EXTENDED FDF FORMAT
SPOMNSORED BY

hitp:/idiscover big-rad.com

An Intrinsic Bond-Centered Electronic Glass with
Unidirectional Domains in Underdoped Cuprates
Y. Kohsaka, et al.

Science 315, 1380 (2007);

AYAAAS DOI: 10.1126/science.1138584

The following resources related to this article are available online at
www.sciencemag.org (this information is current as of March 19, 2007 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/cgi/content/full/315/5817/1380

Supporting Online Material can be found at:
http://www.sciencemag.org/cgi/content/full/1138584/DC1

A list of selected additional articles on the Science Web sites related to this article can be
found at:

http://www.sciencemag.org/cgi/content/full/315/5817/1380#related-content

This article cites 18 articles, 1 of which can be accessed for free:
http://www.sciencemag.org/cgi/content/full/315/5817/1380#otherarticles

This article appears in the following subject collections:
Physics
http://www.sciencemag.org/cgi/collection/physics

Information about obtaining reprints of this article or about obtaining permission to reproduce
this article in whole or in part can be found at:
http://www.sciencemag.org/about/permissions.dtl

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
¢ 2007 by the American Association for the Advancement of Science; all rights reserved. The title SCIENCE is a
registered trademark of AAAS.

Downloaded from www.sciencemag.org on March 19, 2007


http://www.sciencemag.org/cgi/content/full/315/5817/1380
http://www.sciencemag.org/cgi/content/full/1138584/DC1
http://www.sciencemag.org/cgi/content/full/315/5817/1380#related-content
http://www.sciencemag.org/cgi/content/full/315/5817/1380#otherarticles
http://www.sciencemag.org/cgi/collection/physics
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org

A

‘. »
mYA H WV A

An Intrinsic Bond-Centered Electronic
Glass with Unidirectional Domains
in Underdoped Cuprates

Y. Kohsaka,* C. Taylor,* K. Fujita,™? A. Schmidt,® C. Lupien,® T. Hanaguri,* M. Azuma,®
M. Takano,® H. Eisaki,® H. Takagi,?* S. Uchida,®’ ]. C. