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-Definition
-Analysis
•Meaning?

Umklapp scattering off the crystal lattice and ca
LDOS modulations at G when k < ðp=a0 ; 0Þ: Ho
Fig. 4, we unexpectedly find that for a given q th
modulation signal is localized to the nanoscale
equal to the local gap value. This implies strong
rotational
symmetry
breakingininthe
the quasiparticle
tunneling
variations
dispersions
near
2 nm
b. e=0.6
a. e=0.4
patterns (35). therefore significant scattering. Thus, whatev
The new proposals (4, 5) for tunneling
nanoscale electronic disorder, it appears to stro
asymmetry measurements provide a notable
lifetimeswith
of antinodal
quasiparticles in Bi-2212.
solution to problems
standard dI/dV

Local measure of broken symmetry?

RCH ARTICLE

ct test of such ideas has not been possible
ause neither the real-space electronic strucof the ECG state, nor that of an individual
ster,” could be determined directly as no
able imaging techniques existed.
Design of TA studies in Ca1.88Na0.12CuO2Cl2
Bi2Sr2Dy0.2Ca0.8Cu2O8+d. STM-based img might appear an appropriate tool to ads such issues. But dI/dV imaging is fraught

with problems in lightly doped cuprates. For
example, a standard dI/dV image, although well
defined, is not a direct image of the LDOS (see
supporting online text 1). Moreover, there are
theoretical concerns that, in Ca2-xNaxCuO2Cl2,
the topmost CuO2 plane may be in an “extraordinary” state (34) or that interference between
two tunneling trajectories through the 3pz-Cl
orbitals adjacent to a dopant Na+ ion may cause

imaging because Eqs. 2 and 3 have a crucial
Received 30 July 2002; accepted 14 February 2003; doi:10.1038/natur
practical advantage. If we define the ratios
1.→, Pan,
S. H.
et al. of
Microscopic
electronic inhomogeneity in the high-T c s
Zðr→, V Þ and Rðr
V Þ in
terms
the tunneling
Bi2Sr2CaCu2O8þx. Nature 413, 282–285 (2001).
current

dI/dV(ω)-map
McElroy et al, Nature 422, 592 (2003)
OD T =86K

NATURE | VOL 422 | 10 APRIL 2003 | www.nature.com/nature

from www.sciencemag.org on May 28, 2009

2. Cren, T., Roditchev, D., Sacks, W. & Klein, J. Nanometer scale mapping
inhomogeneous superconductor. Euro. Phys. Lett. 54, 84–90 (2001).
dI →
2 nm
ðr, z,
þV Þ P. & Kapitulnik, A. Inherent
b. e=0.6
a.
→3. Howald,
Fournier,
inhomogeneities in
dV e=0.4
ð4aÞ
Zðr, V Þ ≡ dI C.,
→
in the superconducting state. Phys. Rev. B 64
Bi2Sr2CaCu
ðr,2O
z,82x
−Vcrystals
Þ
dV e=0.8
d. e=1.0
c.
4. Lang, K. M. et al. Imaging the granular structure of high-Tc supercond
Bi2Sr2CaCu2O8þd. Nature 415, 412–416 (2002).
5. Hoffman,→J. E. et al. Imaging quasiparticle interference in Bi2Sr2CaCu2
Iðr , z, þV Þ
→
Figure 4 The electronic density of states modulations associated with antinodal
ð4bÞ
Þ≡ →
Rðr , V(2002).
,
z,
−V
Þ
Iðr
quasiparticles at energies near the gap maximum. a, A map of the energy-gap
6. Campuzano, J. C. et al. Fermi surfaces of YBa2Cu3O6.9 as seen by angle-r
Rev. Lett. 64, 2308–2311 (1990).
magnitude4 in a particular area of the surface studied in this paper (see colour scale).
7. Dessau, D. S. et al. Key features in the measured band structure of Bi2Sr2
c three energies, 224 meV, 234 meV and 250 meV
b–d, g(r,q) measured at
we see immediately
from Eq. 1 that the unand→Fermi surface nesting. Phys. Rev. Lett. 71, 2781–2784 (1993).
all canceled
out mapping of Bi Sr CaCu O (001
f ðr, P.zÞet are
respectively, in this exact field of view. One can immediately see, by comparisonknown
of paneleffects
a 8.in Aebi,
al. Complete
Fermi surface
2 2
2 8þx
→
by
the
division
process.
Thus,
Zðr
,
V
Þ
and
with the others, that wherever q equals the local value of D, an intense ‘tweed’-like
antiferromagnetic correlations and metallicity in the same phase. Phys.
contain important physical
Rðr→, V Þ not only (1994).
d. e=1.0
c. e=0.8 →
pattern exists g(r,q). The wavevectors of this pattern are the same in all three panels,
information (4, 9.5) Shen,
but, unlike
N ðr
, EÞ, are also
Z.-X. et al.
Anomalously
large gap in the a-b plane of Bi2Sr2CaC
either q ¼ ð2p=a 0 ; 0Þ or q ¼ ð0; 2p=a 0 Þ: Thus, LDOS modulations consistent
with
f. e=1.4
e. measurable
e=1.2
expressible
in terms
of
quantities
1553–1556
(1993).
Umklapp scattering occur at different energies in adjacent nanoscale regions,only.
signifying
We have10.confirmed
that
the unknown
Ding, H. et al.
Angle-resolved
photoemission spectroscopy study of the
0.69
1.8
→
indeed canceled
out in
Eq.. Phys.
4 Rev. B. 54, R9678–R9681 (1996)
factors f ðr, zÞ are anisotropy
in Bi2Sr2CaCu
strong scattering of the antinodal quasiparticles.
2O8þx

onlinedisplaying
text andthe
figures
2). conductance ratio Z as a function
Figure S7(see
a-f. Asupporting
series of images
real space
of energy
rescaled
to the
local
value, e = E/∆
To address
thepsuedogap
material-specific
theoret1(r). Each pixel location was rescaled
Nature
© 2003
Publishing
Group
independently
of
the
others.
The
common
color
scale
illustrates
ical concerns (34, 35), we have designed a that the bond centered
pattern appears strongest in Z exactly at E = ∆1(r).

4. (A and D) R maps of Na-CCOC and
Dy-Bi2212, respectively (taken at 150 mV from areas in
R-map
blue boxes of Fig. 3, C and D). The fields of view are (A) 5.0 nm by 5.3 nm and (B) 5.0 nm by
Kohsaka
al,(D)Science
315,
nm. The
blue boxes in et
(A) and
indicate areas
of Fig.1380
4, B and (2007)
C, and Fig. 4, E and F,
ectively. (B and E) Higher-resolution
R map within
equivalent domains from Na-CCOC and DyUD
T
=45K
(p=0.08)
c
212, respectively (blue boxes of Fig. 4, A and D). The locations of the Cu atoms are shown as

sequence of identical TA-imaging experiments in two radically different cuprates:
strongly underdoped CaZ-map(ω)
1.88 Na0.12 CuO 2 Cl 2
(Na-CCOC; critical temperature Tc ~ 21 K)
Kohsaka
et al, Nature
454,
and Bi2Sr2Dy0.2Ca0.8Cue.2Oe=1.2
8+d (Dy-Bi2212; Tc ~
UD Tinc=45K
45 K). As indicated schematically
Fig. 2, B
0.69
1.8
and C, they have completely different crystal-

1072 (2008)
f. e=1.4

Local measure of broken symmetry?

UD Tc=45K (p=0.08)

Kohsaka et al, Nature 454, 1072 (2008)

Local measure of broken symmetry?
HAMLET: Do you see yonder cloud that's almost in shape of a camel?
POLONIUS: By th'mass, and 'tis like a camel indeed.
HAMLET: Methinks it is like a weasel.
POLONIUS: It is backed like a weasel.
--W. Shakespeare

UD Tc=45K (p=0.08)

Kohsaka et al, Nature 454, 1072 (2008)

Local measure of broken symmetry?
HAMLET: Do you see yonder cloud that's almost in shape of a camel?
POLONIUS: By th'mass, and 'tis like a camel indeed.
HAMLET: Methinks it is like a weasel.
POLONIUS: It is backed like a weasel.
--W. Shakespeare

UD Tc=45K (p=0.08)

Kohsaka et al, Nature 454, 1072 (2008)

Challenge: An objective measure

BSCCO, got nematic?
Defining the local order parameters
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BSCCO, got nematic?
Piezo Drift

Key: Atomic registry with the lattice

Key: Atomic registry with the lattice

Key: Atomic registry with the lattice

Correct Piezo drift

Undistorts and fixes phase of Bragg peaks
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BSCCO, got nematic?
Listening to the Bragg peaks
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BSCCO, got nematic?
Listening to the Q* peaks

Smectic ordering in UD 45
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al,
the text. Here, we have assumed that the stripes maintain their integrity
2009 throughout, although in reality they must certainly become less and less well
defined as the system becomes increasingly quantum, until eventually they are
not the correct variables for describing the important correlations in the system.
Heavy lines represent liquid-like stripes, along which the electrons can flow,
whereas the filled circles represent pinned, density-wave order along the stripes.
The stripes are shown executing more or less harmonic oscillations in the
smectic phase. Two dislocations, which play an essential role in the smectic-tonematic phase transition, are shown in the view of the nematic phase.

transition from a smectic to an isotropic (symmetric) phase. As at
zero temperature, the smectic order is destroyed in a sequence of
two transitions: (1) a dislocation unbinding transition to an ‘‘Ising
nematic’’ phase18 which has short-range positional order but breaks
four-fold rotational symmetry, and (2) a transition to the isotropic
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Kim et al, (2008)

Theory

Experiment

Fig. 4. (A and D) R maps of Na-CCOC and Dy-Bi2212, respectively (taken at 150 mV from area
the blue boxes of Fig. 3, C and D). The fields of view are (A) 5.0 nm by 5.3 nm and (B) 5.0 nm
5.0 nm. The blue boxes in (A) and (D) indicate areas of Fig. 4, B and C, and Fig. 4, E and
respectively. (B and E) Higher-resolution R map within equivalent domains from Na-CCOC and
Bi2212, respectively (blue boxes of Fig. 4, A and D). The locations of the Cu atoms are shown
black crosses. (C and F) Constant-current topographic images simultaneously taken with Fig. 4
and E, respectively. Imaging conditions are (C) 50 pA at 600 mV and (F) 50 pA at 150 mV.
markers show atomic locations, used also in Fig. 4, B and E. The fields of view of these images
shown in Fig. 3, A and B, as orange boxes.
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plane where each dI/dV spectrum
at the surfaces of Fig. 4, C and F, UD T =45K (p=0.08)
c
and shown in Fig. 5B, is measured. Spectra are measured
along equivalent lines labeled
1, 2, 3, and 4 in both domains
of Fig. 4, B and E, and Fig. 5A.
(B) Differential tunneling conductance spectra taken along
parallel lines through equivalent domains in Na-CCOC and
Dy-Bi2212. All spectra were
taken under identical junction conditions (200 pA, 200 mV). Numbers (1 to 4)
correspond to trajectories where these sequences of spectra were taken.
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