
Harvard University 
February 7, 2025 

Subir Sachdev 
 
 

arXiv:2501.16417

HARVARDTalk online: sachdev.physics.harvard.edu

The foot, the fan, and the cuprate phase diagram:  
Fermi-volume-changing quantum phase transitions  



YBa2Cu3O6+x

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



Anomalous Criticality in the
Electrical Resistivity of La2–xSrxCuO4
R. A. Cooper,1 Y. Wang,1 B. Vignolle,2 O. J. Lipscombe,1 S. M. Hayden,1 Y. Tanabe,3 T. Adachi,3
Y. Koike,3 M. Nohara,4* H. Takagi,4 Cyril Proust,2 N. E. Hussey1†

The presence or absence of a quantum critical point and its location in the phase diagram of high-
temperature superconductors have been subjects of intense scrutiny. Clear evidence for quantum
criticality, particularly in the transport properties, has proved elusive because the important low-
temperature region is masked by the onset of superconductivity. We present measurements of the
low-temperature in-plane resistivity of several highly doped La2–xSrxCuO4 single crystals in which
the superconductivity had been stripped away by using high magnetic fields. In contrast to other
quantum critical systems, the resistivity varies linearly with temperature over a wide doping range
with a gradient that scales monotonically with the superconducting transition temperature. It is
maximal at a critical doping level (pc) ~ 0.19 at which superconductivity is most robust. Moreover,
its value at pc corresponds to the onset of quasi-particle incoherence along specific momentum
directions, implying that the interaction that first promotes high-temperature superconductivity
may ultimately destroy the very quasi-particle states involved in the superconducting pairing.

An important theme in strongly correlated
electron systems is quantum criticality
and the associated quantum phase tran-

sitions that occur at zero temperature upon tuning
a nonthermal control parameter, g (e.g., pressure,
magnetic field H or composition), through a
critical value, gc. One feature of such a system is
the influence that critical fluctuations have on
the physical properties over a wide region in
the (T, g) phase diagram above the quantum
critical point (QCP), inside which the system
shows marked deviations from conventional
Landau Fermi-liquid behavior. A number of can-
didate non–Fermi-liquid systems have emerged,
particularly in the heavy fermion family (1), al-
though there are others, for example, certain
transition metal oxides (2), that display similar
characteristics.

The physics of copper-oxide high-temperature
superconductors may also be governed by prox-
imity to a QCP. The generic temperature-doping
(T, p) phase diagram resembles that seen in the
heavy fermions, with an apparent funnel-shaped
region that either pierces or skirts the supercon-
ducting dome (3). Above this region, cuprates
display an in-plane resistivity, rab, that varies
linearly with temperature over a wide tempera-
ture (4) yet narrow doping (5) range. This T-linear

resistivity has been widely interpreted, in tan-
dem with other anomalous transport properties
(6), as a manifestation of scale-invariant physics
borne out of proximity to the QCP. This view-
point has remained untested, largely because of
the high upper critical field Hc2 values in high-
Tc cuprates that restrict access to the important
limiting low-temperature region below Tc( p).
We used a combination of persistent and pulsed
high magnetic fields to expose the normal state
of La2–xSrxCuO4 (LSCO) over a wide doping
and temperature range and studied the evolution
of rab(T) with carrier density, from the slightly
underdoped (p = 0.15) to the heavily overdoped
( p = 0.33) region of the phase diagram. Our anal-
ysis reveals the presence of a singular doping
concentration in LSCO at which the electronic
response changes, although in a manner distinct
from that observed in other candidate quantum
critical systems.

In-plane resistivity of La2–xSrxCuO4. A series
of high-field rab(T, H) measurements were car-
ried out on overdoped LSCO single crystals with
doping levels of p = 0.18, 0.21, and 0.23 (labeled
hereafter LSCO18, LSCO21, and LSCO23, re-
spectively) with the field aligned perpendicular
to the CuO2 planes in order to suppress the su-
perconductivity. Figure 1A shows the rab(T, H)
data obtained on LSCO23. In order to track the
temperature dependence of the zero-field resistivity
r(T, 0) below Tc, we used a simple, transparent
technique to extrapolate the high-field rab(T, H)
data to the zero-field axis (Fig. 1B). The re-
sultant r(T, 0) values, plotted in Fig. 1C together
with the zero-field rab(T) curve below 70 K,
are found to exhibit a T-linear dependence down
to 1.5 K. For comparison, we also plotted the ab-
solute values of r(T, 48) at a fixed high field of
48 T obtained directly from the vertical dashed
line in Fig. 1A. The temperature dependence of

the latter (analysis-free) values is identical to that
of r(T, 0) and is consistent with earlier 60-T data
taken on LSCO22 (7), showing that the anal-
ysis itself has not introduced any additional,
artificial temperature dependence in r(T, 0). Sim-
ilar pulsed-field measurements and analysis were
carried out for the two other doping levels as
summarized in fig. S1.

Figure 2 shows the resultant r(T, 0) values
plus zero-field rab(T) data for seven different
concentrations ranging from optimal doping
(p = 0.17) to the heavily overdoped, nonsuper-
conducting region (p = 0.33). The gradual cross-
over in the temperature dependence of rab(T),
from quasi-linear for LSCO17 to approximately
quadratic for LSCO33, is evident in the raw data
and is consistent with previous studies carried
out above Tc (5, 8, 9). At low temperatures, how-
ever, rab(T) develops predominantly T-linear
behavior for the entire doping range 0.18 ≤ p ≤
0.29 [for p = 0.17, data exists only above Tc(H =
0)]. Although evidence for a low-T T-linear re-
sistivity has emerged for single doping concen-
trations in both electron- (10) and hole-doped
(11, 12) cuprates, our measurements show that
the low-T linearity in fact persists over a broad
range of doping.

Single-component analysis. In heavy fermi-
on systems, Dr(T), the T-dependent part of r(T),
is often described by a single term anT

n whose
exponent n(T, H) evolves from the Fermi-liquid
value n = 2 to some anomalous value less than 2
over a narrow temperature and magnetic field
window (13–15). The anomalous exponent in
Dr(T) persists to low temperatures only at the
critical field, Hc. In Fig. 3, we plotted a com-
parative n(T, p) = d(lnDr)/d(ln T) for LSCO by
using the resistivity curves shown in Fig. 2.

For T > 50 K, the resultant phase diagram re-
sembles that seen in prototypical quantum critical
systems, with a narrow region in which rab(T) is
approximately (although not strictly) T-linear sep-
arated from a region where rab(T) varies approx-
imately as T2. As the temperature is lowered,
however, the situation becomes markedly dif-
ferent. Rather than collapsing to a single (critical)
point, the T-linear region in LSCO fans out and
dominates the low-T response. Intriguingly, this
T-linear regime (or more precisely, the region
where n < 1.1) is coincident with both the Tc
parabola (long-dashed white line) and the super-
conducting fluctuation regime (short-dashed white
line) and has thus been obscured until now by
the veil of superconductivity.

Dual-component analysis. Previously, Drab(T)
in overdoped, hole-doped cuprates has been ex-
pressed either as above, that is, as anT

n (1 ≤
n ≤ 2) (16), or as the sum of two components,
a1T + a2T

2 (11, 17, 18). In fig. S2, we describe
in detail why the latter is in fact the more ap-
propriate expression for LSCO. In Fig. 4, A and
B, we show the doping dependences of a1 and
a2, respectively, for two different fitting proto-
cols. The solid squares are coefficients obtained
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ysis reveals the presence of a singular doping
concentration in LSCO at which the electronic
response changes, although in a manner distinct
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Fermi surface
as expected
in a model

of free electrons

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
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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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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
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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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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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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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ANISOTROPIC DAMPING AND WAVE VECTOR DEPENDENT … PHYSICAL REVIEW B 100, 214510 (2019)

angle 2θ fixed at 146◦ and 149.5◦ for I21 and ID32, re-
spectively. The scattering geometry is shown in Fig. 1(a).
We assume there is negligible dispersion in the features of
interest from variation of l , and therefore we focus only
on the momentum transferred in the (h, k) plane. Spectra
were principally measured along the two high-symmetry lines
(h, 0) and (h, h) as indicated with red arrows in Fig. 1(b)
with energy resolution "E " 35 meV. The x = 0 and 0.12
measurements were performed at I21 and the x = 0.16 mea-
surements were performed at ID32 and repeated at I21. In both
doped compounds, further measurements were performed at
ID32 with "E " 50 meV on a grid of Q points evenly dis-
tributed throughout a quadrant of the Brillouin zone indicated
by the red shaded region in Fig. 1(b). The energy resolution
was established using elastic scattering from a silver paint or
carbon tape reference. For I21, a background was measured
from either a dark image taken after the collection or by fitting
a constant background outside the excitation range!−0.1 and
"5 eV.

D. Analysis

1. Data processing

In order to carry out a quantitative analysis of the data,
we follow recent practice [6,7,13,26,33,35] and assume that
the magnetic intensity observed in RIXS is proportional to
the spin-spin dynamical structure factor S(Q,ω) which is
used to interpret neutron scattering experiments [36]. S(Q,ω)
is, in turn, proportional to χ ′′(Q,ω) multiplied by the Bose
factor n(ω) + 1 = [1 − exp(−h̄ω/kBT )]−1. Clearly the scat-
tering processes in RIXS and INS are very different, with
the observed RIXS intensity being dependent on the rela-
tive orientation of the photon electric field to the Cu 3d
orbitals as well as the absorption of the x-ray photons within
the sample. These factors are known to vary slowly with
Q [37,38], nevertheless, to correct for these effects we initially
normalize our raw counts Iraw to the energy-integrated dd
excitation intensity obtained from the same spectrum. The
intensity of the dd excitations is known to be dependent on
the polarization ε and wave vector k and can be described
by a function g(ε, ε′, k, k′). We denote the measured intensity
IRIXS as Iraw/g where g =

∫
g(ε, ε′, k, k′) dω is the integral

described above evaluated over the range 1–3 eV.
The spectra were aligned to the elastic reference and

the exact zero-energy position was established by fitting an
elastic peak with a Gaussian function. The aligned spectra
were modeled within a range −80 to 800 meV. As well as
the spin excitations, we fit an elastic peak and low-energy
excitations, which are interpreted as phonons, using Gaus-
sian functions. Electron-hole excitations and broadened dd
excitations contribute to the low-energy RIXS scattering for
doped compositions [11]. This contribution was modeled with
a linear function which was fixed for all spectra of the same
composition. The gradient of the linear function was found
by fitting the spectra at low Q. In the insulating parent
compound this contribution was not required. However, a
broad continuum of multimagnon excitations is resolvable at
∼400−600 meV. This was modeled with a Gaussian function.

The spectra were not deconvolved to take account of the
instrument energy resolution "35 meV. The most noticeable

FIG. 2. IRIXS intensity maps as a function of Q in LSCO x =
0 (T ≈ 20 K), 0.12, and 0.16 (T ≈ 30 K). Showing measurements
along the (h, 0) and (h, h) lines. The measurements were performed
in grazing-out geometry and with LH polarization at I21 at Diamond
Light Source. The configuration favors magnetic scattering. All three
compositions show charge scattering in the form of phonons below
100 meV and a charge density wave peak is observed near h = 0.23
in x = 0.12. The dashed white line marks the antiferromagnetic
Brillouin zone boundary (see Fig. 1).

effect of this was in the determination of γ and ' values (see
Sec. II D 2). We estimate that our fitted values are increased
by 5% in the worse case.

2. Damped harmonic oscillator model

A damped harmonic oscillator (DHO) model may be used
to describe a given spin-wave mode with wave vector Q. This
approach has recently been taken in a number of RIXS stud-
ies [11,13,33,39]. The analogous mechanical DHO equation
is [40]

ẍ + ω2
0x + γ ẋ = f /m, (1)

where ω0 is the frequency of the undamped mode and γ
is the damping parameter. In our case, both of these are Q
dependent, thus ω0 = ω0(Q) and γ = γ (Q).

The imaginary part of the DHO response function for a
given wave vector can be written as

χ ′′(Q,ω) = χ ′(Q) ω2
0(Q) γ (Q) ω

[
ω2 − ω2

0(Q)
]2 + ω2γ 2(Q)

, (2)

where χ (Q) ≡ χ ′(Q) ≡ χ ′(Q,ω = 0) is the real part of the
zero frequency susceptibility. The solution of Eq. (1) can be
represented by two poles with complex frequencies:

ω = ±
[
ω2

0 −
(
γ 2/4

)]1/2 = ±ω1 − iγ
2

. (3)
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We report high-resolution resonant inelastic x-ray scattering (RIXS) measurements of the collective spin
fluctuations in three compositions of the superconducting cuprate system La2−xSrxCuO4. We have mapped
out the excitations throughout much of the two-dimensional (h, k) Brillouin zone. The spin fluctuations in
La2−xSrxCuO4 are found to be fairly well described by a damped harmonic oscillator model, thus our data allows
us to determine the full wave vector dependence of the damping parameter. This parameter increases with doping
and is largest along the (h, h) line, where it is peaked near (0.2, 0.2). We have used a new procedure to determine
the absolute wave vector dependent susceptibility for the doped compositions La2−xSrxCuO4 (x = 0.12, 0.16)
by normalizing our data to La2CuO4 measurements made with inelastic neutron scattering (INS). We find that
the evolution with doping of the intensity of high-energy excitations measured by RIXS and INS is consistent.
For the doped compositions, the wave vector dependent susceptibility is much larger at ( 1

4 , 1
4 ) than at ( 1

2 , 0). It
increases rapidly along the (h, h) line towards the antiferromagnetic wave vector of the parent compound ( 1

2 , 1
2 ).

Thus, the strongest magnetic excitations, and those predicted to favor superconductive pairing, occur towards the
( 1

2 , 1
2 ) position as observed by INS.

DOI: 10.1103/PhysRevB.100.214510

I. INTRODUCTION

The origin of high temperature superconductivity (HTS) in
doped layered cuprate materials remains a subject of intense
interest in both experimental and theoretical research, despite
over 30 years of activity. It is widely believed that the mag-
netic degrees of freedom and in particular spin fluctuations
are primarily responsible for superconductive pairing in the
cuprates [1–4]. In this case, it is important to characterize
the collective spin excitations as a function of wave vector,
energy, doping, and temperature to see how they correlate
with the occurrence of superconductivity and compare with
theoretical models.

Resonant inelastic x-ray scattering (RIXS) [5–14] and in-
elastic neutron scattering (INS) [15–21] are complementary
probes which directly yield information about the wave vector
and energy of the dynamical structure factor S(Q,ω) or
dynamic susceptibility (response function) χ ′′(Q,ω) at high
frequencies. The La2−xSrxCuO4 (LSCO) system allows the
evolution of S(Q,ω) to be measured across the phase diagram,
from the antiferromagnetic (AF) parent compound La2CuO4
(LCO) through superconducting compositions.

In La2CuO4, the spin waves have their lowest ener-
gies at the #, Q = (0, 0) and M, Q = ( 1

2 , 1
2 ) positions and

*kejin.zhou@diamond.ac.uk
†s.hayden@bristol.ac.uk

χ ′′(Q,ω) is small near # and largest near M. INS measure-
ments [15,19,20] throughout the Brillouin zone have shown
that the magnetic excitations can be fairly well described
as spin waves derived from a Heisenberg model with next-
nearest neighbor interactions including a ring exchange. As
expected, they are strongest near the AF wave vector Q =
( 1

2 , 1
2 ) and show anomalously strong damping at the X or

( 1
2 , 0) position [10,20,22].

For superconducting compositions in LSCO, INS shows
that the strongest response [16,21,23–25] occurs near Q =
( 1

2 , 1
2 ) at low and intermediate energies (0–150 meV), with

comparable intensity to the parent antiferromagnet. For op-
timally doped (x = 0.16) LSCO, an incommensurate struc-
ture is observed [23] for h̄ω ! 25 meV. Above 50 meV the
magnetic excitations disperse [21,23,25] away from ( 1

2 , 1
2 ). At

high energies, h̄ω ≈ 250 meV, excitations are observed [16]
on the Brillouin zone boundary at Q = ( 1

2 , 0) in LSCO (x =
0.14) demonstrating the persistence of high energy spin ex-
citations for superconducting compositions. For overdoped
compositions [21,24] x = 0.22–0.25, the lower energy (h̄ω ∼
50 meV) features observed at optimal doping are suppressed.

Cu L3 RIXS [6,7,10–14,26] measurements of the spin
fluctuation in LSCO are complementary to INS. They are
restricted to a circular region in (h, k) centered on # [see
Figs. 1(a) and 1(b)] but are able to isolate high energy
excitations (h̄ω " 300 meV) more easily. Early RIXS mea-
surements in LSCO [7] verified the existence of dispersing
spin fluctuations. Spin excitations are observed [7,11–14,26]
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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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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
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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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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
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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. Triangular lattice quantum spin liquid (QSL). Panel a shows
the NaYbSe2 crystal structure. Panel b shows the conceptual phase
diagram of CsYbSe2, KYbSe2, and NaYbSe2 as a function of fitted
J2/J1 values [30]. The theoretical boundary to the quantum spin liq-
uid phase for the isotropic model is detected by neural quantum state
(NQS) simulations at J2/J1 ↭ 0.063 ± 0.001 (see Supplemental Ma-
terials) locating NaYbSe2 well within the QSL phase. Panel c shows
schematics for potential gapped phases on the triangular lattice: the
gapped Z2 QSL as resonating valence bond (left), a chiral QSL (cen-
ter), and a particular ordering pattern [14] for a 12-site valence bond
solid (right). Note: overlapping ovals represent resonating singlet
bonds.

disorder (as in the ill-fated Yb3+ QSL candidates YbMgGaO4
[31] and Yb2Ti2O7 [32]). To further clarify NaYbSe2, we
measured the inelastic neutron spectra, AC calorimetry, and
AC susceptibility with high quality samples. We observe co-
herent excitations, lack of magnetic order, and evidence in
bulk susceptibility of a 2.1 µeV gap at low temperature. This
is strong evidence for a QSL ground state in NaYbSe2 and a
gapped QSL on the triangular lattice.

The neutron spectra at 100 mK, shown in Fig. 5, show a
highly dispersive continuum of excitations with a well-defined
lower bound, similar to KYbSe2 [28] (see supplemental ma-
terials for experimental details). This is qualitatively different
from the spectra measured by Dai et al [27] on the 3% Yb/Na
site-mixed sample which in contrast showed smeared our con-
tinua in k-space and diffuse spectra extending to low energies
in many regions of reciprocal space. (Later in the text, we will
explain why we believe our samples are free from mixing dis-
order.) Here, the only region of reciprocal space which has ap-
preciable intensity down to low energies is (1/3, 1/3, 0), corre-
sponding to the 120→ magnetic order seen in sister compounds
KYbSe2 [28] and CsYbSe2 [29]. Down to 50 µeV (the limit
before the incoherent scattering on the elastic line obscures
the scattering energy for the incident energy of Ei = 1 meV),
no gap in the spectrum is resolved.

For comparison we also show matrix product state (MPS)
calculated spectra in 5f-i with J2/J1 = 0.071 (this value de-

rived from finite field non-linear spin wave fits [30]), at vary-
ing levels of exchange anisotropy ∆ (see Supplemental Ma-
terials). The boundary to the quantum spin liquid phase for
the isotropic model is at J2/J1 = 0.063 calculated using neu-
ral quantum states (see Supplemental Materials) locating the
material in the theoretically predicted QSL phase for weak
anisotropies. Because of finite size lattice effects the calcu-
lated spectra are gapped, and it is difficult to make quantitative
comparisons between theory and neutron experiments. Never-
theless, the calculated spectra are consistent with the observed
spectra, corroborating the idea that a J2/J1 model with easy-
plane anisotropy is an appropriate model for NaYbSe2.

Despite intensity concentrated at (1/3, 1/3, 0) and similar
spectra to CsYbSe2 and KYbSe2, we observe no static mag-
netic order in NaYbSe2 in neutron scattering measurements
down to 100 mK. No magnetic ordering features are visible
in heat capacity down to 100 mK either, as shown in Fig. 3.
(Note also that our sample has similar low-temperature spe-
cific heat to those reported in Refs. [25, 33]. If the C/T max-
imum at 800 mK is an indication of sample quality, our sam-
ple is free from the site mixing reported in Ref. [27].) To test
whether applied hydrostatic pressure can induce order—as in
KYbSe2 wherein pressure enhanced TN [30]—we also mea-
sured AC calorimetry under pressure (see Supplemental Mate-
rials) shown in Fig. 3b. Up to 2.0 GPa, no sharp feature as ex-
pected for an ordering transition is seen in the data (pressure-
dependent thermalization issues cause the low-T specific heat
to increase at low T , but this is a known artifact and would not
mask a sharp ordering transition).

Also in Fig. 3c we compare NaYbSe2 heat capacity to
KYbSe2, with the temperature axis rescaled by the fitted J1
[30]. This shows not only a lack of ordering transition, but
also a smaller kBT/J1 ↑ 0.2 maximum heat capacity and
greater low-temperature heat capacity in NaYbSe2 relative
to KYbSe2. Comparing this to thermal pure quantum state
(TPQ) simulations of the 27-site 2D triangular lattice in Fig.
3d, these trends are beautifully explained with a larger J2/J1
in NaYbSe2: the low-temperature heat capacity is largest
when J2/J1 ↑ 0.07 and the kBT/J1 = 0.2 bump is suppressed
with larger J2. Because the TPQ simulations are of a finite
size cluster which induces an artificial energy gap, the low-
est temperature trends are not quantitatively accurate. How-
ever, on a qualitative level, this is remarkable confirmation
that NaYbSe2 is indeed closer to or inside the triangular QSL
phase.

To investigate the magnetic state to lower temperatures, we
measured AC susceptibility down to 20 mK with AC and DC
field applied along the a and c directions on NaYbSe2 (see
Supplemental Materials). In this case we observe a clear
magnetization plateau in the B ↓ a direction at 5 T, but not
for B ↓ c (note these data were collected simultaneously on
two separate crystals mounted on two separate susceptome-
ters mounted on the same dilution refrigerator). This agrees
with previous measurements [25], and indicates an easy-plane
exchange anisotropy in NaYbSe2: in the perfectly isotropic
triangular model, 1/3 magnetization plateaux appear both in-
plane and out-of-plane, but the out-of-plane plateau is sup-
pressed by planar anisotropy [34–36], although the in-plane
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FIG. 1. Triangular lattice quantum spin liquid (QSL). Panel a shows
the NaYbSe2 crystal structure. Panel b shows the conceptual phase
diagram of CsYbSe2, KYbSe2, and NaYbSe2 as a function of fitted
J2/J1 values [30]. The theoretical boundary to the quantum spin liq-
uid phase for the isotropic model is detected by neural quantum state
(NQS) simulations at J2/J1 ↭ 0.063 ± 0.001 (see Supplemental Ma-
terials) locating NaYbSe2 well within the QSL phase. Panel c shows
schematics for potential gapped phases on the triangular lattice: the
gapped Z2 QSL as resonating valence bond (left), a chiral QSL (cen-
ter), and a particular ordering pattern [14] for a 12-site valence bond
solid (right). Note: overlapping ovals represent resonating singlet
bonds.

disorder (as in the ill-fated Yb3+ QSL candidates YbMgGaO4
[31] and Yb2Ti2O7 [32]). To further clarify NaYbSe2, we
measured the inelastic neutron spectra, AC calorimetry, and
AC susceptibility with high quality samples. We observe co-
herent excitations, lack of magnetic order, and evidence in
bulk susceptibility of a 2.1 µeV gap at low temperature. This
is strong evidence for a QSL ground state in NaYbSe2 and a
gapped QSL on the triangular lattice.

The neutron spectra at 100 mK, shown in Fig. 5, show a
highly dispersive continuum of excitations with a well-defined
lower bound, similar to KYbSe2 [28] (see supplemental ma-
terials for experimental details). This is qualitatively different
from the spectra measured by Dai et al [27] on the 3% Yb/Na
site-mixed sample which in contrast showed smeared our con-
tinua in k-space and diffuse spectra extending to low energies
in many regions of reciprocal space. (Later in the text, we will
explain why we believe our samples are free from mixing dis-
order.) Here, the only region of reciprocal space which has ap-
preciable intensity down to low energies is (1/3, 1/3, 0), corre-
sponding to the 120→ magnetic order seen in sister compounds
KYbSe2 [28] and CsYbSe2 [29]. Down to 50 µeV (the limit
before the incoherent scattering on the elastic line obscures
the scattering energy for the incident energy of Ei = 1 meV),
no gap in the spectrum is resolved.

For comparison we also show matrix product state (MPS)
calculated spectra in 5f-i with J2/J1 = 0.071 (this value de-

rived from finite field non-linear spin wave fits [30]), at vary-
ing levels of exchange anisotropy ∆ (see Supplemental Ma-
terials). The boundary to the quantum spin liquid phase for
the isotropic model is at J2/J1 = 0.063 calculated using neu-
ral quantum states (see Supplemental Materials) locating the
material in the theoretically predicted QSL phase for weak
anisotropies. Because of finite size lattice effects the calcu-
lated spectra are gapped, and it is difficult to make quantitative
comparisons between theory and neutron experiments. Never-
theless, the calculated spectra are consistent with the observed
spectra, corroborating the idea that a J2/J1 model with easy-
plane anisotropy is an appropriate model for NaYbSe2.

Despite intensity concentrated at (1/3, 1/3, 0) and similar
spectra to CsYbSe2 and KYbSe2, we observe no static mag-
netic order in NaYbSe2 in neutron scattering measurements
down to 100 mK. No magnetic ordering features are visible
in heat capacity down to 100 mK either, as shown in Fig. 3.
(Note also that our sample has similar low-temperature spe-
cific heat to those reported in Refs. [25, 33]. If the C/T max-
imum at 800 mK is an indication of sample quality, our sam-
ple is free from the site mixing reported in Ref. [27].) To test
whether applied hydrostatic pressure can induce order—as in
KYbSe2 wherein pressure enhanced TN [30]—we also mea-
sured AC calorimetry under pressure (see Supplemental Mate-
rials) shown in Fig. 3b. Up to 2.0 GPa, no sharp feature as ex-
pected for an ordering transition is seen in the data (pressure-
dependent thermalization issues cause the low-T specific heat
to increase at low T , but this is a known artifact and would not
mask a sharp ordering transition).

Also in Fig. 3c we compare NaYbSe2 heat capacity to
KYbSe2, with the temperature axis rescaled by the fitted J1
[30]. This shows not only a lack of ordering transition, but
also a smaller kBT/J1 ↑ 0.2 maximum heat capacity and
greater low-temperature heat capacity in NaYbSe2 relative
to KYbSe2. Comparing this to thermal pure quantum state
(TPQ) simulations of the 27-site 2D triangular lattice in Fig.
3d, these trends are beautifully explained with a larger J2/J1
in NaYbSe2: the low-temperature heat capacity is largest
when J2/J1 ↑ 0.07 and the kBT/J1 = 0.2 bump is suppressed
with larger J2. Because the TPQ simulations are of a finite
size cluster which induces an artificial energy gap, the low-
est temperature trends are not quantitatively accurate. How-
ever, on a qualitative level, this is remarkable confirmation
that NaYbSe2 is indeed closer to or inside the triangular QSL
phase.

To investigate the magnetic state to lower temperatures, we
measured AC susceptibility down to 20 mK with AC and DC
field applied along the a and c directions on NaYbSe2 (see
Supplemental Materials). In this case we observe a clear
magnetization plateau in the B ↓ a direction at 5 T, but not
for B ↓ c (note these data were collected simultaneously on
two separate crystals mounted on two separate susceptome-
ters mounted on the same dilution refrigerator). This agrees
with previous measurements [25], and indicates an easy-plane
exchange anisotropy in NaYbSe2: in the perfectly isotropic
triangular model, 1/3 magnetization plateaux appear both in-
plane and out-of-plane, but the out-of-plane plateau is sup-
pressed by planar anisotropy [34–36], although the in-plane
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The Heisenberg triangular-lattice quantum spin liquid and its phase 
transitions to nearby magnetic orders have received much theoretical 
attention, but clear experimental manifestations of these states are rare. 
Here we demonstrate that a spin-half delafossite material, namely, KYbSe2, 
shows close proximity to the triangular-lattice Heisenberg quantum spin 
liquid. Using neutron scattering, we identify a di!use continuum with a sharp 
lower bound within the measured spectra. Applying entanglement witnesses 
to the data indicates multipartite entanglement spread between its 
neighbours, and an analysis of its magnetic-exchange couplings reveals close 
proximity to the theoretical quantum spin-liquid phase. The key features of 
the data are reproduced by Schwinger boson theory and tensor network 
calculations with a substantial next-nearest-neighbour coupling. The 
strength of the dynamical structure factor at the Brillouin-zone K point shows 
a scaling collapse down to 0.3 K, indicating the existence of a second-order 
quantum phase transition. Comparing this with previous theoretical work 
suggests that the proximate phase at a larger next-nearest-neighbour 
coupling is a gapped ℤ
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 spin liquid, resolving a long-debated issue.

A quantum spin liquid (QSL) is an elusive state of matter where magnetic 
degrees of freedom on a lattice are in a highly entangled, fluctuating 
ground state with exotic quasiparticle excitations1–4. The quasipar-
ticles are of singular interest, for example, in quantum information 
applications2,5, but have been—together with the extended entangle-
ment—frustratingly difficult to experimentally identify.

The search for a QSL is a very active field of research with many 
candidate QSL materials: from organic materials6,7 to two-dimensional 
(2D) kagome minerals8 to rare-earth pyrochlores9,10. However, despite 
tremendous effort, no material has unambiguously been shown to 
realize a genuine QSL. This is partly because many studies focus on 
‘negative evidence’ such as lack of magnetic order, lack of coherent 
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bosons or spinons, whose condensation leads to long-range magnetic 
ordering58,59. Methods provides the details.

The dynamical spin structure factor S(q, ω) at T = 0 using SB60 for 
J2/J1 = 0.05 is shown in Fig. 5d. On a qualitative level, this result captures 
the features seen in the experimental data: the strong dispersive cone 
emanating from K, the continuum scattering at higher energies, the 
diffuse high-energy feature at M and the pronounced low-energy 
‘roton-like’ mode at M. We note that the downturn of the roton-like 
mode is much less pronounced in the SB result because of the lack  
of 1/N corrections to the internal vertices and the single-spinon 
propagator60. However, the most remarkable aspect of this com-
parison is that the SB approach captures the intensity modulation of  
the continuum scattering at higher energies, which is determined 
by the two-spinon continuum of the SB theory. This correspond-
ence points to the continuum scattering in KYbSe2 originating from 
its proximity to a deconfined spin-liquid state with fractionalized 
spinon excitations.

The measured continuum scattering extends up to higher ener-
gies than SB predicts: ∼1.6 meV, approximately three times the fitted 
value, that is, J1 = 0.56(3) meV (Supplementary Fig. 5). We attribute 
this discrepancy to the lack of four-spinon contributions arising from  
Feynman diagrams, which have not been included in the SB calcu-
lation60. Note that the KYbSe2 continuum extent does match the 

predicted continuum extent near the J2/J1 ≈ 0.06 transition point as 
calculated by Gutzwiller-projected variational Monte Carlo61.

Tensor networks: full-spectrum model
The third technique we use to model the diffuse inelastic neutron 
scattering is based on tensor networks (Methods). A related approach 
was recently used to interpret and describe the scattering of CsYbSe2  
(ref. 28), and provides a full quantum picture of the neutron spectrum. 
The downside to this technique is finite-size effects, which cause broad-
ened modes and gaps in the low-energy spectrum. Nevertheless, quali-
tative comparisons can be made.

The simulated data along high-symmetry directions of the 
Brillouin zone for J2/J1 = 0.05 are shown in Fig. 5e. The overall features 
of the experimental data are reproduced in the simulations: the asym-
metric dispersive modes emanating from K, the diffuse continuum 
extending to high energies and even the broad 1 meV feature at M. 
This shows that the triangular-lattice Heisenberg J1–J2 model is indeed 
an appropriate model for KYbSe2. Further microscopic simulations 
show that most of the high-energy scattering remains unchanged 
as J2 is increased and the system enters the QSL phase, showing that 
the high-energy scattering can be interpreted as bound spinons of a 
proximate spin liquid.

Critical scaling
So far, the entanglement witnesses and theoretical comparisons indi-
cate that KYbSe2 is close to the J1–J2 QSL quantum critical point. If this is 
true, we should see quantum critical scaling in the finite-temperature 
neutron spectrum62–65. Plotting scattered intensity times (kBT)α versus 
#ω/kBT (Fig. 6), we see a critical exponent α = 1.73(12) over more than 
a decade in ω/T. Theoretically, the semiclassical spin-wave scattering 
from an ordered Heisenberg triangular lattice predicts an exponent 
of α = 1. The observed scattering is unquestionably inconsistent with 
this (Fig. 6a). Thus, this scaling shows that the inelastic spectrum of 
KYbSe2 is dominated by non-magnon quasiparticles, confirming the 
above interpretation of fractionalized spinons.

Elastic Bragg scattering and heat capacity show a transition to 
long-range magnetic order below TN = 290 mK (Supplementary Fig. 1), 
showing that KYbSe2 is on the 120° side of the phase boundary. Never-
theless, the critical scaling is strong evidence that KYbSe2 is within the 
quantum critical regime at finite T.

This scaling holds over a single decade in #ω/kBT, which may not 
be enough to definitively establish the power-law behaviour. Neverthe-
less, if it holds over a larger range, it has important implications regard-
ing the nature of the QSL state. Indeed, the gapped ℤ

2

 QSL state 
proposed in another work66 is the only liquid that can be continuously 
connected with 120° Néel ordered state, as it does not break any sym-
metries and has the lowest-energy modes at the K points67 (the 
low-energy excitations of the other possibility, a π-flux state, are 
gapped at the K points and gapless at the M points, inconsistent with 
the observations). The resulting quantum critical point is expected to 
have a dynamically generated O(4) symmetry68,69.

Conclusion
These results show that KYbSe2 is within the quantum critical fan of 
a QSL state. The CEF fits show an isotropic J = 1/2 doublet with strong 
quantum effects, and ORF simulations show a J2/J1 ratio within the 
120° ordered phase but very close to the QSL quantum critical point 
of J2/J1 ≈ 0.06. Entanglement witnesses reveal an entangled ground 
state with distributed entanglement, just as was shown in the 1D case 
to indicate proximity to quantum criticality53. Finally, there are strong 
signs of quantum criticality in the neutron spectrum: (1) the majority 
spectral weight in the continuum, (2) the sharp lower continuum bound 
reminiscent of the 1D spinon spectrum, (3) strong correspondence to 
SB and tensor network simulations near the transition to a spin liquid 
and (4) critical scaling incompatible with semiclassical excitations; 
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Fig. 5 | Comparison between experimental KYbSe2 scattering and theoretical 
simulations. a,b, ORF fits to energy-integrated paramagnetic KYbSe2 scattering 
at 1 K (a) and 2 K (b). SCGA, self-consistent Gaussian approximation. In each 
panel, the data are on the left and the fit is on the right. c–e, Neutron scattering 
along high-symmetry directions. The experimental data for KYbSe2 (c) and the 
zero-temperature simulated spectrum from SB calculations (d) are shown, with 
J1 = 0.56(3) meV and J2/J1 = 0.05. e, Tensor network simulations of a triangular 
lattice with the same J1 and J2 on a cylinder with a circumference of 6 sites and 
a length of 36 sites. On a qualitative level, the theory captures the continuum 
excitations observed in experiment.
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FIG. 1. Triangular lattice quantum spin liquid (QSL). Panel a shows
the NaYbSe2 crystal structure. Panel b shows the conceptual phase
diagram of CsYbSe2, KYbSe2, and NaYbSe2 as a function of fitted
J2/J1 values [30]. The theoretical boundary to the quantum spin liq-
uid phase for the isotropic model is detected by neural quantum state
(NQS) simulations at J2/J1 ↭ 0.063 ± 0.001 (see Supplemental Ma-
terials) locating NaYbSe2 well within the QSL phase. Panel c shows
schematics for potential gapped phases on the triangular lattice: the
gapped Z2 QSL as resonating valence bond (left), a chiral QSL (cen-
ter), and a particular ordering pattern [14] for a 12-site valence bond
solid (right). Note: overlapping ovals represent resonating singlet
bonds.

disorder (as in the ill-fated Yb3+ QSL candidates YbMgGaO4
[31] and Yb2Ti2O7 [32]). To further clarify NaYbSe2, we
measured the inelastic neutron spectra, AC calorimetry, and
AC susceptibility with high quality samples. We observe co-
herent excitations, lack of magnetic order, and evidence in
bulk susceptibility of a 2.1 µeV gap at low temperature. This
is strong evidence for a QSL ground state in NaYbSe2 and a
gapped QSL on the triangular lattice.

The neutron spectra at 100 mK, shown in Fig. 5, show a
highly dispersive continuum of excitations with a well-defined
lower bound, similar to KYbSe2 [28] (see supplemental ma-
terials for experimental details). This is qualitatively different
from the spectra measured by Dai et al [27] on the 3% Yb/Na
site-mixed sample which in contrast showed smeared our con-
tinua in k-space and diffuse spectra extending to low energies
in many regions of reciprocal space. (Later in the text, we will
explain why we believe our samples are free from mixing dis-
order.) Here, the only region of reciprocal space which has ap-
preciable intensity down to low energies is (1/3, 1/3, 0), corre-
sponding to the 120→ magnetic order seen in sister compounds
KYbSe2 [28] and CsYbSe2 [29]. Down to 50 µeV (the limit
before the incoherent scattering on the elastic line obscures
the scattering energy for the incident energy of Ei = 1 meV),
no gap in the spectrum is resolved.

For comparison we also show matrix product state (MPS)
calculated spectra in 5f-i with J2/J1 = 0.071 (this value de-

rived from finite field non-linear spin wave fits [30]), at vary-
ing levels of exchange anisotropy ∆ (see Supplemental Ma-
terials). The boundary to the quantum spin liquid phase for
the isotropic model is at J2/J1 = 0.063 calculated using neu-
ral quantum states (see Supplemental Materials) locating the
material in the theoretically predicted QSL phase for weak
anisotropies. Because of finite size lattice effects the calcu-
lated spectra are gapped, and it is difficult to make quantitative
comparisons between theory and neutron experiments. Never-
theless, the calculated spectra are consistent with the observed
spectra, corroborating the idea that a J2/J1 model with easy-
plane anisotropy is an appropriate model for NaYbSe2.

Despite intensity concentrated at (1/3, 1/3, 0) and similar
spectra to CsYbSe2 and KYbSe2, we observe no static mag-
netic order in NaYbSe2 in neutron scattering measurements
down to 100 mK. No magnetic ordering features are visible
in heat capacity down to 100 mK either, as shown in Fig. 3.
(Note also that our sample has similar low-temperature spe-
cific heat to those reported in Refs. [25, 33]. If the C/T max-
imum at 800 mK is an indication of sample quality, our sam-
ple is free from the site mixing reported in Ref. [27].) To test
whether applied hydrostatic pressure can induce order—as in
KYbSe2 wherein pressure enhanced TN [30]—we also mea-
sured AC calorimetry under pressure (see Supplemental Mate-
rials) shown in Fig. 3b. Up to 2.0 GPa, no sharp feature as ex-
pected for an ordering transition is seen in the data (pressure-
dependent thermalization issues cause the low-T specific heat
to increase at low T , but this is a known artifact and would not
mask a sharp ordering transition).

Also in Fig. 3c we compare NaYbSe2 heat capacity to
KYbSe2, with the temperature axis rescaled by the fitted J1
[30]. This shows not only a lack of ordering transition, but
also a smaller kBT/J1 ↑ 0.2 maximum heat capacity and
greater low-temperature heat capacity in NaYbSe2 relative
to KYbSe2. Comparing this to thermal pure quantum state
(TPQ) simulations of the 27-site 2D triangular lattice in Fig.
3d, these trends are beautifully explained with a larger J2/J1
in NaYbSe2: the low-temperature heat capacity is largest
when J2/J1 ↑ 0.07 and the kBT/J1 = 0.2 bump is suppressed
with larger J2. Because the TPQ simulations are of a finite
size cluster which induces an artificial energy gap, the low-
est temperature trends are not quantitatively accurate. How-
ever, on a qualitative level, this is remarkable confirmation
that NaYbSe2 is indeed closer to or inside the triangular QSL
phase.

To investigate the magnetic state to lower temperatures, we
measured AC susceptibility down to 20 mK with AC and DC
field applied along the a and c directions on NaYbSe2 (see
Supplemental Materials). In this case we observe a clear
magnetization plateau in the B ↓ a direction at 5 T, but not
for B ↓ c (note these data were collected simultaneously on
two separate crystals mounted on two separate susceptome-
ters mounted on the same dilution refrigerator). This agrees
with previous measurements [25], and indicates an easy-plane
exchange anisotropy in NaYbSe2: in the perfectly isotropic
triangular model, 1/3 magnetization plateaux appear both in-
plane and out-of-plane, but the out-of-plane plateau is sup-
pressed by planar anisotropy [34–36], although the in-plane

2
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[31] and Yb2Ti2O7 [32]). To further clarify NaYbSe2, we
measured the inelastic neutron spectra, AC calorimetry, and
AC susceptibility with high quality samples. We observe co-
herent excitations, lack of magnetic order, and evidence in
bulk susceptibility of a 2.1 µeV gap at low temperature. This
is strong evidence for a QSL ground state in NaYbSe2 and a
gapped QSL on the triangular lattice.

The neutron spectra at 100 mK, shown in Fig. 5, show a
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terials for experimental details). This is qualitatively different
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theless, the calculated spectra are consistent with the observed
spectra, corroborating the idea that a J2/J1 model with easy-
plane anisotropy is an appropriate model for NaYbSe2.

Despite intensity concentrated at (1/3, 1/3, 0) and similar
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netic order in NaYbSe2 in neutron scattering measurements
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3d, these trends are beautifully explained with a larger J2/J1
in NaYbSe2: the low-temperature heat capacity is largest
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To investigate the magnetic state to lower temperatures, we
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field applied along the a and c directions on NaYbSe2 (see
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magnetization plateau in the B ↓ a direction at 5 T, but not
for B ↓ c (note these data were collected simultaneously on
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with previous measurements [25], and indicates an easy-plane
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transitions to nearby magnetic orders have received much theoretical 
attention, but clear experimental manifestations of these states are rare. 
Here we demonstrate that a spin-half delafossite material, namely, KYbSe2, 
shows close proximity to the triangular-lattice Heisenberg quantum spin 
liquid. Using neutron scattering, we identify a di!use continuum with a sharp 
lower bound within the measured spectra. Applying entanglement witnesses 
to the data indicates multipartite entanglement spread between its 
neighbours, and an analysis of its magnetic-exchange couplings reveals close 
proximity to the theoretical quantum spin-liquid phase. The key features of 
the data are reproduced by Schwinger boson theory and tensor network 
calculations with a substantial next-nearest-neighbour coupling. The 
strength of the dynamical structure factor at the Brillouin-zone K point shows 
a scaling collapse down to 0.3 K, indicating the existence of a second-order 
quantum phase transition. Comparing this with previous theoretical work 
suggests that the proximate phase at a larger next-nearest-neighbour 
coupling is a gapped ℤ
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 spin liquid, resolving a long-debated issue.

A quantum spin liquid (QSL) is an elusive state of matter where magnetic 
degrees of freedom on a lattice are in a highly entangled, fluctuating 
ground state with exotic quasiparticle excitations1–4. The quasipar-
ticles are of singular interest, for example, in quantum information 
applications2,5, but have been—together with the extended entangle-
ment—frustratingly difficult to experimentally identify.

The search for a QSL is a very active field of research with many 
candidate QSL materials: from organic materials6,7 to two-dimensional 
(2D) kagome minerals8 to rare-earth pyrochlores9,10. However, despite 
tremendous effort, no material has unambiguously been shown to 
realize a genuine QSL. This is partly because many studies focus on 
‘negative evidence’ such as lack of magnetic order, lack of coherent 
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coupling is a gapped ℤ

2

 spin liquid, resolving a long-debated issue.

A quantum spin liquid (QSL) is an elusive state of matter where magnetic 
degrees of freedom on a lattice are in a highly entangled, fluctuating 
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ticles are of singular interest, for example, in quantum information 
applications2,5, but have been—together with the extended entangle-
ment—frustratingly difficult to experimentally identify.
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candidate QSL materials: from organic materials6,7 to two-dimensional 
(2D) kagome minerals8 to rare-earth pyrochlores9,10. However, despite 
tremendous effort, no material has unambiguously been shown to 
realize a genuine QSL. This is partly because many studies focus on 
‘negative evidence’ such as lack of magnetic order, lack of coherent 

Received: 23 September 2021

Accepted: 14 September 2023

Published online: 6 November 2023

 Check for updates

1Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, TN, USA. 2Department of Physics and Astronomy, University of Tennessee, 
Knoxville, TN, USA. 3Instituto de Física Rosario (CONICET) and Universidad Nacional de Rosario, Rosario, Argentina. 4Materials Science and Technology 
Division, Oak Ridge National Laboratory, Oak Ridge, TN, USA. 5Department of Physics, University of California, Berkeley, Berkeley, CA, USA. 6Materials 
Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. 7University of Missouri Research Reactor (MURR), Columbia, MO, USA. 
8Department of Chemistry, University of Missouri, Columbia, MO, USA. 9Los Alamos National Laboratory, Los Alamos, NM, USA. 10School of Physics and 
Astronomy and William I. Fine Theoretical Physics Institute, University of Minnesota, Minneapolis, MN, USA. 11Stanford Institute for Materials and Energy 
Sciences, SLAC National Accelerator Laboratory, Stanford, CA, USA. 12Department of Materials Science and Engineering, Stanford University, Stanford, 
CA, USA. 13Shull Wollan Center—A Joint Institute for Neutron Sciences, Oak Ridge National Laboratory, Oak Ridge, TN, USA.  e-mail: scheie@lanl.gov; 
cbatist2@utk.edu

Nature Physics | Volume 20 | January 2024 | 74–81 78

Article https://doi.org/10.1038/s41567-023-02259-1

bosons or spinons, whose condensation leads to long-range magnetic 
ordering58,59. Methods provides the details.

The dynamical spin structure factor S(q, ω) at T = 0 using SB60 for 
J2/J1 = 0.05 is shown in Fig. 5d. On a qualitative level, this result captures 
the features seen in the experimental data: the strong dispersive cone 
emanating from K, the continuum scattering at higher energies, the 
diffuse high-energy feature at M and the pronounced low-energy 
‘roton-like’ mode at M. We note that the downturn of the roton-like 
mode is much less pronounced in the SB result because of the lack  
of 1/N corrections to the internal vertices and the single-spinon 
propagator60. However, the most remarkable aspect of this com-
parison is that the SB approach captures the intensity modulation of  
the continuum scattering at higher energies, which is determined 
by the two-spinon continuum of the SB theory. This correspond-
ence points to the continuum scattering in KYbSe2 originating from 
its proximity to a deconfined spin-liquid state with fractionalized 
spinon excitations.

The measured continuum scattering extends up to higher ener-
gies than SB predicts: ∼1.6 meV, approximately three times the fitted 
value, that is, J1 = 0.56(3) meV (Supplementary Fig. 5). We attribute 
this discrepancy to the lack of four-spinon contributions arising from  
Feynman diagrams, which have not been included in the SB calcu-
lation60. Note that the KYbSe2 continuum extent does match the 

predicted continuum extent near the J2/J1 ≈ 0.06 transition point as 
calculated by Gutzwiller-projected variational Monte Carlo61.

Tensor networks: full-spectrum model
The third technique we use to model the diffuse inelastic neutron 
scattering is based on tensor networks (Methods). A related approach 
was recently used to interpret and describe the scattering of CsYbSe2  
(ref. 28), and provides a full quantum picture of the neutron spectrum. 
The downside to this technique is finite-size effects, which cause broad-
ened modes and gaps in the low-energy spectrum. Nevertheless, quali-
tative comparisons can be made.

The simulated data along high-symmetry directions of the 
Brillouin zone for J2/J1 = 0.05 are shown in Fig. 5e. The overall features 
of the experimental data are reproduced in the simulations: the asym-
metric dispersive modes emanating from K, the diffuse continuum 
extending to high energies and even the broad 1 meV feature at M. 
This shows that the triangular-lattice Heisenberg J1–J2 model is indeed 
an appropriate model for KYbSe2. Further microscopic simulations 
show that most of the high-energy scattering remains unchanged 
as J2 is increased and the system enters the QSL phase, showing that 
the high-energy scattering can be interpreted as bound spinons of a 
proximate spin liquid.

Critical scaling
So far, the entanglement witnesses and theoretical comparisons indi-
cate that KYbSe2 is close to the J1–J2 QSL quantum critical point. If this is 
true, we should see quantum critical scaling in the finite-temperature 
neutron spectrum62–65. Plotting scattered intensity times (kBT)α versus 
#ω/kBT (Fig. 6), we see a critical exponent α = 1.73(12) over more than 
a decade in ω/T. Theoretically, the semiclassical spin-wave scattering 
from an ordered Heisenberg triangular lattice predicts an exponent 
of α = 1. The observed scattering is unquestionably inconsistent with 
this (Fig. 6a). Thus, this scaling shows that the inelastic spectrum of 
KYbSe2 is dominated by non-magnon quasiparticles, confirming the 
above interpretation of fractionalized spinons.

Elastic Bragg scattering and heat capacity show a transition to 
long-range magnetic order below TN = 290 mK (Supplementary Fig. 1), 
showing that KYbSe2 is on the 120° side of the phase boundary. Never-
theless, the critical scaling is strong evidence that KYbSe2 is within the 
quantum critical regime at finite T.

This scaling holds over a single decade in #ω/kBT, which may not 
be enough to definitively establish the power-law behaviour. Neverthe-
less, if it holds over a larger range, it has important implications regard-
ing the nature of the QSL state. Indeed, the gapped ℤ

2

 QSL state 
proposed in another work66 is the only liquid that can be continuously 
connected with 120° Néel ordered state, as it does not break any sym-
metries and has the lowest-energy modes at the K points67 (the 
low-energy excitations of the other possibility, a π-flux state, are 
gapped at the K points and gapless at the M points, inconsistent with 
the observations). The resulting quantum critical point is expected to 
have a dynamically generated O(4) symmetry68,69.

Conclusion
These results show that KYbSe2 is within the quantum critical fan of 
a QSL state. The CEF fits show an isotropic J = 1/2 doublet with strong 
quantum effects, and ORF simulations show a J2/J1 ratio within the 
120° ordered phase but very close to the QSL quantum critical point 
of J2/J1 ≈ 0.06. Entanglement witnesses reveal an entangled ground 
state with distributed entanglement, just as was shown in the 1D case 
to indicate proximity to quantum criticality53. Finally, there are strong 
signs of quantum criticality in the neutron spectrum: (1) the majority 
spectral weight in the continuum, (2) the sharp lower continuum bound 
reminiscent of the 1D spinon spectrum, (3) strong correspondence to 
SB and tensor network simulations near the transition to a spin liquid 
and (4) critical scaling incompatible with semiclassical excitations; 
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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-
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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
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Tc % 74 K sample). In the present case, the existence of a
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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)]
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Lorentzian QP peak plus a steplike background identified
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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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kx

ky
Increasing SDW order

<latexit sha1_base64="ozKygGklgor3mek6jm+PBYCx2qU=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4KjNqq+6Kbly2YB9gS8mkt21oJjMkd9Qy1B9wq3/gTtz6L/6A32H6EKzogcDhnBPuvcePpDDouh9OamFxaXklvZpZW9/Y3Mpu79RMGGsOVR7KUDd8ZkAKBVUUKKERaWCBL6HuDy7Hfv0WtBGhusZhBK2A9ZToCs7QShXTzubcvDsB/UEKrnde9Kg3U3JkhnI7+9nshDwOQCGXzJgbz42wlTCNgksYZZqxgYjxAetBMllvRA+s1KHdUNunkE7UuRwLjBkGvk0GDPvmtzcW//JuYuyetRKhohhB8emgbiwphnR8K+0IDRzl0BLGtbAbUt5nmnG0jWSaBmxdqof9pIlwj3eiY+ckx/mCUKOMLeb7evo/qR3lvWK+WDnJlS5mFaXJHtknh8Qjp6RErkiZVAknQB7JE3l2HpwX59V5m0ZTzuzPLpmD8/4F0t2VSQ==</latexit>s
<latexit sha1_base64="mC4pogUUPaTOgPqSnub5OYlBSgo=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GmbUVt0V3bisaFuhLSWTyUxDM5khuaOWoeAPuNU/cCdu/RV/wO8wfQhW9EDgcM4J997jJYJrcJwPKzc3v7C4lF8urKyurW8UN7caOk4VZXUai1jdeEQzwSWrAwfBbhLFSOQJ1vT65yO/ecuU5rG8hkHCOhEJJQ84JWCkK92l3WLJsZ0x8A9SdtzTiovdqVJCU9S6xc+2H9M0YhKoIFq3XCeBTkYUcCrYsNBONUsI7ZOQZeMFh3jPSD4OYmWeBDxWZ3Ik0noQeSYZEejp395I/MtrpRCcdDIukxSYpJNBQSowxHh0Lfa5YhTEwBBCFTcbYtojilAwnRTampnCZAi9rA3sHu64b+Zkh3aZy2HBFPN9Pf6fNA5st2JXLo9K1bNpRXm0g3bRPnLRMaqiC1RDdURRiB7RE3q2HqwX69V6m0Rz1vTPNpqB9f4FU2KWHw==</latexit>sc

Fermi surface reconstruction from  
spin density wave (SDW) order

Strange
Metal ?

<latexit sha1_base64="j4+V0/pxCf0lkV264TsaIj2S920="></latexit>

AFM field ω
+

Fermi surface
with a

boson-fermion
Yukawa coupling

Entangled
“non-Fermi liquid” metal 

with no quasiparticles 
(near hot spots for SDW case)



T

〈φ〉 = 0〈φ〉 #= 0

TAFM
kx

ky
Increasing SDW order

<latexit sha1_base64="ozKygGklgor3mek6jm+PBYCx2qU=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4KjNqq+6Kbly2YB9gS8mkt21oJjMkd9Qy1B9wq3/gTtz6L/6A32H6EKzogcDhnBPuvcePpDDouh9OamFxaXklvZpZW9/Y3Mpu79RMGGsOVR7KUDd8ZkAKBVUUKKERaWCBL6HuDy7Hfv0WtBGhusZhBK2A9ZToCs7QShXTzubcvDsB/UEKrnde9Kg3U3JkhnI7+9nshDwOQCGXzJgbz42wlTCNgksYZZqxgYjxAetBMllvRA+s1KHdUNunkE7UuRwLjBkGvk0GDPvmtzcW//JuYuyetRKhohhB8emgbiwphnR8K+0IDRzl0BLGtbAbUt5nmnG0jWSaBmxdqof9pIlwj3eiY+ckx/mCUKOMLeb7evo/qR3lvWK+WDnJlS5mFaXJHtknh8Qjp6RErkiZVAknQB7JE3l2HpwX59V5m0ZTzuzPLpmD8/4F0t2VSQ==</latexit>s
<latexit sha1_base64="mC4pogUUPaTOgPqSnub5OYlBSgo=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GmbUVt0V3bisaFuhLSWTyUxDM5khuaOWoeAPuNU/cCdu/RV/wO8wfQhW9EDgcM4J997jJYJrcJwPKzc3v7C4lF8urKyurW8UN7caOk4VZXUai1jdeEQzwSWrAwfBbhLFSOQJ1vT65yO/ecuU5rG8hkHCOhEJJQ84JWCkK92l3WLJsZ0x8A9SdtzTiovdqVJCU9S6xc+2H9M0YhKoIFq3XCeBTkYUcCrYsNBONUsI7ZOQZeMFh3jPSD4OYmWeBDxWZ3Ik0noQeSYZEejp395I/MtrpRCcdDIukxSYpJNBQSowxHh0Lfa5YhTEwBBCFTcbYtojilAwnRTampnCZAi9rA3sHu64b+Zkh3aZy2HBFPN9Pf6fNA5st2JXLo9K1bNpRXm0g3bRPnLRMaqiC1RDdURRiB7RE3q2HqwX69V6m0Rz1vTPNpqB9f4FU2KWHw==</latexit>sc

Fermi surface reconstruction from  
spin density wave (SDW) order

A perfect 
metal !

A. A. Patel and S. S., 
PRB 90, 165146 (2014)

<latexit sha1_base64="V1xvjCsTIVYQyjI7rDjPAFDNEHk="></latexit>

Extreme drag: the fermions c “drag” the bosons ω as they move, and so electrical current
does not relax, even though strong c-ω scattering leads to absence of c quasiparticles.

Entangled
“non-Fermi liquid” metal 

with no quasiparticles 
(near hot spots for SDW case)



<latexit sha1_base64="xWiC4/UQoTZQAz2Q1C725QrDgwc="></latexit>

+K [rr�(r)]
2 + u [�(r)]4

Fermi surface + critical boson with no spatial disorder

<latexit sha1_base64="twP7KJ8kyXHja3b636A9YZ1Ec10=">AAAB+3icbVBNS8NAEN3Ur1q/qh69 LBZBEELSaqu3ohePFUwttKFstpt26e4m7G6EEvIbvOrZm3j1x3j0n7htA9rqg4HHezPMzAtiRpV2nE+rsLK6tr5R3Cxtbe/s7pX3D9oqSiQmHo5YJDsBUoRRQTxNNSOdWBLEA0YegvHN1H94JFLRSNzrSUx8joaChhQjbSQPnkFV6pcrjt2o1q5qdejYzgw/xM1JBeRo9ctfvUGEE06Exgwp1XWdWPspkppiRrJSL1EkRniMhqRrqECcKD+dHZvBE6MMYBhJU0LDmfp7IkVcqQkPTCdHeqSWvan4n9dNdHjpp1TEiSYCzxeFCYM6gtPP4YBKgjWbGIKwpOZWiEdIIqxNPgtbAp6ZTNzlBP6SdtV26/bF3XmleZ2nUwRH4BicAhc0QBPcghbwAAYUPIFn8GJl1qv1Zr3PWwtWPnMIFmB9fAMCvJRS</latexit>

+s
<latexit sha1_base64="P+Ps1CeGyL9n1qfcc0IZ6jCtz04=">AAAB+3icbVBNS8NAEN3Ur1q/qh69LBZBEELSSqu3ohePFUxbaEPZbDft0t1N2N0IJeQ3eNWzN/Hqj/HoP3HbBrTVBwOP92aYmRfEjCrtOJ9WYW19Y3OruF3a2d3bPygfHrVVlEhMPByxSHYDpAijgniaaka6sSSIB4x0gsntzO88EqloJB70NCY+RyNBQ4qRNpIHL+CoNChXHLtRrV3X6tCxnTl+iJuTCsjRGpS/+sMIJ5wIjRlSquc6sfZTJDXFjGSlfqJIjPAEjUjPUIE4UX46PzaDZ0YZwjCSpoSGc/X3RIq4UlMemE6O9FitejPxP6+X6PDKT6mIE00EXiwKEwZ1BGefwyGVBGs2NQRhSc2tEI+RRFibfJa2BDwzmbirCfwl7art1u36/WWleZOnUwQn4BScAxc0QBPcgRbwAAYUPIFn8GJl1qv1Zr0vWgtWPnMMlmB9fAPwD5RH</latexit>

+g
<latexit sha1_base64="pQgNOk8zJmGY5GsT4A1KWycFJMY=">AAACCnicbVDLSgMxFM34rPU11qWbYBHqZphppdVd0Y3LCvYBnbFk0rQNTTJDkhHL0D/wG9zq2p249Sdc+iemD9BWD1w4nHMv53LCmFGlXffTWlldW9/YzGxlt3d29/btg1xDRYnEpI4jFslWiBRhVJC6ppqRViwJ4iEjzXB4NfGb90QqGolbPYpJwFFf0B7FSBupY+fafjyghdQPOZTj0+CuCDt23nUqxdJFqQxdx53ih3hzkgdz1Dr2l9+NcMKJ0JghpdqeG+sgRVJTzMg46yeKxAgPUZ+0DRWIExWk09/H8MQoXdiLpBmh4VT9fZEirtSIh2aTIz1Qy95E/M9rJ7p3HqRUxIkmAs+CegmDOoKTImCXSoI1GxmCsKTmV4gHSCKsTV0LKSEfm0685Qb+kkbR8cpO+eYsX72ct5MBR+AYFIAHKqAKrkEN1AEGD+AJPIMX69F6td6s99nqijW/OQQLsD6+Aaromik=</latexit>

[ω(r)]2

kx

ky

<latexit sha1_base64="WJBDteLnmLlFgWobbrkcR3e+QbU="></latexit>

c†kω

(
ω

ωε
+ ϑ(k)

)
ckω

<latexit sha1_base64="fbp3CoXhImUDFVVmcrMWw/iNHYY="></latexit>

c†ω(r)ω
a
ωω→cω→(r)εa(r)e

iK·r



<latexit sha1_base64="xWiC4/UQoTZQAz2Q1C725QrDgwc="></latexit>

+K [rr�(r)]
2 + u [�(r)]4

<latexit sha1_base64="twP7KJ8kyXHja3b636A9YZ1Ec10=">AAAB+3icbVBNS8NAEN3Ur1q/qh69 LBZBEELSaqu3ohePFUwttKFstpt26e4m7G6EEvIbvOrZm3j1x3j0n7htA9rqg4HHezPMzAtiRpV2nE+rsLK6tr5R3Cxtbe/s7pX3D9oqSiQmHo5YJDsBUoRRQTxNNSOdWBLEA0YegvHN1H94JFLRSNzrSUx8joaChhQjbSQPnkFV6pcrjt2o1q5qdejYzgw/xM1JBeRo9ctfvUGEE06Exgwp1XWdWPspkppiRrJSL1EkRniMhqRrqECcKD+dHZvBE6MMYBhJU0LDmfp7IkVcqQkPTCdHeqSWvan4n9dNdHjpp1TEiSYCzxeFCYM6gtPP4YBKgjWbGIKwpOZWiEdIIqxNPgtbAp6ZTNzlBP6SdtV26/bF3XmleZ2nUwRH4BicAhc0QBPcghbwAAYUPIFn8GJl1qv1Zr3PWwtWPnMIFmB9fAMCvJRS</latexit>

+s
<latexit sha1_base64="P+Ps1CeGyL9n1qfcc0IZ6jCtz04=">AAAB+3icbVBNS8NAEN3Ur1q/qh69LBZBEELSSqu3ohePFUxbaEPZbDft0t1N2N0IJeQ3eNWzN/Hqj/HoP3HbBrTVBwOP92aYmRfEjCrtOJ9WYW19Y3OruF3a2d3bPygfHrVVlEhMPByxSHYDpAijgniaaka6sSSIB4x0gsntzO88EqloJB70NCY+RyNBQ4qRNpIHL+CoNChXHLtRrV3X6tCxnTl+iJuTCsjRGpS/+sMIJ5wIjRlSquc6sfZTJDXFjGSlfqJIjPAEjUjPUIE4UX46PzaDZ0YZwjCSpoSGc/X3RIq4UlMemE6O9FitejPxP6+X6PDKT6mIE00EXiwKEwZ1BGefwyGVBGs2NQRhSc2tEI+RRFibfJa2BDwzmbirCfwl7art1u36/WWleZOnUwQn4BScAxc0QBPcgRbwAAYUPIFn8GJl1qv1Zr0vWgtWPnMMlmB9fAPwD5RH</latexit>

+g
<latexit sha1_base64="pQgNOk8zJmGY5GsT4A1KWycFJMY=">AAACCnicbVDLSgMxFM34rPU11qWbYBHqZphppdVd0Y3LCvYBnbFk0rQNTTJDkhHL0D/wG9zq2p249Sdc+iemD9BWD1w4nHMv53LCmFGlXffTWlldW9/YzGxlt3d29/btg1xDRYnEpI4jFslWiBRhVJC6ppqRViwJ4iEjzXB4NfGb90QqGolbPYpJwFFf0B7FSBupY+fafjyghdQPOZTj0+CuCDt23nUqxdJFqQxdx53ih3hzkgdz1Dr2l9+NcMKJ0JghpdqeG+sgRVJTzMg46yeKxAgPUZ+0DRWIExWk09/H8MQoXdiLpBmh4VT9fZEirtSIh2aTIz1Qy95E/M9rJ7p3HqRUxIkmAs+CegmDOoKTImCXSoI1GxmCsKTmV4gHSCKsTV0LKSEfm0685Qb+kkbR8cpO+eYsX72ct5MBR+AYFIAHKqAKrkEN1AEGD+AJPIMX69F6td6s99nqijW/OQQLsD6+Aaromik=</latexit>

[ω(r)]2

<latexit sha1_base64="VZCxgZg2YKN8TEv87ziqmzteSlY="></latexit>

Spatially random potential v(r) with v(r) = 0, v(r)v(r0) = v2�(r � r0)

Fermi surface + critical boson with potential disorder

kx

ky

<latexit sha1_base64="WJBDteLnmLlFgWobbrkcR3e+QbU="></latexit>

c†kω

(
ω

ωε
+ ϑ(k)

)
ckω

<latexit sha1_base64="fbp3CoXhImUDFVVmcrMWw/iNHYY="></latexit>

c†ω(r)ω
a
ωω→cω→(r)εa(r)e

iK·r

<latexit sha1_base64="gp8Vfs+npi1NEDlJidHbBpDI9AM="></latexit>

+v(r)c†ω(r)cω(r)



<latexit sha1_base64="xWiC4/UQoTZQAz2Q1C725QrDgwc="></latexit>

+K [rr�(r)]
2 + u [�(r)]4

<latexit sha1_base64="P+Ps1CeGyL9n1qfcc0IZ6jCtz04=">AAAB+3icbVBNS8NAEN3Ur1q/qh69LBZBEELSSqu3ohePFUxbaEPZbDft0t1N2N0IJeQ3eNWzN/Hqj/HoP3HbBrTVBwOP92aYmRfEjCrtOJ9WYW19Y3OruF3a2d3bPygfHrVVlEhMPByxSHYDpAijgniaaka6sSSIB4x0gsntzO88EqloJB70NCY+RyNBQ4qRNpIHL+CoNChXHLtRrV3X6tCxnTl+iJuTCsjRGpS/+sMIJ5wIjRlSquc6sfZTJDXFjGSlfqJIjPAEjUjPUIE4UX46PzaDZ0YZwjCSpoSGc/X3RIq4UlMemE6O9FitejPxP6+X6PDKT6mIE00EXiwKEwZ1BGefwyGVBGs2NQRhSc2tEI+RRFibfJa2BDwzmbirCfwl7art1u36/WWleZOnUwQn4BScAxc0QBPcgRbwAAYUPIFn8GJl1qv1Zr0vWgtWPnMMlmB9fAPwD5RH</latexit>

+g
<latexit sha1_base64="pQgNOk8zJmGY5GsT4A1KWycFJMY=">AAACCnicbVDLSgMxFM34rPU11qWbYBHqZphppdVd0Y3LCvYBnbFk0rQNTTJDkhHL0D/wG9zq2p249Sdc+iemD9BWD1w4nHMv53LCmFGlXffTWlldW9/YzGxlt3d29/btg1xDRYnEpI4jFslWiBRhVJC6ppqRViwJ4iEjzXB4NfGb90QqGolbPYpJwFFf0B7FSBupY+fafjyghdQPOZTj0+CuCDt23nUqxdJFqQxdx53ih3hzkgdz1Dr2l9+NcMKJ0JghpdqeG+sgRVJTzMg46yeKxAgPUZ+0DRWIExWk09/H8MQoXdiLpBmh4VT9fZEirtSIh2aTIz1Qy95E/M9rJ7p3HqRUxIkmAs+CegmDOoKTImCXSoI1GxmCsKTmV4gHSCKsTV0LKSEfm0685Qb+kkbR8cpO+eYsX72ct5MBR+AYFIAHKqAKrkEN1AEGD+AJPIMX69F6td6s99nqijW/OQQLsD6+Aaromik=</latexit>

[ω(r)]2

<latexit sha1_base64="VZCxgZg2YKN8TEv87ziqmzteSlY="></latexit>

Spatially random potential v(r) with v(r) = 0, v(r)v(r0) = v2�(r � r0)
<latexit sha1_base64="Zy1tXkTFFnZr00aKXKw8EkouOAw="></latexit>

Spatially random mass �s(r) with �s(r) = 0, �s(r)�s(r0) = �s2�(r � r0)
<latexit sha1_base64="8z0FDnaX4XvyNo+liUxsqkFFCvY="></latexit>

RG analysis (Harris criterion) shows that �s(r) is most relevant disorder.

Rescale �(r) to obtain a theory with �s(r) = 0.

<latexit sha1_base64="SXfniaoXoYbveDUr+EfQqdlpMKs="></latexit>

+[s+ ωs(r)]

Fermi surface + critical boson with potential and “mass” disorder

kx

ky

<latexit sha1_base64="WJBDteLnmLlFgWobbrkcR3e+QbU="></latexit>

c†kω

(
ω

ωε
+ ϑ(k)

)
ckω

<latexit sha1_base64="fbp3CoXhImUDFVVmcrMWw/iNHYY="></latexit>

c†ω(r)ω
a
ωω→cω→(r)εa(r)e

iK·r

<latexit sha1_base64="gp8Vfs+npi1NEDlJidHbBpDI9AM="></latexit>

+v(r)c†ω(r)cω(r)



<latexit sha1_base64="dsF1Pc3l2eEUdMyfp/7JvJS9DgY="></latexit>

Integrate out the fermions (assuming fermionic eigenmodes remain extended), and considering
the Landau-damped Hertz theory for the boson alone, in the presence of a random mass.

Sω =

∫
dω

[J
2

∑

→ij↑

(εia → εja)
2 +

∑

j

(s+ ϑsj
2

ε2
ja +

u

4M

(
ε2
ja

)2)]

Sωd =
T

2

∑

!

