
leech may provide a system in which to re-

solve this important question.
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Nodal Quasiparticles and
Antinodal Charge Ordering in

Ca2–xNaxCuO2Cl2
Kyle M. Shen,1 F. Ronning,1* D. H. Lu,1 F. Baumberger,1

N. J. C. Ingle,1 W. S. Lee,1 W. Meevasana,1 Y. Kohsaka,2

M. Azuma,3 M. Takano,3 H. Takagi,2,4 Z.-X. Shen1.

Understanding the role of competing states in the cuprates is essential for
developing a theory for high-temperature superconductivity. We report angle-
resolved photoemission spectroscopy experiments which probe the 4a0 � 4a0

charge-ordered state discovered by scanning tunneling microscopy in the lightly
doped cuprate superconductor Ca2–xNaxCuO2Cl2. Our measurements reveal a
marked dichotomy between the real- and momentum-space probes, for which
charge ordering is emphasized in the tunneling measurements and photo-
emission is most sensitive to excitations near the node of the d-wave
superconducting gap. These results emphasize the importance of momentum
anisotropy in determining the complex electronic properties of the cuprates and
places strong constraints on theoretical models of the charge-ordered state.

To explain the mechanism of high-temperature

superconductivity, it is necessary to under-

stand how the parent Mott insulator, charac-

terized by very strong electron-electron

repulsion, can evolve into a high–transition

temperature (T
c
) superconductor upon the

addition of a relatively small number of

carriers. In the intervening region between

the Mott insulator and high-T
c

super-

conductor, the so-called Bpseudogap[ re-

gime, highly anomalous physical properties

have been observed (1). Many attempts to

explain these unusual properties have cen-

tered around the possibility of competing

orders, such as orbital currents (2), nanoscale

charge ordering (3, 4), or electronic phase sep-

aration (5). The particular importance of

charge ordering has recently been under-

scored by the discovery of a distinct real-

space pattern of 4a
0
� 4a

0
two-dimensional

charge ordering (2DCO) in Ca
2–x

Na
x
CuO

2
Cl

2

(Na-CCOC) by scanning tunneling microsco-

py (STM) (6). Angle-resolved photoemission

spectroscopy (ARPES) can provide crucial
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insights into the microscopic nature of this

2DCO and its relationship to the single-particle

excitations in k-space. We performed ARPES

studies of Na-CCOC (x 0 0.05, 0.10, and

0.12), allowing us to combine information

from the complementary real- and k-space

electronic probes. Our results reveal a strong

momentum anisotropy, in which the 2DCO

is associated with strongly suppressed anti-

nodal electronic states that have a nesting

wave vector of kqk È 2p/4a
0
, whereas the

nodal states dominate the low-energy spec-

tral weight in k-space.

ARPES measurements were performed at

Beamline 5-4 of the Stanford Synchrotron

Radiation Laboratory with the use of single

crystals with typical dimensions of 1 � 1 �
0.1 mm grown by a high-pressure flux method

(7). Na-CCOC is devoid of complications

such as superlattice modulations, bilayer

splitting, and orthorhombic distortions and is

highly 2D with a resistivity anisotropy r
c
/r

ab

of 104 (8). The x 0 0.10 and 0.12 samples had

T
c
_s of 13 and 22 K, respectively (maximum

T
c
0 28 K), whereas the x 0 0.05 composi-

tion was nonsuperconducting. Typical ener-

gy and momentum resolutions were 14 meV

and 0.35- (corresponding to Dk È 0.02 p/a
0
),

and samples were measured at pressures lower

than 5 � 10j11 torr.

In Fig. 1, A to C, we show the momen-

tum distribution of spectral weight within a

T10-meV window around the Fermi energy,

E
F
. The predominance of the nodal states can

be seen in the raw data, as the intensity is

maximum along the (0,0)-(p,p) nodal direction

and drops off rapidy toward (p,0), the anti-

node. To better quantify the Fermi surface

(FS), we have taken the maximal position in

each momentum distribution curve (MDC) at

E
F
, which intersected the FS and identified this

as a Fermi wave vector, k
F
. To minimize the

effects of photoelectron matrix elements or

sample-dependent variations, we confirmed

our results on additional samples by varying

photon energies (between 16.5 and 28 eV) or

acquiring data with polarizations parallel to the

Cu-O bond direction, or in the second Brillouin

zone. All results are summarized in Fig. 1, D

to F, and representative MDCs are overlaid

in Fig. 1E. Despite the much weaker intensity

of the antinodal MDC, its momentum structure

nevertheless allows one to define k
F

and es-

tablish a continuous contour reminiscent of the

predicted noninteracting FS (9). Although this

approach is robust in extracting the normal-

state FS for conventional metallic or even

gapped systems, the situation is less clear for

strongly correlated systems where the quasi-

particle (QP) residue, Z, can be much less

than 1. However, we will still refer colloquially

to these extracted contours as Fermi surfaces

throughout this work (10).

The manifestation of the 2DCO in the

ARPES spectra can be observed in Fig. 1, D to

F, where the weak antinodal segments appear

to be well nested and separated by approx-

imately kqk È 2p/4a
0

(Fig. 2A). In Fig. 2, A

and B, we compare a schematic of the low-

energy intensity with the real space dI/dV map

(6). This correspondence is exhibited not only

in the wave vectors, but also in the unusual

energy (w) dependence of this pattern. The tun-

neling data exhibit a surprising bias indepen-

dence (6), and our antinodal MDCs (Fig. 2C)

also demonstrate a similar insensitivity to w
below 50 meV, in contrast to the dispersive

nodal MDCs (Fig. 2D). This unphysical ver-

tical dispersion of the antinodal excitations is

highly atypical and almost certainly does not

represent the behavior of the actual QP band,

as will be discussed later. The doping depen-

dence of the nodal and antinodal k
F
_s is

summarized in Fig. 2E. The relatively weak

doping and w dependence of the antinodal k
F

is in stark contrast to the expected behavior of

a near-E
F

van Hove singularity, where both the

doping and w dependence of the MDCs should

be sizable. Moreover, the contrast between the

strong nodal states and weak antinodal seg-

ments is surprising given that the low-energy

STM spectra are almost entirely dominated by

the commensurate 2DCO (6).

This anisotropy can also be observed in the

energy distribution curves (EDCs) along the

Fig. 2. (A) Schematic of
the low-lying spectral
intensity for x 0 0.10.
The hatched regions
show the nested por-
tions of FS, and the FS
angle is defined in the
lower right quadrant. (B)
An STM dI/dV map from
(6) is shown from
Ca1.9Na0.1CuO2Cl2, ta-
ken at 24 meV and
100 mK, exhibiting the
4a0 � 4a0 ordering.
MDCs along the anti-
nodal (C) and nodal (D)
directions are shown for
Ca1.88Na0.12CuO2Cl2, ta-
ken at 15 K with hu 0
25.5 eV. (E) The doping
dependence of the kF
wave vectors along the
(0,0)-(p,p) (blue trian-
gles) and (p,0)-(p,p)
(red circles) directions.
Error bars show the SD
from sample to sample.
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Fig. 1. (A to C) The
momentum distribu-
tion of spectral weight
within a T10-meV
window around EF for
x 0 0.05, 0.10, and
0.12 in one quadrant
of the first Brillouin
zone. Data were taken
at 15 K with hu 0 25.5
eV and a polarization
45- to the Cu-O bond,
normalized to a fea-
tureless background at
high binding energies
(–1 eV), and symme-
trized along the (0,0)-
(p,p) line. The data
acquisition range is
shown within the black
lines. The FS contours shown in (D to F) were compiled from more than four samples for each
composition with photon energies between 16.5 and 28 eV and photon polarizations both parallel to
and at 45- to the Cu-O bond direction. Data from these samples constitute the individual points; the
best fit is shown as a solid line. The region in which a low-energy peak was typically observed is
marked by gold circles. The gray shaded areas in (E) represent the momentum distribution of
intensity at EF T10 meV along the (0,0)-(p,p) and (p,0)-(p,p) high-symmetry directions.
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FS (Fig. 3A). At x 0 0.10 and 0.12, sharp

peaks in the EDCs are observed only near the

nodal direction, whereas the antinodes exhibit

a depletion of spectral weight over a wide

energy range (È200 meV), a phenomenon

observed in underdoped cuprates including

Bi
2
Sr

2
CaCu

2
O

8þd, La
2–x

Sr
x
CuO

4
, and Na-

CCOC, often referred to as a high-energy

pseudogap (11). From the EDCs in Fig. 3A, it

is clear that the intensity anisotropy in Fig. 1,

A to C, is not due simply to the opening of a

d-wave superconducting (SC) gap, where

Bogoliubov QPs should remain well defined

over the entire Brillouin zone. In fact, no sub-

stantial changes in the spectra were observed

upon cooling or warming the samples through

T
c

(between 10 and 50 K), unlike the cases of

near-optimally doped Bi
2
Sr

2
CaCu

2
O

8þd (12)

or YBa
2
Cu

3
O

7–d (13), in which a coherent

peak emerges in the antinodal regions below

T
c
. The absence of any marked change may

be associated with the low T
c

or the doping

level, given that SC antinodal peaks are also

absent in underdoped La
2–x

Sr
x
CuO

4
and

Bi
2
Sr

2
CuO

6þd (11, 14, 15). However, a slight

leading-edge gap of the antinodal spectra is

observed E8 T 4 meV for x 0 0.10, 7 T 4 meV

for x 0 0.12 (errors are determined from fitting

and sample-to-sample variations)^, consist-

ent with a low-energy pseudogap. These

values are quite consistent with the leading

edge gap values observed in compounds with

comparable T
c
_s, such as La

2–x
Sr

x
CuO

4
or

Bi
2
Sr

2
CuO

6þd (11, 14, 15), whereas they are

substantially smaller than in Bi
2
Sr

2
CaCu

2
O

8þd
(11), which has a much higher T

c
.

In conventional charge-density wave

(CDW) systems, nesting of the FS gives rise

to a divergent Lindhard susceptibility that re-

sults in a Peierls instability. The formation of

the CDW results in a larger unit cell and a

folding of the original bands, but coherent QPs

still exist, as demonstrated by ARPES studies

of quasi–2D CDW systems such as CeTe
3

(16) or In/Cu(001) (17). Therefore, the seem-

ingly incoherent antinodal features cannot be

produced from FS nesting or ordering alone,

so additional factors must be considered.

Along these lines, the antinodal spectra from

Na-CCOC bear close resemblance to data

from La
1.2

Sr
1.8

Mn
2
O

7
, in which a similar high-

energy pseudogap was observed on portions of

the FS that have a nesting wave vector cor-

responding to CDW ordering (18). In this case,

the high-energy pseudogap was attributed to

the coupling of the electrons to Jahn-Teller

distortions of the MnO
6

octahedra, which are

believed to play a critical role in the low-

energy electronic properties of the manganites,

because the Mn4þ ions are in a d3 configura-

tion with unoccupied orbitals of e
g

symmetry

(19). Although the detailed microscopic in-

teractions in the cuprates and manganites are

rather different, the two systems may still

share a similar general phenomenology.

In Fig. 3B, we show the doping evolution

of the low-energy spectral weight associated

with the FS and Z, where the intensity

increases monotonically as a function of

doping, behavior unexpected in simple one-

electron pictures. This was confirmed by

normalizing all MDCs and spectra at all

dopings to either the flat high-energy spectra

at È–1 eV or to features in the valence band

(–2 to –7 eV), both of which were largely

doping independent. Although it appears

from Fig. 1, A to C, that the FS elongates

toward the antinodes with increasing doping,

this effect is illusory and arises simply from

the overall increase in intensity, as the shape

of the angular distribution of spectral weight

does not change appreciably with doping.

This suggests that Z and the self-energy

retain a qualitatively similar k anisotropy

throughout the underdoped regime.

The absence of sharp antinodal excitations,

the doping-dependent growth of low-energy

weight, and the k anisotropy of FS intensity in

Na-CCOC all demonstrate marked resem-

blances to measurements from lightly doped

La
2–x

Sr
x
CuO

4
(14, 15). This is shown in Fig.

