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Vortex Nernst effect and diamagnetism in the pseudogap regime  
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Figure 4 | Relationship between AF fluctuations, q=0 order and pseudogap formation in 

underdoped Hg1201 and YBCO. a, Temperature dependence of inelastic magnetic scattering at 

qAF and ωp = 51 meV and of quasi-elastic (FWHM energy resolution ~ 1 meV) magnetic 

scattering at q = 0 (from ref. 10) measured with triple-axes spectrometers on separate Hg1201 

samples with very similar doping levels (Tc = 71 K and 75 K, respectively). The q = 0 signal 

appears below Tq=0 = 320 ± 20 K10, whereas the increase of inelastic signal at qAF occurs below 

TAF = 300 ± 15 K. The q = 0 signal is shifted upward (by 1 unit) for comparison. Both Tq=0 and 

TAF are consistent with the pseudogap temperature T*= 305 ± 10 K determined from the planar 

resistivity (deviation from high-temperature linear dependence)13. b, Prior result for the 

temperature dependence of the q = 0 signal25  for twinned YBCO6.6 (see Supplementary 

Information for sample details) along with data for the very same sample at the (odd-parity) 

resonance energy ωr = 32 meV. The latter result is consistent with prior data at nearly the same 

doping level15. For a&b, the blue region represents the increase in intensity in the PG state, while 

the grey region is the baseline intensity of AF fluctuations present at temperatures above T*. The 

shaded orange region in b represents the excess scattering below Tc due to the resonance mode. 
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hence we also assume A(n) → A. The site-dependent transition energies depend on the charge density, and will therefore also
reflect the symmetry of the charge-ordered state. They can be readily calculated from the charge-density-wave (CDW) order
∆CDW, which is discussed in the next section. For what concerns the polarization dependence at the Cu-L3 edge, the cross
section for different incoming light polarization varies according to the orbital character of the initial and final states. The three
possible configurations ϵ ∥x,y, z only allow (in the dipole approximation) excitation of a core electron from a Cu-2px, 2py or
2pz orbital, respectively. For a hole-doped CuO2 plane, two final states can be reached in the excitation process: (i) a Cu-2p53d10
state, with filled Cu-3d and O-2p shells; or (ii) a Cu-2p53d10L configuration, where a ligand hole is present. Both final states
have a nonzero Cu-3dx2−y2 and 3d3z2−r2 spectral weight, with n

(

3dx2−y2

)

> n (3d3z2−r2) in general. Our practical goal is to
extract the ratio fzz/fxx at a photon energy ω=931.5 eV, where all RXS measurements were performed. This is experimentally
performed by measuring the XAS signal in the two geometries ϵ ∥x and ϵ ∥z, which can be done by rotating the sample about
the axis perpendicular to the scattering plane (see insets of Fig. S2).

The experimental results at the Cu-L3 absorption edge on Bi2201 are shown in Fig. S2a,b for the case ϵ ∥ x and ϵ ∥ z,
respectively. The 3d10 and 3d10L contributions can be separated and are best fitted using a Lorentzian and Gaussian peak,
respectively, convoluted with a Gaussian resolution with 100meV spectral width. The energy positions and linewidths of
the respective peaks are assumed to be independent of polarization, whereas the ratio between the transition strengths at the
Cu-2p63d9 to Cu-2p53d10 features (blue peaks) provides an estimate of fzz/fxx≃0.15. In the case of YBCO, a rough estimate
can be done by looking at the undoped compound YBa2Cu3O6 (where chains contribute no 3d10 final states), which yields a
lower value of fzz/fxx∼0.1 [6]. Therefore we find a realistic experimental range to be 0.1 < fzz/fxx < 0.15.
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FIG. S2: Polarization-dependent XAS in Bi2201. a, X-ray absorption profile at the Cu-L3 edge using in-plane light polarization (ϵ ∥ x),
which allows accessing Cu-2px,y → 3dx2−y2 transitions for sites with a 3d9 or 3d9L configuration. Inset: sketch of the experimental
geometry for ϵ∥x. b, same as a, but with out-of-plane light polarization (ϵ∥z), where Cu-2pz → 3d3z2−r2 transitions can be measured.

Charge–density–wave (CDW) correlations within the
quintessential CuO2 planes have been argued to either
cause1 or compete with2 the superconductivity in the

cuprates, and they might furthermore drive the Fermi-surface
reconstruction in high magnetic fields implied by quantum
oscillation (QO) experiments for YBa2Cu3O6þ d (YBCO) (ref. 3)
and HgBa2CuO4þ d (Hg1201) (ref. 4). Consequently, the
observation of bulk CDW order in YBCO was a significant
development5–7. Hg1201 features a particularly simple crystal
structure and has been demonstrated to exhibit Fermi-liquid charge
transport in the relevant temperature-doping range of the phase
diagram, whereas for YBCO and other cuprates, this underlying
property of the CuO2 planes is partially or fully masked8–10. It
therefore is imperative to establish whether the pristine transport
behaviour of Hg1201 is compatible with CDW order.

Figure 1a–c shows aspects of the temperature (T) versus
doping (p) phase diagram of Hg1201 and YBCO, which features
an insulating state with antiferromagnetic (AF) order at low
hole-dopant concentrations, unusual translational-symmetry-
preserving (q¼ 0) magnetism below the pseudogap temperature
T* (refs 11,12), a Fermi-liquid regime below T** (refs 8–10) and
an approximately parabolic ‘superconducting dome’ Tc(p) (refs
13,14). The CDW correlations in YBCO are particularly
prominent for hole concentrations that correspond to the
‘plateau’ in Tc(p) (refs 6,7,15,16; Fig. 1b,c; Supplementary Fig.
1b; Supplementary Note 1).

We report bulk resonant X-ray-scattering measurements of
Hg1201 (pE0.09, Tc¼ 72 K), close to the centre of its Tc(p)
plateau. Hg1201 features a simple tetragonal crystal structure and
the highest optimal superconducting transition temperature

(TcE97 K) of all cuprates with one CuO2 layer per primitive
cell17 (see also Supplementary Note 2). For pE0.09, Hg1201
exhibits Fermi-liquid charge transport in zero8,9 and moderate10

magnetic fields at intermediate temperatures, as well as
Shubnikov-de-Haas oscillations in high magnetic fields at
temperatures well below the zero-field Tc (ref. 4). For the
present experiments, single crystals were grown and prepared
according to previously described procedures17,18.

Results
Resonant X-ray scattering measurements. Resonant X-ray dif-
fraction (RXD) allows the observation of order of different elec-
tronic states of the same atomic species in a solid. For Cu L3-edge
RXD, the spatial charge modulation of the Cu 3d states is
reflected in a modulation of the (complex) scattering factor,
which gives rise to superstructure peaks at momenta corre-
sponding to the real space periodicity. Resonant inelastic X-ray
scattering (RIXS) offers the additional possibility to resolve the
energy of the scattered photons, thus allowing the separation of
the CDW contribution from phenomena at higher energy
transfers. We quote the scattering wave vector as Q¼Ha*þ
Kb*þ Lc*, where a*, b* and c* are reciprocal lattice vectors.
Similar to prior work6,15, the relatively small energy of the soft
X-rays constrained us to work in the first Brillouin zone. The
measurements were furthermore constrained to scans of the type
[H,0,L], in which L was dependent on the planar momentum
transfer H (see also Methods and Supplementary Fig. 2).

Figure 2 summarizes our observation of CDW correlations in
Hg1201 via both RXD (Fig. 2a–c) and RIXS (Fig. 2d,e). RXD data
were collected at the Cu L3-resonance (931.7 eV) with the incident
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Figure 1 | Phase diagram. (a) Phase diagram of Hg1201. Blue line: Tc(p) (ref. 13). Blue symbols: pseudogap (PG) temperature T*, determined from the
deviation from linear-T resistivity in the ‘strange’ metallic (SM) regime and from the onset of q¼0 magnetism11,12. Yellow area: Fermi-liquid (FL) regime
between T** and the measureable onset of superconducting (SC) fluctuations at Tr

0. Grey area: estimated extent of antiferromagnetic (AF) phase. Since
data below p¼0.05 are unavailable for Hg1201, the phase diagram is extended to p¼0 as in ref. 8 based on results for YBCO. Supplementary Fig. 1b shows
comparison with YBCO. Characteristic transport temperatures are from ref. 8 and from additional measurements (see Methods). The error bar of TCDW is
estimated from the CDW peak onset and marked as a brown band in e. (b) Solid lines: Tc(p) for Hg1201 (ref. 13) and YBCO14. Dashed lines: hypothetical
ideal (approximately parabolic) ‘superconducting domes.’ (c) Solid lines: deviation of the SC dome from ideal shape (multiplied by 5); p¼0.09 for Hg1201
corresponds to p¼0.11–0.12 for YBCO. Crosses: temperatures at which the Hall coefficient changes sign in high magnetic field20. Red triangles: onset of
charge order in YBCO observed by nuclear magnetic resonance in a high magnetic field5. CDW correlations appear at or below T** obtained from planar
resistivity (Tr**) (ref. 8 and Methods) and Seebeck (TS**) (Hg1201 (ref. 13); YBCO19) measurements. (d) CDW correlation length (in units of the planar
lattice constant a) for YBCO6,7,15,16 and Hg1201. Open (solid) stars: x/a at Tc (just below TCDW). The maximum correlation length for YBCO is observed at
pE0.12. Dotted line: CDW modulation period 1/HCDW. Green and brown dashed lines in a and c indicate T*(p) and T**(p), respectively. (e) Temperature
dependence of CDW intensity (integrated along H) for Hg1201 obtained by RIXS (red circles) and RXD (green triangles). The CDW emerges below
TCDW¼ 200(15) K, its intensity increases on cooling towards Tc¼ 72 K, and then levels off (grey indicates SC phase). The CDW correlations appear well
below T*E320 K associated with q¼0 magnetic order (squares: order parameter data with representative error bars for a Tc¼ 75-K sample from ref. 12), a
deviation from T-linear planar resistivity, and a considerable enhancement of AF correlations32. Inset: absence of temperature dependence of x/a. Vertical
blue and brown bands indicate T* and T**, respectively.
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Figure 2 | Simulated temperature dependence of the antinodal spectra with the pseudogap, electron–boson coupling and superconductivity. a, Spectra
across Tc with coupling to a 40 meV mode. b, Peak, dip and hump energies extracted from the spectra in a. c, Pseudogap (PG) and superconducting (SC)
order parameters. d–f, First moment in the range [0, 0.25] eV and the normalized spectral weights in the ranges [0, 0.07] and [0.20, 0.25] eV,
respectively. See Supplementary Information for details of the calculation. SC+PG+el–ph (filled markers) indicates data taken from spectra in the presence
of bosonic mode coupling (a). SC+PG (open markers) indicates data taken from spectra in the absence of bosonic mode coupling (g). g, Spectra across Tc
in the absence of a bosonic mode. For the spectra in a and g, a 10 meV broadening has been applied to account for the experimental energy resolution.

in Fig. 2a. This qualitatively reproduces the anomalous temperature
dependence of the hump across Tc (Fig. 2b), as well as the
sudden appearance of the clear peak and dip below Tc, even
though coupling to the mode is present for all temperatures.
The result supports the idea that electron–boson coupling is
essential to understand the antinodal spectral lineshape and that
its spectroscopic signature is intimately tied to the underlying
quantumphases.We found that the optimized bosonicmode energy
to reproduce the ARPES spectra is ⇠40meV, consistent with B1g
‘buckling’ phonons23. The spin resonance mode is unlikely because
the signature for the electron–boson coupling of comparable mode
energy persists well above Tc, particularly clearly in the overdoped
regime, consistent with previous reports23. Further, the simulation
suggests that the suppression of the pseudogap below Tc is key to
understanding the emergence of the superconducting peak and the
enhancement of the peak–dip–hump structure (Fig. 2a,g; see also
Supplementary Information).

Figure 3 shows the temperature dependence of the spectral
weight for underdoped p= 0.132 to overdoped p= 0.224 samples.
Themeasured points are summarized in the phase diagram (Fig. 4a).
As the doping increases, the first moment moves towards lower
energies and low/high-energy spectral weights increase/decrease,
similar to the B1g Raman spectra of La2�xSrxCuO4 and other
cuprates24. The spectral-weight singularity at Tc persists up to
p= 0.207 (OD80, Fig. 3d) and possibly p= 0.218 (OD71, Fig. 3e).
However, at p = 0.224 (OD65, Fig. 3f), the singularity becomes
undetectable, and the result can be understood by the opening
of a superconducting gap alone, with a greatly diminished or
absent pseudogap.

Furthermore, we found that the spectral weight shows a di�erent
temperature dependence in the near-nodal region at p = 0.187
(Supplementary Fig. 4). The near-nodal spectral weight shows
essentially no temperature dependence across T ⇤ and remains
constant until Tc, where the low/high-energy spectral weight

shows a sudden decrease/increase, respectively, without a clear
onset at Tc in the spectral lineshape. The striking contrast of
the spectral weights between the two momenta suggests that
the competition between superconductivity and pseudogap order
is strongly dependent on momentum. Intriguingly, the spectral-
weight analysis reveals that the near-nodal region, where the
existence of the pseudogap is not evident, could be a�ected by the
pseudogap order, as suggested by the temperature-dependent high-
energy spectral weight, indicating a possible spectral-weight transfer
between di�erent momenta.

The sudden increase in the low-energy spectral weight below
Tc at the antinode (dashed arrow in Fig. 1e for OP98) provides us
with an estimate of how much the pseudogap spectral weight at
higher energies contributes to the superconducting peak, and its
doping dependence is plotted in Fig. 4b. The sizes of the black filled
circles at Tc for di�erent dopings in the phase diagram (Fig. 4a)
are proportional to this increase, which rapidly becomes smaller
with doping and is undetectable at p= 0.224. This suggests that
the competition becomes weaker with doping, but the pseudogap
as a competing order persists at finite temperatures and coexists
with superconductivity below Tc up to at least p ⇠ 0.22. We
emphasize that the spectral-weight analysis enabled us to detect such
a clear feature for the competition and its disappearance at finite
temperatures, especially in the overdoped regime, which cannot be
easily addressed by the spectral lineshape analysis.

