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where a, b are the Nambu indices. This form makes explicit the sym-

metry under independent SU(2) pseudospin transformations on each

site

 i↵a ! Ui,ab i↵b

This pseudospin (gauge) symmetry is important in classifying spin

liquid ground states of HJ . It is fully broken by the electron hopping

tij but does have remnant consequences in doped spin liquid states.
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The pseudospin symmetry is fully broken by tij , Vij , and the chemical

potential, and so expected to be unimportant away from half-filling.
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The “hot-spot” theory for the onset of antiferromagnetism in

metals is exactly invariant under the pseudospin symmetry!

We will now move away from the antiferromagnetic critical

point (and the hot-spot theory) and investigate if there are

any remnant consequences of this unexpected symmetry.

M. A. Metlitski and S. Sachdev,  Phys. Rev. B 85, 075127 (2010)	
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Pairing “glue” from antiferromagnetic fluctuations
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Perform pseudospin rotation on B and D electrons, but not on 
A and C electrons: Same “glue” leads to particle-hole pairing
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Unconventional pairing at and near hot spots
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Charge density wave (CDW) order
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CDW order.



Unconventional density wave (DW) : 
Bose condensation of particle-hole pairs
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Unconventional density wave (DW) : 
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Crucial “center-of-mass” co-ordinate.

(Not used in previous work)

Simplifies action of time-reversal
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Unconventional density wave (DW) : 
Bose condensation of particle-hole pairs
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Density wave form factor (internal particle-hole pair wavefunction)
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Time-reversal symmetry requires P(k) = P(�k).
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Conventional CDW order: s-form factor
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Current order: p-form factor

This state breaks time-reversal

and is also known as

“d-density wave”

(but is p-form factor

in our notation),

and “staggered-flux (SF)”.

(Similar comments apply to “loop”

orders of Varma and others.)
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Density wave predicted by hot-spot theory
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This specific d-form factor density wave order (with Q along the axes) was first

predicted in S. Sachdev and R. LaPlaca, Phys. Rev. Lett. 111, 027202 (2013).

Unconventional DW order: d-form factor
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Unconventional DW order: (d+ s)-form factor



Determination of form factor of density wave by solution of 
Bethe-Salpeter equation for the particle-hole pair 	



about the entire Fermi surface
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Solution of Bethe-Salpeter equation
We expand the order parameter P(k) as
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We can also write the electron-electron interaction using these basis functions
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TABLE I: Relevant basis functions
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FIG. 2: Schematic equation for the T -matrix in the spin-singlet particle-hole channel with total

momentum Q

where the �
`

(k) are 13 orthonormal basis functions in Table I, and J
`

and V
`

are the

corresponding couplings shown in Table I. The appearance of a finite set of basis functions

in Eq. (4) is the reason we are able to truncate the expansion in Eq. (3).

We can now use the basis �
`

(k) to also decompose the Bethe-Salpeter equation in the

spin-singlet, particle-hole channel, as shown in Fig. 2. The eigenmodes of the resulting

T -matrix T
`m

(Q) will determine the structure of the ordering, P
`

(Q) at the wavevector Q.
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with "(k) is the single particle dispersion:

"(k) = �2t1(cos(kx) + cos(k
y

)) � 4t2 cos(kx) cos(ky) � 2t3(cos(2kx) + cos(2k
y

)) � µ. (8)

We choose the dispersion "(k) to have hot spots which intersect the magnetic Brillouin zone

boundary, as shown in Fig. 1. The hot spots for this dispersion are separated by the vectors

shown with Q0 = 4⇡/11. Note that Q0 is simply a geometric property of the Fermi surface,

and plays no special role in the Hamiltonian.

By rearranging terms in Eq. (5), we see that the charge-ordering instability is determined

by the lowest eigenvalues, �Q of the matrix

�
`m

� 1

2

✓
3

4
J

`

+ V
`

◆
⇧

`m

(Q) + �
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and the P
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(Q) are determined by the corresponding right eigenvector. The values of �Q

are shown in Figs. 3 and 4 for the metallic state with the Fermi surface in Fig. 1.

In Fig. 3 we consider a case with vanishing on-site interactions, as in Ref. 11. As found

previously, the lowest eigenvalue is at Q ⇡ (Q0, Q0) and the corresponding eigenvector is

purely d-wave.

We turn on Coulomb interactions in Fig. 4, while keeping other parameters the same.

The main change is that the eigenvalues near Q = (⇡, ⇡) become significantly smaller. The
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Solution of Bethe-Salpeter equation
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Unconventional DW order: (d+ s)-form factor
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The identity of the fundamental broken symmetry (if any) in the
underdoped cuprates is unresolved. However, evidence has been
accumulating that this state may be an unconventional density
wave. Here we carry out site-specific measurements within each
CuO2 unit cell, segregating the results into three separate elec-
tronic structure images containing only the Cu sites [Cu(r)] and
only the x/y axis O sites [Ox(r) and Oy(r)]. Phase-resolved Fourier
analysis reveals directly that the modulations in the Ox(r) and Oy(r)
sublattice images consistently exhibit a relative phase of π. We
confirm this discovery on two highly distinct cuprate compounds,
ruling out tunnel matrix-element and materials-specific systemat-
ics. These observations demonstrate by direct sublattice phase-
resolved visualization that the density wave found in underdoped
cuprates consists of modulations of the intraunit-cell states that
exhibit a predominantly d-symmetry form factor.

CuO2 pseudogap | broken symmetry | density-wave form factor

Understanding the microscopic electronic structure of the
CuO2 plane represents the essential challenge of cuprate

studies. As the density of doped holes, p, increases from zero in
this plane, the pseudogap state (1, 2) first emerges, followed by
the high-temperature superconductivity. Within the elementary
CuO2 unit cell, the Cu atom resides at the symmetry point with
an O atom adjacent along the x axis and the y axis (Fig. 1A,
Inset). Intraunit-cell (IUC) degrees of freedom associated with
these two O sites (3, 4), although often disregarded, may actually
represent the key to understanding CuO2 electronic structure.
Among the proposals in this regard are valence-bond ordered
phases having localized spin singlets whose wavefunctions are
centered on Ox or Oy sites (5, 6), electronic nematic phases
having a distinct spectrum of eigenstates at Ox and Oy sites (7,
8), and orbital-current phases in which orbitals at Ox and Oy are
distinguishable due to time-reversal symmetry breaking (9). A
common element to these proposals is that, in the pseudogap
state of lightly hole-doped cuprates, some form of electronic
symmetry breaking renders the Ox and Oy sites of each CuO2
unit cell electronically inequivalent.

Electronic Inequivalence at the Oxygen Sites of the CuO2
Plane in Pseudogap State
Experimental electronic structure studies that discriminate the
Ox from Oy sites do find a rich phenomenology in underdoped
cuprates. Direct oxygen site-specific visualization of electronic
structure reveals that even very light hole doping of the insulator
produces local IUC symmetry breaking, rendering Ox and Oy
inequivalent (10), that both Q ≠ 0 density wave (11) and Q = 0
C4-symmetry breaking (11, 12, 13) involve electronic inequi-
valence of the Ox and Oy sites, and that the Q ≠ 0 and Q = 0

broken symmetries weaken simultaneously with increasing p and
disappear jointly near pc = 0.19 (13). For multiple cuprate com-
pounds, neutron scattering reveals clear intraunit-cell breaking of
rotational symmetry (14, 15, 16). Thermal transport studies (17)
can likewise be interpreted. Polarized X-ray scattering studies
reveal the electronic inequivalence between Ox and Oy sites (18)
and that angular dependent scattering is best modeled by spa-
tially modulating their inequivalence with a d-symmetry form
factor (19). Thus, evidence from a variety of techniques indicates
that Q = 0 C4 breaking (electronic inequivalence of Ox and Oy) is
a key element of underdoped-cuprate electronic structure. The
apparently distinct phenomenology of Q ≠ 0 incommensurate
density waves (DW) in underdoped cuprates has also been reported
extensively (20–27). Moreover, recent studies (28, 29) have dem-
onstrated beautifully that the density modulations first visualized
by scanning tunneling microscopy (STM) imaging (30) are in-
deed the same as the DW detected by these X-ray scattering
techniques. However, although distinct in terms of which symmetry
is broken, there is mounting evidence that the incommensurate
DW and the IUC degrees of freedom are somehow linked micro-
scopically (13, 16, 19, 31, 32).

Significance

High-temperature superconductivity emerges when holes are
introduced into the antiferromagnetic, insulating CuO2 plane
of the cuprates. Intervening between the insulator and the
superconductor is the mysterious pseudogap phase. Evidence
has been accumulating that this phase supports an exotic
density wave state that may be key to its existence. By in-
troducing visualization techniques that discriminate the elec-
tronic structure at the two oxygen sites with each CuO2 unit
cell, we demonstrate that this density wave consists of periodic
modulations maintaining a phase difference of π between ev-
ery such pair of oxygen sites. Therefore, the cuprate pseudo-
gap phase contains a previously unknown electronic state—
a density wave with a d-symmetry form factor.
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“R-map” of BSCCO in zero magnetic field, similar to those published in Y. Kohsaka, C. Taylor,
K. Fujita, A. Schmidt, C. Lupien, T. Hanaguri, M. Azuma, M. Takano, H. Eisaki, H. Takagi,
S. Uchida, and J. C. Davis, Science 315, 1380 (2007). Davis group has sub-angstrom resolution
capabilities, with lattice drift corrections, which make sublattice phase-resolved STM possible.

See also
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and A. Kapitulnik,
Phys. Rev. B 67,
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Q = (⇡/2, 0)
x
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This specific d-form factor density wave order (with Q along the axes) was first

predicted in S. Sachdev and R. LaPlaca, Phys. Rev. Lett. 111, 027202 (2013).
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