3, B and C, in which data from La
2–x

Sr
x
CuO

4

(14) are overlaid onto data from Na-CCOC

and scaled to match either the nodal intensity

at the same compositions (Fig. 3B) or the

general doping trends (Fig. 3C). These

similarities suggest an intrinsic commonality

between the low-lying excitations across

different cuprate families and may imply a

generic microscopic origin for these essen-

tial nodal states irrespective of other order-

ing tendencies. At very low doping levels,

the nodal excitations should entirely dom-

inate the transport properties, consistent with

the high-temperature metallic tendencies ob-

served in very lightly doped cuprates (20).

Thus any microscopic models of charge or-

dering must also simultaneously explain and

incorporate the existence of coherent nodal

states and broad antinodal excitations as

essential features of the single-particle ex-

citation spectrum. In addition, similar faint

and nested antinodal FS segments have been

observed by ARPES in La
2–x

Sr
x
CuO

4
(15)

and could correspond to an analogous 2D

charge-ordered state. However, ARPES is a

macroscopically averaged probe and cannot

distinguish between true 2D ordering and a

superposition of 1D domains. Despite the

qualitative similarities between the low-energy

features of La
2–x

Sr
x
CuO

4
and Na-CCOC,

there exist important quantitative differences

that could potentially be detected by future

STM experiments, including the considerably

smaller high-energy pseudogap and antinodal

wave vector in La
2–x

Sr
x
CuO

4
at comparable

doping levels (e.g., kqk È 0.35 p/a
0

for x 0
0.063) (11, 14, 15).

In addition, the identification of sim-

ilar charge modulation patterns by STM

in another compound, Bi
2
Sr

2
CaCu

2
O

8þd,

also suggests the possible universality of

electronic ordering in all cuprates. Elec-

tronic checkerboard patterns are evident in

Bi
2
Sr

2
CaCu

2
O

8þd when SC is destroyed

Eabove T
c

(21), inside vortex cores (22)^ or

in very underdoped samples (23) and may

be associated with the absence of sharp

antinodal SC excitations in many cuprates

studied by ARPES at low doping levels Esuch

as Na-CCOC and La
2–x

Sr
x
CuO

4
(14, 15)^

or above T
c

in underdoped materials Esuch

as Bi
2
Sr

2
CaCu

2
O

8þd (11)^. Although many

Fig. 3. (A) EDCs taken
at equal increments
along the FS contour
from the nodal direc-
tion (top) to the anti-
nodal region (bottom)
for x 0 0.05, 0.10, and
0.12. Data was taken
at 15 K with hu 0 25.5
eV. (B) The angular
dependence of spectral
weight along the FS
at x 0 0.05 (black
diamonds), x 0 0.10
(red squares), and x 0
0.12 (blue circles), with
the angle defined in Fig.
2A, along with data
from La2–xSrxCuO4
(LSCO) for x 0 0.05
and x 0 0.10, shown
as open symbols (14).
(C) The doping evolu-
tion of the low-lying
spectral weight (circles),
along with correspond-
ing data from La2–xSrxCuO4 (squares) (14), with the error bars representing the uncertainty in integrated
weight as well as sample-to-sample variations. The data for (B) and (C) were taken within a T10-meV
window, shown in shaded gray in (A). arb. units, arbitrary units.
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particular details of the 2DCO state may

be material dependent, there appears to be

a general correspondence between the broad

and nested antinodal FS segments observed

by ARPES and the propensity for 2D charge

ordering in the lightly doped cuprates.

One recent intriguing model proposed for

the 2DCO is a Wigner crystal (WC), whose

formation is driven by the Coulomb repul-

sion between the doped holes (24). Although

2D WCs or 1D stripes provide appealing

real-space visualizations, addressing the nod-

al states in a fundamental manner may prove

difficult for these models. For the simple

WC picture, virtually all holes should be

locked into an insulating superlattice and the

low-energy QPs arise from the overflow or

deficit of holes away from certain favored

commensurate dopings. On the other hand,

in La
2–x

Sr
x
CuO

4
it has been argued that the

nodal states may arise from disordered

stripes (25). In both cases, the nodal states

arise more as model-dependent byproducts,

not fundamental constituents of the charge-

ordered state.

On the other hand, it has long been

known that CDW formation and SC are

competing instabilities in a wide variety of

materials (26). This is not entirely surprising,

given that the same attractive effective

interactions, typically electron-phonon, can

give rise to both states in many materials. In

the case of Na-CCOC, both d-SC and 2DCO

appear to compete for the antinodes, and the

strength of one order parameter should come

at the expense of the other. For instance,

although Ca
2–x

Na
x
CuO

2
Cl

2
is a rather poor

high-T
c

SC, it exhibits very prominent modu-

lations in the STM dI/dV maps. On the other

hand, Bi
2
Sr

2
CaCu

2
O

8þd is one of the better

high-T
c

superconductors (maximum T
c
0 96 K),

but exhibits far less pronounced charge-density

modulations at low energies (21–23). Along

these lines, it is also possible that critical

fluctuations between the 2DCO and another

ordered state could result in the incoherent

antinodal states (27), although it is not evi-

dent whether the nodal QPs would still remain

well defined. A related possibility is that the

2DCO does not represent a CDW of single

holes, but instead represents a density wave

of preformed d-wave Cooper pairs or a pair

density wave (PDW) (28).

Another potential explanation for the

broad antinodal features may come from

models based on Franck-Condon broadening,

which have been proposed to describe the

unusual spectral features in both the lightly

doped cuprates (29, 30) and the manganites

(31), and may therefore explain the similar-

ity of the high-energy pseudogaps found in

the both systems. In such a scenario, the

strong coupling of the electrons to any

bosonic excitations would result in Z ¡ 1,

and spectral weight is transferred to in-

coherent, multiboson excitations. The high-

energy pseudogap behavior in both the

cuprates and manganites may then originate

from the broad, suppressed tail of incoherent

spectral weight, which obscures the very

small, but possibly finite coherent QP. The

apparently vertical dispersion in the anti-

nodal regime can then be explained as

originating not from a real QP band, but

rather from this largely incoherent, pseudo-

gapped spectral weight. In this picture, an

effective anisotropic coupling could lead to a

larger Z (weaker coupling) along the nodal

direction and a much smaller, yet still finite

Z, at the antinodes (strong coupling). How-

ever, this coupling alone may not be

sufficient to cause the 2DCO, and it may be

the combination of strong coupling and FS

nesting which ultimately stabilizes the anti-

nodal charge-ordered state.

Although Na-CCOC may provide the

clearest case for relating real-space charge

ordering to the anisotropy of electronic states

in momentum space, we believe that this is

indicative of a generic tendency of the

cuprate superconductors. Irrespective of the

microscopic model, the dichotomy between

the sharp nodal QPs and broad antinodal

states suggests the importance of strongly

momentum-anisotropic interactions in Na-

CCOC and places important restrictions on

possible theoretical descriptions of the charge-

ordered state and pseudogap phase.
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Asynchronous Bends in Pacific
Seamount Trails: A Case for

Extensional Volcanism?
Anthony A. P. Koppers* and Hubert Staudigel

The Gilbert Ridge and Tokelau Seamounts are the only seamount trails in the
Pacific Ocean with a sharp 60- bend, similar to the Hawaii-Emperor bend
(HEB). These two bends should be coeval with the 47-million-year-old HEB if
they were formed by stationary hot spots, and assuming Pacific plate motion
only. New 40Ar/39Ar ages indicate that the bends in the Gilbert Ridge and
Tokelau seamount trail were formed much earlier than the HEB at 67 and
57 million years ago, respectively. Such asynchronous bends cannot be rec-
onciled with the stationary hot spot paradigm, possibly suggesting hot spot
motion or magmatism caused by short-term local lithospheric extension.

The Hawaii-Emperor island and seamount

chain is the most prominent morphologic fea-

ture on the seafloor, with a sharp 60- change

in azimuth, called the Hawaii-Emperor bend

(HEB). The HEB serves as a textbook ex-

ample of the fixed hot spot hypothesis, in
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