Figure 4c shows the antinodal spectra at T ⌧ Tc for di�erent
dopings and Fig. 4d shows their peak, dip and hump energies (o�set)
as a function of doping. The constant peak-dip energy separation
suggests that the mode energy is almost independent of doping.
For p> 0.19, all the energies show a similar doping dependence.
In contrast, for p< 0.19, the peak, dip and hump energies show
no strong doping dependence. These abrupt changes at p⇠0.19 in
the ground state suggest a potential critical point at a doping level
slightly higher than optimal doping, consistent with the recently
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  Pseudogap physics:   `normal state’ 
 
     pseudo spin gap (short-range antiferromagnetic order) 
  
     Fermi surface reconstruction (Fermi arc & antinodal) 
 
    charge modulation:   stripes,  CDW,    
 
     nematicities 
 
    transport (resistivity, Nernst effect, quantum oscillation in magnetic field...) 
 
      thermodynamic properties (specific heat, spin susceptibility, diamagnetism) 
 
                 ........ 
 
 
Essential question:  Any intrinsic connection between the pseudogap  
                 phase and high-Tc superconductivity? 
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Fermi Gas State for Fermion Liquids 

ψ (x1, x2,...) = −ψ (x2, x1,...)

Fermion signs 

Landau Fermi Liquid 

Pauli susceptibility 
Korringa behavior 

Sommerfeld constant 
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•   Fermi surfaces are well defined (ARPES) and BCS theory may 
be  applicable 

•   Tc is high (55K) 

•   SC and SDW phases are adjacent:   magnetic origin of the    
      gluon 

•   AF fluctuations persist over a wide temperature and doping 
regime 

What is the gluon in the iron-based superconductors?  



Mechanism of superconductivity in high-Tc cuprates:  What 
is the most essential issue? 
 
 
          Ground state wavefunction = Cooper pair condensation 
    
                      + additional structure 
 
 
 
Ø  Cooper pair condensation  
 
   BCS like:   d-wave pairing symmetry;  
     
            Bogoliubov nodal quasiparticle; GL equation   (low-energy, long 
distance) 
 
Ø  additional structure (short-range, high-energy) 

   non-FL-like:  pseudogap, AF, strange metal, ... 
 
   quantum order?  long-range entanglement? fractionalization? competing order? 
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Pure CuO2 plane 

     H = J        Si · Sj 

large  J = 135 meV 

     quantum spin S =1/2 

Half-filling:  Low-energy physics is described by Heisenberg model 

<ij>
∑



neutron scattering  

Raman scattering 

Spin flip breaks 6 
bonds, costs 3J. 

J ～ 135 meV 



Chakaravarty, Halperin, Nelson 
            PRL (1988) 

inverse spin-spin correlation length 

Antiferromagnetism at x=0 is well described by the 
     Heisenberg model 



Anderson,  Science 1987 

 Cuprates = doped Mott Insulator  

one-band large-U Hubbard/t-J model: Mott insulator  doped Mott insulator 

Heisenberg model t-J model 

Half-filling 



Doping the Mott Insulator/ antiferromagnet 

Mott insulator  doped Mott insulator 

Heisenberg model t-J model 
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hopping                         superexchange 

A minimal model for doped Mott insulators: t-J model 
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T 

T0 

x 

~ J/kB 

T* 
TN 

Tv 

Tc 

QCP 
Half-filling:   
Mott insulator  x=0 

Anderson,  Science 1987 

 Cuprates = doped Mott Insulator  

one-band Hubbard model: 



d-wave superconducting order 

T 

T0 

x 
antiferromagnetic order 

~ J/kB 

strong SC fluctuations 

strong AF correlations 

upper pseudogap phase 
       

lower pseudogap phase 
        

Underdoped phase diagram 

strange metal:  maximal scattering 
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Pseudogap: 
 
New quantum state 
of matter? 
   
 A non-Fermi-liquid 
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The Central Dogma 
 “Any correct theory must be consistent with

 anomalous behavior of a bewildering
 variety of experimental probes, in addition
 to the very basic requirement of being
 internally consistent, …, and nothing
 else.”   

                                          ---P. W. Anderson 
The theory of superconductivity in the high-Tc 
cuprates   1997 by Princeton University Press 



Short summary of part I:  

•  Cuprate superconductors are different from iron-based  
   superconductors:   e.g. pseudogap phase 

•  Pseudogap state is firmly established by experiment 
  as one of the most exotic phases in the cuprates 
  which is closely related to high-Tc superconductivity  
 
•  Doped Mott insulator/antiferromagnet provides a suitable 
  microscopic model to understand the cuprate physics 
 


