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Photoemission expts at small p

are larger than the presumed doping levels, 0.11, 0.085, and
<0:05, respectively, it is clear that the pocket size scales
qualitatively with the doping level as predicted theoreti-
cally [6,10]. Interestingly, two fluid models of the pseudo-
gap state do predict the observed discrepancy between the
pocket size and carrier concentration or doping level [22].
The finding of a finite nodal FS rather than a ‘‘nodal’’ point
at low T for the Tc ¼ 0 K sample is at variance with
recently reported findings under the same conditions
[23]. The measured Fermi pockets are, however, in
good agreement with those predicted by the YRZ
ansatz. In Fig. 2(b) we show the spectral function calcu-

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

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

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

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

complete picture of the low energy excitations in the nor-
mal state of the underdoped cuprates. For Tc < T < T%, a
Fermi pocket exists in the nodal region with an area pro-
portional to the doping level. One does not need to invoke
discontinuous Fermi arcs to describe the FS of underdoped
Bi2212, and Luttinger’s sum rule, properly understood, is
seen to still approximately stand. However, as is evident in
the inset of Fig. 2(a), the area of the hole pockets would
appear to be larger than assumed doping level at the higher
doping levels. This may reflect the presence of electron
pockets at the higher doping level or it may reflect the
presence of a bilayer splitting, even though the latter is
not observed in the present study. We note that the splitting
will be smaller in the underdoped region and in the nodal
region. Although not verified in the present study, one
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FIG. 2 (color online). (a) The pseudopockets determined for
three different doping levels. The black data correspond to the
Tc ¼ 65 K sample, the blue data correspond to the Tc ¼ 45 K
sample, and the red data correspond to the nonsuperconducting
Tc ¼ 0 K sample. The area of the pockets xARPES scales with the
nominal of doping level xn, as shown in the inset. (b) The Fermi
pockets derived from YRZ ansatz with different doping level.
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FIG. 3 (color online). (a) The Fermi surface crossings deter-
mined for the Tc ¼ 45 K sample at three different temperatures.
The triangles indicate measurements at a sample temperature of
140 K, the circles measurements at 90 K, and the diamonds
measurements at 60 K. (b) The measured arc lengths in (a)
plotted as a function of temperature. We note that rather than
cycling the temperatures on the same sample, the data in (a) are
measured on different samples cut from the same crystal.
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are larger than the presumed doping levels, 0.11, 0.085, and
<0:05, respectively, it is clear that the pocket size scales
qualitatively with the doping level as predicted theoreti-
cally [6,10]. Interestingly, two fluid models of the pseudo-
gap state do predict the observed discrepancy between the
pocket size and carrier concentration or doping level [22].
The finding of a finite nodal FS rather than a ‘‘nodal’’ point
at low T for the Tc ¼ 0 K sample is at variance with
recently reported findings under the same conditions
[23]. The measured Fermi pockets are, however, in
good agreement with those predicted by the YRZ
ansatz. In Fig. 2(b) we show the spectral function calcu-

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

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

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

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

complete picture of the low energy excitations in the nor-
mal state of the underdoped cuprates. For Tc < T < T%, a
Fermi pocket exists in the nodal region with an area pro-
portional to the doping level. One does not need to invoke
discontinuous Fermi arcs to describe the FS of underdoped
Bi2212, and Luttinger’s sum rule, properly understood, is
seen to still approximately stand. However, as is evident in
the inset of Fig. 2(a), the area of the hole pockets would
appear to be larger than assumed doping level at the higher
doping levels. This may reflect the presence of electron
pockets at the higher doping level or it may reflect the
presence of a bilayer splitting, even though the latter is
not observed in the present study. We note that the splitting
will be smaller in the underdoped region and in the nodal
region. Although not verified in the present study, one
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FIG. 3 (color online). (a) The Fermi surface crossings deter-
mined for the Tc ¼ 45 K sample at three different temperatures.
The triangles indicate measurements at a sample temperature of
140 K, the circles measurements at 90 K, and the diamonds
measurements at 60 K. (b) The measured arc lengths in (a)
plotted as a function of temperature. We note that rather than
cycling the temperatures on the same sample, the data in (a) are
measured on different samples cut from the same crystal.
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are larger than the presumed doping levels, 0.11, 0.085, and
<0:05, respectively, it is clear that the pocket size scales
qualitatively with the doping level as predicted theoreti-
cally [6,10]. Interestingly, two fluid models of the pseudo-
gap state do predict the observed discrepancy between the
pocket size and carrier concentration or doping level [22].
The finding of a finite nodal FS rather than a ‘‘nodal’’ point
at low T for the Tc ¼ 0 K sample is at variance with
recently reported findings under the same conditions
[23]. The measured Fermi pockets are, however, in
good agreement with those predicted by the YRZ
ansatz. In Fig. 2(b) we show the spectral function calcu-

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

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

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

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

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

PRL 107, 047003 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
22 JULY 2011

047003-3

<latexit sha1_base64="9r4RnwY24hckMioFYAEMT0ipgIA="></latexit>

Reconstructed Fermi Surface of Underdoped

Bi2Sr2CaCu2O8+� Cuprate Superconductors,

H.-B. Yang, J. D. Rameau, Z.-H. Pan, G. D. Gu,

P. D. Johnson, H. Claus, D. G. Hinks,

and T. E. Kidd, PRL 107, 047003 (2011).

Non-Luttinger volume Fermi surfaces 
from various self-consistent Green’s 

function approaches.

Oshikawa’s topological Luttinger 
argument implies that  

non-Luttinger Fermi surfaces 
must be accompanied by 

fractionalized spinon excitations

T. Senthil, M. Vojta, S.S., PRB 69, 035111 (2004) 
R. K. Kaul, A. Kolezhuk, M. Levin, S. S., T. Senthil, PRB 75 , 235122 (2007) 

Y. Qi, S. S., PRB 81, 115129 (2010)



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

are larger than the presumed doping levels, 0.11, 0.085, and
<0:05, respectively, it is clear that the pocket size scales
qualitatively with the doping level as predicted theoreti-
cally [6,10]. Interestingly, two fluid models of the pseudo-
gap state do predict the observed discrepancy between the
pocket size and carrier concentration or doping level [22].
The finding of a finite nodal FS rather than a ‘‘nodal’’ point
at low T for the Tc ¼ 0 K sample is at variance with
recently reported findings under the same conditions
[23]. The measured Fermi pockets are, however, in
good agreement with those predicted by the YRZ
ansatz. In Fig. 2(b) we show the spectral function calcu-

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

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

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

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

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

PRL 107, 047003 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
22 JULY 2011

047003-3

<latexit sha1_base64="9r4RnwY24hckMioFYAEMT0ipgIA="></latexit>

Reconstructed Fermi Surface of Underdoped

Bi2Sr2CaCu2O8+� Cuprate Superconductors,

H.-B. Yang, J. D. Rameau, Z.-H. Pan, G. D. Gu,

P. D. Johnson, H. Claus, D. G. Hinks,

and T. E. Kidd, PRL 107, 047003 (2011).

<latexit sha1_base64="JMh/HtkkBBsRSrQpw6Al2C+2fYo="></latexit>

Hmf =�
X

i,j

tijc
†
i�cj� �

X

i,j

t1,ijf
†
1i�f1j�

�
X

i

� (c†i�f1i� + f
†
1i�ci�)

<latexit sha1_base64="uFi88a2Gwt28F3yxayDTTrKS/Ek="> HWNe0</latexit>

Ancilla theory of pseudogap metal: FL*—
electrons hybridized by a half-filled band of fermions (f1),
and exchange coupled to a spin liquid layer with spinons.

<latexit sha1_base64="xuYgJOEJZZe93gFlejULo+RFsLE=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgadkVbeut6MVjBfsB7VJm02wbm2yWJCuU0v/gxYMiXv0/3vw3pu0KVfTBwOO9GWbmhQln2njep5NbWV1b38hvFra2d3b3ivsHTS1TRWiDSC5VOwRNOYtpwzDDaTtRFETIaSscXc/81gNVmsn4zowTGggYxCxiBIyVmt0BCAG9Ysl3vTmw515WzivVC0sy5dsqoQz1XvGj25ckFTQ2hIPWHd9LTDABZRjhdFroppomQEYwoB1LYxBUB5P5tVN8YpU+jqSyFRs8V5cnJiC0HovQdgowQ/3bm4l/eZ3URNVgwuIkNTQmi0VRyrGRePY67jNFieFjS4AoZm/FZAgKiLEBFZZD+J80z1y/7JZvz0u1qyyOPDpCx+gU+aiCaugG1VEDEXSPHtEzenGk8+S8Om+L1pyTzRyiH3DevwDF6I9J</latexit>� <latexit sha1_base64="xuYgJOEJZZe93gFlejULo+RFsLE=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgadkVbeut6MVjBfsB7VJm02wbm2yWJCuU0v/gxYMiXv0/3vw3pu0KVfTBwOO9GWbmhQln2njep5NbWV1b38hvFra2d3b3ivsHTS1TRWiDSC5VOwRNOYtpwzDDaTtRFETIaSscXc/81gNVmsn4zowTGggYxCxiBIyVmt0BCAG9Ysl3vTmw515WzivVC0sy5dsqoQz1XvGj25ckFTQ2hIPWHd9LTDABZRjhdFroppomQEYwoB1LYxBUB5P5tVN8YpU+jqSyFRs8V5cnJiC0HovQdgowQ/3bm4l/eZ3URNVgwuIkNTQmi0VRyrGRePY67jNFieFjS4AoZm/FZAgKiLEBFZZD+J80z1y/7JZvz0u1qyyOPDpCx+gU+aiCaugG1VEDEXSPHtEzenGk8+S8Om+L1pyTzRyiH3DevwDF6I9J</latexit>�

<latexit sha1_base64="xuYgJOEJZZe93gFlejULo+RFsLE=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgadkVbeut6MVjBfsB7VJm02wbm2yWJCuU0v/gxYMiXv0/3vw3pu0KVfTBwOO9GWbmhQln2njep5NbWV1b38hvFra2d3b3ivsHTS1TRWiDSC5VOwRNOYtpwzDDaTtRFETIaSscXc/81gNVmsn4zowTGggYxCxiBIyVmt0BCAG9Ysl3vTmw515WzivVC0sy5dsqoQz1XvGj25ckFTQ2hIPWHd9LTDABZRjhdFroppomQEYwoB1LYxBUB5P5tVN8YpU+jqSyFRs8V5cnJiC0HovQdgowQ/3bm4l/eZ3URNVgwuIkNTQmi0VRyrGRePY67jNFieFjS4AoZm/FZAgKiLEBFZZD+J80z1y/7JZvz0u1qyyOPDpCx+gU+aiCaugG1VEDEXSPHtEzenGk8+S8Om+L1pyTzRyiH3DevwDF6I9J</latexit>�<latexit sha1_base64="xuYgJOEJZZe93gFlejULo+RFsLE=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgadkVbeut6MVjBfsB7VJm02wbm2yWJCuU0v/gxYMiXv0/3vw3pu0KVfTBwOO9GWbmhQln2njep5NbWV1b38hvFra2d3b3ivsHTS1TRWiDSC5VOwRNOYtpwzDDaTtRFETIaSscXc/81gNVmsn4zowTGggYxCxiBIyVmt0BCAG9Ysl3vTmw515WzivVC0sy5dsqoQz1XvGj25ckFTQ2hIPWHd9LTDABZRjhdFroppomQEYwoB1LYxBUB5P5tVN8YpU+jqSyFRs8V5cnJiC0HovQdgowQ/3bm4l/eZ3URNVgwuIkNTQmi0VRyrGRePY67jNFieFjS4AoZm/FZAgKiLEBFZZD+J80z1y/7JZvz0u1qyyOPDpCx+gU+aiCaugG1VEDEXSPHtEzenGk8+S8Om+L1pyTzRyiH3DevwDF6I9J</latexit>�



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

are larger than the presumed doping levels, 0.11, 0.085, and
<0:05, respectively, it is clear that the pocket size scales
qualitatively with the doping level as predicted theoreti-
cally [6,10]. Interestingly, two fluid models of the pseudo-
gap state do predict the observed discrepancy between the
pocket size and carrier concentration or doping level [22].
The finding of a finite nodal FS rather than a ‘‘nodal’’ point
at low T for the Tc ¼ 0 K sample is at variance with
recently reported findings under the same conditions
[23]. The measured Fermi pockets are, however, in
good agreement with those predicted by the YRZ
ansatz. In Fig. 2(b) we show the spectral function calcu-

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

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

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

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

complete picture of the low energy excitations in the nor-
mal state of the underdoped cuprates. For Tc < T < T%, a
Fermi pocket exists in the nodal region with an area pro-
portional to the doping level. One does not need to invoke
discontinuous Fermi arcs to describe the FS of underdoped
Bi2212, and Luttinger’s sum rule, properly understood, is
seen to still approximately stand. However, as is evident in
the inset of Fig. 2(a), the area of the hole pockets would
appear to be larger than assumed doping level at the higher
doping levels. This may reflect the presence of electron
pockets at the higher doping level or it may reflect the
presence of a bilayer splitting, even though the latter is
not observed in the present study. We note that the splitting
will be smaller in the underdoped region and in the nodal
region. Although not verified in the present study, one
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Ancilla theory of pseudogap metal: FL*—
electrons hybridized by a half-filled band of fermions (f1),
and exchange coupled to a spin liquid layer with spinons.

Puzzle:  
why is the photoemission intensity 

on the “backsides” of the hole pockets so low?
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A. Photoemission: Fermi arcs 
B. RIXS: Intense paramagnons 
C. Quantum oscillations 
D. Velocities of Bogoliubov quasiparticles 

in the d-wave superconductor

Pseudogap puzzles:
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Figure 3 |Dispersion, linewidth and intensity of the magnetic excitations. a, Experimental magnon dispersion along the 100 direction in antiferromagnetic
Nd1.2Ba1.8Cu3O6 at T= 15 K, fitted using the spin-wave dispersion of a bilayer from ref. 16 (thick red line). The dashed lines are the acoustic (black) and
optical (red) spin-wave dispersions calculated using the fitting parameters. The grey area represents our energy–momentum resolution. Inset: relative
intensities of the acoustic and optical magnons for our scattering geometry. b, Experimental magnon dispersion along the 100 direction in
antiferromagnetic Nd1.2Ba1.8Cu3O6, underdoped Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and YBa2Cu3O7 at T= 15 K. Low-frequency INS data
recorded along the 100 direction from QAF for YBa2Cu3O6.6 have been added34. Lines are guides to the eye. c, HWHM of magnetic excitations in
Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and YBa2Cu3O7. d, Integrated inelastic intensities. The error bars reflect the accuracy of the fitting procedure
detailed in Supplementary Information.

uncertainties associated with previous attempts to extract J∥ by
extrapolating lower-energy INS data on doped cuprates30–33. On
approaching the ! point (Q∥ = 0), we observe that the dispersion
is steeper in the doped compounds than in NdBCO6. Despite the
fact that ! and QAF are no longer equivalent in the absence of
magnetic long-range order, the RIXS data obtained on YBCO6.6
nicely extrapolate to the low-energy ‘hour-glass’ dispersion around
QAF previously extracted from INS data on samples prepared in
an identical manner (Fig. 3b; ref. 34). The RIXS data on YBCO6.6
are also consistent with recent high-energy INS data on YBCO6.5
(ref. 33,35). The combined RIXS–INS data set on YBCO6.6 indicates
the presence of an inflexion point in the dispersion of the magnetic
excitations. We note that the situation seems somewhat different
for YBa2Cu4O8, where the energy of the magnetic excitations close
to the zone boundary is significantly reduced compared with the
other systems (∼210meV instead of∼300meV), and the dispersion
is flatter than in NdBCO6. This may reflect different values of J∥ and
J⊥ in this system, and deserves further investigation.

The intrinsic HWHM of ∼200meV of the inelastic signal ex-
tracted from our data (Fig. 3c) is much larger than the instrumental
resolution and comparable to the magnon energies, indicating

strong damping by Stoner excitations. The damping rate does not
change substantially with Q∥ or with doping. Finally, whereas it is
not yet possible to obtain absolute magnetic intensities from RIXS
data, we can extract the relative intensity of the RIXS profiles by in-
tegrating the inelastic signal in the MIR region (see Supplementary
Information). Remarkably, the integrated intensity obtained in this
way is conserved on doping from the antiferromagnetic insulator
to the slightly overdoped superconductor.

We have thus demonstrated the existence of paramagnons, that
is, damped but well-defined dispersive magnetic excitations, deep
in the Stoner continuum of cuprates with doping levels beyond
optimal doping. Their spectral weights are similar to those of
spin waves in the undoped, antiferromagnetically ordered parent
material. These excitations have thus far not been observed by
INS due to the much less favourable counting rates and signal-to-
background ratios in INS experiments on doped cuprates3,6–12,30–34.

To obtain insight into the origin of this surprising observation,
we have carried out exact-diagonalization calculations of the t–J
Hamiltonian with the exchange coupling constant J = 0.3t (t is the
nearest-neighbour hopping) on finite-sized clusters, following the
method proposed in refs 36–38. We used clusters with 18 and 20
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Intense paramagnon excitations in a large family
of high-temperature superconductors
M. Le Tacon1*, G. Ghiringhelli2, J. Chaloupka1, M. Moretti Sala2, V. Hinkov1,3, M. W. Haverkort1,
M. Minola2, M. Bakr1, K. J. Zhou4, S. Blanco-Canosa1, C. Monney4, Y. T. Song1, G. L. Sun1, C. T. Lin1,
G. M. De Luca5, M. Salluzzo5, G. Khaliullin1, T. Schmitt4, L. Braicovich2 and B. Keimer1*

In the search for the mechanism of high-temperature superconductivity, intense research has been focused on the evolution
of the spin excitation spectrum on doping from the antiferromagnetic insulating to the superconducting state of the
cuprates. Because of technical limitations, the experimental investigation of doped cuprates has been largely focused on
low-energy excitations in a small range of momentum space. Here we use resonant inelastic X-ray scattering to show that
a large family of superconductors, encompassing underdoped YBa2Cu4O8 and overdoped YBa2Cu3O7, exhibits damped spin
excitations (paramagnons) with dispersions and spectral weights closely similar to those of magnons in undoped cuprates. The
comprehensive experimental description of this surprisingly simple spectrum enables quantitative tests of magnetic Cooper
pairing models. A numerical solution of the Eliashberg equations for the magnetic spectrum of YBa2Cu3O7 reproduces its
superconducting transition temperature within a factor of two, a level of agreement comparable to that of Eliashberg theories
of conventional superconductors.

The 25th anniversary of the discovery of high-temperature
superconductivity is approaching without a clear and
compelling theory of the mechanism underlying this phe-

nomenon. After the discovery of an unconventional (d-wave)
symmetry of the Cooper-pair wavefunction in the copper oxides,
the thrust of research has been focused on the role of repulsive
Coulomb interactions between conduction electrons, which nat-
urally explain this pairing symmetry1. However, as even simple
models based on repulsive interactions have thus far defied a
full solution, the question of whether such interactions alone
can generate high-temperature superconductivity is still open. A
complementary, more empirical approach has asked whether anti-
ferromagnetic spin fluctuations, which are a generic consequence
of Coulomb interactions, can mediate Cooper pairing in analogy
to the phonon-mediated pairing mechanism in conventional
superconductors2. This scenario requires the existence of well-
defined antiferromagnetic spin fluctuations in the superconducting
range of the cuprate phase diagram (for mobile hole concentrations
5%≤ p≤ 25% per copper atom), well outside the narrow stability
range of antiferromagnetic long-range order (0≤p≤2%).

An extensive series of experiments using inelastic spin-flip
scattering of neutrons has indeed revealed low-energy spin
fluctuations in doped cuprates3. Signatures of coupling between
spin and charge excitations have also been identified4, and evidence
has been reported that this coupling is strong enough to mediate
superconductivity in underdoped cuprates5. However, for cuprate
compounds hosting the most robust superconducting states,
namely those that are optimally doped to exhibit a superconducting
transition temperature Tc ≥90K, inelastic neutron scattering (INS)
experiments have thus far mostly revealed spin excitations over a
narrow range of excitation energies E ∼ 30–70meV, wave vectors
Q covering only ∼10% of the Brillouin-zone area around the

1Max Planck Institute for Solid State Research, 70569 Stuttgart, Germany, 2CNR-SPIN, Dipartimento di Fisica, Politecnico di Milano, I-20133 Milano, Italy,
3QuantumMatter Institute, University of British Columbia, Vancouver, V6T1Z1, Canada, 4Swiss Light Source, Paul Scherrer Institut, CH-5232 Villigen PSI,
Switzerland, 5CNR-SPIN, Complesso Monte Santangelo via Cinthia, I-80126 Napoli, Italy. *e-mail: m.letacon@fkf.mpg.de; b.keimer@fkf.mpg.de.

antiferromagnetic ordering wave vector QAF and temperatures
T < Tc (refs 6–12). The energy- and momentum-integrated
intensity of these excitations constitutes only a few per cent of
the spectral weight of spin waves in antiferromagnetically ordered
cuprates4,13, and is thus clearly insufficient to support high-Tc
superconductivity. Although the recent discovery of a weakly
dispersive magnetic excitation in the model system HgBa2CuO4+δ

with E ∼ 50meV may account for some of the missing spectral
weight14, the apparent weakness of antiferromagnetic fluctuations
in optimally doped compounds has been used as a central argument
againstmagneticallymediated pairing scenarios for the cuprates15.

This picture is, however, strongly influenced by technical
limitations of the INSmethod that arise from the small cross-section
of magnetic neutron scattering in combination with the weak
primary flux of currently available high-energy neutron beams.
Because of intensity constraints, even the detection of undamped
spin waves in antiferromagnetically ordered cuprates over their full
bandwidth of ∼ 300meV has required single-crystal samples with
volumes of order 10 cm3, which are very difficult to obtain16–19.
Doping further reduces the intensity of the INS profiles and
exacerbates these difficulties.

Here we take advantage of recent progress in the development
of high-resolution resonant inelastic X-ray scattering (RIXS;
see ref. 20 for a review) to explore the doping dependence
of magnetic excitations in the widely studied YBa2Cu3O6+x
family, in a wide energy–momentum window that has been
largely hidden from view by INS. As a major result, we
demonstrate the existence of spin-wave-like dispersive magnetic
excitations (paramagnons) deep inside the electron–hole spin-flip
continuum (up to ∼300meV), for all the investigated doping
levels, with spectral weights comparable to those of magnons in the
undoped parent compounds. Exact-diagonalization calculations
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Figure 3 |Dispersion, linewidth and intensity of the magnetic excitations. a, Experimental magnon dispersion along the 100 direction in antiferromagnetic
Nd1.2Ba1.8Cu3O6 at T= 15 K, fitted using the spin-wave dispersion of a bilayer from ref. 16 (thick red line). The dashed lines are the acoustic (black) and
optical (red) spin-wave dispersions calculated using the fitting parameters. The grey area represents our energy–momentum resolution. Inset: relative
intensities of the acoustic and optical magnons for our scattering geometry. b, Experimental magnon dispersion along the 100 direction in
antiferromagnetic Nd1.2Ba1.8Cu3O6, underdoped Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and YBa2Cu3O7 at T= 15 K. Low-frequency INS data
recorded along the 100 direction from QAF for YBa2Cu3O6.6 have been added34. Lines are guides to the eye. c, HWHM of magnetic excitations in
Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and YBa2Cu3O7. d, Integrated inelastic intensities. The error bars reflect the accuracy of the fitting procedure
detailed in Supplementary Information.

uncertainties associated with previous attempts to extract J∥ by
extrapolating lower-energy INS data on doped cuprates30–33. On
approaching the ! point (Q∥ = 0), we observe that the dispersion
is steeper in the doped compounds than in NdBCO6. Despite the
fact that ! and QAF are no longer equivalent in the absence of
magnetic long-range order, the RIXS data obtained on YBCO6.6
nicely extrapolate to the low-energy ‘hour-glass’ dispersion around
QAF previously extracted from INS data on samples prepared in
an identical manner (Fig. 3b; ref. 34). The RIXS data on YBCO6.6
are also consistent with recent high-energy INS data on YBCO6.5
(ref. 33,35). The combined RIXS–INS data set on YBCO6.6 indicates
the presence of an inflexion point in the dispersion of the magnetic
excitations. We note that the situation seems somewhat different
for YBa2Cu4O8, where the energy of the magnetic excitations close
to the zone boundary is significantly reduced compared with the
other systems (∼210meV instead of∼300meV), and the dispersion
is flatter than in NdBCO6. This may reflect different values of J∥ and
J⊥ in this system, and deserves further investigation.

The intrinsic HWHM of ∼200meV of the inelastic signal ex-
tracted from our data (Fig. 3c) is much larger than the instrumental
resolution and comparable to the magnon energies, indicating

strong damping by Stoner excitations. The damping rate does not
change substantially with Q∥ or with doping. Finally, whereas it is
not yet possible to obtain absolute magnetic intensities from RIXS
data, we can extract the relative intensity of the RIXS profiles by in-
tegrating the inelastic signal in the MIR region (see Supplementary
Information). Remarkably, the integrated intensity obtained in this
way is conserved on doping from the antiferromagnetic insulator
to the slightly overdoped superconductor.

We have thus demonstrated the existence of paramagnons, that
is, damped but well-defined dispersive magnetic excitations, deep
in the Stoner continuum of cuprates with doping levels beyond
optimal doping. Their spectral weights are similar to those of
spin waves in the undoped, antiferromagnetically ordered parent
material. These excitations have thus far not been observed by
INS due to the much less favourable counting rates and signal-to-
background ratios in INS experiments on doped cuprates3,6–12,30–34.

To obtain insight into the origin of this surprising observation,
we have carried out exact-diagonalization calculations of the t–J
Hamiltonian with the exchange coupling constant J = 0.3t (t is the
nearest-neighbour hopping) on finite-sized clusters, following the
method proposed in refs 36–38. We used clusters with 18 and 20
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Figure 3 |Dispersion, linewidth and intensity of the magnetic excitations. a, Experimental magnon dispersion along the 100 direction in antiferromagnetic
Nd1.2Ba1.8Cu3O6 at T= 15 K, fitted using the spin-wave dispersion of a bilayer from ref. 16 (thick red line). The dashed lines are the acoustic (black) and
optical (red) spin-wave dispersions calculated using the fitting parameters. The grey area represents our energy–momentum resolution. Inset: relative
intensities of the acoustic and optical magnons for our scattering geometry. b, Experimental magnon dispersion along the 100 direction in
antiferromagnetic Nd1.2Ba1.8Cu3O6, underdoped Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and YBa2Cu3O7 at T= 15 K. Low-frequency INS data
recorded along the 100 direction from QAF for YBa2Cu3O6.6 have been added34. Lines are guides to the eye. c, HWHM of magnetic excitations in
Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and YBa2Cu3O7. d, Integrated inelastic intensities. The error bars reflect the accuracy of the fitting procedure
detailed in Supplementary Information.

uncertainties associated with previous attempts to extract J∥ by
extrapolating lower-energy INS data on doped cuprates30–33. On
approaching the ! point (Q∥ = 0), we observe that the dispersion
is steeper in the doped compounds than in NdBCO6. Despite the
fact that ! and QAF are no longer equivalent in the absence of
magnetic long-range order, the RIXS data obtained on YBCO6.6
nicely extrapolate to the low-energy ‘hour-glass’ dispersion around
QAF previously extracted from INS data on samples prepared in
an identical manner (Fig. 3b; ref. 34). The RIXS data on YBCO6.6
are also consistent with recent high-energy INS data on YBCO6.5
(ref. 33,35). The combined RIXS–INS data set on YBCO6.6 indicates
the presence of an inflexion point in the dispersion of the magnetic
excitations. We note that the situation seems somewhat different
for YBa2Cu4O8, where the energy of the magnetic excitations close
to the zone boundary is significantly reduced compared with the
other systems (∼210meV instead of∼300meV), and the dispersion
is flatter than in NdBCO6. This may reflect different values of J∥ and
J⊥ in this system, and deserves further investigation.