∑

j

(
ϖ|!|+ !2/c2

)
|εja(i!)|2 ,

where a = 1 . . .M is a flavor index for an order parameter with O(M) symmetry. Analyze in a
self-consistent quadratic theory, treating disorder numerically exactly

Sω =

∫
dω

[J
2

∑

→ij↑

(εia → εja)
2 +

∑

j

ϑ̃sj
2

ε2
ja

]

ϑ̃sj = s+ ϑsj +
u

M

∑

a

〈
ε2
ja

〉
Sω+Sωd

= s+ ϑsj + uT
∑

!

∑

ε

ϱεiϱεj

ϖ|!|+ !2/c2 + eε

where eε and ϱεj are eigenvalues and eigenfunctions of the ε quadratic form in Sω, labeled by
the index ς = 1 . . . L2 for a L↑ L sample.

Bosonic eigenmodes in random mass Hertz theory

<latexit sha1_base64="37bhe1SAz3tXuDCdeFC++hE+yqg="></latexit>

J. A. Hoyos, Chetan Kotabage, Thomas Vojta

Phys. Rev. Lett. 99, 230601 (2007)

T. Vojta, J.A. Hoyos, Priyanka Mohan, Rajesh Narayanan,

J. Phys.: Condens. Matter 23, 094206 (2011)

Mapping to RTFIM in strong disorder RG.



<latexit sha1_base64="bFQhRwz7XEPRMd4PO/IsTu6SogQ="></latexit>

Similar analysis in d = 1 works very well
A. Del Maestro, B. Rosenow, M. Müller and S. Sachdev,

Phys. Rev. Lett. 101, 035701 (2008).

Aavishkar A. Patel, Peter Lunts, S.S., PNAS 121, e2402052121 (2024)

Bosonic eigenmodes in random mass Hertz theory
<latexit sha1_base64="dsF1Pc3l2eEUdMyfp/7JvJS9DgY="></latexit>

Integrate out the fermions (assuming fermionic eigenmodes remain extended), and considering
the Landau-damped Hertz theory for the boson alone, in the presence of a random mass.

Sω =

∫
dω

[J
2

∑

→ij↑

(εia → εja)
2 +
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j

(s+ ϑsj
2

ε2
ja +

u

4M

(
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ja

)2)]

Sωd =
T

2

∑

!

∑

j

(
ϖ|!|+ !2/c2

)
|εja(i!)|2 ,

where a = 1 . . .M is a flavor index for an order parameter with O(M) symmetry. Analyze in a
self-consistent quadratic theory, treating disorder numerically exactly

Sω =

∫
dω

[J
2

∑

→ij↑

(εia → εja)
2 +

∑

j

ϑ̃sj
2

ε2
ja

]

ϑ̃sj = s+ ϑsj +
u

M

∑

a

〈
ε2
ja

〉
Sω+Sωd

= s+ ϑsj + uT
∑

!

∑

ε

ϱεiϱεj

ϖ|!|+ !2/c2 + eε

where eε and ϱεj are eigenvalues and eigenfunctions of the ε quadratic form in Sω, labeled by
the index ς = 1 . . . L2 for a L↑ L sample.



<latexit sha1_base64="o6AXtita1pXmEKxvqQTnMTRV05A="></latexit>

� correlation length ⇠

Aavishkar A. Patel, 
Peter Lunts, S.S.,  
PNAS 121, 
e2402052121 (2024)

<latexit sha1_base64="HO/UlD5sDFL7xsDS4HzKsgEhSLY=">AAACDXicbVDLSgNBEJz1GeMr6tHLYhA8SNgVk3gRgl48RjAPyIYwO+kkQ2Znl5leNSz5hlz1Q7yJV7/B7/AHnCR70MSChqKqm+4uPxJco+N8WSura+sbm5mt7PbO7t5+7uCwrsNYMaixUISq6VMNgkuoIUcBzUgBDXwBDX94O/Ubj6A0D+UDjiJoB7QveY8zikaq6WvdYZ1c3ik4M9jLxE1JnqSodnLfXjdkcQASmaBat1wnwnZCFXImYJz1Yg0RZUPah5ahkgag28ns2LF9apSu3QuVKYn2TP09kdBA61Hgm86A4kAvelPx3A/+s1sx9q7aCZdRjCDZfFcvFjaG9vR5u8sVMBQjQyhT3JxrswFVlKGJKOtpMPnJPg4SD+EZn3gXB+OkWCgXuRyblNzFTJZJ/aLglgql+8t85SbNK0OOyQk5Iy4pkwq5I1VSI4xwMiEv5NWaWG/Wu/Uxb12x0pkj8gfW5w9SGJxe</latexit>s = sc
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Anomalous Criticality in the
Electrical Resistivity of La2–xSrxCuO4
R. A. Cooper,1 Y. Wang,1 B. Vignolle,2 O. J. Lipscombe,1 S. M. Hayden,1 Y. Tanabe,3 T. Adachi,3
Y. Koike,3 M. Nohara,4* H. Takagi,4 Cyril Proust,2 N. E. Hussey1†

The presence or absence of a quantum critical point and its location in the phase diagram of high-
temperature superconductors have been subjects of intense scrutiny. Clear evidence for quantum
criticality, particularly in the transport properties, has proved elusive because the important low-
temperature region is masked by the onset of superconductivity. We present measurements of the
low-temperature in-plane resistivity of several highly doped La2–xSrxCuO4 single crystals in which
the superconductivity had been stripped away by using high magnetic fields. In contrast to other
quantum critical systems, the resistivity varies linearly with temperature over a wide doping range
with a gradient that scales monotonically with the superconducting transition temperature. It is
maximal at a critical doping level (pc) ~ 0.19 at which superconductivity is most robust. Moreover,
its value at pc corresponds to the onset of quasi-particle incoherence along specific momentum
directions, implying that the interaction that first promotes high-temperature superconductivity
may ultimately destroy the very quasi-particle states involved in the superconducting pairing.

An important theme in strongly correlated
electron systems is quantum criticality
and the associated quantum phase tran-

sitions that occur at zero temperature upon tuning
a nonthermal control parameter, g (e.g., pressure,
magnetic field H or composition), through a
critical value, gc. One feature of such a system is
the influence that critical fluctuations have on
the physical properties over a wide region in
the (T, g) phase diagram above the quantum
critical point (QCP), inside which the system
shows marked deviations from conventional
Landau Fermi-liquid behavior. A number of can-
didate non–Fermi-liquid systems have emerged,
particularly in the heavy fermion family (1), al-
though there are others, for example, certain
transition metal oxides (2), that display similar
characteristics.

The physics of copper-oxide high-temperature
superconductors may also be governed by prox-
imity to a QCP. The generic temperature-doping
(T, p) phase diagram resembles that seen in the
heavy fermions, with an apparent funnel-shaped
region that either pierces or skirts the supercon-
ducting dome (3). Above this region, cuprates
display an in-plane resistivity, rab, that varies
linearly with temperature over a wide tempera-
ture (4) yet narrow doping (5) range. This T-linear

resistivity has been widely interpreted, in tan-
dem with other anomalous transport properties
(6), as a manifestation of scale-invariant physics
borne out of proximity to the QCP. This view-
point has remained untested, largely because of
the high upper critical field Hc2 values in high-
Tc cuprates that restrict access to the important
limiting low-temperature region below Tc( p).
We used a combination of persistent and pulsed
high magnetic fields to expose the normal state
of La2–xSrxCuO4 (LSCO) over a wide doping
and temperature range and studied the evolution
of rab(T) with carrier density, from the slightly
underdoped (p = 0.15) to the heavily overdoped
( p = 0.33) region of the phase diagram. Our anal-
ysis reveals the presence of a singular doping
concentration in LSCO at which the electronic
response changes, although in a manner distinct
from that observed in other candidate quantum
critical systems.

In-plane resistivity of La2–xSrxCuO4. A series
of high-field rab(T, H) measurements were car-
ried out on overdoped LSCO single crystals with
doping levels of p = 0.18, 0.21, and 0.23 (labeled
hereafter LSCO18, LSCO21, and LSCO23, re-
spectively) with the field aligned perpendicular
to the CuO2 planes in order to suppress the su-
perconductivity. Figure 1A shows the rab(T, H)
data obtained on LSCO23. In order to track the
temperature dependence of the zero-field resistivity
r(T, 0) below Tc, we used a simple, transparent
technique to extrapolate the high-field rab(T, H)
data to the zero-field axis (Fig. 1B). The re-
sultant r(T, 0) values, plotted in Fig. 1C together
with the zero-field rab(T) curve below 70 K,
are found to exhibit a T-linear dependence down
to 1.5 K. For comparison, we also plotted the ab-
solute values of r(T, 48) at a fixed high field of
48 T obtained directly from the vertical dashed
line in Fig. 1A. The temperature dependence of

the latter (analysis-free) values is identical to that
of r(T, 0) and is consistent with earlier 60-T data
taken on LSCO22 (7), showing that the anal-
ysis itself has not introduced any additional,
artificial temperature dependence in r(T, 0). Sim-
ilar pulsed-field measurements and analysis were
carried out for the two other doping levels as
summarized in fig. S1.

Figure 2 shows the resultant r(T, 0) values
plus zero-field rab(T) data for seven different
concentrations ranging from optimal doping
(p = 0.17) to the heavily overdoped, nonsuper-
conducting region (p = 0.33). The gradual cross-
over in the temperature dependence of rab(T),
from quasi-linear for LSCO17 to approximately
quadratic for LSCO33, is evident in the raw data
and is consistent with previous studies carried
out above Tc (5, 8, 9). At low temperatures, how-
ever, rab(T) develops predominantly T-linear
behavior for the entire doping range 0.18 ≤ p ≤
0.29 [for p = 0.17, data exists only above Tc(H =
0)]. Although evidence for a low-T T-linear re-
sistivity has emerged for single doping concen-
trations in both electron- (10) and hole-doped
(11, 12) cuprates, our measurements show that
the low-T linearity in fact persists over a broad
range of doping.

Single-component analysis. In heavy fermi-
on systems, Dr(T), the T-dependent part of r(T),
is often described by a single term anT

n whose
exponent n(T, H) evolves from the Fermi-liquid
value n = 2 to some anomalous value less than 2
over a narrow temperature and magnetic field
window (13–15). The anomalous exponent in
Dr(T) persists to low temperatures only at the
critical field, Hc. In Fig. 3, we plotted a com-
parative n(T, p) = d(lnDr)/d(ln T) for LSCO by
using the resistivity curves shown in Fig. 2.

For T > 50 K, the resultant phase diagram re-
sembles that seen in prototypical quantum critical
systems, with a narrow region in which rab(T) is
approximately (although not strictly) T-linear sep-
arated from a region where rab(T) varies approx-
imately as T2. As the temperature is lowered,
however, the situation becomes markedly dif-
ferent. Rather than collapsing to a single (critical)
point, the T-linear region in LSCO fans out and
dominates the low-T response. Intriguingly, this
T-linear regime (or more precisely, the region
where n < 1.1) is coincident with both the Tc
parabola (long-dashed white line) and the super-
conducting fluctuation regime (short-dashed white
line) and has thus been obscured until now by
the veil of superconductivity.

Dual-component analysis. Previously, Drab(T)
in overdoped, hole-doped cuprates has been ex-
pressed either as above, that is, as anT

n (1 ≤
n ≤ 2) (16), or as the sum of two components,
a1T + a2T

2 (11, 17, 18). In fig. S2, we describe
in detail why the latter is in fact the more ap-
propriate expression for LSCO. In Fig. 4, A and
B, we show the doping dependences of a1 and
a2, respectively, for two different fitting proto-
cols. The solid squares are coefficients obtained
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The presence or absence of a quantum critical point and its location in the phase diagram of high-
temperature superconductors have been subjects of intense scrutiny. Clear evidence for quantum
criticality, particularly in the transport properties, has proved elusive because the important low-
temperature region is masked by the onset of superconductivity. We present measurements of the
low-temperature in-plane resistivity of several highly doped La2–xSrxCuO4 single crystals in which
the superconductivity had been stripped away by using high magnetic fields. In contrast to other
quantum critical systems, the resistivity varies linearly with temperature over a wide doping range
with a gradient that scales monotonically with the superconducting transition temperature. It is
maximal at a critical doping level (pc) ~ 0.19 at which superconductivity is most robust. Moreover,
its value at pc corresponds to the onset of quasi-particle incoherence along specific momentum
directions, implying that the interaction that first promotes high-temperature superconductivity
may ultimately destroy the very quasi-particle states involved in the superconducting pairing.

An important theme in strongly correlated
electron systems is quantum criticality
and the associated quantum phase tran-

sitions that occur at zero temperature upon tuning
a nonthermal control parameter, g (e.g., pressure,
magnetic field H or composition), through a
critical value, gc. One feature of such a system is
the influence that critical fluctuations have on
the physical properties over a wide region in
the (T, g) phase diagram above the quantum
critical point (QCP), inside which the system
shows marked deviations from conventional
Landau Fermi-liquid behavior. A number of can-
didate non–Fermi-liquid systems have emerged,
particularly in the heavy fermion family (1), al-
though there are others, for example, certain
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Tc cuprates that restrict access to the important
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( p = 0.33) region of the phase diagram. Our anal-
ysis reveals the presence of a singular doping
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response changes, although in a manner distinct
from that observed in other candidate quantum
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spectively) with the field aligned perpendicular
to the CuO2 planes in order to suppress the su-
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data obtained on LSCO23. In order to track the
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temperature superconductors have been subjects of intense scrutiny. Clear evidence for quantum
criticality, particularly in the transport properties, has proved elusive because the important low-
temperature region is masked by the onset of superconductivity. We present measurements of the
low-temperature in-plane resistivity of several highly doped La2–xSrxCuO4 single crystals in which
the superconductivity had been stripped away by using high magnetic fields. In contrast to other
quantum critical systems, the resistivity varies linearly with temperature over a wide doping range
with a gradient that scales monotonically with the superconducting transition temperature. It is
maximal at a critical doping level (pc) ~ 0.19 at which superconductivity is most robust. Moreover,
its value at pc corresponds to the onset of quasi-particle incoherence along specific momentum
directions, implying that the interaction that first promotes high-temperature superconductivity
may ultimately destroy the very quasi-particle states involved in the superconducting pairing.
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sitions that occur at zero temperature upon tuning
a nonthermal control parameter, g (e.g., pressure,
magnetic field H or composition), through a
critical value, gc. One feature of such a system is
the influence that critical fluctuations have on
the physical properties over a wide region in
the (T, g) phase diagram above the quantum
critical point (QCP), inside which the system
shows marked deviations from conventional
Landau Fermi-liquid behavior. A number of can-
didate non–Fermi-liquid systems have emerged,
particularly in the heavy fermion family (1), al-
though there are others, for example, certain
transition metal oxides (2), that display similar
characteristics.

The physics of copper-oxide high-temperature
superconductors may also be governed by prox-
imity to a QCP. The generic temperature-doping
(T, p) phase diagram resembles that seen in the
heavy fermions, with an apparent funnel-shaped
region that either pierces or skirts the supercon-
ducting dome (3). Above this region, cuprates
display an in-plane resistivity, rab, that varies
linearly with temperature over a wide tempera-
ture (4) yet narrow doping (5) range. This T-linear

resistivity has been widely interpreted, in tan-
dem with other anomalous transport properties
(6), as a manifestation of scale-invariant physics
borne out of proximity to the QCP. This view-
point has remained untested, largely because of
the high upper critical field Hc2 values in high-
Tc cuprates that restrict access to the important
limiting low-temperature region below Tc( p).
We used a combination of persistent and pulsed
high magnetic fields to expose the normal state
of La2–xSrxCuO4 (LSCO) over a wide doping
and temperature range and studied the evolution
of rab(T) with carrier density, from the slightly
underdoped (p = 0.15) to the heavily overdoped
( p = 0.33) region of the phase diagram. Our anal-
ysis reveals the presence of a singular doping
concentration in LSCO at which the electronic
response changes, although in a manner distinct
from that observed in other candidate quantum
critical systems.

In-plane resistivity of La2–xSrxCuO4. A series
of high-field rab(T, H) measurements were car-
ried out on overdoped LSCO single crystals with
doping levels of p = 0.18, 0.21, and 0.23 (labeled
hereafter LSCO18, LSCO21, and LSCO23, re-
spectively) with the field aligned perpendicular
to the CuO2 planes in order to suppress the su-
perconductivity. Figure 1A shows the rab(T, H)
data obtained on LSCO23. In order to track the
temperature dependence of the zero-field resistivity
r(T, 0) below Tc, we used a simple, transparent
technique to extrapolate the high-field rab(T, H)
data to the zero-field axis (Fig. 1B). The re-
sultant r(T, 0) values, plotted in Fig. 1C together
with the zero-field rab(T) curve below 70 K,
are found to exhibit a T-linear dependence down
to 1.5 K. For comparison, we also plotted the ab-
solute values of r(T, 48) at a fixed high field of
48 T obtained directly from the vertical dashed
line in Fig. 1A. The temperature dependence of

the latter (analysis-free) values is identical to that
of r(T, 0) and is consistent with earlier 60-T data
taken on LSCO22 (7), showing that the anal-
ysis itself has not introduced any additional,
artificial temperature dependence in r(T, 0). Sim-
ilar pulsed-field measurements and analysis were
carried out for the two other doping levels as
summarized in fig. S1.

Figure 2 shows the resultant r(T, 0) values
plus zero-field rab(T) data for seven different
concentrations ranging from optimal doping
(p = 0.17) to the heavily overdoped, nonsuper-
conducting region (p = 0.33). The gradual cross-
over in the temperature dependence of rab(T),
from quasi-linear for LSCO17 to approximately
quadratic for LSCO33, is evident in the raw data
and is consistent with previous studies carried
out above Tc (5, 8, 9). At low temperatures, how-
ever, rab(T) develops predominantly T-linear
behavior for the entire doping range 0.18 ≤ p ≤
0.29 [for p = 0.17, data exists only above Tc(H =
0)]. Although evidence for a low-T T-linear re-
sistivity has emerged for single doping concen-
trations in both electron- (10) and hole-doped
(11, 12) cuprates, our measurements show that
the low-T linearity in fact persists over a broad
range of doping.

Single-component analysis. In heavy fermi-
on systems, Dr(T), the T-dependent part of r(T),
is often described by a single term anT

n whose
exponent n(T, H) evolves from the Fermi-liquid
value n = 2 to some anomalous value less than 2
over a narrow temperature and magnetic field
window (13–15). The anomalous exponent in
Dr(T) persists to low temperatures only at the
critical field, Hc. In Fig. 3, we plotted a com-
parative n(T, p) = d(lnDr)/d(ln T) for LSCO by
using the resistivity curves shown in Fig. 2.

For T > 50 K, the resultant phase diagram re-
sembles that seen in prototypical quantum critical
systems, with a narrow region in which rab(T) is
approximately (although not strictly) T-linear sep-
arated from a region where rab(T) varies approx-
imately as T2. As the temperature is lowered,
however, the situation becomes markedly dif-
ferent. Rather than collapsing to a single (critical)
point, the T-linear region in LSCO fans out and
dominates the low-T response. Intriguingly, this
T-linear regime (or more precisely, the region
where n < 1.1) is coincident with both the Tc
parabola (long-dashed white line) and the super-
conducting fluctuation regime (short-dashed white
line) and has thus been obscured until now by
the veil of superconductivity.

Dual-component analysis. Previously, Drab(T)
in overdoped, hole-doped cuprates has been ex-
pressed either as above, that is, as anT

n (1 ≤
n ≤ 2) (16), or as the sum of two components,
a1T + a2T

2 (11, 17, 18). In fig. S2, we describe
in detail why the latter is in fact the more ap-
propriate expression for LSCO. In Fig. 4, A and
B, we show the doping dependences of a1 and
a2, respectively, for two different fitting proto-
cols. The solid squares are coefficients obtained
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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-

(a)

(π,π)

I

II

(b)

-200 0

I

-200 0

II

Binding Energy (meV)

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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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="KBnGJC4K0xjNWkLLPa5apXmvMF4="></latexit>

JK
<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

<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="kmgtD4LPN2HUHAlGVC23TH8/d6M="></latexit>

h�i 6= 0

<latexit sha1_base64="BejCP5QUrNvFpQ+FJ3vFTqCtiy4=">AAACgnicdVFdaxNBFJ2sVdP1K+qjL6OJUG2Ju0lN86BQFETwpVLTFjIhzM7eJEPnY525GxuX+D/7T3zTSRpBRQ8MHM65d+7l3KxQ0mOSXNaia1vXb9ysb8e3bt+5e69x/8GJt6UTMBBWWXeWcQ9KGhigRAVnhQOuMwWn2fnblX86B+elNZ9wUcBI86mREyk4Bmnc8MxYaXIwGH+wJrdUcUQpgM6AzxeM0XfgtKRKfi5l3mYsPp ZfgbbS3WI3bQW79br4xnRmL6odbXPaebZsraoqJpEea64Ue7Hc/OFLN+ECHsfjRjNpJ91ukvZoIGsEctDvv+zt03SjNMkGR+PGd5ZbUeqwpVDc+2GaFDiquAubKljGrPRQcHHOpzAM1HANfi+fy8Kv6aha57SkT4OZ04l14Rmka/X35opr7xc6C5Wa48z/7a3Ef3nDEif9USVNUSIYcTVoUiqKlq5Cp7l0IFAtAuHCybA2FTPuuMBwmph5CHczU5xVDOECv8g8zKn2pVmGqH7lQf9PTjrttNfufew0D99sQquTR+QJ2SEpOSCH5D05IgMiyCX5UavXtqOt6HmURt2r0qi26XlI/kD06icc9cHx</latexit>

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

Ya-Hui 
Zhang

<latexit sha1_base64="Vu1xx7y0i2hZ4OQQxPJw7RKfI8g=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAcmS5idzCZD5rHMzAphyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyc9kn7WM2wo8LRfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/OIpOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs3eRwOmKbF84ggmmrlbERlhjYl1IZVcCMHyy6ukdVENatXa/WWlfpPHUYQTOIVzCOAK6nAHDWgCAQnP8ApvnvFevHfvY9Fa8PKZY/gD7/MH3geREA==</latexit>c�

<latexit sha1_base64="Z5pyMpbLQpZv0HJgBaKn74zNSvM="></latexit>

h�i = 0

<latexit sha1_base64="kmgtD4LPN2HUHAlGVC23TH8/d6M="></latexit>

h�i 6= 0

Ya-Hui Zhang and S. S., 
PRR 2, 023172 (2020) Fermi-volume-changing QPT in a one-band model

<latexit sha1_base64="YKSdtv2Dfxga7GO6pwxr3SG0Oy8="></latexit>

Fractionalized excitations of layer S1 confined

by condensation of Higgs boson ! → f†
1ωcω.

Frationalized excitations of layer S2 in the ω-flux spin liquid with

massless Dirac spinons and SU(2) gauge field, dual to CP1
U(1)

gauge theory with critical bosonic spinons.



<latexit sha1_base64="uOthc3vWR8MWqpZUNsKDRjc9UkY=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJWZqlUXQtGNywq2FjpDyaR32tBMZkgyQhnqxl9x40IRt/6FO//G9LHQ1gMXTs65l9x7goQzpR3n28otLC4tr+RXC2vrG5tb9vZOQ8WppFCnMY9lMyAKOBNQ10xzaCYSSBRwuA/61yP//gGkYrG404ME/Ih0BQsZJdpIbXvP40R0OWCv1mPYk5PHJXbadtEpOeXKxekxNmQM7M6SIpqi1ra/vE5M0wiEppwo1XKdRPsZkZpRDsOClypICO2TLrQMFSQC5WfjC4b40CgdHMbSlNB4rP6eyEik1CAKTGdEdE/NeiPxP6+V6vDcz5hIUg2CTj4KU451jEdx4A6TQDUfGEKoZGZXTHtEEqpNaAUTwtzJ86RRLrmVUuX2pFi9msaRR/voAB0hF52hKrpBNVRHFD2iZ/SK3qwn68V6tz4mrTlrOrOL/sD6/AG/4JXO</latexit>

h�i = 0

<latexit sha1_base64="6jjN9DStEa4suySPaYRahFZvZK8="></latexit>

Small Fermi surface of size p

|FL⇤i = [Projection onto one f per site]
./ |Slater determinant of fi

⌦ |Slater determinant of ci

<latexit sha1_base64="66rAQDyhpVXiGH1mAw2R8pFMsJE="></latexit>

Large Fermi surface of size 1 + p

|HFLi = [Projection onto one f per site]

./ |Slater determinant of (c, f)i

JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>

FL* FL<latexit sha1_base64="WYCwDZkDeF4zsFHvq1n4NX1dnIE=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYqqRAga2ChbFI9CE1UeW4t61Vxwm2g1RFHVj4FRYGEGLlI9j4G9w2A7Qc6UrH59wr33uCmDOlHefbWlpeWV1bz23kN7e2d3btvf2GihJJoU4jHslWQBRwJqCumebQiiWQMODQDIbXE7/5AFKxSNzpUQx+SPqC9Rgl2kgdu+BxIvocsFcbMOzJ7CHgHjsdu+iUnHLl8uwEGzIFdudJEWWodewvrxvRJAShKSdKtV0n1n5KpGaUwzjvJQpiQoekD21DBQlB+en0iDE+MkoX9yJpSmg8VX9PpCRUahQGpjMkeqDmvYn4n9dOdO/CT5mIEw2Czj7qJRzrCE8SwV0mgWo+MoRQycyumA6IJFSb3PImhIWTF0mjXHIrpcrtabF6lcWRQwV0iI6Ri85RFd2gGqojih7RM3pFb9aT9WK9Wx+z1iUrmzlAf2B9/gBlUJdP</latexit>

h�i 6= 0
<latexit sha1_base64="uOthc3vWR8MWqpZUNsKDRjc9UkY=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJWZqlUXQtGNywq2FjpDyaR32tBMZkgyQhnqxl9x40IRt/6FO//G9LHQ1gMXTs65l9x7goQzpR3n28otLC4tr+RXC2vrG5tb9vZOQ8WppFCnMY9lMyAKOBNQ10xzaCYSSBRwuA/61yP//gGkYrG404ME/Ih0BQsZJdpIbXvP40R0OWCv1mPYk5PHJXbadtEpOeXKxekxNmQM7M6SIpqi1ra/vE5M0wiEppwo1XKdRPsZkZpRDsOClypICO2TLrQMFSQC5WfjC4b40CgdHMbSlNB4rP6eyEik1CAKTGdEdE/NeiPxP6+V6vDcz5hIUg2CTj4KU451jEdx4A6TQDUfGEKoZGZXTHtEEqpNaAUTwtzJ86RRLrmVUuX2pFi9msaRR/voAB0hF52hKrpBNVRHFD2iZ/SK3qwn68V6tz4mrTlrOrOL/sD6/AG/4JXO</latexit>

h�i = 0
<latexit sha1_base64="ZFIPXDZ0t1POUmIreBnJFyshxAU=">AAACDnicdZDLSgNBEEV7fMb4irp00xgEFxJmdEjiLujGpYKJQhKkp6eSNPb0DN010TDkC9y40F9xJ279Bf/EpZ2HoKIFBZd7q6jiBIkUBl333ZmZnZtfWMwt5ZdXVtfWCxubDROnmkOdxzLWVwEzIIWCOgqUcJVoYFEg4TK4ORnll33QRsTqAgcJtCPWVaIjOENrnbvXhaJb8r3yUblC3ZI7Lit8/6B66FNv6hTJtM6uCx+tMOZpBAq5ZMY0PTfBdsY0Ci5hmG+lBhLGb1gXmlYqFoHZD/siMWPZzsY/D+muDUPaibVthXTsfl/OWGTMIArsZMSwZ35nI/OvrJlip9rOhEpSBMUnhzqppBjTEQAaCg0c5cAKxrWwb1PeY5pxtJjyLQOWoepiL2sh3OGtCO2dzBdqaFF98aD/i8ZBySuXyud+sXY8hZYj22SH7BGPVEiNnJIzUiecALknj+TJeXCenRfndTI640x3tsiPct4+AZ3cnak=</latexit>

0

Kondo lattice

<latexit sha1_base64="6jjN9DStEa4suySPaYRahFZvZK8="></latexit>

Small Fermi surface of size p

|FL⇤i = [Projection onto one f per site]
./ |Slater determinant of fi

⌦ |Slater determinant of ci

<latexit sha1_base64="66rAQDyhpVXiGH1mAw2R8pFMsJE="></latexit>

Large Fermi surface of size 1 + p

|HFLi = [Projection onto one f per site]

./ |Slater determinant of (c, f)i

JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>

FL* FL<latexit sha1_base64="WYCwDZkDeF4zsFHvq1n4NX1dnIE=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYqqRAga2ChbFI9CE1UeW4t61Vxwm2g1RFHVj4FRYGEGLlI9j4G9w2A7Qc6UrH59wr33uCmDOlHefbWlpeWV1bz23kN7e2d3btvf2GihJJoU4jHslWQBRwJqCumebQiiWQMODQDIbXE7/5AFKxSNzpUQx+SPqC9Rgl2kgdu+BxIvocsFcbMOzJ7CHgHjsdu+iUnHLl8uwEGzIFdudJEWWodewvrxvRJAShKSdKtV0n1n5KpGaUwzjvJQpiQoekD21DBQlB+en0iDE+MkoX9yJpSmg8VX9PpCRUahQGpjMkeqDmvYn4n9dOdO/CT5mIEw2Czj7qJRzrCE8SwV0mgWo+MoRQycyumA6IJFSb3PImhIWTF0mjXHIrpcrtabF6lcWRQwV0iI6Ri85RFd2gGqojih7RM3pFb9aT9WK9Wx+z1iUrmzlAf2B9/gBlUJdP</latexit>

h�i 6= 0
<latexit sha1_base64="ZFIPXDZ0t1POUmIreBnJFyshxAU=">AAACDnicdZDLSgNBEEV7fMb4irp00xgEFxJmdEjiLujGpYKJQhKkp6eSNPb0DN010TDkC9y40F9xJ279Bf/EpZ2HoKIFBZd7q6jiBIkUBl333ZmZnZtfWMwt5ZdXVtfWCxubDROnmkOdxzLWVwEzIIWCOgqUcJVoYFEg4TK4ORnll33QRsTqAgcJtCPWVaIjOENrnbvXhaJb8r3yUblC3ZI7Lit8/6B66FNv6hTJtM6uCx+tMOZpBAq5ZMY0PTfBdsY0Ci5hmG+lBhLGb1gXmlYqFoHZD/siMWPZzsY/D+muDUPaibVthXTsfl/OWGTMIArsZMSwZ35nI/OvrJlip9rOhEpSBMUnhzqppBjTEQAaCg0c5cAKxrWwb1PeY5pxtJjyLQOWoepiL2sh3OGtCO2dzBdqaFF98aD/i8ZBySuXyud+sXY8hZYj22SH7BGPVEiNnJIzUiecALknj+TJeXCenRfndTI640x3tsiPct4+AZ3cnak=</latexit>

0

One-band model

<latexit sha1_base64="Hv0X2MZ9Cj+Wq830jAnYbAyy3Ss="></latexit>

One-band model has an ‘inverted’ Kondo lattice transition
in a theory using a bilayer of ancilla qubits

Ya-Hui Zhang and S. Sachdev, PRR 2, 023172 (2020) 



<latexit sha1_base64="htZYEjNLY6WqutMi0IWWkPL/tw4="></latexit>

+[s+ ωs(r)] [!(r)]2 + [g + g→(r)] c†ω(r)fω(r)!(r) + H.c.

kx

ky

Kondo lattice + critical boson with potential and “mass” disorder

<latexit sha1_base64="P+Ps1CeGyL9n1qfcc0IZ6jCtz04=">AAAB+3icbVBNS8NAEN3Ur1q/qh69LBZBEELSSqu3ohePFUxbaEPZbDft0t1N2N0IJeQ3eNWzN/Hqj/HoP3HbBrTVBwOP92aYmRfEjCrtOJ9WYW19Y3OruF3a2d3bPygfHrVVlEhMPByxSHYDpAijgniaaka6sSSIB4x0gsntzO88EqloJB70NCY+RyNBQ4qRNpIHL+CoNChXHLtRrV3X6tCxnTl+iJuTCsjRGpS/+sMIJ5wIjRlSquc6sfZTJDXFjGSlfqJIjPAEjUjPUIE4UX46PzaDZ0YZwjCSpoSGc/X3RIq4UlMemE6O9FitejPxP6+X6PDKT6mIE00EXiwKEwZ1BGefwyGVBGs2NQRhSc2tEI+RRFibfJa2BDwzmbirCfwl7art1u36/WWleZOnUwQn4BScAxc0QBPcgRbwAAYUPIFn8GJl1qv1Zr0vWgtWPnMMlmB9fAPwD5RH</latexit>

+g

<latexit sha1_base64="ZBbmczIw8DHXal8a0NdP8q6U/qo="></latexit>

+K [→r!(r)]
2 + u [!(r)]4

<latexit sha1_base64="gp8Vfs+npi1NEDlJidHbBpDI9AM="></latexit>

+v(r)c†ω(r)cω(r)

<latexit sha1_base64="VZCxgZg2YKN8TEv87ziqmzteSlY="></latexit>

Spatially random potential v(r) with v(r) = 0, v(r)v(r0) = v2�(r � r0)
<latexit sha1_base64="Zy1tXkTFFnZr00aKXKw8EkouOAw="></latexit>

Spatially random mass �s(r) with �s(r) = 0, �s(r)�s(r0) = �s2�(r � r0)

<latexit sha1_base64="R4TPFXXMw20jwIJbWzo2HYRtHTg="></latexit>

v(r) leads to elastic scattering of cω and ‘Altshuler-Aronov’ corrections;
localization of cω only at long length scales, not relevant for experiments

<latexit sha1_base64="mXrVVwNUVNmhpUrE6rE48RWDaEM="></latexit>

c†kω

(
ω

ωε
+ ϑ(k)

)
ckω + f†

kω

(
ω

ωε
+ ϑ1(k)

)
fkω



<latexit sha1_base64="htZYEjNLY6WqutMi0IWWkPL/tw4="></latexit>

+[s+ ωs(r)] [!(r)]2 + [g + g→(r)] c†ω(r)fω(r)!(r) + H.c.

kx

ky <latexit sha1_base64="P+Ps1CeGyL9n1qfcc0IZ6jCtz04=">AAAB+3icbVBNS8NAEN3Ur1q/qh69LBZBEELSSqu3ohePFUxbaEPZbDft0t1N2N0IJeQ3eNWzN/Hqj/HoP3HbBrTVBwOP92aYmRfEjCrtOJ9WYW19Y3OruF3a2d3bPygfHrVVlEhMPByxSHYDpAijgniaaka6sSSIB4x0gsntzO88EqloJB70NCY+RyNBQ4qRNpIHL+CoNChXHLtRrV3X6tCxnTl+iJuTCsjRGpS/+sMIJ5wIjRlSquc6sfZTJDXFjGSlfqJIjPAEjUjPUIE4UX46PzaDZ0YZwjCSpoSGc/X3RIq4UlMemE6O9FitejPxP6+X6PDKT6mIE00EXiwKEwZ1BGefwyGVBGs2NQRhSc2tEI+RRFibfJa2BDwzmbirCfwl7art1u36/WWleZOnUwQn4BScAxc0QBPcgRbwAAYUPIFn8GJl1qv1Zr0vWgtWPnMMlmB9fAPwD5RH</latexit>

+g

<latexit sha1_base64="ZBbmczIw8DHXal8a0NdP8q6U/qo="></latexit>

+K [→r!(r)]
2 + u [!(r)]4

<latexit sha1_base64="gp8Vfs+npi1NEDlJidHbBpDI9AM="></latexit>

+v(r)c†ω(r)cω(r)

<latexit sha1_base64="VZCxgZg2YKN8TEv87ziqmzteSlY="></latexit>

Spatially random potential v(r) with v(r) = 0, v(r)v(r0) = v2�(r � r0)
<latexit sha1_base64="Zy1tXkTFFnZr00aKXKw8EkouOAw="></latexit>

Spatially random mass �s(r) with �s(r) = 0, �s(r)�s(r0) = �s2�(r � r0)

<latexit sha1_base64="R4TPFXXMw20jwIJbWzo2HYRtHTg="></latexit>

v(r) leads to elastic scattering of cω and ‘Altshuler-Aronov’ corrections;
localization of cω only at long length scales, not relevant for experiments

<latexit sha1_base64="uc1BZf7+CStudLS5S4vv9hPNRkE="></latexit>

Rescale !

<latexit sha1_base64="mXrVVwNUVNmhpUrE6rE48RWDaEM="></latexit>

c†kω

(
ω

ωε
+ ϑ(k)

)
ckω + f†

kω

(
ω

ωε
+ ϑ1(k)

)
fkω

Kondo lattice + critical boson with potential and “mass” disorder



<latexit sha1_base64="htZYEjNLY6WqutMi0IWWkPL/tw4="></latexit>

+[s+ ωs(r)] [!(r)]2 + [g + g→(r)] c†ω(r)fω(r)!(r) + H.c.

kx

ky

Kondo lattice + critical boson with potential and interaction disorder

<latexit sha1_base64="ZBbmczIw8DHXal8a0NdP8q6U/qo="></latexit>

+K [→r!(r)]
2 + u [!(r)]4

<latexit sha1_base64="gp8Vfs+npi1NEDlJidHbBpDI9AM="></latexit>

+v(r)c†ω(r)cω(r)

<latexit sha1_base64="VZCxgZg2YKN8TEv87ziqmzteSlY="></latexit>

Spatially random potential v(r) with v(r) = 0, v(r)v(r0) = v2�(r � r0)
<latexit sha1_base64="d8xSXS2wUraBNZ6ZbYD+4EH671E="></latexit>

Spatially random Yukawa coupling g0(r) with g0(r) = 0, g0(r)g0(r0) = g02�(r � r0)

<latexit sha1_base64="twP7KJ8kyXHja3b636A9YZ1Ec10=">AAAB+3icbVBNS8NAEN3Ur1q/qh69 LBZBEELSaqu3ohePFUwttKFstpt26e4m7G6EEvIbvOrZm3j1x3j0n7htA9rqg4HHezPMzAtiRpV2nE+rsLK6tr5R3Cxtbe/s7pX3D9oqSiQmHo5YJDsBUoRRQTxNNSOdWBLEA0YegvHN1H94JFLRSNzrSUx8joaChhQjbSQPnkFV6pcrjt2o1q5qdejYzgw/xM1JBeRo9ctfvUGEE06Exgwp1XWdWPspkppiRrJSL1EkRniMhqRrqECcKD+dHZvBE6MMYBhJU0LDmfp7IkVcqQkPTCdHeqSWvan4n9dNdHjpp1TEiSYCzxeFCYM6gtPP4YBKgjWbGIKwpOZWiEdIIqxNPgtbAp6ZTNzlBP6SdtV26/bF3XmleZ2nUwRH4BicAhc0QBPcghbwAAYUPIFn8GJl1qv1Zr3PWwtWPnMIFmB9fAMCvJRS</latexit>

+s

Aavishkar A. Patel, Haoyu Guo, Ilya Esterlis, S. Sachdev, Science 381, 790 (2023)

<latexit sha1_base64="mXrVVwNUVNmhpUrE6rE48RWDaEM="></latexit>

c†kω
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ω

ωε
+ ϑ(k)

)
ckω + f†

kω

(
ω

ωε
+ ϑ1(k)

)
fkω

<latexit sha1_base64="Tdj99LrEveeHbpSQYdJfEQ6pJTk="></latexit>

Analyze 2d-Yukawa-SYK model in a self-averaging manner as in the SYK model.
Should be applicable as long as eigenmodes of !(r) are extended.



2d-YSYK model: Fermi surface + critical boson with interaction disorder

⌃ =
<latexit sha1_base64="pk3ZmbMDJBp861UaFugr9daoJp8=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAiuyswgqAuh6MZlRfuAdiiZNNOGJpkhyQhl6Ee4caGIW7/HnX9j+lho64ELh3Pu5d57olRwYz3vG62srq1vbBa2its7u3v7pYPDhkkyTVmdJiLRrYgYJrhidcutYK1UMyIjwZrR8HbiN5+YNjxRj3aUslCSvuIxp8Q6qdl54H1Jrrulslfxgis/CLAjU2B/kZRhjlq39NXpJTSTTFkqiDFt30ttmBNtORVsXOxkhqWEDkmftR1VRDIT5tNzx/jUKT0cJ9qVsniq/p7IiTRmJCPXKYkdmEVvIv7ntTMbX4Y5V2lmmaKzRXEmsE3w5Hfc45pRK0aOEKq5uxXTAdGEWpdQ0YWw9PIyaQQV36v49+fl6s08jgIcwwmcgQ8XUIU7qEEdKAzhGV7hDaXoBb2jj1nrCprPHMEfoM8fCEKPWw==</latexit><latexit sha1_base64="pk3ZmbMDJBp861UaFugr9daoJp8=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAiuyswgqAuh6MZlRfuAdiiZNNOGJpkhyQhl6Ee4caGIW7/HnX9j+lho64ELh3Pu5d57olRwYz3vG62srq1vbBa2its7u3v7pYPDhkkyTVmdJiLRrYgYJrhidcutYK1UMyIjwZrR8HbiN5+YNjxRj3aUslCSvuIxp8Q6qdl54H1Jrrulslfxgis/CLAjU2B/kZRhjlq39NXpJTSTTFkqiDFt30ttmBNtORVsXOxkhqWEDkmftR1VRDIT5tNzx/jUKT0cJ9qVsniq/p7IiTRmJCPXKYkdmEVvIv7ntTMbX4Y5V2lmmaKzRXEmsE3w5Hfc45pRK0aOEKq5uxXTAdGEWpdQ0YWw9PIyaQQV36v49+fl6s08jgIcwwmcgQ8XUIU7qEEdKAzhGV7hDaXoBb2jj1nrCprPHMEfoM8fCEKPWw==</latexit><latexit sha1_base64="pk3ZmbMDJBp861UaFugr9daoJp8=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAiuyswgqAuh6MZlRfuAdiiZNNOGJpkhyQhl6Ee4caGIW7/HnX9j+lho64ELh3Pu5d57olRwYz3vG62srq1vbBa2its7u3v7pYPDhkkyTVmdJiLRrYgYJrhidcutYK1UMyIjwZrR8HbiN5+YNjxRj3aUslCSvuIxp8Q6qdl54H1Jrrulslfxgis/CLAjU2B/kZRhjlq39NXpJTSTTFkqiDFt30ttmBNtORVsXOxkhqWEDkmftR1VRDIT5tNzx/jUKT0cJ9qVsniq/p7IiTRmJCPXKYkdmEVvIv7ntTMbX4Y5V2lmmaKzRXEmsE3w5Hfc45pRK0aOEKq5uxXTAdGEWpdQ0YWw9PIyaQQV36v49+fl6s08jgIcwwmcgQ8XUIU7qEEdKAzhGV7hDaXoBb2jj1nrCprPHMEfoM8fCEKPWw==</latexit><latexit sha1_base64="pk3ZmbMDJBp861UaFugr9daoJp8=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAiuyswgqAuh6MZlRfuAdiiZNNOGJpkhyQhl6Ee4caGIW7/HnX9j+lho64ELh3Pu5d57olRwYz3vG62srq1vbBa2its7u3v7pYPDhkkyTVmdJiLRrYgYJrhidcutYK1UMyIjwZrR8HbiN5+YNjxRj3aUslCSvuIxp8Q6qdl54H1Jrrulslfxgis/CLAjU2B/kZRhjlq39NXpJTSTTFkqiDFt30ttmBNtORVsXOxkhqWEDkmftR1VRDIT5tNzx/jUKT0cJ9qVsniq/p7IiTRmJCPXKYkdmEVvIv7ntTMbX4Y5V2lmmaKzRXEmsE3w5Hfc45pRK0aOEKq5uxXTAdGEWpdQ0YWw9PIyaQQV36v49+fl6s08jgIcwwmcgQ8XUIU7qEEdKAzhGV7hDaXoBb2jj1nrCprPHMEfoM8fCEKPWw==</latexit> G

<latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit>

<latexit sha1_base64="iDLsTrJLEJJoGF2ewg+2nrH4V1k=">AAAB6HicbVDJSgNBEK2JW4xb1KOXxiB4CjOD6y2oB48JmAWSIfR0apI2PQvdPUIY8gVePCji1U/y5t/YWQ6a+KDg8V4VVfX8RHClbfvbyq2srq1v5DcLW9s7u3vF/YOGilPJsM5iEcuWTxUKHmFdcy2wlUikoS+w6Q9vJ37zCaXicfSgRwl6Ie1HPOCMaiPV7rrFkl223WvHdYkhUxBnkZRgjmq3+NXpxSwNMdJMUKXajp1oL6NScyZwXOikChPKhrSPbUMjGqLysumhY3JilB4JYmkq0mSq/p7IaKjUKPRNZ0j1QC16E/E/r53q4MrLeJSkGiM2WxSkguiYTL4mPS6RaTEyhDLJza2EDaikTJtsCiaEpZeXScMtOxfl89pZqXIzjyMPR3AMp+DAJVTgHqpQBwYIz/AKb9aj9WK9Wx+z1pw1nzmEP7A+fwCzzozj</latexit>

D
<latexit sha1_base64="GeLjeJ3GeCC47QfLzsS1vptzGkI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVB71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHz7WM9Q==</latexit>g <latexit sha1_base64="GeLjeJ3GeCC47QfLzsS1vptzGkI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVB71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHz7WM9Q==</latexit>g

<latexit sha1_base64="O76XellgtLk8CAD0tEs2v6wnduc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKewuPg9C0IvHCOYByRJmJ7PJkJnZZWZWCEt+wYsHRbz6Q978G2eTHDSxoKGo6qa7K0w408Z1v53Cyura+kZxs7S1vbO7V94/aOo4VYQ2SMxj1Q6xppxJ2jDMcNpOFMUi5LQVju5yv/VElWaxfDTjhAYCDySLGMEml7p1dtMrV9yq6197vo8smQJ5i6QCc9R75a9uPyapoNIQjrXueG5iggwrwwink1I31TTBZIQHtGOpxILqIJveOkEnVumjKFa2pEFT9fdEhoXWYxHaToHNUC96ufif10lNdBVkTCapoZLMFkUpRyZG+eOozxQlho8twUQxeysiQ6wwMTaekg1h6eVl0vSr3kX1/OGsUrudx1GEIziGU/DgEmpwD3VoAIEhPMMrvDnCeXHenY9Za8GZzxzCHzifP73zjg8=</latexit>

⇧ =
G

<latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit>

G
<latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit>
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FIG. 1: (a) Normal state resistivity exponent as a function of T and the T = 0 value of the renormalized boson mass
M (which tunes away from the quantum critical point at M = 0 [6]) together with the superconducting Tc. (b)

Normal state resistivity for different values of M . From bottom to top: M/t = 1.2, 1.1, 0.9, 0.7, 0.6, 0.4, 0.3, 0. The
inset plots A, the co-efficient of the linear-T resistivity, versus the superconducting Tc.

significant intermediate temperature range. At very low
T , there is a crossover to strong disorder physics with bo-
son localization [15–17], where we cannot use a disorder-
averaged analysis.

We consider the Hertz-Millis theory of a quantum
phase transition in a metal associated with a Ising-
nematic parameter � [18] in the presence of spatial dis-
order which preserves the Ising symmetry [19, 20] i.e.
no ‘random field’ disorder. Other order parameters, in-
cluding those at non-zero wavevector, and Fermi-volume
changing transitions without broken symmetries [21],
also map to essentially the same Yukawa-SYK model [10].
We write the Hertz-Millis Lagrangian for � and fermions
 with dispersion "(k) and a Fermi surface at wavevec-
tors k where "(k) = 0 (⌧ is imaginary time) in spatial
dimension d = 2:

LHM =  †
k

✓
@

@⌧
+ "(k)

◆
 k + v(r) †(r) (r)

+ g
�
 †(r)[Dr  (r)] + [Dr  

†(r)] (r)
�
�(r)

+ K [rr�(r)]2 + [s + �s(r)] [�(r)]2 + u [�(r)]4 . (1)

The operator Dr = @2
x
�@2

y
is special to the Ising-nematic

case, and will be dropped for simplicity in our computa-
tions as it unimportant apart from ‘cold spots’ on the
Fermi surface. The transition is tuned by varying the
boson ‘mass’ s. LHM contains the two sources of disor-
der most frequently considered. One is the potential v(r)
acting on the fermions:

• Spatially random potential v(r) with v(r) = 0,
v(r)v(r0) = v2�(r � r0).

Its influence is familiar from the theory of weakly disor-
dered metals [22], leading to marginally relevant local-

ization effects on the fermions [22]. However, much more
relevant is the disorder which couples directly to the bo-
son leading to shifts in the local position of the quantum
phase transition

• Spatially random mass �s(r) with �s(r) = 0,
�s(r)�s(r0) = �s2�(r � r0).

This is a consequence of the violation of the Harris cri-
terion ⌫ > 2/d [23], where ⌫ is the correlation length
exponent, and the value ⌫ = 1/2 in d = 2. Consequently,
it is important that the influence of �s(r) be treated at
the outset. This is also supported by a recent analysis
of v(r) disorder effects along the lines of Ref. 22 near
quantum criticality [24] which found singular corrections
to the boson propagator.

Inspired by various works [2] on making the SYK
model more realistic, recent work [10] proposed the fol-
lowing approach. We can account for the strongly rele-
vant spatial dependence of �s(r) by rescaling � to make
the mass spatially uniform. But this rescaling induces
disorder in the Yukawa coupling g [25–32] (along with
disorder in other less-important couplings that we drop)
leading to the theory

L =  †
k

✓
@

@⌧
+ "(k)

◆
 k + v(r) †(r) (r)

+ [g + g0(r)]
�
 †(r)[Dr  (r)] + [Dr  

†(r)] (r)
�
�(r)

+ K [rr�(r)]2 + s [�(r)]2 + u [�(r)]4, (2)

with the coupling g0(r) obeying

• Spatially random Yukawa coupling g0(r) with
g0(r) = 0, g0(r)g0(r0) = g02�(r � r0).
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The two-dimensional Yukawa-Sachdev-Ye-Kitaev (2d-YSYK) model provides a universal theory
of quantum phase transitions in metals in the presence of quenched random spatial fluctuations in
the local position of the quantum critical point. It has a Fermi surface coupled to a scalar field
by spatially random Yukawa interactions. We present full numerical solutions of a self-consistent
disorder averaged analysis of the 2d-YSYK model in both the normal and superconducting states,
obtaining electronic spectral functions, frequency-dependent conductivity, and superfluid stiffness.
Our results reproduce key aspects of observations in the cuprates as analyzed by Michon et al. (Nat.
Comm. 14, 3033 (2023)). We also find a regime of increasing zero temperature superfluid stiffness
with decreasing superconducting critical temperature, as is observed in bulk cuprates.

Higher temperature superconductors of correlated elec-
tron materials all display a ‘strange metal’ phase above
the critical temperature for superconductivity [1, 2]. This
is a metallic phase of matter where the Landau quasi-
particle approach breaks down. It is characterized most
famously by a linear in temperature (T ) electrical re-
sistivity. We use the term strange metal only for those
metals whose resistivity is smaller than the quantum unit
(h/e2 in d = 2 spatial dimensions). Metals with a linear-
in-T resistivity which is larger than the quantum unit are
‘bad metals’.

An often quoted model for a strange or bad metal
(e.g. [3, 4]) is one in which there is a large density of
states of low energy bosonic excitations, usually phonons,
and then quasi-elastic scattering of the electrons off the
bosons leads to linear-in-T resistivity from the Bose oc-
cupation function when T is larger than the typical boson
energy. However, studies of the optical conductivity in
the strange metal of the cuprates [5] show that the dom-
inant scattering is inelastic, not quasi-elastic, and leads
to a non-Drude power-law-in-frequency tail in the optical
conductivity. The optical conductivity data has been in-
cisively analyzed recently by Michon et al. [6]: they have
shown that while the transport scattering rate (related
to the real part of the inverse optical conductivity) ex-
hibits Planckian scaling behavior [1], there are significant

logarithmic deviations from scaling in the frequency and
temperature dependent effective transport mass (related
to the imaginary part of the inverse optical conductivity).
Furthermore, the optical conductivity data connects con-
sistently with d.c. measurements of resistivity and ther-
modynamics.

Our paper presents a self-consistent, disorder-averaged
analysis of a two-dimensional Yukawa-Sachdev-Ye-
Kitaev (2d-YSYK) model, which has a spatially random
Yukawa coupling between fermions,  , with a Fermi sur-
face and a nearly-critical scalar field, �. We use meth-
ods similar to those which yield the exact solution of the
zero-dimensional Sachdev-Ye-Kitaev model. Such a 2d-
YSYK model has been argued [7–9] to provide a universal
description of quantum phase transitions in metals, as-
sociated with the condensation of �, in the presence of
impurity-induced ‘Harris’ disorder [10–12] with spatial
fluctuations in the local position of the quantum critical
point. We find results that display all the key charac-
teristics of the optical conductivity and d.c. resistivity
described by Michon et al., as shown in Fig. 3.

Moreover, YSYK models also display instabilities of
the strange metal to superconductivity [13–17], with the
pairing type dependent upon the particular quantum
phase transition being studied. We will examine an insta-
bility to spin-singlet pairing in a simplified model which
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photoemission spectroscopy (ARPES)30. These observations are qua-
litatively consistent with the T-linear dependence of the resistivity and
Planckianbehavior. In contrast, by analyzing themodulus andphaseof
the optical conductivity itself, a power-law behavior σðωÞ = C=ð#iωÞν

*

with an exponent ν* < 1 was reported at higher frequencies
ℏω ≳ 1.5kBT23,24,28,29,31,32. The exponent was found to be in the range
ν* ≈0.65 with some dependence on sample and doping level23,26,28,29.
Hence, from these previous analyses, it would appear that different
power laws are needed to describe optical spectroscopy data: one at
low frequency consistent with ℏω/kBT scaling and Planckian behavior
(ν = 1) and another one with ν* < 1 at higher frequency, most apparent
on the optical conductivity itself in contrast to 1/τ. A number of the-
oretical approaches have considered a power-law dependence of the
conductivity33–42 without resolving this puzzle. A notable exception is
the work of Norman and Chubukov43. The basic assumption of this
work is that the electrons are coupled to a Marginal Fermi Liquid
susceptibility3,4,44,45. The logarithmic behavior of the susceptibility and
corresponding high-energy cut-off observed to be ~ 0.4 eV with
ARPES46, is responsible for the apparent sub-linear power law behavior
of the optical conductivity. Our work broadens and amplifies this
observation. A quantitative description of all aspects at low and high
energy in one fell swoop has, to the best of our knowledge, not been
presented to this day.

Here we present systematic measurements of the optical spectra,
as well as dc resistivity, of a La2−xSrxCuO4 (LSCO) sample with x = p =
0.24 close to the pseudogap critical point, over a broad range of
temperature and frequency. We demonstrate that the data display
Planckian quantum critical scaling over an unprecedented range of
ℏω/kBT. Furthermore, a direct analysis of the data reveals a logarithmic
temperature dependence of the optical effective mass. This

establishes a direct connection to another hallmark of Planckian
behavior, namely the logarithmic enhancement of the specific heat
coefficient C=T ∼ lnT previously observed for LSCO at p = 0.2447 as
well as for other cuprate superconductors such as Eu-LSCO and Nd-
LSCO48.

We introduce a theoretical framework which relies on aminimal
Planckian scaling Ansatz for the inelastic scattering rate. We show
that this provides an excellent description of the experimental data.
Our theoretical analysis offers, notably, a solution to the puzzle
mentioned above. Indeedwe show that, despite the purely Planckian
Ansatz which underlies our model, the optical conductivity com-
puted in this framework is well described by an apparent power law
with ν* < 1 over an intermediate frequency regime, as also observed
in our experimental data. The effective exponent ν* is found to be
non-universal and to depend on the inelastic coupling constant,
which we determine from several independent considerations. The
proposed theoretical analysis provides a unifying framework in
which the behavior of the T-linear resistivity, lnT behavior of C/T,
and scaling properties of the optical spectra can all be understood in
a consistent manner.

Results
Optical spectra and resistivity
Wemeasured the optical properties and extracted the complex optical
conductivity σ(ω, T) of an LSCO single crystal with a-b orientation
(CuO2 planes). The holedoping is p = x =0.24, whichplaces our sample
above and close to the pseudogap critical point of the LSCO
family7,14,49. The pseudogap state for T < T*, p < p* is well characterized
by transport measurements12 and ARPES11. The relatively low Tc = 19 K
of this sample is interesting for extracting the normal-state properties
in optics down to low temperatures without using any external mag-
netic field. In particular, this sample is the same LSCO p = 0.24 sample
as in Ref. 50, where the evolution of optical spectral weights as a
function of doping was reported.

The quantity probed by the optical experiments of the present
study is the planar complex dielectric function ϵ(ω). The dielectric
function has contributions from the free charge carriers, as well as
interband (bound charge) contributions. In the limit ω→0, the latter
contribution converges to a constant real value, traditionally indicated
with the symbol ϵ∞:

ϵðωÞ = ϵ1 + i
σðωÞ
ϵ0ω

ð1Þ

σðωÞ = i
e2K=ð_dcÞ
_ω+MðωÞ

: ð2Þ

Here the free-carrier response σ(ω) is given by the generalized Drude
formula, where all dynamical mass renormalization (m*/m) and
relaxation (ℏ/τ) processes are represented by a memory-function51,52

MðωÞ = _ω
m*ðωÞ
m

# 1
! "

+ i
_

τðωÞ
: ð3Þ

The free-carrier spectral weight per plane is given by the constant K
and the interplanar spacing is dc. The scattering rate ℏ/τ(ω) deduced
using Eqs. ((1), (2), (3)) and the values of K and ϵ∞ discussed below are
displayed in Fig. 1c. It depends linearly on frequency for
kBT≪ ℏω≲0.4 eV and approaches a constant value for ℏω < kBT. This
behavior is similar to that reported for Bi221223. The sign of the
curvature above 0.4 eV depends on ϵ∞ and changes from positive to
negativenear ϵ∞ = 4.5.Our determination ϵ∞ = 2.76presented in Scaling
analysis does not take into account data for ℏω > 0.4 eV and may
therefore yield unreliable values of ℏ/τ in that range (see Supplemen-
tary Information Sec. A and B).

Fig. 1 | Optical data of La2−xSrxCuO4 atp =0.24. aReal andb imaginary part of the
optical conductivity σ deduced from the dielectric function ϵ (Supplementary
Fig. 1), using Eq. (14) and the value ϵ∞ = 2.76. c Scattering rate and d effective mass
deduced from Eqs. (16) and (17) using K = 211 meV. The values of ϵ∞ and K are
discussed and justified in the text. Inset: Temperature dependence of m*/m at
ℏω = 5kBT (see dots in d). In each panel errorbars are indicated for three repre-
sentative frequencies and pertain to the upper curve, i.e., the lowest temperature
for σ(ω), m*(ω)/m and the highest temperature for ℏ/τ(ω). They represent the
uncertainty arising from reflectivity calibration using in-situ gold evaporation, and
have been estimated by repeating the Kramers--Kronig analysis after multiplying
the reflectivity curves by 1 ± 0.002.
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This linear dependence of the scattering rate calls for a com-
parison with resistivity. Hence we have also measured the tem-
perature dependence of the resistivity of our sample under two
magnetic fields H = 0 T and H = 16 T. As displayed in Fig. 2a, the
resistivity has a linear T-dependence ρ = ρ0 + AT over an extended
range of temperature, with A ≈ 0.63 μΩcm/K. This is a hallmark of
cuprates in this regime of doping10,13,14,20,53. It is qualitatively con-
sistent with the observed linear frequency dependence of the scat-
tering rate and, as discussed later in this paper, also in good
quantitative agreement with the ω→ 0 extrapolation of our optical
data within experimental uncertainties.

The optical mass enhancement m*(ω)/m is displayed in Fig. 1d.
With the chosen normalization, m*/m does not reach the asymptotic
value of one in the range ℏω <0.4 eV, which means that intra- and
interband and/or mid-infrared transitions overlap above 0.4 eV. The
inset of Fig. 1d shows a semi-log plot of the mass enhancement eval-
uated atℏω = 5kBT, where thenoise level is low forT⩾ 40K.Despite the
larger uncertainties at low T, this plot clearly reveals a logarithmic
temperature dependence ofm*/m. This is a robust feature of the data,
independent of the choice of ϵ∞ and K. We note that the specific heat
coefficient C/T of LSCO at the same doping level was previously
reported to display a logarithmic dependence on temperature, see
Fig. 2c47,48. We will further elaborate on this important finding of a
logarithmic dependence of the optical mass and discuss its relation to
specific heat in the next section.

Scaling analysis
In this section, we consider simultaneously the frequency and tem-
peraturedependenceof theoptical properties and investigatewhether
ℏω/kBT scaling holds for this sample close to the pseudogap critical

point. We propose a procedure to determine the three parameters ϵ∞,
K, and m introduced above.

Puttingω/T scaling to the test. Quantum systems close to a quantum
critical point display scale invariance. Temperature being the only
relevant energy scale in the quantumcritical regime, this leads inmany
cases toω/T scaling22 (inmost of the discussion below, we set ℏ = kB = 1
except when mentioned explicitly). In such a system we expect the
complex optical conductivity to obey a scaling behavior 1/
σ(ω, T)∝ TνF(ω/T), with ν⩽ 1 a critical exponent. More precisely, the
scaling properties of the optical scattering rate and effective mass
read:

1=τðω,TÞ=Tνf τ ðω=TÞ ð4Þ

m*ðω,TÞ #m*ð0,TÞ=Tν#1f mðω=TÞ ð5Þ

with fτ and fm two scaling functions. This behavior requires that both ℏω
and kBT are smaller than a high-energy electronic cutoff, but their ratio
can be arbitrary. Furthermore, we note that when ν = 1 (Planckian case)
the scaling is violated by logarithmic terms, which control in particular
the zero-frequency value of the optical mass m*(0,T). As shown in
Theorywithin a simple theoreticalmodel,ω/T scalingnonetheless holds
in this case to an excellent approximation provided that m*(0, T) is
subtracted, as in Eq. (5). We also note that in a Fermi liquid, the single-
particle scattering rate∝ω2 + (πT)2 does obeyω/T scaling (with formally
ν = 2), but the optical conductivity does not. Indeed, it involves ω/T2

terms violating scaling, and hence depends on two scaling variables
ω/T2 and ω/T, as is already clear from an (approximate) generalized
Drudeexpression 1/σ ≈ − iω + τ0[ω2 + (2πT)2]. For a detaileddiscussionof
this point, see Ref. 54. Such violations of scaling by ω/Tν terms apply
more generally to the case where the scattering rate varies as Tν with
ν > 1. Hence, ω/T scaling for both the optical scattering rate and optical
effective mass are a hallmark of non-Fermi liquid behavior with ν⩽ 1.
Previous work has indeed provided evidence for ω/T scaling in the
optical properties of cuprates23,24.

Here, we investigate whether our optical data obey ω/T scaling.
We find that the quality of the scaling depends sensitively on the
chosen value of ϵ∞. Different prescriptions in the literature to fix ϵ∞
yield—independently of themethod used—values ranging from ϵ∞ ≈ 4.3
for strongly underdoped Bi2212 to ϵ∞ ≈ 5.6 for strongly overdoped
Bi221232,55. The parameter ϵ∞ is commonly understood to represent the
dielectric constant of thematerial in the absenceof the charge carriers,
and is caused by the bound charge responsible for interband transi-
tions at energies typically above 1 eV. While this definition is unam-
biguous for the insulating parent compound, for the doped material
one is confronted with the difficulty that the optical conductivity at
these higher energies also contains contributions described by the
self-energy of the conduction electrons, caused for example by their
coupling to dd-excitations56. Consequently, not all of the oscillator
strength in the interband region represents bound charge. Our model
overcomes this hurdle by determining the low-energy spectrumbelow
0.4 eV, and subsuming all bound charge contributions in a single
constant ϵ∞. Its value is expected to be bound from above by the value
of the insulating phase, in other words we expect to find ϵ∞ < 4.5 (see
Supplementary Information Sec. A). Rather than setting an a priori
value for ϵ∞, we follow here a different route and we choose the value
that yields the best scaling collapse for a given value of the exponent ν.
This program is straightforwardly implemented for 1/τ and indicates
that the best scaling collapse is achieved with ν ≈ 1 and ϵ∞ ≈ 3, see
Fig. 2b as well as Supplementary Information Sec. B and Supplemen-
tary Fig. 2. Turning to m*, we found that subtracting the dc value
m*(ω =0, T) is crucial when attempting to collapse the data. Extra-
polating optical data to zero frequency is hampered by noise. Hence,

Fig. 2 | Scaling of scattering rate and mass enhancement. a Temperature-
dependent resistivity measured in zero field (black) and at 16 teslas (red). The inset
emphasizes the linearity of the 16 T data at low temperature. The dashed line shows
ρ0 +AT with ρ0 = 12.2 μΩcm and A =0.63 μΩcm/K. b Scattering rate divided by
temperature plotted versus ω/T; the collapse of the curves indicates a behavior 1/
τ ~ Tfτ(ω/T). c Effective quasiparticle mass (in units of the indicated band mass m)
deduced from the low-temperature electronic specific heat47

[m*
Cp = ð3=πÞð_

2dc=k
2
BÞðC=TÞ] and zero-frequency optical mass enhancement; the

dashed lines indicate lnT behavior. dOptical mass minus the zero-frequencymass
shown in c plotted versus ω/T; the collapse of the curves indicates a behavior
m*(ω) −m*(0) ~ fm(ω/T). The data between0.22 and0.4 eV are shown asdotted lines.
ϵ∞ = 2.76 was used here as in Fig. 1.
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instead of attempting an extrapolation, we consider m*(0, T) as
adjustable values thatwe again tune such as to optimize the collapse of
the optical data. This analysis of m*/m confirms that the best scaling
collapse occurs for ν ≈ 1 but indicates a larger ϵ∞ ≈ 7 (Supplementary
Information Sec. B and Supplementary Fig. 3). The determination of ϵ∞
from the mass data depends sensitively on the frequency range tested
for scaling and drops to value below ϵ∞ = 3 when focusing on lower
frequencies. As a third step, we perform a simultaneous optimization
of the data collapse for 1/τ and m*/m, which yields the values ν = 1,
ϵ∞ = 2.76 which we will adopt throughout the following. Note that a
determination of ϵ∞ by separation of the high-frequency modes in a
Drude–Lorentz representation of ϵ(ω) yields a larger value
ϵ∞ = 4.5 ± 0.5, as typically found in the cuprates23,32,57. Importantly, all
our conclusions hold if we use this latter value in the analysis, however,
the quality of the scaling displayed in Figs. 2 and 5 is slightly degraded.

Scaling of the optical scattering rate and connection to resistivity.
The scaling properties of the scattering rate obtained from our optical
data according to the procedure described above is illustrated in
Fig. 2b,whichdisplaysℏ/τdividedby kBT andplotted versusℏω/kBT for
temperatures above the superconducting transition. The collapse of
the curves at different temperatures reveals the behavior
ℏ/τ∝ Tfτ(ω/T). The function fτ(x) reaches a constant fτ(0) > 0 at small
values of the argument, and behaves for large arguments as
fτ(x≫ 1)∝ x. This is consistent with the typical quantum critical beha-
vior _=τ ∼ maxðT ,ωÞ. When inserted in the ω =0 limit of Eq. (15), the
value fτ(0) ≈ 5 indicated by Fig. 2b yields 1/σ(0) =AT with A = 0.55 μΩ
cm/K, in fairly good agreement with the measured resistivity (Fig. 2a).
Hence the resistivity and optical-spectroscopy data are fully con-
sistent, both of them supporting a Planckian dissipation scenario with
ν = 1 for LSCO at p = 0.24.

Spectral weight, effective mass and connection to specific heat.
The dc mass enhancement values m*(0, T)/m resulting from the pro-
cedure described above are displayed in Fig. 2c. Remarkably, as seen
on this figure, the scaling analysis delivers an almost perfectly

logarithmic temperature dependence of m*(0, T), consistent with a
Planckian behavior ν = 1. As mentioned above, this logarithmic beha-
vior can actually be identified in the unprocessed optical data, (see
inset of Fig. 1). In order to compare this behavior to the corresponding
logarithmic behavior reported for the specific heat, we note that the
scaling analysis provides m*(0, T) up to a multiplicative constant Km,
where m is the band mass. In contrast, the electronic specific heat
yields the quasiparticle mass in units of the bare electron massme. We
expect that the logarithmic T-variation of m*(0, T) and m*

qp / C=T are
both due to the critical inelastic scattering and that the lnT term in
eachquantity should thereforehave identical prefactors. Imposing this
identity provides a relationship between Km and me, namely (m/me)
K = 583meV.

Remarkably, we have found that this condition is obeyed within
less than a percent by a square-lattice tight-binding model with para-
meters appropriate for LSCO at p =0.24 (Supplementary Information
Sec. E). This model has nearest and next-nearest neighbor hopping
amplitudes t =0.3 eV and t0=t = # 0:1758, respectively, and an electro-
nic densityn =0.76/a2. The Fermi-level density of states is 1.646/(eVa2),
which corresponds to a band massm/me = 2.76 using the LSCO lattice
parameter a = 3.78 Å. The spectral weight is K = 211meV, such that the
prediction of this tight-bindingmodel is (m/me)K = 582meV, in perfect
agreement with the previously determined value. In view of this
agreement, we use the tight-binding model in order to fix the
remaining two system parameters: m = 2.76me and K = 211meV. Fig-
ure 2c compares the mass enhancement inferred from the low-
temperature specific heat and from the scaling analysis of the optical
data. The tight-binding value of the product Km ensures that both data
sets have the same slope on a semi-log plot. However, the resulting
optical mass enhancement is larger than the quasiparticle mass
enhancement by≈0.75,which is also the amount bywhich the infrared
mass enhancement exceeds unity in Fig. 1d. A mass enhancement lar-
ger than unity at 0.4 eV implies that part of the intraband spectral
weight lies above 0.4 eV, overlapping with the interband transitions.
Conversely, interband spectral weight is likely leaking below 0.4 eV,
which prevents us from accessing the absolute value of the genuine
intraband mass by optical means. Figure 2d shows the collapse of the
frequency-dependent change of the mass enhancement, confirming
the behavior m*(ω) −m*(0) ≈ Tν−1fm(ω/T) with ν = 1. The shape of the
scaling function fm(x) agrees remarkably well with the theoretical
prediction derived in Theory below.

Apparent power-law behavior: a puzzle. The above scaling analysis
has led us to the following conclusions. (i) The optical scattering rate
and optical mass enhancement of LSCO at p =0.24 exhibit ω/T scaling
over two decades for the chosen value ϵ∞ = 2.76. (ii) The best collapse
of the data is achieved for an exponent ν = 1 corresponding to
Planckian dissipation. This behavior is consistent with the measured
T-linear resistivity. (iii) The temperature dependence of m*(0, T) that
produces the best data collapse is logarithmic, consistently with the
temperature dependence of the electronic specific heat.

Hence, the data presented in Fig. 2 provide compelling evidence
that the low-energy carriers in LSCO at the doping p = 0.24 experience
linear-in-energy and linear-in-temperature inelastic scattering pro-
cesses, as expected in a scale-invariant quantum critical system char-
acterized by Planckian dissipation. It is therefore at first sight
surprising that the infrared conductivity exhibits as a function of fre-
quency a power lawwith an exponent that is clearly smaller than unity,
as highlighted in Fig. 3a, b. These figures show that the modulus and
phase of σ are both to a good accuracy consistent with the behavior
σ / ð#iωÞ#ν* =ω#ν*eiπ2ν* with an exponent ν* = 0.8. A similar behavior
with exponent ν* ≈0.6 was reported for optimally- and overdoped
Bi221223, while earlier optical investigations of YBCO and Bi2212 have
also reportedpower lawbehavior of Re σðωÞ26,28,29.Wenowaddress this
question by considering a theoreticalmodel presented in the following

Fig. 3 | Sub-linear power lawat intermediate frequencies. aModulus andbphase
of the complex conductivity shown in Fig. 1a and b; the modulus decays with an
exponent ν* ≈0.8 and thephase approaches a value slightly lower than (π/2)ν*. c and
d: same quantities calculated using a Planckian model with linear-in-energy scat-
tering rate, Eqs. (7) and (10). The model and parameters are discussed in the text.
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The two-dimensional Yukawa-Sachdev-Ye-Kitaev (2d-YSYK) model provides a universal theory
of quantum phase transitions in metals in the presence of quenched random spatial fluctuations in
the local position of the quantum critical point. It has a Fermi surface coupled to a scalar field
by spatially random Yukawa interactions. We present full numerical solutions of a self-consistent
disorder averaged analysis of the 2d-YSYK model in both the normal and superconducting states,
obtaining electronic spectral functions, frequency-dependent conductivity, and superfluid stiffness.
Our results reproduce key aspects of observations in the cuprates as analyzed by Michon et al. (Nat.
Comm. 14, 3033 (2023)). We also find a regime of increasing zero temperature superfluid stiffness
with decreasing superconducting critical temperature, as is observed in bulk cuprates.

Higher temperature superconductors of correlated elec-
tron materials all display a ‘strange metal’ phase above
the critical temperature for superconductivity [1, 2]. This
is a metallic phase of matter where the Landau quasi-
particle approach breaks down. It is characterized most
famously by a linear in temperature (T ) electrical re-
sistivity. We use the term strange metal only for those
metals whose resistivity is smaller than the quantum unit
(h/e2 in d = 2 spatial dimensions). Metals with a linear-
in-T resistivity which is larger than the quantum unit are
‘bad metals’.

An often quoted model for a strange or bad metal
(e.g. [3, 4]) is one in which there is a large density of
states of low energy bosonic excitations, usually phonons,
and then quasi-elastic scattering of the electrons off the
bosons leads to linear-in-T resistivity from the Bose oc-
cupation function when T is larger than the typical boson
energy. However, studies of the optical conductivity in
the strange metal of the cuprates [5] show that the dom-
inant scattering is inelastic, not quasi-elastic, and leads
to a non-Drude power-law-in-frequency tail in the optical
conductivity. The optical conductivity data has been in-
cisively analyzed recently by Michon et al. [6]: they have
shown that while the transport scattering rate (related
to the real part of the inverse optical conductivity) ex-
hibits Planckian scaling behavior [1], there are significant

logarithmic deviations from scaling in the frequency and
temperature dependent effective transport mass (related
to the imaginary part of the inverse optical conductivity).
Furthermore, the optical conductivity data connects con-
sistently with d.c. measurements of resistivity and ther-
modynamics.

Our paper presents a self-consistent, disorder-averaged
analysis of a two-dimensional Yukawa-Sachdev-Ye-
Kitaev (2d-YSYK) model, which has a spatially random
Yukawa coupling between fermions,  , with a Fermi sur-
face and a nearly-critical scalar field, �. We use meth-
ods similar to those which yield the exact solution of the
zero-dimensional Sachdev-Ye-Kitaev model. Such a 2d-
YSYK model has been argued [7–9] to provide a universal
description of quantum phase transitions in metals, as-
sociated with the condensation of �, in the presence of
impurity-induced ‘Harris’ disorder [10–12] with spatial
fluctuations in the local position of the quantum critical
point. We find results that display all the key charac-
teristics of the optical conductivity and d.c. resistivity
described by Michon et al., as shown in Fig. 3.

Moreover, YSYK models also display instabilities of
the strange metal to superconductivity [13–17], with the
pairing type dependent upon the particular quantum
phase transition being studied. We will examine an insta-
bility to spin-singlet pairing in a simplified model which
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Anomalous Criticality in the
Electrical Resistivity of La2–xSrxCuO4
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The presence or absence of a quantum critical point and its location in the phase diagram of high-
temperature superconductors have been subjects of intense scrutiny. Clear evidence for quantum
criticality, particularly in the transport properties, has proved elusive because the important low-
temperature region is masked by the onset of superconductivity. We present measurements of the
low-temperature in-plane resistivity of several highly doped La2–xSrxCuO4 single crystals in which
the superconductivity had been stripped away by using high magnetic fields. In contrast to other
quantum critical systems, the resistivity varies linearly with temperature over a wide doping range
with a gradient that scales monotonically with the superconducting transition temperature. It is
maximal at a critical doping level (pc) ~ 0.19 at which superconductivity is most robust. Moreover,
its value at pc corresponds to the onset of quasi-particle incoherence along specific momentum
directions, implying that the interaction that first promotes high-temperature superconductivity
may ultimately destroy the very quasi-particle states involved in the superconducting pairing.

An important theme in strongly correlated
electron systems is quantum criticality
and the associated quantum phase tran-

sitions that occur at zero temperature upon tuning
a nonthermal control parameter, g (e.g., pressure,
magnetic field H or composition), through a
critical value, gc. One feature of such a system is
the influence that critical fluctuations have on
the physical properties over a wide region in
the (T, g) phase diagram above the quantum
critical point (QCP), inside which the system
shows marked deviations from conventional
Landau Fermi-liquid behavior. A number of can-
didate non–Fermi-liquid systems have emerged,
particularly in the heavy fermion family (1), al-
though there are others, for example, certain
transition metal oxides (2), that display similar
characteristics.

The physics of copper-oxide high-temperature
superconductors may also be governed by prox-
imity to a QCP. The generic temperature-doping
(T, p) phase diagram resembles that seen in the
heavy fermions, with an apparent funnel-shaped
region that either pierces or skirts the supercon-
ducting dome (3). Above this region, cuprates
display an in-plane resistivity, rab, that varies
linearly with temperature over a wide tempera-
ture (4) yet narrow doping (5) range. This T-linear

resistivity has been widely interpreted, in tan-
dem with other anomalous transport properties
(6), as a manifestation of scale-invariant physics
borne out of proximity to the QCP. This view-
point has remained untested, largely because of
the high upper critical field Hc2 values in high-
Tc cuprates that restrict access to the important
limiting low-temperature region below Tc( p).
We used a combination of persistent and pulsed
high magnetic fields to expose the normal state
of La2–xSrxCuO4 (LSCO) over a wide doping
and temperature range and studied the evolution
of rab(T) with carrier density, from the slightly
underdoped (p = 0.15) to the heavily overdoped
( p = 0.33) region of the phase diagram. Our anal-
ysis reveals the presence of a singular doping
concentration in LSCO at which the electronic
response changes, although in a manner distinct
from that observed in other candidate quantum
critical systems.

In-plane resistivity of La2–xSrxCuO4. A series
of high-field rab(T, H) measurements were car-
ried out on overdoped LSCO single crystals with
doping levels of p = 0.18, 0.21, and 0.23 (labeled
hereafter LSCO18, LSCO21, and LSCO23, re-
spectively) with the field aligned perpendicular
to the CuO2 planes in order to suppress the su-
perconductivity. Figure 1A shows the rab(T, H)
data obtained on LSCO23. In order to track the
temperature dependence of the zero-field resistivity
r(T, 0) below Tc, we used a simple, transparent
technique to extrapolate the high-field rab(T, H)
data to the zero-field axis (Fig. 1B). The re-
sultant r(T, 0) values, plotted in Fig. 1C together
with the zero-field rab(T) curve below 70 K,
are found to exhibit a T-linear dependence down
to 1.5 K. For comparison, we also plotted the ab-
solute values of r(T, 48) at a fixed high field of
48 T obtained directly from the vertical dashed
line in Fig. 1A. The temperature dependence of

the latter (analysis-free) values is identical to that
of r(T, 0) and is consistent with earlier 60-T data
taken on LSCO22 (7), showing that the anal-
ysis itself has not introduced any additional,
artificial temperature dependence in r(T, 0). Sim-
ilar pulsed-field measurements and analysis were
carried out for the two other doping levels as
summarized in fig. S1.

Figure 2 shows the resultant r(T, 0) values
plus zero-field rab(T) data for seven different
concentrations ranging from optimal doping
(p = 0.17) to the heavily overdoped, nonsuper-
conducting region (p = 0.33). The gradual cross-
over in the temperature dependence of rab(T),
from quasi-linear for LSCO17 to approximately
quadratic for LSCO33, is evident in the raw data
and is consistent with previous studies carried
out above Tc (5, 8, 9). At low temperatures, how-
ever, rab(T) develops predominantly T-linear
behavior for the entire doping range 0.18 ≤ p ≤
0.29 [for p = 0.17, data exists only above Tc(H =
0)]. Although evidence for a low-T T-linear re-
sistivity has emerged for single doping concen-
trations in both electron- (10) and hole-doped
(11, 12) cuprates, our measurements show that
the low-T linearity in fact persists over a broad
range of doping.

Single-component analysis. In heavy fermi-
on systems, Dr(T), the T-dependent part of r(T),
is often described by a single term anT

n whose
exponent n(T, H) evolves from the Fermi-liquid
value n = 2 to some anomalous value less than 2
over a narrow temperature and magnetic field
window (13–15). The anomalous exponent in
Dr(T) persists to low temperatures only at the
critical field, Hc. In Fig. 3, we plotted a com-
parative n(T, p) = d(lnDr)/d(ln T) for LSCO by
using the resistivity curves shown in Fig. 2.

For T > 50 K, the resultant phase diagram re-
sembles that seen in prototypical quantum critical
systems, with a narrow region in which rab(T) is
approximately (although not strictly) T-linear sep-
arated from a region where rab(T) varies approx-
imately as T2. As the temperature is lowered,
however, the situation becomes markedly dif-
ferent. Rather than collapsing to a single (critical)
point, the T-linear region in LSCO fans out and
dominates the low-T response. Intriguingly, this
T-linear regime (or more precisely, the region
where n < 1.1) is coincident with both the Tc
parabola (long-dashed white line) and the super-
conducting fluctuation regime (short-dashed white
line) and has thus been obscured until now by
the veil of superconductivity.

Dual-component analysis. Previously, Drab(T)
in overdoped, hole-doped cuprates has been ex-
pressed either as above, that is, as anT

n (1 ≤
n ≤ 2) (16), or as the sum of two components,
a1T + a2T

2 (11, 17, 18). In fig. S2, we describe
in detail why the latter is in fact the more ap-
propriate expression for LSCO. In Fig. 4, A and
B, we show the doping dependences of a1 and
a2, respectively, for two different fitting proto-
cols. The solid squares are coefficients obtained
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The presence or absence of a quantum critical point and its location in the phase diagram of high-
temperature superconductors have been subjects of intense scrutiny. Clear evidence for quantum
criticality, particularly in the transport properties, has proved elusive because the important low-
temperature region is masked by the onset of superconductivity. We present measurements of the
low-temperature in-plane resistivity of several highly doped La2–xSrxCuO4 single crystals in which
the superconductivity had been stripped away by using high magnetic fields. In contrast to other
quantum critical systems, the resistivity varies linearly with temperature over a wide doping range
with a gradient that scales monotonically with the superconducting transition temperature. It is
maximal at a critical doping level (pc) ~ 0.19 at which superconductivity is most robust. Moreover,
its value at pc corresponds to the onset of quasi-particle incoherence along specific momentum
directions, implying that the interaction that first promotes high-temperature superconductivity
may ultimately destroy the very quasi-particle states involved in the superconducting pairing.

An important theme in strongly correlated
electron systems is quantum criticality
and the associated quantum phase tran-

sitions that occur at zero temperature upon tuning
a nonthermal control parameter, g (e.g., pressure,
magnetic field H or composition), through a
critical value, gc. One feature of such a system is
the influence that critical fluctuations have on
the physical properties over a wide region in
the (T, g) phase diagram above the quantum
critical point (QCP), inside which the system
shows marked deviations from conventional
Landau Fermi-liquid behavior. A number of can-
didate non–Fermi-liquid systems have emerged,
particularly in the heavy fermion family (1), al-
though there are others, for example, certain
transition metal oxides (2), that display similar
characteristics.

The physics of copper-oxide high-temperature
superconductors may also be governed by prox-
imity to a QCP. The generic temperature-doping
(T, p) phase diagram resembles that seen in the
heavy fermions, with an apparent funnel-shaped
region that either pierces or skirts the supercon-
ducting dome (3). Above this region, cuprates
display an in-plane resistivity, rab, that varies
linearly with temperature over a wide tempera-
ture (4) yet narrow doping (5) range. This T-linear

resistivity has been widely interpreted, in tan-
dem with other anomalous transport properties
(6), as a manifestation of scale-invariant physics
borne out of proximity to the QCP. This view-
point has remained untested, largely because of
the high upper critical field Hc2 values in high-
Tc cuprates that restrict access to the important
limiting low-temperature region below Tc( p).
We used a combination of persistent and pulsed
high magnetic fields to expose the normal state
of La2–xSrxCuO4 (LSCO) over a wide doping
and temperature range and studied the evolution
of rab(T) with carrier density, from the slightly
underdoped (p = 0.15) to the heavily overdoped
( p = 0.33) region of the phase diagram. Our anal-
ysis reveals the presence of a singular doping
concentration in LSCO at which the electronic
response changes, although in a manner distinct
from that observed in other candidate quantum
critical systems.

In-plane resistivity of La2–xSrxCuO4. A series
of high-field rab(T, H) measurements were car-
ried out on overdoped LSCO single crystals with
doping levels of p = 0.18, 0.21, and 0.23 (labeled
hereafter LSCO18, LSCO21, and LSCO23, re-
spectively) with the field aligned perpendicular
to the CuO2 planes in order to suppress the su-
perconductivity. Figure 1A shows the rab(T, H)
data obtained on LSCO23. In order to track the
temperature dependence of the zero-field resistivity
r(T, 0) below Tc, we used a simple, transparent
technique to extrapolate the high-field rab(T, H)
data to the zero-field axis (Fig. 1B). The re-
sultant r(T, 0) values, plotted in Fig. 1C together
with the zero-field rab(T) curve below 70 K,
are found to exhibit a T-linear dependence down
to 1.5 K. For comparison, we also plotted the ab-
solute values of r(T, 48) at a fixed high field of
48 T obtained directly from the vertical dashed
line in Fig. 1A. The temperature dependence of

the latter (analysis-free) values is identical to that
of r(T, 0) and is consistent with earlier 60-T data
taken on LSCO22 (7), showing that the anal-
ysis itself has not introduced any additional,
artificial temperature dependence in r(T, 0). Sim-
ilar pulsed-field measurements and analysis were
carried out for the two other doping levels as
summarized in fig. S1.

Figure 2 shows the resultant r(T, 0) values
plus zero-field rab(T) data for seven different
concentrations ranging from optimal doping
(p = 0.17) to the heavily overdoped, nonsuper-
conducting region (p = 0.33). The gradual cross-
over in the temperature dependence of rab(T),
from quasi-linear for LSCO17 to approximately
quadratic for LSCO33, is evident in the raw data
and is consistent with previous studies carried
out above Tc (5, 8, 9). At low temperatures, how-
ever, rab(T) develops predominantly T-linear
behavior for the entire doping range 0.18 ≤ p ≤
0.29 [for p = 0.17, data exists only above Tc(H =
0)]. Although evidence for a low-T T-linear re-
sistivity has emerged for single doping concen-
trations in both electron- (10) and hole-doped
(11, 12) cuprates, our measurements show that
the low-T linearity in fact persists over a broad
range of doping.

Single-component analysis. In heavy fermi-
on systems, Dr(T), the T-dependent part of r(T),
is often described by a single term anT

n whose
exponent n(T, H) evolves from the Fermi-liquid
value n = 2 to some anomalous value less than 2
over a narrow temperature and magnetic field
window (13–15). The anomalous exponent in
Dr(T) persists to low temperatures only at the
critical field, Hc. In Fig. 3, we plotted a com-
parative n(T, p) = d(lnDr)/d(ln T) for LSCO by
using the resistivity curves shown in Fig. 2.

For T > 50 K, the resultant phase diagram re-
sembles that seen in prototypical quantum critical
systems, with a narrow region in which rab(T) is
approximately (although not strictly) T-linear sep-
arated from a region where rab(T) varies approx-
imately as T2. As the temperature is lowered,
however, the situation becomes markedly dif-
ferent. Rather than collapsing to a single (critical)
point, the T-linear region in LSCO fans out and
dominates the low-T response. Intriguingly, this
T-linear regime (or more precisely, the region
where n < 1.1) is coincident with both the Tc
parabola (long-dashed white line) and the super-
conducting fluctuation regime (short-dashed white
line) and has thus been obscured until now by
the veil of superconductivity.

Dual-component analysis. Previously, Drab(T)
in overdoped, hole-doped cuprates has been ex-
pressed either as above, that is, as anT

n (1 ≤
n ≤ 2) (16), or as the sum of two components,
a1T + a2T

2 (11, 17, 18). In fig. S2, we describe
in detail why the latter is in fact the more ap-
propriate expression for LSCO. In Fig. 4, A and
B, we show the doping dependences of a1 and
a2, respectively, for two different fitting proto-
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The presence or absence of a quantum critical point and its location in the phase diagram of high-
temperature superconductors have been subjects of intense scrutiny. Clear evidence for quantum
criticality, particularly in the transport properties, has proved elusive because the important low-
temperature region is masked by the onset of superconductivity. We present measurements of the
low-temperature in-plane resistivity of several highly doped La2–xSrxCuO4 single crystals in which
the superconductivity had been stripped away by using high magnetic fields. In contrast to other
quantum critical systems, the resistivity varies linearly with temperature over a wide doping range
with a gradient that scales monotonically with the superconducting transition temperature. It is
maximal at a critical doping level (pc) ~ 0.19 at which superconductivity is most robust. Moreover,
its value at pc corresponds to the onset of quasi-particle incoherence along specific momentum
directions, implying that the interaction that first promotes high-temperature superconductivity
may ultimately destroy the very quasi-particle states involved in the superconducting pairing.

An important theme in strongly correlated
electron systems is quantum criticality
and the associated quantum phase tran-

sitions that occur at zero temperature upon tuning
a nonthermal control parameter, g (e.g., pressure,
magnetic field H or composition), through a
critical value, gc. One feature of such a system is
the influence that critical fluctuations have on
the physical properties over a wide region in
the (T, g) phase diagram above the quantum
critical point (QCP), inside which the system
shows marked deviations from conventional
Landau Fermi-liquid behavior. A number of can-
didate non–Fermi-liquid systems have emerged,
particularly in the heavy fermion family (1), al-
though there are others, for example, certain
transition metal oxides (2), that display similar
characteristics.

The physics of copper-oxide high-temperature
superconductors may also be governed by prox-
imity to a QCP. The generic temperature-doping
(T, p) phase diagram resembles that seen in the
heavy fermions, with an apparent funnel-shaped
region that either pierces or skirts the supercon-
ducting dome (3). Above this region, cuprates
display an in-plane resistivity, rab, that varies
linearly with temperature over a wide tempera-
ture (4) yet narrow doping (5) range. This T-linear

resistivity has been widely interpreted, in tan-
dem with other anomalous transport properties
(6), as a manifestation of scale-invariant physics
borne out of proximity to the QCP. This view-
point has remained untested, largely because of
the high upper critical field Hc2 values in high-
Tc cuprates that restrict access to the important
limiting low-temperature region below Tc( p).
We used a combination of persistent and pulsed
high magnetic fields to expose the normal state
of La2–xSrxCuO4 (LSCO) over a wide doping
and temperature range and studied the evolution
of rab(T) with carrier density, from the slightly
underdoped (p = 0.15) to the heavily overdoped
( p = 0.33) region of the phase diagram. Our anal-
ysis reveals the presence of a singular doping
concentration in LSCO at which the electronic
response changes, although in a manner distinct
from that observed in other candidate quantum
critical systems.

In-plane resistivity of La2–xSrxCuO4. A series
of high-field rab(T, H) measurements were car-
ried out on overdoped LSCO single crystals with
doping levels of p = 0.18, 0.21, and 0.23 (labeled
hereafter LSCO18, LSCO21, and LSCO23, re-
spectively) with the field aligned perpendicular
to the CuO2 planes in order to suppress the su-
perconductivity. Figure 1A shows the rab(T, H)
data obtained on LSCO23. In order to track the
temperature dependence of the zero-field resistivity
r(T, 0) below Tc, we used a simple, transparent
technique to extrapolate the high-field rab(T, H)
data to the zero-field axis (Fig. 1B). The re-
sultant r(T, 0) values, plotted in Fig. 1C together
with the zero-field rab(T) curve below 70 K,
are found to exhibit a T-linear dependence down
to 1.5 K. For comparison, we also plotted the ab-
solute values of r(T, 48) at a fixed high field of
48 T obtained directly from the vertical dashed
line in Fig. 1A. The temperature dependence of

the latter (analysis-free) values is identical to that
of r(T, 0) and is consistent with earlier 60-T data
taken on LSCO22 (7), showing that the anal-
ysis itself has not introduced any additional,
artificial temperature dependence in r(T, 0). Sim-
ilar pulsed-field measurements and analysis were
carried out for the two other doping levels as
summarized in fig. S1.

Figure 2 shows the resultant r(T, 0) values
plus zero-field rab(T) data for seven different
concentrations ranging from optimal doping
(p = 0.17) to the heavily overdoped, nonsuper-
conducting region (p = 0.33). The gradual cross-
over in the temperature dependence of rab(T),
from quasi-linear for LSCO17 to approximately
quadratic for LSCO33, is evident in the raw data
and is consistent with previous studies carried
out above Tc (5, 8, 9). At low temperatures, how-
ever, rab(T) develops predominantly T-linear
behavior for the entire doping range 0.18 ≤ p ≤
0.29 [for p = 0.17, data exists only above Tc(H =
0)]. Although evidence for a low-T T-linear re-
sistivity has emerged for single doping concen-
trations in both electron- (10) and hole-doped
(11, 12) cuprates, our measurements show that
the low-T linearity in fact persists over a broad
range of doping.

Single-component analysis. In heavy fermi-
on systems, Dr(T), the T-dependent part of r(T),
is often described by a single term anT

n whose
exponent n(T, H) evolves from the Fermi-liquid
value n = 2 to some anomalous value less than 2
over a narrow temperature and magnetic field
window (13–15). The anomalous exponent in
Dr(T) persists to low temperatures only at the
critical field, Hc. In Fig. 3, we plotted a com-
parative n(T, p) = d(lnDr)/d(ln T) for LSCO by
using the resistivity curves shown in Fig. 2.

For T > 50 K, the resultant phase diagram re-
sembles that seen in prototypical quantum critical
systems, with a narrow region in which rab(T) is
approximately (although not strictly) T-linear sep-
arated from a region where rab(T) varies approx-
imately as T2. As the temperature is lowered,
however, the situation becomes markedly dif-
ferent. Rather than collapsing to a single (critical)
point, the T-linear region in LSCO fans out and
dominates the low-T response. Intriguingly, this
T-linear regime (or more precisely, the region
where n < 1.1) is coincident with both the Tc
parabola (long-dashed white line) and the super-
conducting fluctuation regime (short-dashed white
line) and has thus been obscured until now by
the veil of superconductivity.

Dual-component analysis. Previously, Drab(T)
in overdoped, hole-doped cuprates has been ex-
pressed either as above, that is, as anT

n (1 ≤
n ≤ 2) (16), or as the sum of two components,
a1T + a2T

2 (11, 17, 18). In fig. S2, we describe
in detail why the latter is in fact the more ap-
propriate expression for LSCO. In Fig. 4, A and
B, we show the doping dependences of a1 and
a2, respectively, for two different fitting proto-
cols. The solid squares are coefficients obtained
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Anomalous Criticality in the
Electrical Resistivity of La2–xSrxCuO4
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The presence or absence of a quantum critical point and its location in the phase diagram of high-
temperature superconductors have been subjects of intense scrutiny. Clear evidence for quantum
criticality, particularly in the transport properties, has proved elusive because the important low-
temperature region is masked by the onset of superconductivity. We present measurements of the
low-temperature in-plane resistivity of several highly doped La2–xSrxCuO4 single crystals in which
the superconductivity had been stripped away by using high magnetic fields. In contrast to other
quantum critical systems, the resistivity varies linearly with temperature over a wide doping range
with a gradient that scales monotonically with the superconducting transition temperature. It is
maximal at a critical doping level (pc) ~ 0.19 at which superconductivity is most robust. Moreover,
its value at pc corresponds to the onset of quasi-particle incoherence along specific momentum
directions, implying that the interaction that first promotes high-temperature superconductivity
may ultimately destroy the very quasi-particle states involved in the superconducting pairing.

An important theme in strongly correlated
electron systems is quantum criticality
and the associated quantum phase tran-

sitions that occur at zero temperature upon tuning
a nonthermal control parameter, g (e.g., pressure,
magnetic field H or composition), through a
critical value, gc. One feature of such a system is
the influence that critical fluctuations have on
the physical properties over a wide region in
the (T, g) phase diagram above the quantum
critical point (QCP), inside which the system
shows marked deviations from conventional
Landau Fermi-liquid behavior. A number of can-
didate non–Fermi-liquid systems have emerged,
particularly in the heavy fermion family (1), al-
though there are others, for example, certain
transition metal oxides (2), that display similar
characteristics.

The physics of copper-oxide high-temperature
superconductors may also be governed by prox-
imity to a QCP. The generic temperature-doping
(T, p) phase diagram resembles that seen in the
heavy fermions, with an apparent funnel-shaped
region that either pierces or skirts the supercon-
ducting dome (3). Above this region, cuprates
display an in-plane resistivity, rab, that varies
linearly with temperature over a wide tempera-
ture (4) yet narrow doping (5) range. This T-linear

resistivity has been widely interpreted, in tan-
dem with other anomalous transport properties
(6), as a manifestation of scale-invariant physics
borne out of proximity to the QCP. This view-
point has remained untested, largely because of
the high upper critical field Hc2 values in high-
Tc cuprates that restrict access to the important
limiting low-temperature region below Tc( p).
We used a combination of persistent and pulsed
high magnetic fields to expose the normal state
of La2–xSrxCuO4 (LSCO) over a wide doping
and temperature range and studied the evolution
of rab(T) with carrier density, from the slightly
underdoped (p = 0.15) to the heavily overdoped
( p = 0.33) region of the phase diagram. Our anal-
ysis reveals the presence of a singular doping
concentration in LSCO at which the electronic
response changes, although in a manner distinct
from that observed in other candidate quantum
critical systems.

In-plane resistivity of La2–xSrxCuO4. A series
of high-field rab(T, H) measurements were car-
ried out on overdoped LSCO single crystals with
doping levels of p = 0.18, 0.21, and 0.23 (labeled
hereafter LSCO18, LSCO21, and LSCO23, re-
spectively) with the field aligned perpendicular
to the CuO2 planes in order to suppress the su-
perconductivity. Figure 1A shows the rab(T, H)
data obtained on LSCO23. In order to track the
temperature dependence of the zero-field resistivity
r(T, 0) below Tc, we used a simple, transparent
technique to extrapolate the high-field rab(T, H)
data to the zero-field axis (Fig. 1B). The re-
sultant r(T, 0) values, plotted in Fig. 1C together
with the zero-field rab(T) curve below 70 K,
are found to exhibit a T-linear dependence down
to 1.5 K. For comparison, we also plotted the ab-
solute values of r(T, 48) at a fixed high field of
48 T obtained directly from the vertical dashed
line in Fig. 1A. The temperature dependence of

the latter (analysis-free) values is identical to that
of r(T, 0) and is consistent with earlier 60-T data
taken on LSCO22 (7), showing that the anal-
ysis itself has not introduced any additional,
artificial temperature dependence in r(T, 0). Sim-
ilar pulsed-field measurements and analysis were
carried out for the two other doping levels as
summarized in fig. S1.

Figure 2 shows the resultant r(T, 0) values
plus zero-field rab(T) data for seven different
concentrations ranging from optimal doping
(p = 0.17) to the heavily overdoped, nonsuper-
conducting region (p = 0.33). The gradual cross-
over in the temperature dependence of rab(T),
from quasi-linear for LSCO17 to approximately
quadratic for LSCO33, is evident in the raw data
and is consistent with previous studies carried
out above Tc (5, 8, 9). At low temperatures, how-
ever, rab(T) develops predominantly T-linear
behavior for the entire doping range 0.18 ≤ p ≤
0.29 [for p = 0.17, data exists only above Tc(H =
0)]. Although evidence for a low-T T-linear re-
sistivity has emerged for single doping concen-
trations in both electron- (10) and hole-doped
(11, 12) cuprates, our measurements show that
the low-T linearity in fact persists over a broad
range of doping.

Single-component analysis. In heavy fermi-
on systems, Dr(T), the T-dependent part of r(T),
is often described by a single term anT

n whose
exponent n(T, H) evolves from the Fermi-liquid
value n = 2 to some anomalous value less than 2
over a narrow temperature and magnetic field
window (13–15). The anomalous exponent in
Dr(T) persists to low temperatures only at the
critical field, Hc. In Fig. 3, we plotted a com-
parative n(T, p) = d(lnDr)/d(ln T) for LSCO by
using the resistivity curves shown in Fig. 2.

For T > 50 K, the resultant phase diagram re-
sembles that seen in prototypical quantum critical
systems, with a narrow region in which rab(T) is
approximately (although not strictly) T-linear sep-
arated from a region where rab(T) varies approx-
imately as T2. As the temperature is lowered,
however, the situation becomes markedly dif-
ferent. Rather than collapsing to a single (critical)
point, the T-linear region in LSCO fans out and
dominates the low-T response. Intriguingly, this
T-linear regime (or more precisely, the region
where n < 1.1) is coincident with both the Tc
parabola (long-dashed white line) and the super-
conducting fluctuation regime (short-dashed white
line) and has thus been obscured until now by
the veil of superconductivity.

Dual-component analysis. Previously, Drab(T)
in overdoped, hole-doped cuprates has been ex-
pressed either as above, that is, as anT

n (1 ≤
n ≤ 2) (16), or as the sum of two components,
a1T + a2T

2 (11, 17, 18). In fig. S2, we describe
in detail why the latter is in fact the more ap-
propriate expression for LSCO. In Fig. 4, A and
B, we show the doping dependences of a1 and
a2, respectively, for two different fitting proto-
cols. The solid squares are coefficients obtained
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The presence or absence of a quantum critical point and its location in the phase diagram of high-
temperature superconductors have been subjects of intense scrutiny. Clear evidence for quantum
criticality, particularly in the transport properties, has proved elusive because the important low-
temperature region is masked by the onset of superconductivity. We present measurements of the
low-temperature in-plane resistivity of several highly doped La2–xSrxCuO4 single crystals in which
the superconductivity had been stripped away by using high magnetic fields. In contrast to other
quantum critical systems, the resistivity varies linearly with temperature over a wide doping range
with a gradient that scales monotonically with the superconducting transition temperature. It is
maximal at a critical doping level (pc) ~ 0.19 at which superconductivity is most robust. Moreover,
its value at pc corresponds to the onset of quasi-particle incoherence along specific momentum
directions, implying that the interaction that first promotes high-temperature superconductivity
may ultimately destroy the very quasi-particle states involved in the superconducting pairing.

An important theme in strongly correlated
electron systems is quantum criticality
and the associated quantum phase tran-

sitions that occur at zero temperature upon tuning
a nonthermal control parameter, g (e.g., pressure,
magnetic field H or composition), through a
critical value, gc. One feature of such a system is
the influence that critical fluctuations have on
the physical properties over a wide region in
the (T, g) phase diagram above the quantum
critical point (QCP), inside which the system
shows marked deviations from conventional
Landau Fermi-liquid behavior. A number of can-
didate non–Fermi-liquid systems have emerged,
particularly in the heavy fermion family (1), al-
though there are others, for example, certain
transition metal oxides (2), that display similar
characteristics.

The physics of copper-oxide high-temperature
superconductors may also be governed by prox-
imity to a QCP. The generic temperature-doping
(T, p) phase diagram resembles that seen in the
heavy fermions, with an apparent funnel-shaped
region that either pierces or skirts the supercon-
ducting dome (3). Above this region, cuprates
display an in-plane resistivity, rab, that varies
linearly with temperature over a wide tempera-
ture (4) yet narrow doping (5) range. This T-linear

resistivity has been widely interpreted, in tan-
dem with other anomalous transport properties
(6), as a manifestation of scale-invariant physics
borne out of proximity to the QCP. This view-
point has remained untested, largely because of
the high upper critical field Hc2 values in high-
Tc cuprates that restrict access to the important
limiting low-temperature region below Tc( p).
We used a combination of persistent and pulsed
high magnetic fields to expose the normal state
of La2–xSrxCuO4 (LSCO) over a wide doping
and temperature range and studied the evolution
of rab(T) with carrier density, from the slightly
underdoped (p = 0.15) to the heavily overdoped
( p = 0.33) region of the phase diagram. Our anal-
ysis reveals the presence of a singular doping
concentration in LSCO at which the electronic
response changes, although in a manner distinct
from that observed in other candidate quantum
critical systems.

In-plane resistivity of La2–xSrxCuO4. A series
of high-field rab(T, H) measurements were car-
ried out on overdoped LSCO single crystals with
doping levels of p = 0.18, 0.21, and 0.23 (labeled
hereafter LSCO18, LSCO21, and LSCO23, re-
spectively) with the field aligned perpendicular
to the CuO2 planes in order to suppress the su-
perconductivity. Figure 1A shows the rab(T, H)
data obtained on LSCO23. In order to track the
temperature dependence of the zero-field resistivity
r(T, 0) below Tc, we used a simple, transparent
technique to extrapolate the high-field rab(T, H)
data to the zero-field axis (Fig. 1B). The re-
sultant r(T, 0) values, plotted in Fig. 1C together
with the zero-field rab(T) curve below 70 K,
are found to exhibit a T-linear dependence down
to 1.5 K. For comparison, we also plotted the ab-
solute values of r(T, 48) at a fixed high field of
48 T obtained directly from the vertical dashed
line in Fig. 1A. The temperature dependence of

the latter (analysis-free) values is identical to that
of r(T, 0) and is consistent with earlier 60-T data
taken on LSCO22 (7), showing that the anal-
ysis itself has not introduced any additional,
artificial temperature dependence in r(T, 0). Sim-
ilar pulsed-field measurements and analysis were
carried out for the two other doping levels as
summarized in fig. S1.

Figure 2 shows the resultant r(T, 0) values
plus zero-field rab(T) data for seven different
concentrations ranging from optimal doping
(p = 0.17) to the heavily overdoped, nonsuper-
conducting region (p = 0.33). The gradual cross-
over in the temperature dependence of rab(T),
from quasi-linear for LSCO17 to approximately
quadratic for LSCO33, is evident in the raw data
and is consistent with previous studies carried
out above Tc (5, 8, 9). At low temperatures, how-
ever, rab(T) develops predominantly T-linear
behavior for the entire doping range 0.18 ≤ p ≤
0.29 [for p = 0.17, data exists only above Tc(H =
0)]. Although evidence for a low-T T-linear re-
sistivity has emerged for single doping concen-
trations in both electron- (10) and hole-doped
(11, 12) cuprates, our measurements show that
the low-T linearity in fact persists over a broad
range of doping.

Single-component analysis. In heavy fermi-
on systems, Dr(T), the T-dependent part of r(T),
is often described by a single term anT

n whose
exponent n(T, H) evolves from the Fermi-liquid
value n = 2 to some anomalous value less than 2
over a narrow temperature and magnetic field
window (13–15). The anomalous exponent in
Dr(T) persists to low temperatures only at the
critical field, Hc. In Fig. 3, we plotted a com-
parative n(T, p) = d(lnDr)/d(ln T) for LSCO by
using the resistivity curves shown in Fig. 2.

For T > 50 K, the resultant phase diagram re-
sembles that seen in prototypical quantum critical
systems, with a narrow region in which rab(T) is
approximately (although not strictly) T-linear sep-
arated from a region where rab(T) varies approx-
imately as T2. As the temperature is lowered,
however, the situation becomes markedly dif-
ferent. Rather than collapsing to a single (critical)
point, the T-linear region in LSCO fans out and
dominates the low-T response. Intriguingly, this
T-linear regime (or more precisely, the region
where n < 1.1) is coincident with both the Tc
parabola (long-dashed white line) and the super-
conducting fluctuation regime (short-dashed white
line) and has thus been obscured until now by
the veil of superconductivity.

Dual-component analysis. Previously, Drab(T)
in overdoped, hole-doped cuprates has been ex-
pressed either as above, that is, as anT

n (1 ≤
n ≤ 2) (16), or as the sum of two components,
a1T + a2T

2 (11, 17, 18). In fig. S2, we describe
in detail why the latter is in fact the more ap-
propriate expression for LSCO. In Fig. 4, A and
B, we show the doping dependences of a1 and
a2, respectively, for two different fitting proto-
cols. The solid squares are coefficients obtained
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The presence or absence of a quantum critical point and its location in the phase diagram of high-
temperature superconductors have been subjects of intense scrutiny. Clear evidence for quantum
criticality, particularly in the transport properties, has proved elusive because the important low-
temperature region is masked by the onset of superconductivity. We present measurements of the
low-temperature in-plane resistivity of several highly doped La2–xSrxCuO4 single crystals in which
the superconductivity had been stripped away by using high magnetic fields. In contrast to other
quantum critical systems, the resistivity varies linearly with temperature over a wide doping range
with a gradient that scales monotonically with the superconducting transition temperature. It is
maximal at a critical doping level (pc) ~ 0.19 at which superconductivity is most robust. Moreover,
its value at pc corresponds to the onset of quasi-particle incoherence along specific momentum
directions, implying that the interaction that first promotes high-temperature superconductivity
may ultimately destroy the very quasi-particle states involved in the superconducting pairing.

An important theme in strongly correlated
electron systems is quantum criticality
and the associated quantum phase tran-

sitions that occur at zero temperature upon tuning
a nonthermal control parameter, g (e.g., pressure,
magnetic field H or composition), through a
critical value, gc. One feature of such a system is
the influence that critical fluctuations have on
the physical properties over a wide region in
the (T, g) phase diagram above the quantum
critical point (QCP), inside which the system
shows marked deviations from conventional
Landau Fermi-liquid behavior. A number of can-
didate non–Fermi-liquid systems have emerged,
particularly in the heavy fermion family (1), al-
though there are others, for example, certain
transition metal oxides (2), that display similar
characteristics.

The physics of copper-oxide high-temperature
superconductors may also be governed by prox-
imity to a QCP. The generic temperature-doping
(T, p) phase diagram resembles that seen in the
heavy fermions, with an apparent funnel-shaped
region that either pierces or skirts the supercon-
ducting dome (3). Above this region, cuprates
display an in-plane resistivity, rab, that varies
linearly with temperature over a wide tempera-
ture (4) yet narrow doping (5) range. This T-linear

resistivity has been widely interpreted, in tan-
dem with other anomalous transport properties
(6), as a manifestation of scale-invariant physics
borne out of proximity to the QCP. This view-
point has remained untested, largely because of
the high upper critical field Hc2 values in high-
Tc cuprates that restrict access to the important
limiting low-temperature region below Tc( p).
We used a combination of persistent and pulsed
high magnetic fields to expose the normal state
of La2–xSrxCuO4 (LSCO) over a wide doping
and temperature range and studied the evolution
of rab(T) with carrier density, from the slightly
underdoped (p = 0.15) to the heavily overdoped
( p = 0.33) region of the phase diagram. Our anal-
ysis reveals the presence of a singular doping
concentration in LSCO at which the electronic
response changes, although in a manner distinct
from that observed in other candidate quantum
critical systems.

In-plane resistivity of La2–xSrxCuO4. A series
of high-field rab(T, H) measurements were car-
ried out on overdoped LSCO single crystals with
doping levels of p = 0.18, 0.21, and 0.23 (labeled
hereafter LSCO18, LSCO21, and LSCO23, re-
spectively) with the field aligned perpendicular
to the CuO2 planes in order to suppress the su-
perconductivity. Figure 1A shows the rab(T, H)
data obtained on LSCO23. In order to track the
temperature dependence of the zero-field resistivity
r(T, 0) below Tc, we used a simple, transparent
technique to extrapolate the high-field rab(T, H)
data to the zero-field axis (Fig. 1B). The re-
sultant r(T, 0) values, plotted in Fig. 1C together
with the zero-field rab(T) curve below 70 K,
are found to exhibit a T-linear dependence down
to 1.5 K. For comparison, we also plotted the ab-
solute values of r(T, 48) at a fixed high field of
48 T obtained directly from the vertical dashed
line in Fig. 1A. The temperature dependence of

the latter (analysis-free) values is identical to that
of r(T, 0) and is consistent with earlier 60-T data
taken on LSCO22 (7), showing that the anal-
ysis itself has not introduced any additional,
artificial temperature dependence in r(T, 0). Sim-
ilar pulsed-field measurements and analysis were
carried out for the two other doping levels as
summarized in fig. S1.

Figure 2 shows the resultant r(T, 0) values
plus zero-field rab(T) data for seven different
concentrations ranging from optimal doping
(p = 0.17) to the heavily overdoped, nonsuper-
conducting region (p = 0.33). The gradual cross-
over in the temperature dependence of rab(T),
from quasi-linear for LSCO17 to approximately
quadratic for LSCO33, is evident in the raw data
and is consistent with previous studies carried
out above Tc (5, 8, 9). At low temperatures, how-
ever, rab(T) develops predominantly T-linear
behavior for the entire doping range 0.18 ≤ p ≤
0.29 [for p = 0.17, data exists only above Tc(H =
0)]. Although evidence for a low-T T-linear re-
sistivity has emerged for single doping concen-
trations in both electron- (10) and hole-doped
(11, 12) cuprates, our measurements show that
the low-T linearity in fact persists over a broad
range of doping.

Single-component analysis. In heavy fermi-
on systems, Dr(T), the T-dependent part of r(T),
is often described by a single term anT

n whose
exponent n(T, H) evolves from the Fermi-liquid
value n = 2 to some anomalous value less than 2
over a narrow temperature and magnetic field
window (13–15). The anomalous exponent in
Dr(T) persists to low temperatures only at the
critical field, Hc. In Fig. 3, we plotted a com-
parative n(T, p) = d(lnDr)/d(ln T) for LSCO by
using the resistivity curves shown in Fig. 2.

For T > 50 K, the resultant phase diagram re-
sembles that seen in prototypical quantum critical
systems, with a narrow region in which rab(T) is
approximately (although not strictly) T-linear sep-
arated from a region where rab(T) varies approx-
imately as T2. As the temperature is lowered,
however, the situation becomes markedly dif-
ferent. Rather than collapsing to a single (critical)
point, the T-linear region in LSCO fans out and
dominates the low-T response. Intriguingly, this
T-linear regime (or more precisely, the region
where n < 1.1) is coincident with both the Tc
parabola (long-dashed white line) and the super-
conducting fluctuation regime (short-dashed white
line) and has thus been obscured until now by
the veil of superconductivity.

Dual-component analysis. Previously, Drab(T)
in overdoped, hole-doped cuprates has been ex-
pressed either as above, that is, as anT

n (1 ≤
n ≤ 2) (16), or as the sum of two components,
a1T + a2T

2 (11, 17, 18). In fig. S2, we describe
in detail why the latter is in fact the more ap-
propriate expression for LSCO. In Fig. 4, A and
B, we show the doping dependences of a1 and
a2, respectively, for two different fitting proto-
cols. The solid squares are coefficients obtained

RESEARCHARTICLE

1H. H. Wills Physics Laboratory, University of Bristol, Tyndall
Avenue, Bristol, BS8 1TL, UK. 2Laboratoire National des Champs
Magnétiques Pulsés (LNCMP), UMR CNRS-UPS-INSA 5147,
Toulouse 31400, France. 3Department of Applied Physics, Grad-
uate School of Engineering, Tohoku University, 6-6-05 Aoba,
Aramaki, Aoba-ku, Sendai 980-8579, Japan. 4Department of
Advanced Materials Science, Graduate School of Frontier Sci-
ence, University of Tokyo, Kashiwa-no-ha 5-1-5, Kashiwa-shi,
Chiba 277-8651, Japan.

*Present address: Department of Physics, Okayama University,
Tsushima-naka, Okayama 700-8530, Japan.
†To whom correspondence should be addressed. E-mail:
n.e.hussey@bristol.ac.uk

www.sciencemag.org SCIENCE VOL 323 30 JANUARY 2009 603

D
ow

nloaded from
 https://w

w
w

.science.org at H
arvard U

niversity on O
ctober 26, 2023

“Fan”

Extended 
fermions 

and Higgs bosons

Localized 
overdamped 
SDW bosons,  
but extended 

fermions

“Foot”

<latexit sha1_base64="w3r73ba+aiI2De/IattqSsa7y90="></latexit>

FL-SDW QPT with Harris disorder

provides a theory of the “foot”



A. FL-SDW QPT

B. FL-FL* QPT

C. Confinement crossover to dSC



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

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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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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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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2dYSYK theory of FL-FL* QPT
with extended fermions and bosons

provides a theory of the “fan”
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FL-SDW QPT with Harris disorder with

extended fermions and localized bosons

provides a theory of the “foot”
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