possibility for improved agreement with
better resolved data.

6 Way forward

• Improve statistical analysis to get more reliable errorbars

• Improve sampling of wave-functions

• Test di↵erent spin-liquid ansätze for second ancilla layer
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Figure 1: Hole-doping dependence of correlators at di↵erent distances in comparison to
those obtained from experiment [1].

3

Results for Connected Correlators:  Comparison with experiment

Bare Spin-Spin Correlators Hole-induced Spin-Spin Correlators

evolves from polaronic (order 2J) to Fermi
liquid (order 8t) at around 30% doping (42).
Our measurements suggest that polaronic
dressing persists up to d ~ 20% and smoothly
dissolves into correlations of a FL (free) around
dFL ~ 30%.
When two polarons come close, their dressing

cloudsoverlap,which caneither lead to thebreak-
down of polarons or induce effective interac-
tions between them. This is often considered a
possible mechanism for pseudogap behavior
(1, 2, 43). Hole-hole correlators do not show indi-
cations of hole binding at current temperatures
of cold-atom quantum simulators (24, 29, 33),
hence we search for interaction signatures in
the magnetic environment of two holes.
In the analysis, we post-select on two holes

at positions r3 and r4 and evaluate the con-
nected (four-point) correlation between two
spins in the presence of a hole pair, which in
a spin-balanced system reduces to

Cc
∘∘ l; r;dð Þ¼ Cc

∘∘ r3; r4; r1; r2ð Þ ¼ h Ŝ
z
r1 Ŝ

z
r2

D E

∘r3 ∘r4
$Cc r1; r2ð Þ $ g Cc

∘ r3; r1; r2ð Þ þ Cc
∘ r4; r1; r2ð Þ

! "

ð3Þ

The composition of this correlator is illustrated
in Fig. 4A, and for the general expression, see
(33). The mutual distance of the holes is de-
fined as l = r4 – r3, and the bond distance r is
measured with respect to the center of l. Cc

∘∘
detects correlations linked to the presence of
the holes as a pair and measures how much
these deviate from a simple addition of two
independent single-hole signals Cc

∘ with a

weighting factor g ¼ ĥr3

D E
ĥr4

D E
= ĥr3 ĥr4

D E

and hole density operator ĥri .
We study the case of NN (l = 1) or diagonal

(l =
ffiffiffi
2

p
) hole pairs and bonds d ¼ 1;

ffiffiffi
2

p
. To

obtain a sufficient signal-to-noise ratio in
the experiment, we combine the two config-
urations for NN [l = (1,0),(0,1)] and diagonal
pairs [l = (1,1),(1,−1)] by averaging all bonds
with identical bond distance r from the pair.
To visualize correlations, we choose a repre-
sentation in terms of l = (1,0) and l = (1,1) (Fig.
4B).We find connected antiferromagnetic align-
ment of bonds at closest distance to the pair,
which connects bothmetallic regimes. As shown
in Fig. 4, B and C, for NNholes, the closest bond
has a negative correlation at half filling [in-
herited from doublon-hole pairs (33)], which
stays antiferromagnetic for higher doping and
quantitatively agrees with correlations of a FL
(free) for d > dFL. This bond is furthermore
robust against an increase in temperature to
kBT = 0.77(7)t. For diagonal holes, the diagonal
spin bond between them has the shortest dis-
tance to the pair (Fig. 4, B and C). This bond is
uncorrelated at half filling [doublon-hole
pairs contribute a ferromagnetic signal; see
ED at d = 0% or (33)], then rapidly turns anti-
ferromagnetic with doping, peaks at dFL ~ 30%,
and is eventually described quantitatively by
correlations of a Fermi liquid (free) for d > dFL.
For higher temperatures, the correlation of
this bond is substantially reduced. A possible
systematic effect of detection holes on corre-
lations [see (33)] does not alter our findings
and is indicated in Fig. 4C as points with

dashed edges. Approximate theories for low
doping partly predict such antiferromag-
netic correlations of closest distance bonds
but show limited overall agreement to ex-
perimental data.
To gain insight into how such correlations

would connect to lower-temperature physics,
we consider two holes (d ~ 2%) in the t-J
model, for which binding of polarons (holes)
occurs at relatively high temperatures (44).We
performed densitymatrix renormalization group
(DMRG) calculations of this scenario at T = 0 for
a six-leg ladder (33) and show the connected spin
environment in Fig. 4D for l = 1 and l ¼

ffiffiffi
2

p
. A

notable effect of hole pairing is the emergence of
a strong antiferromagnetic spin bond at closest
distance to the pair, suggesting local singlet
formation (44, 45). Our experimental data fea-
ture qualitatively similar negative correlations
(reminiscent of this singlet character) but no
further indication of hole binding [see hole-
hole correlations in (33)]. Hence, correlations
already existing at our experimental temper-
atures could smoothly connect to correlations
of possible hole pairing scenarios at colder
temperatures.
In this study, wemeasured how correlations

in antiferromagnetic Mott insulators evolve with
increasing doping, and we revealed a metal of
magnetic polarons at weak doping and a Fermi
liquid at dopings larger than dFL ~ 30%. The
distinctive capability of our quantum simulator
enabled us to study the continuous doping
dependence of observables unavailable in
traditional solid-state experiments. A transition
between the two metallic regimes is signaled
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Fig. 3. Breakdown of polaronic correlations. (A) Relation between bare
and connected spin correlations in the vicinity of a hole. (B) Connected
correlation (represented as bonds) of spins on NN and diagonal lattice sites
(gray dots) in the presence of a single hole (white central dot) for different
dopings. The SEM for individual bonds is on the order of 0.5 × 10−2.
(C) Averaging connected correlations of (B) (d = 1 and d ¼

ffiffiffi
2

p
) as a function

of bond distance r from the hole, where we flip the sign of correlations
with bond length d ¼

ffiffiffi
2

p
. Thus, a positive correlation indicates a connected

signal opposing the two-point correlations at half filling. Error bars denote one

SEM and are smaller than the point size. The full width of doping bins
for (B) and (C) is 0.1. (D) Doping dependence of the NN and diagonal bonds
closest to the hole (see insets). Square (circular) data points were extracted
from a dataset with an average of 52.0(1) [91.3(1)] particles. Points with
dashed edges take into account estimates for the effect of detection
infidelities of this dataset (33). Solid lines represent numerical calculations
(see legend), and shaded bands indicate (where visible) their statistical SEM.
This figure is based on 18,107 experimental realizations at kBT = 0.52(5)t and
U/t = 7.4(8).
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evolves from polaronic (order 2J) to Fermi
liquid (order 8t) at around 30% doping (42).
Our measurements suggest that polaronic
dressing persists up to d ~ 20% and smoothly
dissolves into correlations of a FL (free) around
dFL ~ 30%.
When two polarons come close, their dressing

cloudsoverlap,which caneither lead to thebreak-
down of polarons or induce effective interac-
tions between them. This is often considered a
possible mechanism for pseudogap behavior
(1, 2, 43). Hole-hole correlators do not show indi-
cations of hole binding at current temperatures
of cold-atom quantum simulators (24, 29, 33),
hence we search for interaction signatures in
the magnetic environment of two holes.
In the analysis, we post-select on two holes

at positions r3 and r4 and evaluate the con-
nected (four-point) correlation between two
spins in the presence of a hole pair, which in
a spin-balanced system reduces to

Cc
∘∘ l; r;dð Þ¼ Cc

∘∘ r3; r4; r1; r2ð Þ ¼ h Ŝ
z
r1 Ŝ

z
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D E

∘r3 ∘r4
$Cc r1; r2ð Þ $ g Cc

∘ r3; r1; r2ð Þ þ Cc
∘ r4; r1; r2ð Þ

! "

ð3Þ

The composition of this correlator is illustrated
in Fig. 4A, and for the general expression, see
(33). The mutual distance of the holes is de-
fined as l = r4 – r3, and the bond distance r is
measured with respect to the center of l. Cc

∘∘
detects correlations linked to the presence of
the holes as a pair and measures how much
these deviate from a simple addition of two
independent single-hole signals Cc