The intrinsic HWHM of ∼200meV of the inelastic signal ex-
tracted from our data (Fig. 3c) is much larger than the instrumental
resolution and comparable to the magnon energies, indicating

strong damping by Stoner excitations. The damping rate does not
change substantially with Q∥ or with doping. Finally, whereas it is
not yet possible to obtain absolute magnetic intensities from RIXS
data, we can extract the relative intensity of the RIXS profiles by in-
tegrating the inelastic signal in the MIR region (see Supplementary
Information). Remarkably, the integrated intensity obtained in this
way is conserved on doping from the antiferromagnetic insulator
to the slightly overdoped superconductor.

We have thus demonstrated the existence of paramagnons, that
is, damped but well-defined dispersive magnetic excitations, deep
in the Stoner continuum of cuprates with doping levels beyond
optimal doping. Their spectral weights are similar to those of
spin waves in the undoped, antiferromagnetically ordered parent
material. These excitations have thus far not been observed by
INS due to the much less favourable counting rates and signal-to-
background ratios in INS experiments on doped cuprates3,6–12,30–34.

To obtain insight into the origin of this surprising observation,
we have carried out exact-diagonalization calculations of the t–J
Hamiltonian with the exchange coupling constant J = 0.3t (t is the
nearest-neighbour hopping) on finite-sized clusters, following the
method proposed in refs 36–38. We used clusters with 18 and 20
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Intense paramagnon excitations in a large family
of high-temperature superconductors
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G. M. De Luca5, M. Salluzzo5, G. Khaliullin1, T. Schmitt4, L. Braicovich2 and B. Keimer1*

In the search for the mechanism of high-temperature superconductivity, intense research has been focused on the evolution
of the spin excitation spectrum on doping from the antiferromagnetic insulating to the superconducting state of the
cuprates. Because of technical limitations, the experimental investigation of doped cuprates has been largely focused on
low-energy excitations in a small range of momentum space. Here we use resonant inelastic X-ray scattering to show that
a large family of superconductors, encompassing underdoped YBa2Cu4O8 and overdoped YBa2Cu3O7, exhibits damped spin
excitations (paramagnons) with dispersions and spectral weights closely similar to those of magnons in undoped cuprates. The
comprehensive experimental description of this surprisingly simple spectrum enables quantitative tests of magnetic Cooper
pairing models. A numerical solution of the Eliashberg equations for the magnetic spectrum of YBa2Cu3O7 reproduces its
superconducting transition temperature within a factor of two, a level of agreement comparable to that of Eliashberg theories
of conventional superconductors.

The 25th anniversary of the discovery of high-temperature
superconductivity is approaching without a clear and
compelling theory of the mechanism underlying this phe-

nomenon. After the discovery of an unconventional (d-wave)
symmetry of the Cooper-pair wavefunction in the copper oxides,
the thrust of research has been focused on the role of repulsive
Coulomb interactions between conduction electrons, which nat-
urally explain this pairing symmetry1. However, as even simple
models based on repulsive interactions have thus far defied a
full solution, the question of whether such interactions alone
can generate high-temperature superconductivity is still open. A
complementary, more empirical approach has asked whether anti-
ferromagnetic spin fluctuations, which are a generic consequence
of Coulomb interactions, can mediate Cooper pairing in analogy
to the phonon-mediated pairing mechanism in conventional
superconductors2. This scenario requires the existence of well-
defined antiferromagnetic spin fluctuations in the superconducting
range of the cuprate phase diagram (for mobile hole concentrations
5%≤ p≤ 25% per copper atom), well outside the narrow stability
range of antiferromagnetic long-range order (0≤p≤2%).

An extensive series of experiments using inelastic spin-flip
scattering of neutrons has indeed revealed low-energy spin
fluctuations in doped cuprates3. Signatures of coupling between
spin and charge excitations have also been identified4, and evidence
has been reported that this coupling is strong enough to mediate
superconductivity in underdoped cuprates5. However, for cuprate
compounds hosting the most robust superconducting states,
namely those that are optimally doped to exhibit a superconducting
transition temperature Tc ≥90K, inelastic neutron scattering (INS)
experiments have thus far mostly revealed spin excitations over a
narrow range of excitation energies E ∼ 30–70meV, wave vectors
Q covering only ∼10% of the Brillouin-zone area around the

1Max Planck Institute for Solid State Research, 70569 Stuttgart, Germany, 2CNR-SPIN, Dipartimento di Fisica, Politecnico di Milano, I-20133 Milano, Italy,
3QuantumMatter Institute, University of British Columbia, Vancouver, V6T1Z1, Canada, 4Swiss Light Source, Paul Scherrer Institut, CH-5232 Villigen PSI,
Switzerland, 5CNR-SPIN, Complesso Monte Santangelo via Cinthia, I-80126 Napoli, Italy. *e-mail: m.letacon@fkf.mpg.de; b.keimer@fkf.mpg.de.

antiferromagnetic ordering wave vector QAF and temperatures
T < Tc (refs 6–12). The energy- and momentum-integrated
intensity of these excitations constitutes only a few per cent of
the spectral weight of spin waves in antiferromagnetically ordered
cuprates4,13, and is thus clearly insufficient to support high-Tc
superconductivity. Although the recent discovery of a weakly
dispersive magnetic excitation in the model system HgBa2CuO4+δ

with E ∼ 50meV may account for some of the missing spectral
weight14, the apparent weakness of antiferromagnetic fluctuations
in optimally doped compounds has been used as a central argument
againstmagneticallymediated pairing scenarios for the cuprates15.

This picture is, however, strongly influenced by technical
limitations of the INSmethod that arise from the small cross-section
of magnetic neutron scattering in combination with the weak
primary flux of currently available high-energy neutron beams.
Because of intensity constraints, even the detection of undamped
spin waves in antiferromagnetically ordered cuprates over their full
bandwidth of ∼ 300meV has required single-crystal samples with
volumes of order 10 cm3, which are very difficult to obtain16–19.
Doping further reduces the intensity of the INS profiles and
exacerbates these difficulties.

Here we take advantage of recent progress in the development
of high-resolution resonant inelastic X-ray scattering (RIXS;
see ref. 20 for a review) to explore the doping dependence
of magnetic excitations in the widely studied YBa2Cu3O6+x
family, in a wide energy–momentum window that has been
largely hidden from view by INS. As a major result, we
demonstrate the existence of spin-wave-like dispersive magnetic
excitations (paramagnons) deep inside the electron–hole spin-flip
continuum (up to ∼300meV), for all the investigated doping
levels, with spectral weights comparable to those of magnons in the
undoped parent compounds. Exact-diagonalization calculations
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Figure 3 |Dispersion, linewidth and intensity of the magnetic excitations. a, Experimental magnon dispersion along the 100 direction in antiferromagnetic
Nd1.2Ba1.8Cu3O6 at T= 15 K, fitted using the spin-wave dispersion of a bilayer from ref. 16 (thick red line). The dashed lines are the acoustic (black) and
optical (red) spin-wave dispersions calculated using the fitting parameters. The grey area represents our energy–momentum resolution. Inset: relative
intensities of the acoustic and optical magnons for our scattering geometry. b, Experimental magnon dispersion along the 100 direction in
antiferromagnetic Nd1.2Ba1.8Cu3O6, underdoped Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and YBa2Cu3O7 at T= 15 K. Low-frequency INS data
recorded along the 100 direction from QAF for YBa2Cu3O6.6 have been added34. Lines are guides to the eye. c, HWHM of magnetic excitations in
Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and YBa2Cu3O7. d, Integrated inelastic intensities. The error bars reflect the accuracy of the fitting procedure
detailed in Supplementary Information.

uncertainties associated with previous attempts to extract J∥ by
extrapolating lower-energy INS data on doped cuprates30–33. On
approaching the ! point (Q∥ = 0), we observe that the dispersion
is steeper in the doped compounds than in NdBCO6. Despite the
fact that ! and QAF are no longer equivalent in the absence of
magnetic long-range order, the RIXS data obtained on YBCO6.6
nicely extrapolate to the low-energy ‘hour-glass’ dispersion around
QAF previously extracted from INS data on samples prepared in
an identical manner (Fig. 3b; ref. 34). The RIXS data on YBCO6.6
are also consistent with recent high-energy INS data on YBCO6.5
(ref. 33,35). The combined RIXS–INS data set on YBCO6.6 indicates
the presence of an inflexion point in the dispersion of the magnetic
excitations. We note that the situation seems somewhat different
for YBa2Cu4O8, where the energy of the magnetic excitations close
to the zone boundary is significantly reduced compared with the
other systems (∼210meV instead of∼300meV), and the dispersion
is flatter than in NdBCO6. This may reflect different values of J∥ and
J⊥ in this system, and deserves further investigation.

The intrinsic HWHM of ∼200meV of the inelastic signal ex-
tracted from our data (Fig. 3c) is much larger than the instrumental
resolution and comparable to the magnon energies, indicating

strong damping by Stoner excitations. The damping rate does not
change substantially with Q∥ or with doping. Finally, whereas it is
not yet possible to obtain absolute magnetic intensities from RIXS
data, we can extract the relative intensity of the RIXS profiles by in-
tegrating the inelastic signal in the MIR region (see Supplementary
Information). Remarkably, the integrated intensity obtained in this
way is conserved on doping from the antiferromagnetic insulator
to the slightly overdoped superconductor.

We have thus demonstrated the existence of paramagnons, that
is, damped but well-defined dispersive magnetic excitations, deep
in the Stoner continuum of cuprates with doping levels beyond
optimal doping. Their spectral weights are similar to those of
spin waves in the undoped, antiferromagnetically ordered parent
material. These excitations have thus far not been observed by
INS due to the much less favourable counting rates and signal-to-
background ratios in INS experiments on doped cuprates3,6–12,30–34.

To obtain insight into the origin of this surprising observation,
we have carried out exact-diagonalization calculations of the t–J
Hamiltonian with the exchange coupling constant J = 0.3t (t is the
nearest-neighbour hopping) on finite-sized clusters, following the
method proposed in refs 36–38. We used clusters with 18 and 20
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Figure 3 |Dispersion, linewidth and intensity of the magnetic excitations. a, Experimental magnon dispersion along the 100 direction in antiferromagnetic
Nd1.2Ba1.8Cu3O6 at T= 15 K, fitted using the spin-wave dispersion of a bilayer from ref. 16 (thick red line). The dashed lines are the acoustic (black) and
optical (red) spin-wave dispersions calculated using the fitting parameters. The grey area represents our energy–momentum resolution. Inset: relative
intensities of the acoustic and optical magnons for our scattering geometry. b, Experimental magnon dispersion along the 100 direction in
antiferromagnetic Nd1.2Ba1.8Cu3O6, underdoped Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and YBa2Cu3O7 at T= 15 K. Low-frequency INS data
recorded along the 100 direction from QAF for YBa2Cu3O6.6 have been added34. Lines are guides to the eye. c, HWHM of magnetic excitations in
Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and YBa2Cu3O7. d, Integrated inelastic intensities. The error bars reflect the accuracy of the fitting procedure
detailed in Supplementary Information.

uncertainties associated with previous attempts to extract J∥ by
extrapolating lower-energy INS data on doped cuprates30–33. On
approaching the ! point (Q∥ = 0), we observe that the dispersion
is steeper in the doped compounds than in NdBCO6. Despite the
fact that ! and QAF are no longer equivalent in the absence of
magnetic long-range order, the RIXS data obtained on YBCO6.6
nicely extrapolate to the low-energy ‘hour-glass’ dispersion around
QAF previously extracted from INS data on samples prepared in
an identical manner (Fig. 3b; ref. 34). The RIXS data on YBCO6.6
are also consistent with recent high-energy INS data on YBCO6.5
(ref. 33,35). The combined RIXS–INS data set on YBCO6.6 indicates
the presence of an inflexion point in the dispersion of the magnetic
excitations. We note that the situation seems somewhat different
for YBa2Cu4O8, where the energy of the magnetic excitations close
to the zone boundary is significantly reduced compared with the
other systems (∼210meV instead of∼300meV), and the dispersion
is flatter than in NdBCO6. This may reflect different values of J∥ and
J⊥ in this system, and deserves further investigation.

The intrinsic HWHM of ∼200meV of the inelastic signal ex-
tracted from our data (Fig. 3c) is much larger than the instrumental
resolution and comparable to the magnon energies, indicating

strong damping by Stoner excitations. The damping rate does not
change substantially with Q∥ or with doping. Finally, whereas it is
not yet possible to obtain absolute magnetic intensities from RIXS
data, we can extract the relative intensity of the RIXS profiles by in-
tegrating the inelastic signal in the MIR region (see Supplementary
Information). Remarkably, the integrated intensity obtained in this
way is conserved on doping from the antiferromagnetic insulator
to the slightly overdoped superconductor.

We have thus demonstrated the existence of paramagnons, that
is, damped but well-defined dispersive magnetic excitations, deep
in the Stoner continuum of cuprates with doping levels beyond
optimal doping. Their spectral weights are similar to those of
spin waves in the undoped, antiferromagnetically ordered parent
material. These excitations have thus far not been observed by
INS due to the much less favourable counting rates and signal-to-
background ratios in INS experiments on doped cuprates3,6–12,30–34.

To obtain insight into the origin of this surprising observation,
we have carried out exact-diagonalization calculations of the t–J
Hamiltonian with the exchange coupling constant J = 0.3t (t is the
nearest-neighbour hopping) on finite-sized clusters, following the
method proposed in refs 36–38. We used clusters with 18 and 20
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In the search for the mechanism of high-temperature superconductivity, intense research has been focused on the evolution
of the spin excitation spectrum on doping from the antiferromagnetic insulating to the superconducting state of the
cuprates. Because of technical limitations, the experimental investigation of doped cuprates has been largely focused on
low-energy excitations in a small range of momentum space. Here we use resonant inelastic X-ray scattering to show that
a large family of superconductors, encompassing underdoped YBa2Cu4O8 and overdoped YBa2Cu3O7, exhibits damped spin
excitations (paramagnons) with dispersions and spectral weights closely similar to those of magnons in undoped cuprates. The
comprehensive experimental description of this surprisingly simple spectrum enables quantitative tests of magnetic Cooper
pairing models. A numerical solution of the Eliashberg equations for the magnetic spectrum of YBa2Cu3O7 reproduces its
superconducting transition temperature within a factor of two, a level of agreement comparable to that of Eliashberg theories
of conventional superconductors.

The 25th anniversary of the discovery of high-temperature
superconductivity is approaching without a clear and
compelling theory of the mechanism underlying this phe-

nomenon. After the discovery of an unconventional (d-wave)
symmetry of the Cooper-pair wavefunction in the copper oxides,
the thrust of research has been focused on the role of repulsive
Coulomb interactions between conduction electrons, which nat-
urally explain this pairing symmetry1. However, as even simple
models based on repulsive interactions have thus far defied a
full solution, the question of whether such interactions alone
can generate high-temperature superconductivity is still open. A
complementary, more empirical approach has asked whether anti-
ferromagnetic spin fluctuations, which are a generic consequence
of Coulomb interactions, can mediate Cooper pairing in analogy
to the phonon-mediated pairing mechanism in conventional
superconductors2. This scenario requires the existence of well-
defined antiferromagnetic spin fluctuations in the superconducting
range of the cuprate phase diagram (for mobile hole concentrations
5%≤ p≤ 25% per copper atom), well outside the narrow stability
range of antiferromagnetic long-range order (0≤p≤2%).

An extensive series of experiments using inelastic spin-flip
scattering of neutrons has indeed revealed low-energy spin
fluctuations in doped cuprates3. Signatures of coupling between
spin and charge excitations have also been identified4, and evidence
has been reported that this coupling is strong enough to mediate
superconductivity in underdoped cuprates5. However, for cuprate
compounds hosting the most robust superconducting states,
namely those that are optimally doped to exhibit a superconducting
transition temperature Tc ≥90K, inelastic neutron scattering (INS)
experiments have thus far mostly revealed spin excitations over a
narrow range of excitation energies E ∼ 30–70meV, wave vectors
Q covering only ∼10% of the Brillouin-zone area around the
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antiferromagnetic ordering wave vector QAF and temperatures
T < Tc (refs 6–12). The energy- and momentum-integrated
intensity of these excitations constitutes only a few per cent of
the spectral weight of spin waves in antiferromagnetically ordered
cuprates4,13, and is thus clearly insufficient to support high-Tc
superconductivity. Although the recent discovery of a weakly
dispersive magnetic excitation in the model system HgBa2CuO4+δ

with E ∼ 50meV may account for some of the missing spectral
weight14, the apparent weakness of antiferromagnetic fluctuations
in optimally doped compounds has been used as a central argument
againstmagneticallymediated pairing scenarios for the cuprates15.

This picture is, however, strongly influenced by technical
limitations of the INSmethod that arise from the small cross-section
of magnetic neutron scattering in combination with the weak
primary flux of currently available high-energy neutron beams.
Because of intensity constraints, even the detection of undamped
spin waves in antiferromagnetically ordered cuprates over their full
bandwidth of ∼ 300meV has required single-crystal samples with
volumes of order 10 cm3, which are very difficult to obtain16–19.
Doping further reduces the intensity of the INS profiles and
exacerbates these difficulties.

Here we take advantage of recent progress in the development
of high-resolution resonant inelastic X-ray scattering (RIXS;
see ref. 20 for a review) to explore the doping dependence
of magnetic excitations in the widely studied YBa2Cu3O6+x
family, in a wide energy–momentum window that has been
largely hidden from view by INS. As a major result, we
demonstrate the existence of spin-wave-like dispersive magnetic
excitations (paramagnons) deep inside the electron–hole spin-flip
continuum (up to ∼300meV), for all the investigated doping
levels, with spectral weights comparable to those of magnons in the
undoped parent compounds. Exact-diagonalization calculations
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Figure 3 |Dispersion, linewidth and intensity of the magnetic excitations. a, Experimental magnon dispersion along the 100 direction in antiferromagnetic
Nd1.2Ba1.8Cu3O6 at T= 15 K, fitted using the spin-wave dispersion of a bilayer from ref. 16 (thick red line). The dashed lines are the acoustic (black) and
optical (red) spin-wave dispersions calculated using the fitting parameters. The grey area represents our energy–momentum resolution. Inset: relative
intensities of the acoustic and optical magnons for our scattering geometry. b, Experimental magnon dispersion along the 100 direction in
antiferromagnetic Nd1.2Ba1.8Cu3O6, underdoped Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and YBa2Cu3O7 at T= 15 K. Low-frequency INS data
recorded along the 100 direction from QAF for YBa2Cu3O6.6 have been added34. Lines are guides to the eye. c, HWHM of magnetic excitations in
Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and YBa2Cu3O7. d, Integrated inelastic intensities. The error bars reflect the accuracy of the fitting procedure
detailed in Supplementary Information.

uncertainties associated with previous attempts to extract J∥ by
extrapolating lower-energy INS data on doped cuprates30–33. On
approaching the ! point (Q∥ = 0), we observe that the dispersion
is steeper in the doped compounds than in NdBCO6. Despite the
fact that ! and QAF are no longer equivalent in the absence of
magnetic long-range order, the RIXS data obtained on YBCO6.6
nicely extrapolate to the low-energy ‘hour-glass’ dispersion around
QAF previously extracted from INS data on samples prepared in
an identical manner (Fig. 3b; ref. 34). The RIXS data on YBCO6.6
are also consistent with recent high-energy INS data on YBCO6.5
(ref. 33,35). The combined RIXS–INS data set on YBCO6.6 indicates
the presence of an inflexion point in the dispersion of the magnetic
excitations. We note that the situation seems somewhat different
for YBa2Cu4O8, where the energy of the magnetic excitations close
to the zone boundary is significantly reduced compared with the
other systems (∼210meV instead of∼300meV), and the dispersion
is flatter than in NdBCO6. This may reflect different values of J∥ and
J⊥ in this system, and deserves further investigation.

The intrinsic HWHM of ∼200meV of the inelastic signal ex-
tracted from our data (Fig. 3c) is much larger than the instrumental
resolution and comparable to the magnon energies, indicating

strong damping by Stoner excitations. The damping rate does not
change substantially with Q∥ or with doping. Finally, whereas it is
not yet possible to obtain absolute magnetic intensities from RIXS
data, we can extract the relative intensity of the RIXS profiles by in-
tegrating the inelastic signal in the MIR region (see Supplementary
Information). Remarkably, the integrated intensity obtained in this
way is conserved on doping from the antiferromagnetic insulator
to the slightly overdoped superconductor.

We have thus demonstrated the existence of paramagnons, that
is, damped but well-defined dispersive magnetic excitations, deep
in the Stoner continuum of cuprates with doping levels beyond
optimal doping. Their spectral weights are similar to those of
spin waves in the undoped, antiferromagnetically ordered parent
material. These excitations have thus far not been observed by
INS due to the much less favourable counting rates and signal-to-
background ratios in INS experiments on doped cuprates3,6–12,30–34.

To obtain insight into the origin of this surprising observation,
we have carried out exact-diagonalization calculations of the t–J
Hamiltonian with the exchange coupling constant J = 0.3t (t is the
nearest-neighbour hopping) on finite-sized clusters, following the
method proposed in refs 36–38. We used clusters with 18 and 20
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Figure 3 |Dispersion, linewidth and intensity of the magnetic excitations. a, Experimental magnon dispersion along the 100 direction in antiferromagnetic
Nd1.2Ba1.8Cu3O6 at T= 15 K, fitted using the spin-wave dispersion of a bilayer from ref. 16 (thick red line). The dashed lines are the acoustic (black) and
optical (red) spin-wave dispersions calculated using the fitting parameters. The grey area represents our energy–momentum resolution. Inset: relative
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recorded along the 100 direction from QAF for YBa2Cu3O6.6 have been added34. Lines are guides to the eye. c, HWHM of magnetic excitations in
Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and YBa2Cu3O7. d, Integrated inelastic intensities. The error bars reflect the accuracy of the fitting procedure
detailed in Supplementary Information.

uncertainties associated with previous attempts to extract J∥ by
extrapolating lower-energy INS data on doped cuprates30–33. On
approaching the ! point (Q∥ = 0), we observe that the dispersion
is steeper in the doped compounds than in NdBCO6. Despite the
fact that ! and QAF are no longer equivalent in the absence of
magnetic long-range order, the RIXS data obtained on YBCO6.6
nicely extrapolate to the low-energy ‘hour-glass’ dispersion around
QAF previously extracted from INS data on samples prepared in
an identical manner (Fig. 3b; ref. 34). The RIXS data on YBCO6.6
are also consistent with recent high-energy INS data on YBCO6.5
(ref. 33,35). The combined RIXS–INS data set on YBCO6.6 indicates
the presence of an inflexion point in the dispersion of the magnetic
excitations. We note that the situation seems somewhat different
for YBa2Cu4O8, where the energy of the magnetic excitations close
to the zone boundary is significantly reduced compared with the
other systems (∼210meV instead of∼300meV), and the dispersion
is flatter than in NdBCO6. This may reflect different values of J∥ and
J⊥ in this system, and deserves further investigation.

The intrinsic HWHM of ∼200meV of the inelastic signal ex-
tracted from our data (Fig. 3c) is much larger than the instrumental
resolution and comparable to the magnon energies, indicating

strong damping by Stoner excitations. The damping rate does not
change substantially with Q∥ or with doping. Finally, whereas it is
not yet possible to obtain absolute magnetic intensities from RIXS
data, we can extract the relative intensity of the RIXS profiles by in-
tegrating the inelastic signal in the MIR region (see Supplementary
Information). Remarkably, the integrated intensity obtained in this
way is conserved on doping from the antiferromagnetic insulator
to the slightly overdoped superconductor.

We have thus demonstrated the existence of paramagnons, that
is, damped but well-defined dispersive magnetic excitations, deep
in the Stoner continuum of cuprates with doping levels beyond
optimal doping. Their spectral weights are similar to those of
spin waves in the undoped, antiferromagnetically ordered parent
material. These excitations have thus far not been observed by
INS due to the much less favourable counting rates and signal-to-
background ratios in INS experiments on doped cuprates3,6–12,30–34.

To obtain insight into the origin of this surprising observation,
we have carried out exact-diagonalization calculations of the t–J
Hamiltonian with the exchange coupling constant J = 0.3t (t is the
nearest-neighbour hopping) on finite-sized clusters, following the
method proposed in refs 36–38. We used clusters with 18 and 20
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In the search for the mechanism of high-temperature superconductivity, intense research has been focused on the evolution
of the spin excitation spectrum on doping from the antiferromagnetic insulating to the superconducting state of the
cuprates. Because of technical limitations, the experimental investigation of doped cuprates has been largely focused on
low-energy excitations in a small range of momentum space. Here we use resonant inelastic X-ray scattering to show that
a large family of superconductors, encompassing underdoped YBa2Cu4O8 and overdoped YBa2Cu3O7, exhibits damped spin
excitations (paramagnons) with dispersions and spectral weights closely similar to those of magnons in undoped cuprates. The
comprehensive experimental description of this surprisingly simple spectrum enables quantitative tests of magnetic Cooper
pairing models. A numerical solution of the Eliashberg equations for the magnetic spectrum of YBa2Cu3O7 reproduces its
superconducting transition temperature within a factor of two, a level of agreement comparable to that of Eliashberg theories
of conventional superconductors.

The 25th anniversary of the discovery of high-temperature
superconductivity is approaching without a clear and
compelling theory of the mechanism underlying this phe-

nomenon. After the discovery of an unconventional (d-wave)
symmetry of the Cooper-pair wavefunction in the copper oxides,
the thrust of research has been focused on the role of repulsive
Coulomb interactions between conduction electrons, which nat-
urally explain this pairing symmetry1. However, as even simple
models based on repulsive interactions have thus far defied a
full solution, the question of whether such interactions alone
can generate high-temperature superconductivity is still open. A
complementary, more empirical approach has asked whether anti-
ferromagnetic spin fluctuations, which are a generic consequence
of Coulomb interactions, can mediate Cooper pairing in analogy
to the phonon-mediated pairing mechanism in conventional
superconductors2. This scenario requires the existence of well-
defined antiferromagnetic spin fluctuations in the superconducting
range of the cuprate phase diagram (for mobile hole concentrations
5%≤ p≤ 25% per copper atom), well outside the narrow stability
range of antiferromagnetic long-range order (0≤p≤2%).

An extensive series of experiments using inelastic spin-flip
scattering of neutrons has indeed revealed low-energy spin
fluctuations in doped cuprates3. Signatures of coupling between
spin and charge excitations have also been identified4, and evidence
has been reported that this coupling is strong enough to mediate
superconductivity in underdoped cuprates5. However, for cuprate
compounds hosting the most robust superconducting states,
namely those that are optimally doped to exhibit a superconducting
transition temperature Tc ≥90K, inelastic neutron scattering (INS)
experiments have thus far mostly revealed spin excitations over a
narrow range of excitation energies E ∼ 30–70meV, wave vectors
Q covering only ∼10% of the Brillouin-zone area around the
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antiferromagnetic ordering wave vector QAF and temperatures
T < Tc (refs 6–12). The energy- and momentum-integrated
intensity of these excitations constitutes only a few per cent of
the spectral weight of spin waves in antiferromagnetically ordered
cuprates4,13, and is thus clearly insufficient to support high-Tc
superconductivity. Although the recent discovery of a weakly
dispersive magnetic excitation in the model system HgBa2CuO4+δ

with E ∼ 50meV may account for some of the missing spectral
weight14, the apparent weakness of antiferromagnetic fluctuations
in optimally doped compounds has been used as a central argument
againstmagneticallymediated pairing scenarios for the cuprates15.

This picture is, however, strongly influenced by technical
limitations of the INSmethod that arise from the small cross-section
of magnetic neutron scattering in combination with the weak
primary flux of currently available high-energy neutron beams.
Because of intensity constraints, even the detection of undamped
spin waves in antiferromagnetically ordered cuprates over their full
bandwidth of ∼ 300meV has required single-crystal samples with
volumes of order 10 cm3, which are very difficult to obtain16–19.
Doping further reduces the intensity of the INS profiles and
exacerbates these difficulties.