∘ with a

weighting factor g ¼ ĥr3

D E
ĥr4

D E
= ĥr3 ĥr4

D E

and hole density operator ĥri .
We study the case of NN (l = 1) or diagonal

(l =
ffiffiffi
2

p
) hole pairs and bonds d ¼ 1;

ffiffiffi
2

p
. To

obtain a sufficient signal-to-noise ratio in
the experiment, we combine the two config-
urations for NN [l = (1,0),(0,1)] and diagonal
pairs [l = (1,1),(1,−1)] by averaging all bonds
with identical bond distance r from the pair.
To visualize correlations, we choose a repre-
sentation in terms of l = (1,0) and l = (1,1) (Fig.
4B).We find connected antiferromagnetic align-
ment of bonds at closest distance to the pair,
which connects bothmetallic regimes. As shown
in Fig. 4, B and C, for NNholes, the closest bond
has a negative correlation at half filling [in-
herited from doublon-hole pairs (33)], which
stays antiferromagnetic for higher doping and
quantitatively agrees with correlations of a FL
(free) for d > dFL. This bond is furthermore
robust against an increase in temperature to
kBT = 0.77(7)t. For diagonal holes, the diagonal
spin bond between them has the shortest dis-
tance to the pair (Fig. 4, B and C). This bond is
uncorrelated at half filling [doublon-hole
pairs contribute a ferromagnetic signal; see
ED at d = 0% or (33)], then rapidly turns anti-
ferromagnetic with doping, peaks at dFL ~ 30%,
and is eventually described quantitatively by
correlations of a Fermi liquid (free) for d > dFL.
For higher temperatures, the correlation of
this bond is substantially reduced. A possible
systematic effect of detection holes on corre-
lations [see (33)] does not alter our findings
and is indicated in Fig. 4C as points with

dashed edges. Approximate theories for low
doping partly predict such antiferromag-
netic correlations of closest distance bonds
but show limited overall agreement to ex-
perimental data.
To gain insight into how such correlations

would connect to lower-temperature physics,
we consider two holes (d ~ 2%) in the t-J
model, for which binding of polarons (holes)
occurs at relatively high temperatures (44).We
performed densitymatrix renormalization group
(DMRG) calculations of this scenario at T = 0 for
a six-leg ladder (33) and show the connected spin
environment in Fig. 4D for l = 1 and l ¼

ffiffiffi
2

p
. A

notable effect of hole pairing is the emergence of
a strong antiferromagnetic spin bond at closest
distance to the pair, suggesting local singlet
formation (44, 45). Our experimental data fea-
ture qualitatively similar negative correlations
(reminiscent of this singlet character) but no
further indication of hole binding [see hole-
hole correlations in (33)]. Hence, correlations
already existing at our experimental temper-
atures could smoothly connect to correlations
of possible hole pairing scenarios at colder
temperatures.
In this study, wemeasured how correlations

in antiferromagnetic Mott insulators evolve with
increasing doping, and we revealed a metal of
magnetic polarons at weak doping and a Fermi
liquid at dopings larger than dFL ~ 30%. The
distinctive capability of our quantum simulator
enabled us to study the continuous doping
dependence of observables unavailable in
traditional solid-state experiments. A transition
between the two metallic regimes is signaled
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Fig. 3. Breakdown of polaronic correlations. (A) Relation between bare
and connected spin correlations in the vicinity of a hole. (B) Connected
correlation (represented as bonds) of spins on NN and diagonal lattice sites
(gray dots) in the presence of a single hole (white central dot) for different
dopings. The SEM for individual bonds is on the order of 0.5 × 10−2.
(C) Averaging connected correlations of (B) (d = 1 and d ¼

ffiffiffi
2

p
) as a function

of bond distance r from the hole, where we flip the sign of correlations
with bond length d ¼

ffiffiffi
2

p
. Thus, a positive correlation indicates a connected

signal opposing the two-point correlations at half filling. Error bars denote one

SEM and are smaller than the point size. The full width of doping bins
for (B) and (C) is 0.1. (D) Doping dependence of the NN and diagonal bonds
closest to the hole (see insets). Square (circular) data points were extracted
from a dataset with an average of 52.0(1) [91.3(1)] particles. Points with
dashed edges take into account estimates for the effect of detection
infidelities of this dataset (33). Solid lines represent numerical calculations
(see legend), and shaded bands indicate (where visible) their statistical SEM.
This figure is based on 18,107 experimental realizations at kBT = 0.52(5)t and
U/t = 7.4(8).
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Preliminary data

anomalous with respect to (i.e., not captured
by) our FL calculations. QMC results (41) sup-
port this observation, which indicates that the
metallic regime close to the Mott insulator and
below dFL is of a different nature than the
conventional FL found at higher dopings [for
convergence of structure factors in FL, see (33)].
The weakly doped metallic regime hosts

magnetic polarons, whose dressing cloud can
be measured with a three-point correlator of
two spins around a hole (16, 29). We now in-
vestigate how this dressing cloud evolves when
the system turns into a conventional FL at
strong doping.
We consider the connected part of hole-

spin-spin correlations (33), which for spin-
balanced systems hŜri

zi ¼ 0 simplifies to

Cc
∘ r;dð Þ ¼ Cc

∘ r3; r1; r2ð Þ ¼
h Ŝ

z
r1 Ŝ

z
r2

D E

∘r3
$ Cc r1; r2ð Þ ð2Þ

This correlator measures how a spin-spin bond
isperturbedaway fromthebackground two-point
correlation by a (post-selected) hole, denoted by
the empty-circle symbol, at a third position r3
(compare Fig. 1C). The distance of the bond
center to the hole is given by r = (r1 + r2)/2 − r3.
For d around 10%, a hole perturbs all bonds

in its vicinity with a sign opposite to the anti-
ferromagnetic background. This means that
NN spins (d = 1) align more parallel (positive
connected correlation) and diagonal spins
(d ¼

ffiffiffi
2

p
) more antiparallel (negative con-

nected correlation) (Fig. 3). Such connected
correlations oppose the background antifer-
romagnetic spin-spin correlations and are char-
acteristic of magnetic polarons (polaronic

correlations), that is, a directmanifestation of
their dressing cloud. Doublon-hole fluctua-
tions cause a similar connected signal at half
filling but play a minor role at 10% doping
(33). Connected correlations fall off with in-
creasing bond distance from the hole. We
measure the radial dependence of the polar-
onic dressing by plotting NN and diagonal
correlations as a function of bond distance
from the hole (Fig. 3C). Because this illustra-
tion combines two different bond lengths d,
we reverse the sign of diagonal correlations
[multiplication by ð$1Þd

2þ1], such that a posi-
tive value indicates a connected correlation
opposing the antiferromagnetic correlations
of the Mott insulator.
In the FL regime at large doping,we observe

a negative connected correlation of all bonds
(also d = 1) in the presence of a hole. The
connected correlation has the same sign as the
negative NN and diagonal spin-spin correla-
tions at strong doping (compare Fig. 2A).Hence,
the presence of the hole enhances (i.e., does not
oppose) spin correlations. We interpret nega-
tive connected hole-spin-spin correlations in
the FL regime to be caused by the Pauli ex-
clusion principle, which leads to anticorrelation
of fermions in an area increasing with doping
(25). The post-selected hole restricts spins
to a smaller area and increases the observed
anticorrelation.
Therefore, holes oppose magnetic two-point

correlations at weak doping (magnetic polar-
ons) but enhance them at strong doping (FL).
A useful indicator to study the transition be-
tween these two metallic regimes is the NN
bond (d = 1) closest to the hole. Its connected

correlation continuously evolves from positive
to negative across the regimes (while two-point
NN correlations remain negative for all dop-
ings) (Fig. 3D). An initial drop of the connected
signal is expected from the higher concentra-
tion of polarons, as their dressing clouds start
to overlap. Around 20% doping, the closest NN
bond becomes uncorrelated with the presence
of the hole and builds up a negative correlation
toward dFL, consistent with ED. Connected cor-
relations of closest-distance diagonal bonds are
negative for all dopings with a slight minimum
around doping d ~ dFL. This dip can most likely
be explained by the effect of holes created
during the detection process on measured
correlations close to half filling. We performed
an analysis of systematic effects from detection
infidelities to exclude effects on other reported
findings (33). In Fig. 3D, we provide an esti-
mate for the renormalization of correlations
caused by detection holes (33), represented by
points with dashed edges.
String and RVB predictions for Cc

∘ are very
distinguishable at weak dopings. Only the
polaron model (string) reproduces the exper-
imental ferromagnetic alignment of the closest
NN bond, whereas RVB states show strong
discrepancies to experiment. UniformRVB is a
prime example of how a theoretical approach
can show excellent agreement with experi-
ment in two-point correlations at low doping
but reveal strong deviations at higher-order
correlators. At large dopings, uniformRVB and
free fermions start to capture the correlations
driven by fermionic statistics.
QMCstudies of Fermi-Hubbard systems found

the bandwidth of quasiparticle excitations

Koepsell et al., Science 374, 82–86 (2021) 1 October 2021 3 of 5

Fig. 2. Magnetism from Mott insulator to Fermi
liquid. (A) Connected two-point spin correlations as a
function of doping for different spin distances. Red
(blue) experimental data points correspond to spin
distances with positive (negative) correlation at half
filling (see arrows to insets). Error bars denote one
standard error of the mean (SEM) and for doping the bin
width for averaging. Solid (dotted) lines of numerical
calculations indicated in the legend correspond to spin
distances of red (blue) data points. Shaded bands
indicate the statistical SEM for all calculations where
visible. (B) Measured static spin-structure factor S*(q)
[without on-site term, see (33)] for increasing doping
with arbitrary (arb) scales. (C) Trace through spin-
structure factor S(q) at 50% doping. Error bars are
representative also for lower dopings. The full width of
doping bins for (B) and (C) is 0.14. Solid pink represents
a mean-field–related TPSC calculation. (D) Doping
dependence of the uniform magnetic susceptibility,
obtained via the fluctuation-dissipation relation from
experimental data. Solid, dot-dashed, and dotted pink
curves correspond to TPSC, RPA, and free fermion
calculations, respectively. This figure is based on 3224
experimental realizations at kBT = 0.43(3)t and U/t = 8.9(5).
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anomalous with respect to (i.e., not captured
by) our FL calculations. QMC results (41) sup-
port this observation, which indicates that the
metallic regime close to the Mott insulator and
below dFL is of a different nature than the
conventional FL found at higher dopings [for
convergence of structure factors in FL, see (33)].
The weakly doped metallic regime hosts

magnetic polarons, whose dressing cloud can
be measured with a three-point correlator of
two spins around a hole (16, 29). We now in-
vestigate how this dressing cloud evolves when
the system turns into a conventional FL at
strong doping.
We consider the connected part of hole-

spin-spin correlations (33), which for spin-
balanced systems hŜri

zi ¼ 0 simplifies to

Cc
∘ r;dð Þ ¼ Cc

∘ r3; r1; r2ð Þ ¼
h Ŝ

z
r1 Ŝ

z
r2

D E

∘r3
$ Cc r1; r2ð Þ ð2Þ

This correlator measures how a spin-spin bond
isperturbedaway fromthebackground two-point
correlation by a (post-selected) hole, denoted by
the empty-circle symbol, at a third position r3
(compare Fig. 1C). The distance of the bond
center to the hole is given by r = (r1 + r2)/2 − r3.
For d around 10%, a hole perturbs all bonds

in its vicinity with a sign opposite to the anti-
ferromagnetic background. This means that
NN spins (d = 1) align more parallel (positive
connected correlation) and diagonal spins
(d ¼

ffiffiffi
2

p
) more antiparallel (negative con-

nected correlation) (Fig. 3). Such connected
correlations oppose the background antifer-
romagnetic spin-spin correlations and are char-
acteristic of magnetic polarons (polaronic

correlations), that is, a directmanifestation of
their dressing cloud. Doublon-hole fluctua-
tions cause a similar connected signal at half
filling but play a minor role at 10% doping
(33). Connected correlations fall off with in-
creasing bond distance from the hole. We
measure the radial dependence of the polar-
onic dressing by plotting NN and diagonal
correlations as a function of bond distance
from the hole (Fig. 3C). Because this illustra-
tion combines two different bond lengths d,
we reverse the sign of diagonal correlations
[multiplication by ð$1Þd

2þ1], such that a posi-
tive value indicates a connected correlation
opposing the antiferromagnetic correlations
of the Mott insulator.
In the FL regime at large doping,we observe

a negative connected correlation of all bonds
(also d = 1) in the presence of a hole. The
connected correlation has the same sign as the
negative NN and diagonal spin-spin correla-
tions at strong doping (compare Fig. 2A).Hence,
the presence of the hole enhances (i.e., does not
oppose) spin correlations. We interpret nega-
tive connected hole-spin-spin correlations in
the FL regime to be caused by the Pauli ex-
clusion principle, which leads to anticorrelation
of fermions in an area increasing with doping
(25). The post-selected hole restricts spins
to a smaller area and increases the observed
anticorrelation.
Therefore, holes oppose magnetic two-point

correlations at weak doping (magnetic polar-
ons) but enhance them at strong doping (FL).
A useful indicator to study the transition be-
tween these two metallic regimes is the NN
bond (d = 1) closest to the hole. Its connected

correlation continuously evolves from positive
to negative across the regimes (while two-point
NN correlations remain negative for all dop-
ings) (Fig. 3D). An initial drop of the connected
signal is expected from the higher concentra-
tion of polarons, as their dressing clouds start
to overlap. Around 20% doping, the closest NN
bond becomes uncorrelated with the presence
of the hole and builds up a negative correlation
toward dFL, consistent with ED. Connected cor-
relations of closest-distance diagonal bonds are
negative for all dopings with a slight minimum
around doping d ~ dFL. This dip can most likely
be explained by the effect of holes created
during the detection process on measured
correlations close to half filling. We performed
an analysis of systematic effects from detection
infidelities to exclude effects on other reported
findings (33). In Fig. 3D, we provide an esti-
mate for the renormalization of correlations
caused by detection holes (33), represented by
points with dashed edges.
String and RVB predictions for Cc

∘ are very
distinguishable at weak dopings. Only the
polaron model (string) reproduces the exper-
imental ferromagnetic alignment of the closest
NN bond, whereas RVB states show strong
discrepancies to experiment. UniformRVB is a
prime example of how a theoretical approach
can show excellent agreement with experi-
ment in two-point correlations at low doping
but reveal strong deviations at higher-order
correlators. At large dopings, uniformRVB and
free fermions start to capture the correlations
driven by fermionic statistics.
QMCstudies of Fermi-Hubbard systems found

the bandwidth of quasiparticle excitations
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Fig. 2. Magnetism from Mott insulator to Fermi
liquid. (A) Connected two-point spin correlations as a
function of doping for different spin distances. Red
(blue) experimental data points correspond to spin
distances with positive (negative) correlation at half
filling (see arrows to insets). Error bars denote one
standard error of the mean (SEM) and for doping the bin
width for averaging. Solid (dotted) lines of numerical
calculations indicated in the legend correspond to spin
distances of red (blue) data points. Shaded bands
indicate the statistical SEM for all calculations where
visible. (B) Measured static spin-structure factor S*(q)
[without on-site term, see (33)] for increasing doping
with arbitrary (arb) scales. (C) Trace through spin-
structure factor S(q) at 50% doping. Error bars are
representative also for lower dopings. The full width of
doping bins for (B) and (C) is 0.14. Solid pink represents
a mean-field–related TPSC calculation. (D) Doping
dependence of the uniform magnetic susceptibility,
obtained via the fluctuation-dissipation relation from
experimental data. Solid, dot-dashed, and dotted pink
curves correspond to TPSC, RPA, and free fermion
calculations, respectively. This figure is based on 3224
experimental realizations at kBT = 0.43(3)t and U/t = 8.9(5).
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anomalous with respect to (i.e., not captured
by) our FL calculations. QMC results (41) sup-
port this observation, which indicates that the
metallic regime close to the Mott insulator and
below dFL is of a different nature than the
conventional FL found at higher dopings [for
convergence of structure factors in FL, see (33)].
The weakly doped metallic regime hosts

magnetic polarons, whose dressing cloud can
be measured with a three-point correlator of
two spins around a hole (16, 29). We now in-
vestigate how this dressing cloud evolves when
the system turns into a conventional FL at
strong doping.
We consider the connected part of hole-

spin-spin correlations (33), which for spin-
balanced systems hŜri

zi ¼ 0 simplifies to

Cc
∘ r;dð Þ ¼ Cc

∘ r3; r1; r2ð Þ ¼
h Ŝ

z
r1 Ŝ

z
r2

D E

∘r3
$ Cc r1; r2ð Þ ð2Þ

This correlator measures how a spin-spin bond
isperturbedaway fromthebackground two-point
correlation by a (post-selected) hole, denoted by
the empty-circle symbol, at a third position r3
(compare Fig. 1C). The distance of the bond
center to the hole is given by r = (r1 + r2)/2 − r3.
For d around 10%, a hole perturbs all bonds

in its vicinity with a sign opposite to the anti-
ferromagnetic background. This means that
NN spins (d = 1) align more parallel (positive
connected correlation) and diagonal spins
(d ¼

ffiffiffi
2

p
) more antiparallel (negative con-

nected correlation) (Fig. 3). Such connected
correlations oppose the background antifer-
romagnetic spin-spin correlations and are char-
acteristic of magnetic polarons (polaronic

correlations), that is, a directmanifestation of
their dressing cloud. Doublon-hole fluctua-
tions cause a similar connected signal at half
filling but play a minor role at 10% doping
(33). Connected correlations fall off with in-
creasing bond distance from the hole. We
measure the radial dependence of the polar-
onic dressing by plotting NN and diagonal
correlations as a function of bond distance
from the hole (Fig. 3C). Because this illustra-
tion combines two different bond lengths d,
we reverse the sign of diagonal correlations
[multiplication by ð$1Þd

2þ1], such that a posi-
tive value indicates a connected correlation
opposing the antiferromagnetic correlations
of the Mott insulator.
In the FL regime at large doping,we observe

a negative connected correlation of all bonds
(also d = 1) in the presence of a hole. The
connected correlation has the same sign as the
negative NN and diagonal spin-spin correla-
tions at strong doping (compare Fig. 2A).Hence,
the presence of the hole enhances (i.e., does not
oppose) spin correlations. We interpret nega-
tive connected hole-spin-spin correlations in
the FL regime to be caused by the Pauli ex-
clusion principle, which leads to anticorrelation
of fermions in an area increasing with doping
(25). The post-selected hole restricts spins
to a smaller area and increases the observed
anticorrelation.
Therefore, holes oppose magnetic two-point

correlations at weak doping (magnetic polar-
ons) but enhance them at strong doping (FL).
A useful indicator to study the transition be-
tween these two metallic regimes is the NN
bond (d = 1) closest to the hole. Its connected

correlation continuously evolves from positive
to negative across the regimes (while two-point
NN correlations remain negative for all dop-
ings) (Fig. 3D). An initial drop of the connected
signal is expected from the higher concentra-
tion of polarons, as their dressing clouds start
to overlap. Around 20% doping, the closest NN
bond becomes uncorrelated with the presence
of the hole and builds up a negative correlation
toward dFL, consistent with ED. Connected cor-
relations of closest-distance diagonal bonds are
negative for all dopings with a slight minimum
around doping d ~ dFL. This dip can most likely
be explained by the effect of holes created
during the detection process on measured
correlations close to half filling. We performed
an analysis of systematic effects from detection
infidelities to exclude effects on other reported
findings (33). In Fig. 3D, we provide an esti-
mate for the renormalization of correlations
caused by detection holes (33), represented by
points with dashed edges.
String and RVB predictions for Cc

∘ are very
distinguishable at weak dopings. Only the
polaron model (string) reproduces the exper-
imental ferromagnetic alignment of the closest
NN bond, whereas RVB states show strong
discrepancies to experiment. UniformRVB is a
prime example of how a theoretical approach
can show excellent agreement with experi-
ment in two-point correlations at low doping
but reveal strong deviations at higher-order
correlators. At large dopings, uniformRVB and
free fermions start to capture the correlations
driven by fermionic statistics.
QMCstudies of Fermi-Hubbard systems found

the bandwidth of quasiparticle excitations
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Fig. 2. Magnetism from Mott insulator to Fermi
liquid. (A) Connected two-point spin correlations as a
function of doping for different spin distances. Red
(blue) experimental data points correspond to spin
distances with positive (negative) correlation at half
filling (see arrows to insets). Error bars denote one
standard error of the mean (SEM) and for doping the bin
width for averaging. Solid (dotted) lines of numerical
calculations indicated in the legend correspond to spin
distances of red (blue) data points. Shaded bands
indicate the statistical SEM for all calculations where
visible. (B) Measured static spin-structure factor S*(q)
[without on-site term, see (33)] for increasing doping
with arbitrary (arb) scales. (C) Trace through spin-
structure factor S(q) at 50% doping. Error bars are
representative also for lower dopings. The full width of
doping bins for (B) and (C) is 0.14. Solid pink represents
a mean-field–related TPSC calculation. (D) Doping
dependence of the uniform magnetic susceptibility,
obtained via the fluctuation-dissipation relation from
experimental data. Solid, dot-dashed, and dotted pink
curves correspond to TPSC, RPA, and free fermion
calculations, respectively. This figure is based on 3224
experimental realizations at kBT = 0.43(3)t and U/t = 8.9(5).
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anomalous with respect to (i.e., not captured
by) our FL calculations. QMC results (41) sup-
port this observation, which indicates that the
metallic regime close to the Mott insulator and
below dFL is of a different nature than the
conventional FL found at higher dopings [for
convergence of structure factors in FL, see (33)].
The weakly doped metallic regime hosts

magnetic polarons, whose dressing cloud can
be measured with a three-point correlator of
two spins around a hole (16, 29). We now in-
vestigate how this dressing cloud evolves when
the system turns into a conventional FL at
strong doping.
We consider the connected part of hole-

spin-spin correlations (33), which for spin-
balanced systems hŜri

zi ¼ 0 simplifies to

Cc
∘ r;dð Þ ¼ Cc

∘ r3; r1; r2ð Þ ¼
h Ŝ

z
r1 Ŝ

z
r2

D E

∘r3
$ Cc r1; r2ð Þ ð2Þ

This correlator measures how a spin-spin bond
isperturbedaway fromthebackground two-point
correlation by a (post-selected) hole, denoted by
the empty-circle symbol, at a third position r3
(compare Fig. 1C). The distance of the bond
center to the hole is given by r = (r1 + r2)/2 − r3.
For d around 10%, a hole perturbs all bonds

in its vicinity with a sign opposite to the anti-
ferromagnetic background. This means that
NN spins (d = 1) align more parallel (positive
connected correlation) and diagonal spins
(d ¼

ffiffiffi
2

p
) more antiparallel (negative con-

nected correlation) (Fig. 3). Such connected
correlations oppose the background antifer-
romagnetic spin-spin correlations and are char-
acteristic of magnetic polarons (polaronic

correlations), that is, a directmanifestation of
their dressing cloud. Doublon-hole fluctua-
tions cause a similar connected signal at half
filling but play a minor role at 10% doping
(33). Connected correlations fall off with in-
creasing bond distance from the hole. We
measure the radial dependence of the polar-
onic dressing by plotting NN and diagonal
correlations as a function of bond distance
from the hole (Fig. 3C). Because this illustra-
tion combines two different bond lengths d,
we reverse the sign of diagonal correlations
[multiplication by ð$1Þd

2þ1], such that a posi-
tive value indicates a connected correlation
opposing the antiferromagnetic correlations
of the Mott insulator.
In the FL regime at large doping,we observe

a negative connected correlation of all bonds
(also d = 1) in the presence of a hole. The
connected correlation has the same sign as the
negative NN and diagonal spin-spin correla-
tions at strong doping (compare Fig. 2A).Hence,
the presence of the hole enhances (i.e., does not
oppose) spin correlations. We interpret nega-
tive connected hole-spin-spin correlations in
the FL regime to be caused by the Pauli ex-
clusion principle, which leads to anticorrelation
of fermions in an area increasing with doping
(25). The post-selected hole restricts spins
to a smaller area and increases the observed
anticorrelation.
Therefore, holes oppose magnetic two-point

correlations at weak doping (magnetic polar-
ons) but enhance them at strong doping (FL).
A useful indicator to study the transition be-
tween these two metallic regimes is the NN
bond (d = 1) closest to the hole. Its connected

correlation continuously evolves from positive
to negative across the regimes (while two-point
NN correlations remain negative for all dop-
ings) (Fig. 3D). An initial drop of the connected
signal is expected from the higher concentra-
tion of polarons, as their dressing clouds start
to overlap. Around 20% doping, the closest NN
bond becomes uncorrelated with the presence
of the hole and builds up a negative correlation
toward dFL, consistent with ED. Connected cor-
relations of closest-distance diagonal bonds are
negative for all dopings with a slight minimum
around doping d ~ dFL. This dip can most likely
be explained by the effect of holes created
during the detection process on measured
correlations close to half filling. We performed
an analysis of systematic effects from detection
infidelities to exclude effects on other reported
findings (33). In Fig. 3D, we provide an esti-
mate for the renormalization of correlations
caused by detection holes (33), represented by
points with dashed edges.
String and RVB predictions for Cc

∘ are very
distinguishable at weak dopings. Only the
polaron model (string) reproduces the exper-
imental ferromagnetic alignment of the closest
NN bond, whereas RVB states show strong
discrepancies to experiment. UniformRVB is a
prime example of how a theoretical approach
can show excellent agreement with experi-
ment in two-point correlations at low doping
but reveal strong deviations at higher-order
correlators. At large dopings, uniformRVB and
free fermions start to capture the correlations
driven by fermionic statistics.
QMCstudies of Fermi-Hubbard systems found

the bandwidth of quasiparticle excitations
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Fig. 2. Magnetism from Mott insulator to Fermi
liquid. (A) Connected two-point spin correlations as a
function of doping for different spin distances. Red
(blue) experimental data points correspond to spin
distances with positive (negative) correlation at half
filling (see arrows to insets). Error bars denote one
standard error of the mean (SEM) and for doping the bin
width for averaging. Solid (dotted) lines of numerical
calculations indicated in the legend correspond to spin
distances of red (blue) data points. Shaded bands
indicate the statistical SEM for all calculations where
visible. (B) Measured static spin-structure factor S*(q)
[without on-site term, see (33)] for increasing doping
with arbitrary (arb) scales. (C) Trace through spin-
structure factor S(q) at 50% doping. Error bars are
representative also for lower dopings. The full width of
doping bins for (B) and (C) is 0.14. Solid pink represents
a mean-field–related TPSC calculation. (D) Doping
dependence of the uniform magnetic susceptibility,
obtained via the fluctuation-dissipation relation from
experimental data. Solid, dot-dashed, and dotted pink
curves correspond to TPSC, RPA, and free fermion
calculations, respectively. This figure is based on 3224
experimental realizations at kBT = 0.43(3)t and U/t = 8.9(5).
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anomalous with respect to (i.e., not captured
by) our FL calculations. QMC results (41) sup-
port this observation, which indicates that the
metallic regime close to the Mott insulator and
below dFL is of a different nature than the
conventional FL found at higher dopings [for
convergence of structure factors in FL, see (33)].
The weakly doped metallic regime hosts

magnetic polarons, whose dressing cloud can
be measured with a three-point correlator of
two spins around a hole (16, 29). We now in-
vestigate how this dressing cloud evolves when
the system turns into a conventional FL at
strong doping.
We consider the connected part of hole-

spin-spin correlations (33), which for spin-
balanced systems hŜri

zi ¼ 0 simplifies to

Cc
∘ r;dð Þ ¼ Cc

∘ r3; r1; r2ð Þ ¼
h Ŝ

z
r1 Ŝ

z
r2

D E

∘r3
$ Cc r1; r2ð Þ ð2Þ

This correlator measures how a spin-spin bond
isperturbedaway fromthebackground two-point
correlation by a (post-selected) hole, denoted by
the empty-circle symbol, at a third position r3
(compare Fig. 1C). The distance of the bond
center to the hole is given by r = (r1 + r2)/2 − r3.
For d around 10%, a hole perturbs all bonds

in its vicinity with a sign opposite to the anti-
ferromagnetic background. This means that
NN spins (d = 1) align more parallel (positive
connected correlation) and diagonal spins
(d ¼

ffiffiffi
2

p
) more antiparallel (negative con-

nected correlation) (Fig. 3). Such connected
correlations oppose the background antifer-
romagnetic spin-spin correlations and are char-
acteristic of magnetic polarons (polaronic

correlations), that is, a directmanifestation of
their dressing cloud. Doublon-hole fluctua-
tions cause a similar connected signal at half
filling but play a minor role at 10% doping
(33). Connected correlations fall off with in-
creasing bond distance from the hole. We
measure the radial dependence of the polar-
onic dressing by plotting NN and diagonal
correlations as a function of bond distance
from the hole (Fig. 3C). Because this illustra-
tion combines two different bond lengths d,
we reverse the sign of diagonal correlations
[multiplication by ð$1Þd

2þ1], such that a posi-
tive value indicates a connected correlation
opposing the antiferromagnetic correlations
of the Mott insulator.
In the FL regime at large doping,we observe

a negative connected correlation of all bonds
(also d = 1) in the presence of a hole. The
connected correlation has the same sign as the
negative NN and diagonal spin-spin correla-
tions at strong doping (compare Fig. 2A).Hence,
the presence of the hole enhances (i.e., does not
oppose) spin correlations. We interpret nega-
tive connected hole-spin-spin correlations in
the FL regime to be caused by the Pauli ex-
clusion principle, which leads to anticorrelation
of fermions in an area increasing with doping
(25). The post-selected hole restricts spins
to a smaller area and increases the observed
anticorrelation.
Therefore, holes oppose magnetic two-point

correlations at weak doping (magnetic polar-
ons) but enhance them at strong doping (FL).
A useful indicator to study the transition be-
tween these two metallic regimes is the NN
bond (d = 1) closest to the hole. Its connected

correlation continuously evolves from positive
to negative across the regimes (while two-point
NN correlations remain negative for all dop-
ings) (Fig. 3D). An initial drop of the connected
signal is expected from the higher concentra-
tion of polarons, as their dressing clouds start
to overlap. Around 20% doping, the closest NN
bond becomes uncorrelated with the presence
of the hole and builds up a negative correlation
toward dFL, consistent with ED. Connected cor-
relations of closest-distance diagonal bonds are
negative for all dopings with a slight minimum
around doping d ~ dFL. This dip can most likely
be explained by the effect of holes created
during the detection process on measured
correlations close to half filling. We performed
an analysis of systematic effects from detection
infidelities to exclude effects on other reported
findings (33). In Fig. 3D, we provide an esti-
mate for the renormalization of correlations
caused by detection holes (33), represented by
points with dashed edges.
String and RVB predictions for Cc

∘ are very
distinguishable at weak dopings. Only the
polaron model (string) reproduces the exper-
imental ferromagnetic alignment of the closest
NN bond, whereas RVB states show strong
discrepancies to experiment. UniformRVB is a
prime example of how a theoretical approach
can show excellent agreement with experi-
ment in two-point correlations at low doping
but reveal strong deviations at higher-order
correlators. At large dopings, uniformRVB and
free fermions start to capture the correlations
driven by fermionic statistics.
QMCstudies of Fermi-Hubbard systems found

the bandwidth of quasiparticle excitations

Koepsell et al., Science 374, 82–86 (2021) 1 October 2021 3 of 5

Fig. 2. Magnetism from Mott insulator to Fermi
liquid. (A) Connected two-point spin correlations as a
function of doping for different spin distances. Red
(blue) experimental data points correspond to spin
distances with positive (negative) correlation at half
filling (see arrows to insets). Error bars denote one
standard error of the mean (SEM) and for doping the bin
width for averaging. Solid (dotted) lines of numerical
calculations indicated in the legend correspond to spin
distances of red (blue) data points. Shaded bands
indicate the statistical SEM for all calculations where
visible. (B) Measured static spin-structure factor S*(q)
[without on-site term, see (33)] for increasing doping
with arbitrary (arb) scales. (C) Trace through spin-
structure factor S(q) at 50% doping. Error bars are
representative also for lower dopings. The full width of
doping bins for (B) and (C) is 0.14. Solid pink represents
a mean-field–related TPSC calculation. (D) Doping
dependence of the uniform magnetic susceptibility,
obtained via the fluctuation-dissipation relation from
experimental data. Solid, dot-dashed, and dotted pink
curves correspond to TPSC, RPA, and free fermion
calculations, respectively. This figure is based on 3224
experimental realizations at kBT = 0.43(3)t and U/t = 8.9(5).
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*Test different spin-liquid ansätze for second ancilla layer

*Improve sampling of wave-functions

*Better statistics to obtain more reliable error-bars

Tobias Müller, Yasir Iqbal, Ronny Thomale to appear
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Ancilla theory of the Hubbard model 

H. Shackleton, S.S., Shiwei Zhang, to appear
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Ancilla theory of the
pseudogap metal

Hole pocket Fermi surfaces

of size p with

charge e, spin-1/2 quasiparticles

+

‘spectator’

square lattice spin liquid

at half-filling.

FL*: Spin liquid is required because

the Fermi surface does not enclose

the Luttinger volume (1 + p).
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ARPES on 
Bi2201 

FL* in a  
one-band model 

 
Broadening by second ancilla 
layer is needed to describe 

MDC and EDC
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FIG. 1. Phases of the S = 1/2 J1-J2 antiferromagnet on the square lattice, from the numerical results

of Refs. [7–10], all of which agree that the spin liquid is gapless. Each ellipse in the valence bond solid

(VBS) represents a singlet pair of electrons. Lower part of figure adapted from Ref. [11].

are the nature of the quantum phases of the model, and of the quantum phase transitions between

them, as a function of increasing J2/J1 after the Néel order vanishes at a critical value of J2/J1.

These questions are also the focus of our attention here.

An early proposal [5, 6, 12, 13] was that there was a direct transition from the Néel state to

a valence bond solid (VBS) (see Fig. 1) which restores spin rotation symmetry but breaks lattice

symmetries (followed by a first order transition at larger J2/J1 to a ‘columnar’ state which breaks

spin rotation symmetry, and which we do not address in the present paper). A theory of ‘deconfined

criticality’ was developed [14–16] showing that a continuous Néel-VBS transition was possible, even

though it was not allowed in the Landau-Ginzburg-Wilson framework because distinct symmetries

were broken in the two phases. Evidence has since accumulated for the presence of a VBS phase in

the J1-J2 model, but the nature of the Néel-VBS transition in this model has remained a question
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Mean-field spin liquid
with gapped bosonic spinons.

Low energy CP1 U(1) gauge theory
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We have performed density-matrix renormalization group studies of a square lattice t-J model with small
hole doping, δ ≪ 1, on long four and six-leg cylinders. We include frustration in the form of a second-
neighbor exchange coupling, J2 ¼ J1=2, such that the undoped (δ ¼ 0) “parent” state is a quantum spin
liquid. In contrast to the relatively short range superconducting (SC) correlations that have been observed in
recent studies of the six-leg cylinder in the absence of frustration, we find power-law SC correlations with a
Luttinger exponent, KSC ≈ 1, consistent with a strongly diverging SC susceptibility, χ ∼ T−ð2−KSCÞ as the
temperature T → 0. The spin-spin correlations—as in the undoped state—fall exponentially suggesting
that the SC “pairing” correlations evolve smoothly from the insulating parent state.
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Although the physics of cuprate high temperature super-
conductors is surely complex, there are a variety of reasons
[1–3] to believe that the “essential” [4] physics is captured
by the two-dimensional (2D) Hubbard model or its close
relatives. To begin with, as is the case in cuprates, in an
appropriate regime of parameters, the Hubbard model on a
square lattice with n ¼ 1 electrons per site exhibits an
undoped “parent” state that is a Mott insulating antiferro-
magnet. However, two key theoretical issues concerning
this proposition remain unsettled: (1) Does d-wave super-
conductivity (SC) “robustly” arise in this model upon light
doping, i.e., for 0 < δ≡ ð1 − nÞ ≪ 1? (2) If so, how does it
arise (i.e., what is the “mechanism”) and under what
circumstances (e.g., does it depend on specific features
of the band structure)?
For parametrically small values of the Hubbard U ≪ W

(where W is the bandwidth), it is possible to establish [5]
that such a superconducting state arises, but here (except
under extremely fine-tuned circumstances in which
the Fermi surface is perfectly nested) the undoped state
at n ¼ 1 is also superconducting, and the superconducting
Tc is exponentially small in units of W. For intermediate
U ∼W, no controlled analytic approach exists, but calcu-
lations based on a variety of physically motivated approx-
imations [6–8] yield results suggestive of values of Tc as
large as Tc ∼W [where the proportionality is a number of
order 1 but may be small, e.g., ∼ð2πÞ−2]. This was further
supported by density-matrix normalization group (DMRG)
studies of the Hubbard and t-J models on four-leg square
cylinders [9–13]. However, recent [14] DMRG calculations
on six-leg square cylinders, as well as variational
Monte Carlo [15] calculations on 2D models, have called

this proposition into question. Specifically, the tendency of
a doped antiferromagnet to phase separation [15,16] or to
charge-density wave (CDW) formation [11,13,14,17–21]
appears to play a much more dominant role in the physics
at small δ than accounted for by most approximate
approaches.
One attractive notion that was suggested early on is that

high temperature superconductivity could arise naturally
[1,22–27] under circumstances in which the insulating
parent state is a quantum spin liquid (QSL) rather than
an ordered antiferromagnet. In particular, a QSL with a gap
(even a partial gap with nodes), can in some sense be
thought of as a state with preexisting Cooper pairs but with
vanishing superfluid stiffness. Then, upon light doping, one
might naturally expect SC with a gap scale that is inherited
from the QSL (i.e., evolves continuously as δ → 0) and
with a superfluid stiffness—that rises with δ.
In the present Letter, we explore the possibility of SC in a

doped spin liquid using DMRG to treat the t-J model (a
proxy for the Hubbard model) on cylinders of circum-
ference 4 and 6. A number of studies of the spin-1=2
Heisenberg model on the square lattice with first and
second neighbor exchange couplings, J1 and J2, have
led to a consensus [28–35] that there is a QSL phase in
the range of 0.46 < J2=J1 < 0.52 [35]. In this range,
DMRG on cylinders of circumference up to Ly ¼ 10 show
a pronounced spin-gap and exponentially falling spin-spin
correlations with a correlation length ξs considerably
smaller than Ly [30,32]. However, there is still some debate
about whether this gap persists in the 2D limit, or if instead
the QSL phase has a gapless nodal spinon spectrum.
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We have performed density-matrix renormalization group studies of a square lattice t-J model with small
hole doping, δ ≪ 1, on long four and six-leg cylinders. We include frustration in the form of a second-
neighbor exchange coupling, J2 ¼ J1=2, such that the undoped (δ ¼ 0) “parent” state is a quantum spin
liquid. In contrast to the relatively short range superconducting (SC) correlations that have been observed in
recent studies of the six-leg cylinder in the absence of frustration, we find power-law SC correlations with a
Luttinger exponent, KSC ≈ 1, consistent with a strongly diverging SC susceptibility, χ ∼ T−ð2−KSCÞ as the
temperature T → 0. The spin-spin correlations—as in the undoped state—fall exponentially suggesting
that the SC “pairing” correlations evolve smoothly from the insulating parent state.
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Although the physics of cuprate high temperature super-
conductors is surely complex, there are a variety of reasons
[1–3] to believe that the “essential” [4] physics is captured
by the two-dimensional (2D) Hubbard model or its close
relatives. To begin with, as is the case in cuprates, in an
appropriate regime of parameters, the Hubbard model on a
square lattice with n ¼ 1 electrons per site exhibits an
undoped “parent” state that is a Mott insulating antiferro-
magnet. However, two key theoretical issues concerning
this proposition remain unsettled: (1) Does d-wave super-
conductivity (SC) “robustly” arise in this model upon light
doping, i.e., for 0 < δ≡ ð1 − nÞ ≪ 1? (2) If so, how does it
arise (i.e., what is the “mechanism”) and under what
circumstances (e.g., does it depend on specific features
of the band structure)?
For parametrically small values of the Hubbard U ≪ W

(where W is the bandwidth), it is possible to establish [5]
that such a superconducting state arises, but here (except
under extremely fine-tuned circumstances in which
the Fermi surface is perfectly nested) the undoped state
at n ¼ 1 is also superconducting, and the superconducting
Tc is exponentially small in units of W. For intermediate
U ∼W, no controlled analytic approach exists, but calcu-
lations based on a variety of physically motivated approx-
imations [6–8] yield results suggestive of values of Tc as
large as Tc ∼W [where the proportionality is a number of
order 1 but may be small, e.g., ∼ð2πÞ−2]. This was further
supported by density-matrix normalization group (DMRG)
studies of the Hubbard and t-J models on four-leg square
cylinders [9–13]. However, recent [14] DMRG calculations
on six-leg square cylinders, as well as variational
Monte Carlo [15] calculations on 2D models, have called

this proposition into question. Specifically, the tendency of
a doped antiferromagnet to phase separation [15,16] or to
charge-density wave (CDW) formation [11,13,14,17–21]
appears to play a much more dominant role in the physics
at small δ than accounted for by most approximate
approaches.
One attractive notion that was suggested early on is that

high temperature superconductivity could arise naturally
[1,22–27] under circumstances in which the insulating
parent state is a quantum spin liquid (QSL) rather than
an ordered antiferromagnet. In particular, a QSL with a gap
(even a partial gap with nodes), can in some sense be
thought of as a state with preexisting Cooper pairs but with
vanishing superfluid stiffness. Then, upon light doping, one
might naturally expect SC with a gap scale that is inherited
from the QSL (i.e., evolves continuously as δ → 0) and
with a superfluid stiffness—that rises with δ.
In the present Letter, we explore the possibility of SC in a

doped spin liquid using DMRG to treat the t-J model (a
proxy for the Hubbard model) on cylinders of circum-
ference 4 and 6. A number of studies of the spin-1=2
Heisenberg model on the square lattice with first and
second neighbor exchange couplings, J1 and J2, have
led to a consensus [28–35] that there is a QSL phase in
the range of 0.46 < J2=J1 < 0.52 [35]. In this range,
DMRG on cylinders of circumference up to Ly ¼ 10 show
a pronounced spin-gap and exponentially falling spin-spin
correlations with a correlation length ξs considerably
smaller than Ly [30,32]. However, there is still some debate
about whether this gap persists in the 2D limit, or if instead
the QSL phase has a gapless nodal spinon spectrum.
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Adding d-wave pairing
to the hole pockets

leads to 8 nodal points???
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d-wave superconductor
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boson.

Spinons of the ⇡-flux state
annihilate the extra nodes

in the d-wave superconductor.
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Nodes of the d-wave
superconductor are remnants

of the spinons of the ⇡-flux state.
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Fig. 3 | Momentum dependence of Bogoliubov quasiparticles. a, Momentum dependence of the 
kF spectra along an arc on the large Fermi surface. Red dots track the peak feature related to AF 
pseudogap, and blue dots track the low energy Bogoliubov quasiparticle peak. Numbers to the 
right indicate angle away from the Brillouin zone diagonal, with the angle θ defined in the inset of 
c. Blue curves overlaying the EDC data in the symmetrized part above EF are the 
phenomenological fits of the superconducting gap (see methods section IV). A second order 
background was used to capture the normal state background spectral weight. Curves near θ = 0 
were not fitted as the large size of the AF pseudogap overshadows any small superconducting gap 
that may be present within. b, (top) Momentum dependence of ΔSC and corresponding 2ΔSC/kBTc 
ratios measured at 7 K. The black vertical arrow indicates the approximate location of the hot spot. 
Gap data near the Brillouin zone diagonal is not available due to the dominance of the AF 
pseudogap. Red background highlights the dominance of AF on the low energy spectra near θ = 0, 
and the blue background highlight the dominance of superconductivity near θ = 45. (bottom) 
Integrated spectral weight in the range [-30, 0] meV. Intensity values are normalized by the angular 
dependent photoemission matrix element extracted from overdoped NCCO spectra. c, EDCs at the 
hot spot (black) and Brillouin zone boundary (grey) at 7 K for the same sample, normalized by the 
respective spectra at 40 K. Brillouin zone location of EDCs shown in the inset. The Brillouin zone 
boundary curve is offset vertically by 0.2 for clarity. 

Bogoliubov Quasiparticle on the Gossamer Fermi Surface in  
Electron-Doped Cuprates, Ke-Jun Xu……Z.-X. Shen, arXiv:2308.05313; 
Nature Physics
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Emergent symmetry of the
charge-e, SU(2) fundamental
boson e↵ective theory of the

⇡-flux state provides a
rationale for the near equality
of the onset temperatures of
d-wave superconductivity and

charge order.
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FIG. 2. Fermi surface of Nd-LSCO at p = 0.24p = 0.24p = 0.24. (a) Left panels: The angle-dependent mag-

netoresistance of Nd-LSCO at p = 0.24 as a function of ✓ for four di↵erent temperatures, T = 25,

20, 12, 6 K, and at B = 45 T. The grey bar near ✓ = 90� for T = 6 K and 12 K indicates the

presence of superconductivity. Right panels: simulations obtained from the Chambers formula,

using the tight-binding parameters from ARPES measurements [12], and in which the relaxation

time ⌧(k) is the only free parameter. (b) The Fermi surface used for the calculation in panel (a),

shown as cuts at kz = 0, ⇡/c, and 2⇡/c, where c is the height of the body-centered-tetragonal unit

cell (and c/2 is the distance between copper oxide layers). (c) The full 3D Fermi surface obtained

from ADMR at p = 0.24. The coloring corresponds to the vz component of the Fermi velocity,

with positive vz in teal, negative vz in purple, and vz = 0 in magenta. A single cyclotron orbit,

perpendicular to the magnetic field, is drawn in black, with the Fermi velocity at di↵erent points

around the orbit shown as gray arrows. The strong variation in vz around the cyclotron orbits is

what leads to ADMR.

!c is the cyclotron frequency, m? is the cyclotron e↵ective mass, e is the electron charge, and

12

FIG. 4. Fermi surface reconstruction in Nd-LSCO at p = 0.21p = 0.21p = 0.21. The top three panels show the

Fermi surface for three di↵erent scenarios, and the bottom three panels show the resulting ADMR

simulations. (b) Calculated ADMR using the same tight-binding and scattering rate parameters

as in Figure 2a, but with the chemical potential shifted past the van Hove singularity (p ⇡ 0.23) to

p = 0.21, for which the Fermi surface is shown in panel (a). (d) Calculated ADMR for a period-3

CDW reconstructed Fermi surface; the section of reconstructed Fermi surface used to calculate the

ADMR is highlighted in orange in panel (c), the unreconstructed Fermi surface is shown with a

blue dashed line. These are the small nodal electron pockets believed to result from CDW order in

YBa2Cu3O6+x and are able to account for the ADMR in YBa2Cu3O6+x at p = 0.11. (f) Calculated

ADMR for reconstruction of the Fermi surface caused by a (⇡,⇡) order parameter, using the same

tight-binding parameters as Figure 2, a gap of 58 kelvin, and a constant scattering rate; (e) The

hole pockets used to simulate the ADMR in (f) are highlighted in orange.

weakest along � = 45�. The gap magnitude (the strength of the potential associated with

the FSR) that best reproduces the data is 58 kelvin — comparable to the onset temperature

T
? of the pseudogap phase at this doping [11, 29]. We find that a momentum-independent

p > pc Large Fermi surface
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Fermi surface transformation at the pseudogap critical point of a cuprate superconductor 
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DYNAMICAL SIGNATURE OF FRACTIONALIZATION AT A … PHYSICAL REVIEW B 98, 174421 (2018)

of the conserved current nx∂yvy − vy∂ynx associated with the
emergent O(4) symmetry (in the XY-VBS rotation channel),
which is a unique feature of the easy-plane DQCP. The gap-
less point (π, 0) also follows naturally, because the XY-VBS
current can decay into the nx continuum at (π,π ) and the
vy continuum at (0,π ), such that the momenta add up to
(π, 0). A similar interpretation applies to the Sz channel as
well. The only difference is that the spin-VBS current there
is not conserved, but is nevertheless still critical. The (π, 0)
continua exhibit a remarkable spatial anisotropy. On the edge
of the continua, the spectral weight is always larger along
(π, 0)-(π,π ) line and smaller along (π, 0)-(0, 0) line. This
spatial anisotropy is a signature of current-current correlation,
which originates from the nontrivial ω2 − q2

x form factor on
the numerator as given in Eqs. (8) and (9). The (0,π ) continua
will also exhibit the spatial anisotropy but with the form
factor rotated by π/2 to ω2 − q2

y . These “shadow” continua
allow us to probe the critical VBS fluctuation in the spin
excitation spectrum, which is another remarkable hallmark of
the DQCP.

As discussed in Sec. I, the spectral features uncovered here
are relatively easy to probe in INS or RIXS experiments,
hence paving way for observation of the seeming ephemeral
DQCP in real materials. These features are also robust even
if the parameter is slightly off the critical point. Our simu-
lation itself serves as a “numerical proof” of this statement.
As we measure the DQCP spectra at q = 0.6 of the EPJQ
model [not exactly at its critical point qc = 0.6197(2)], we
still observe all the low-energy spectral features consistent
with the field theory qualitatively. This demonstrates that the
dynamical signatures do not require fine-tuning and should
be easier to measure in experiments. Whereas the previous
studies of DQCP mainly focused on the critical scaling and
exponents from the theoretical perspective, these quantities
require more fine-tuning and are rather difficult to measure
in experiments. Even if the DQCP turns out to be first order
(as expected if the anisotropy is strong) or becomes unsta-
ble against other intermediate phases at low temperature, its
distinct spectral features over a large range of frequencies
can still be robustly observed above the low-energy scale
at which the potentially other transitions of phases become
manifest.

Finally, the spectra of the EPJQ model in the VBS phase
is shown in Figs. 3(c) and 3(f). Their EPJ1J2 counterpart
in the columnar singlet phase is shown in Figs. 4(c) and
4(f). All spin excitations are gapped in both Sx (q,ω) and
Sz(q,ω) for both models. For the EPJQ model, the spectra
in the VBS phase still maintain broad continua above the gap,
in contrast to the much sharper spectra of gapped magnons
in the EPJ1J2 columnar phase. This might be related to the
two-length-scale phenomena, which is inherent to the DQCP,
persisting in the VBS phase of the standard JQ model [25],
namely, the domain wall size of the VBS order may still
remain large while the spin correlation length is small. The
domain wall size of the VBS order is directly related to the
confinement length scale of the spinons [2]. This implies that,
although the spin-correlation length is finite, the confinement
length scale of the spinon can still be large, which leads to
the large continuum above the spin gap in the spin-excitation
spectrum.

FIG. 5. Comparison of the DQCP dynamic spin structure factors
between numerics [(a) Sx channel and (c) Sz channel] and theory [(b)
Sx channel and (d) Sz channel]. The color map is the same as that
in Fig. 3. The dashed curves trace out the upper and low edges of
the two-parton continuum, assuming free fermionic partons with the
π -flux state dispersion εk in Eq. (14). The lower edge simply follows
εk and the upper edge is given by the maximal two-parton excitation
energy Eq = maxk∈BZ |εk + εq−k|. The suppressed spectral weight
near (0,0) can be captured by matrix element effects.

IV. PARTON MEAN FIELD THEORY FOR
THE DQCP SPECTRA

In this section, we provide theoretical account for the over-
all shape of the dynamic spin structure factors Sx (q,ω) and
Sz(q,ω) observed at the DQCP. The easy-plane DQCP admits
several candidate field theory descriptions, including the easy-
plane NCCP1 theory [1–3], the Nf = 2 noncompact QED3
theory [6,7,9–13], and the Nf = 2 QCD3 theory [5,13] (or
its Higgs descendent Nf = 4 compact QED3 [4,6,13,15,16])
with additional anisotropy in the SO(5) symmetric tensor
representation. Although all theories are believed to provide
equivalent descriptions of the low-energy physics under pro-
posed duality relations [13], some of them are more conve-
nient to handle by mean-field treatment than others. Among
these theories, we found that the Nf = 2 QCD (or Nf = 4
QED) theory gives the best account for the overall spectral
features at the mean-field level. Because, in these theories,
both the AFM and VBS order parameters are treated on equal
footing as fermionic parton bilinears, it is already possible
to approximately capture both spin and dimer fluctuations at
the free fermion level (ignoring gauge fluctuations and local
interactions). Figure 5 shows the comparison of the dynamics
spin-structure factors between numerics and theory, based on
the parton mean-field theory. The overall features match quite
nicely. However, if similar mean-field treatment were applied
to other dual field theories such as the NCCP1 or the Nf = 2
noncompact QED3 theories, some low-energy continua that
involve gauge monopole excitations will be missing, as the
gauge fluctuation can not be captured at the mean-field level.

Let us start with the parton construction on the square
lattice [60], where the spin operator Si is fractionalized into
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exhibit VBS phases, sign problems in quantum Monte Carlo
(QMC) simulations and other technical difficulties in methods
such as the density matrix renormalization group and tensor
product states prohibit studies of the large system sizes needed
to reliably characterize critical points. However, for generic
and universal properties, other “designer hamiltonians” [18]
can be constructed that do not suffer from QMC sign problems
but still host the desired phases. Many such studies have
pointed to the existence of the DQCP in both two-dimensional
(2D) quantum magnets [19–28] and related (through the
path integral) three-dimensional (3D) classical models
[29–32]. In these studies it has been observed, e.g., that
the order parameters have unusually large anomalous dimen-
sions [21,24,25,27,28,31], which is an important deviation
from the common 3D Wilson-Fisher fixed point. More con-
crete evidence of deconfinement has been found by directly
probing the length scale associated with the fractionalization
process [25,33] and from thermodynamics [34]. However, the
experimentally most direct signatures of a DQCP, the dynamic
spin structure factor S(q,ω), have so far not been calculated
in the case of electronic spins (while there are already some
intriguing results for an SU(3) symmetric model [35]). His-
torically, in quasi-1D systems, the experimentally observed
spinon continuum, which agrees with calculations for the
spin-1/2 Heisenberg chain, was crucial in establishing spinon
deconfinement. Indications of fractionalized magnetic exci-
tations in 2D quantum spin liquids have also been similarly
observed [36–42]. Given that S(q,ω) is detectable by multiple
experimental techniques, including inelastic neutron scatter-
ing (INS), resonant inelastic x-ray scattering (RIXS), and
nuclear magnetic resonance (NMR), identifying the distinct
signatures of fractionalization in S(q,ω) at the DQCP will
provide a useful guide to experimental searches for DQCPs in
magnetic materials. Since the qualitative features of S(q,ω)
remain the same in the entire critical “fan” extending from the
critical point to finite temperature, the dynamical signatures
proposed in our study should be robustly observed even if
the experimental parameter is slightly off the critical point.
Moreover, due to a recently investigated duality relation be-
tween the DQCP and a certain bosonic topological transitions
(BTTs) in fermion systems [13,27,28], similar dynamical
signature of fractionalization is also expected in interaction-
driven topological phase transitions. Therefore, our work also
can impact the ongoing efforts in finding experimentally ac-
cessible signatures of topological phase transitions in strongly
correlated electron systems.

In this paper, we will investigate a U(1) version of the
DQCP on the square lattice, with the easy-plane J -Q (EPJQ)
model defined by the Hamiltonian

HJQ = −J
∑

〈ij〉

(
Pij + !Sz

i S
z
j

)
− Q

∑

〈ijklmn〉
PijPklPmn, (1)

where Si denotes the spin-1/2 operator on each site i and
Pij = 1

4 − Si · Sj is the singlet-projection operator on the link
ij (between nearest-neighbor sites). The two- and six-spin
terms are both illustrated in Fig. 1(a). For ! = 0, this is the
previously studied SU(2)spin J -Q3 model [21,22,43], which
is an extension of the original J -Q model (or J -Q2 model)
[20], with two instead of three singlet projectors in the Q

AFXY DQCP VBS

EPJQ

J
i j
k l

m n
Q

q = Q
J+Q

(a)

AFXY 3D XY Columnar

EPJ1 J2

J1

J2

g = J2
J1

(b)

= 1

2
−

FIG. 1. The two lattice models considered in this paper and their
schematic phase diagrams. (a) The EPJQ model with two-spin (J )
and six-spin (Q) couplings preserve all symmetries of the square
lattice. We define the tuning parameter chosen as q = Q/(J + Q).
The antiferromagnetic XY (AFXY) phase is separated by the DQCP
at q = qc from the columnar VBS phase, which spontaneously
breaks lattice symmetries but which has significant fluctuations of
the fourfold degenerate dimer pattern close to qc, as indicated. (b)
The EPJ1J2 model, with the tuning parameter g = J2/J1. The J2 term
explicitly pins a columnar dimer pattern and drives the AFXY phase
to the spin-disordered trivial (nondegenerate) columnar singlet phase
(without spontaneous lattice symmetry breaking) through the 3DXY
transition at g = gc.

terms. With three singlet projectors, we can go further into the
VBS state while still keeping J > 0 in sign-free QMC simu-
lations. The term !Sz

i S
z
j with ! ∈ (0, 1] introduces the easy-

plane anisotropy that breaks the SU(2)spin symmetry down to
U(1)spin explicitly. It has been shown [27] that when ! = 1/2
(which is the value we will use here), the EPJQ model exhibits
a direct and continuous quantum phase transition between the
antiferromagnetic XY (AFXY) and VBS phases, as illustrated
in Fig. 1(a), realizing the easy-plane DQCP (while for larger
anisotropy, such as ! = 1, the transition becomes first-order).
The XY order parameter has a U(1)spin rotational symmetry
and the VBS order parameter exhibits an emergent U(1)VBS
symmetry as the DQCP is approached, and, as argued based
on dualities [13], the two U(1) symmetries combine to form
an emergent higher O(4) symmetry exactly at the DQCP.

To make a comparison with the EPJQ model, we will also
study an easy-plane J1-J2 (EPJ1J2) model,

HJ1J2 = J1

∑

〈i,j〉′
Dij + J2

∑

〈i,j〉′′
Dij , (2)

where Dij = Sx
i Sx

j + S
y
i S

y
j + !Sz

i S
z
j . The J1 bonds 〈i, j 〉′ and

the J2 bonds 〈i, j 〉′′ correspond to the thin black and the thick
blue bonds in Fig. 1(b), respectively. Since the Hamiltonian
explicitly breaks the lattice symmetry, with the J2 terms pin-
ning a columnar pattern of bonds with higher singlet density,
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Summary
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Ancilla theory of pseudogap metal with hole pockets and
underlying ⇡-flux spin liquid yields:

• Theory for Fermi arcs in hole-doped pseudogap metal.

• ADMR in pseudogap.

• Anti-nodal and nodal electronic dispersion.

• d-wave superconductor with 4 nodal points in both electron-
and hole-doped cuprates.

• Near-equality of dSC and charge order onset temperatures

• Multipoint correlators measured by cold atom experiments

• Theory for strange metal in the crossover from FL* to FL