Here we take advantage of recent progress in the development
of high-resolution resonant inelastic X-ray scattering (RIXS;
see ref. 20 for a review) to explore the doping dependence
of magnetic excitations in the widely studied YBa2Cu3O6+x
family, in a wide energy–momentum window that has been
largely hidden from view by INS. As a major result, we
demonstrate the existence of spin-wave-like dispersive magnetic
excitations (paramagnons) deep inside the electron–hole spin-flip
continuum (up to ∼300meV), for all the investigated doping
levels, with spectral weights comparable to those of magnons in the
undoped parent compounds. Exact-diagonalization calculations
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Figure 3 |Dispersion, linewidth and intensity of the magnetic excitations. a, Experimental magnon dispersion along the 100 direction in antiferromagnetic
Nd1.2Ba1.8Cu3O6 at T= 15 K, fitted using the spin-wave dispersion of a bilayer from ref. 16 (thick red line). The dashed lines are the acoustic (black) and
optical (red) spin-wave dispersions calculated using the fitting parameters. The grey area represents our energy–momentum resolution. Inset: relative
intensities of the acoustic and optical magnons for our scattering geometry. b, Experimental magnon dispersion along the 100 direction in
antiferromagnetic Nd1.2Ba1.8Cu3O6, underdoped Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and YBa2Cu3O7 at T= 15 K. Low-frequency INS data
recorded along the 100 direction from QAF for YBa2Cu3O6.6 have been added34. Lines are guides to the eye. c, HWHM of magnetic excitations in
Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and YBa2Cu3O7. d, Integrated inelastic intensities. The error bars reflect the accuracy of the fitting procedure
detailed in Supplementary Information.

uncertainties associated with previous attempts to extract J∥ by
extrapolating lower-energy INS data on doped cuprates30–33. On
approaching the ! point (Q∥ = 0), we observe that the dispersion
is steeper in the doped compounds than in NdBCO6. Despite the
fact that ! and QAF are no longer equivalent in the absence of
magnetic long-range order, the RIXS data obtained on YBCO6.6
nicely extrapolate to the low-energy ‘hour-glass’ dispersion around
QAF previously extracted from INS data on samples prepared in
an identical manner (Fig. 3b; ref. 34). The RIXS data on YBCO6.6
are also consistent with recent high-energy INS data on YBCO6.5
(ref. 33,35). The combined RIXS–INS data set on YBCO6.6 indicates
the presence of an inflexion point in the dispersion of the magnetic
excitations. We note that the situation seems somewhat different
for YBa2Cu4O8, where the energy of the magnetic excitations close
to the zone boundary is significantly reduced compared with the
other systems (∼210meV instead of∼300meV), and the dispersion
is flatter than in NdBCO6. This may reflect different values of J∥ and
J⊥ in this system, and deserves further investigation.

The intrinsic HWHM of ∼200meV of the inelastic signal ex-
tracted from our data (Fig. 3c) is much larger than the instrumental
resolution and comparable to the magnon energies, indicating

strong damping by Stoner excitations. The damping rate does not
change substantially with Q∥ or with doping. Finally, whereas it is
not yet possible to obtain absolute magnetic intensities from RIXS
data, we can extract the relative intensity of the RIXS profiles by in-
tegrating the inelastic signal in the MIR region (see Supplementary
Information). Remarkably, the integrated intensity obtained in this
way is conserved on doping from the antiferromagnetic insulator
to the slightly overdoped superconductor.

We have thus demonstrated the existence of paramagnons, that
is, damped but well-defined dispersive magnetic excitations, deep
in the Stoner continuum of cuprates with doping levels beyond
optimal doping. Their spectral weights are similar to those of
spin waves in the undoped, antiferromagnetically ordered parent
material. These excitations have thus far not been observed by
INS due to the much less favourable counting rates and signal-to-
background ratios in INS experiments on doped cuprates3,6–12,30–34.

To obtain insight into the origin of this surprising observation,
we have carried out exact-diagonalization calculations of the t–J
Hamiltonian with the exchange coupling constant J = 0.3t (t is the
nearest-neighbour hopping) on finite-sized clusters, following the
method proposed in refs 36–38. We used clusters with 18 and 20
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A. Photoemission: Fermi arcs 
B. RIXS: Intense paramagnons 
C. Quantum oscillations 
D. Velocities of Bogoliubov quasiparticles 

in the d-wave superconductor

Pseudogap puzzles:



Figure 4

Quantum oscillations in cuprates. a) Underdoped YBCO (p = 0.11, Tc = 62 K) (black (22))
and Hg1201 (p ' 0.1, Tc = 72 K) (red (33), ⇥50). b) Overdoped Tl2201 (p ' 0.3, Tc ⇡ 10 K) (28).

than in YBCO, with a maximal value of 60-70 T. The peak position is at p ' 0.17, close

to p
? ' 0.18 � 0.19. In Nd-LSCO, Hc2 is lower still, with a maximal value of ' 15 T, for

a maximal Tc of 20 K. The peak position is now at p ' 0.22, close to p
? ' 0.23. Because

of their lower e↵ective mass m
?, electron-doped cuprates have a much lower Hc2 / (m?)2,

with a peak value of Hc2 ' 10 T for a maximal Tc ' 20 K (15). Unless otherwise stated, the

data shown in the figures and discussed in the text are taken in magnetic fields su�ciently

high to suppress superconductivity.

3. FERMI LIQUID AT HIGH DOPING

FL: Fermi liquid

WF:
Wiedemann-Franz
law

pFS: Lifshitz
transition, where the
Fermi surface
changes topology
from hole-like to
electron-like

The properties of strongly overdoped cuprates are those of a Fermi liquid: they obey

the Wiedemann-Franz (WF) law (23) and, beyond the superconducting dome (Fig. 1a),

their resistivity goes as ⇢ ⇠ T
2 in the limit T ! 0, as seen in Tl2201 (24) and LSCO (25).

The Fermi surface of overdoped Tl2201 has been fully characterized. It is a single large

hole-like cylinder (Fig. 3d), as first determined experimentally by ADMR (26) and ARPES

(27), and then by quantum oscillations detected in c-axis resistance (Fig. 4b) and torque

measurements (28). The oscillation frequency, F = 18100 T, converts to a FS area AF

in excellent agreement with the k-space area deduced from ADMR and ARPES. In 2D,

the Luttinger sum rule requires that the carrier density n = 2AF /(2⇡)
2 = F/�0, where

�0 = h/2e is the flux quantum. The frequency measured in Tl2201 corresponds to a carrier

density (per Cu atom) of n = 1.3 = 1 + p, in good agreement with the Hall number

nH ' 1.3 obtained from Hall e↵ect measurements at low temperature (29), and with band

structure calculations. Note that at high p, hole-doped cuprates eventually undergo a

Lifshitz transition, at pFS, where their FS becomes electron-like. In LSCO and Nd-LSCO,

pFS ' 0.18 and 0.23, respectively.

QO measurements in Tl2201 at p ' 0.3 yield an e↵ective mass m
? = 5.2 ± 0.4 m0

(30), where m0 is the free electron mass. Band structure calculations for Tl2201 obtain a

bare band mass of 1.2 m0 (31), implying that electron-electron interactions are significant

when superconductivity first emerges (Fig. 1a). For a quasi-2D FS, m? is directly related
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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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BCS/Bogoliubov quasiparticles
in a d-wave superconductor
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2
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with vF � v�.
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Early work described the emergence of nodal d-wave super-
conductivity from a spin liquid with spinons with a Dirac
dispersion: in this approach, the spinons of the spin liquid
are directly transformed into the nodal Bogoliubov quasi-
particles of the d-wave superconductor.

This leads to a d-wave superconductor with vF ⇡ v�, in
contrast to observations.
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Early work described the emergence of nodal d-wave super-
conductivity from a spin liquid with spinons with a Dirac
dispersion: in this approach, the spinons of the spin liquid
are directly transformed into the nodal Bogoliubov quasi-
particles of the d-wave superconductor.

This leads to a d-wave superconductor with vF ⇡ v� at
low doping, in contrast to observations.
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FIG. 1. Phases of the S = 1/2 J1-J2 antiferromagnet on the square lattice, from the numerical results

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

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

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

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

These questions are also the focus of our attention here.

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

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

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

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

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

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

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

the J1-J2 model, but the nature of the Néel-VBS transition in this model has remained a question
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Confining instability to precisely the Néel and VBS orders of CP1 theory.
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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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consistent with observations.
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FIG. 5: Spectral density in superconductor for electron-doped normal state with only electron pockets |
Evolution of spectral density of c electrons (a,d), dispersion along a diagonal cut through the Brillouin zone (b,e), and
dispersion along a vertical cut through the (0, ⇡) (c,f) for B = 0 (top row) and B > 0 (bottom row). All plots are computed
at electron doping p = .15. We note the nodes which for finite b along the diagonal which were not previously present in the c
electron density in the normal state.

with larger � gapping out the hole pockets. For our com-
putations of a normal state with both electron and hole
pockets like that of Fig. 7, we take t

f1
1,1 = �.06 eV and

t
f1
0,2 = .02 eV and all other parameters the same as above.

1. Number of nodes

We will discuss the number of nodes separately for the
two types of Fermi surfaces mentioned above, beginning
first with the normal state where the only Fermi surfaces
are electron pockets at the anti-node. Naively, it might
be expected for this case that the d-wave superconductor
which will be inherited by the c electrons when B con-
denses will be fully gapped; however, this is not what we
observe. For any finite b, the electron pockets of the nor-
mal state which appeared in the anti-nodal region will
become fully gapped as shown in the rightmost column
of Fig. 5, but nodes will re-appear along the diagonal in
the nodal region of the Brillouin zone as shown in the
central column of Fig. 5. These nodes which at b = 0
were associated with the Dirac points of the ⇡-flux spin
liquid will hybridize with the c and f1 bands but cannot
be gapped unless an additional symmetry such as spin ro-
tation symmetry is strongly broken. If the above scenario
is excluded, there will always be 4 nodes on the diagonal
when B is condensed for a normal state with only elec-

tron pockets, assuming a positive spin liquid hopping in
the gauge we have chosen. We note that for small b, the
normal state Fermi surfaces at the anti-node have a gap
which may be very small and the node which appears for
small b initially has a low c electron spectral weight.

For the case of a normal state which has both electron
pockets at the anti-node and hole pockets at the node,
we observe the same transition from 4 to 12 nodes as b

is increased as we observed in the hole-doped case.
In all of our analysis on the electron-doped side of the

phase diagram, we have assumed t
f2 = .14. However,

changing the sign of t
f2 will result in qualitatively dif-

ferent behavior in the number of nodes similar to the
hole-doped case as shown in the Supplement [56]. How-
ever, as was shown in Appendix 3 of [27], only the former
sign of t

f2 corresponds to a chargon potential which fa-
vors the continuum superconductor ansatz we have taken
here.

2. Velocities of node

We also show how vF and v� of the superconductor
nodes on the Brillouin zone diagonal evolve for positive
electron doping as a function of b and for different values
of � in Fig. 6 for the choice of normal state with only elec-
tron pockets. For this choice of normal state, we study a
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cuprates
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FIG. 5: Spectral density in superconductor for electron-doped normal state with only electron pockets |
Evolution of spectral density of c electrons (a,d), dispersion along a diagonal cut through the Brillouin zone (b,e), and
dispersion along a vertical cut through the (0, ⇡) (c,f) for B = 0 (top row) and B > 0 (bottom row). All plots are computed
at electron doping p = .15. We note the nodes which for finite b along the diagonal which were not previously present in the c
electron density in the normal state.

with larger � gapping out the hole pockets. For our com-
putations of a normal state with both electron and hole
pockets like that of Fig. 7, we take t

f1
1,1 = �.06 eV and

t
f1
0,2 = .02 eV and all other parameters the same as above.

1. Number of nodes

We will discuss the number of nodes separately for the
two types of Fermi surfaces mentioned above, beginning
first with the normal state where the only Fermi surfaces
are electron pockets at the anti-node. Naively, it might
be expected for this case that the d-wave superconductor
which will be inherited by the c electrons when B con-
denses will be fully gapped; however, this is not what we
observe. For any finite b, the electron pockets of the nor-
mal state which appeared in the anti-nodal region will
become fully gapped as shown in the rightmost column
of Fig. 5, but nodes will re-appear along the diagonal in
the nodal region of the Brillouin zone as shown in the
central column of Fig. 5. These nodes which at b = 0
were associated with the Dirac points of the ⇡-flux spin
liquid will hybridize with the c and f1 bands but cannot
be gapped unless an additional symmetry such as spin ro-
tation symmetry is strongly broken. If the above scenario
is excluded, there will always be 4 nodes on the diagonal
when B is condensed for a normal state with only elec-

tron pockets, assuming a positive spin liquid hopping in
the gauge we have chosen. We note that for small b, the
normal state Fermi surfaces at the anti-node have a gap
which may be very small and the node which appears for
small b initially has a low c electron spectral weight.

For the case of a normal state which has both electron
pockets at the anti-node and hole pockets at the node,
we observe the same transition from 4 to 12 nodes as b

is increased as we observed in the hole-doped case.
In all of our analysis on the electron-doped side of the

phase diagram, we have assumed t
f2 = .14. However,

changing the sign of t
f2 will result in qualitatively dif-

ferent behavior in the number of nodes similar to the
hole-doped case as shown in the Supplement [56]. How-
ever, as was shown in Appendix 3 of [27], only the former
sign of t

f2 corresponds to a chargon potential which fa-
vors the continuum superconductor ansatz we have taken
here.

2. Velocities of node

We also show how vF and v� of the superconductor
nodes on the Brillouin zone diagonal evolve for positive
electron doping as a function of b and for different values
of � in Fig. 6 for the choice of normal state with only elec-
tron pockets. For this choice of normal state, we study a
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Fig. 3 | Momentum dependence of Bogoliubov quasiparticles. a, Momentum dependence of the 
kF spectra along an arc on the large Fermi surface. Red dots track the peak feature related to AF 
pseudogap, and blue dots track the low energy Bogoliubov quasiparticle peak. Numbers to the 
right indicate angle away from the Brillouin zone diagonal, with the angle θ defined in the inset of 
c. Blue curves overlaying the EDC data in the symmetrized part above EF are the 
phenomenological fits of the superconducting gap (see methods section IV). A second order 
background was used to capture the normal state background spectral weight. Curves near θ = 0 
were not fitted as the large size of the AF pseudogap overshadows any small superconducting gap 
that may be present within. b, (top) Momentum dependence of ΔSC and corresponding 2ΔSC/kBTc 
ratios measured at 7 K. The black vertical arrow indicates the approximate location of the hot spot. 
Gap data near the Brillouin zone diagonal is not available due to the dominance of the AF 
pseudogap. Red background highlights the dominance of AF on the low energy spectra near θ = 0, 
and the blue background highlight the dominance of superconductivity near θ = 45. (bottom) 
Integrated spectral weight in the range [-30, 0] meV. Intensity values are normalized by the angular 
dependent photoemission matrix element extracted from overdoped NCCO spectra. c, EDCs at the 
hot spot (black) and Brillouin zone boundary (grey) at 7 K for the same sample, normalized by the 
respective spectra at 40 K. Brillouin zone location of EDCs shown in the inset. The Brillouin zone 
boundary curve is offset vertically by 0.2 for clarity. 

Bogoliubov Quasiparticle on the Gossamer Fermi Surface in  
Electron-Doped Cuprates, Ke-Jun Xu……Z.-X. Shen; Nature Physics 
19, 1834 (2023)
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Dirac node
emerges inside

normal state gap

Maine Christos and 
S.Sachdev, npj Quantum 
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A. Photoemission: Fermi arcs 
B. RIXS: Intense paramagnons 
C. Quantum oscillations 
D. Velocities of Bogoliubov quasiparticles 

in the d-wave superconductor

Pseudogap answers:
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N. Harrison and S. Sebastian

electron pocket

(PRL 106, 226402 (2011))

FL*

Pietro Bonetti, Maine Christos and S.S. (BCS), arXiv:2405.08817
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Computation does not account for spinons.
↵ and � pockets

show clear quantum oscillations.
Long Zhang and Jia-Wei Mei,

EPL 114, 47008 (2016)

FL*   CDW*

Pietro Bonetti, Maine Christos and S.S. (BCS), arXiv:2405.08817
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Computation does not account for spinons.
↵ and � pockets

show clear quantum oscillations.
Long Zhang and Jia-Wei Mei,

EPL 114, 47008 (2016)

FL*   CDW* Spinon

Pietro Bonetti, Maine Christos and S.S. (BCS), arXiv:2405.08817
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Period 4 CDW obtained by condensing B.
Mixing between electrons and
spinons removes � pocket.

Pietro Bonetti, Maine Christos and S.S. (BCS), arXiv:2405.08817



A. Photoemission: Fermi arcs 
B. RIXS: Intense paramagnons 
C. Quantum oscillations 
D. Velocities of Bogoliubov quasiparticles 

in the d-wave superconductor

Pseudogap answers:
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• A✏eck-Marston mean-field ⇡-flux spinon theory predicts equal spin fluc-

tuation intensity near (⇡,⇡) and (⇡, 0).

• Use recent fuzzy sphere results (Zhou et al., PRX 14, 021044 (2024)) to

obtain scaling dimensions �q at q = (⇡,⇡) and (⇡, 0), where the dynamic

spin structure factor

S(q,!) ⇠ !2�q�3

– At q = (⇡,⇡), the needed operator is the Néel-VBS order parameter,

�(⇡,⇡) = 0.585, so that S(q,!) ⇠ !�1.83
.

– At q = (⇡, 0), the needed operator is in the OPE of the Néel and

VBS order parameters, the SO(5) current, which yields �(⇡,0) = 2,

so that S(q,!) ⇠ !. This also applies at q = (0, 0).



Pietro Bonetti, Maine Christos and S.S. (BCS), arXiv:2405.08817
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These results imply that the free Dirac fermion theory of the spin liquid is
not accurate for S(q,!), but is useful for fermiology. The bosonic CP1

theory of the same spin liquid should be a better starting point for S(q,!).
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VBS order parameters, the SO(5) current, which yields �(⇡,0) = 2,

so that S(q,!) ⇠ !. This also applies at q = (0, 0).



A. Photoemission: Fermi arcs 
B. RIXS: Intense paramagnons 
C. Quantum oscillations 
D. Velocities of Bogoliubov quasiparticles 

in the d-wave superconductor

Spinons required by non-Luttinger Fermi surface in A 
solve puzzles B, C, D!

Pseudogap puzzles & answers:


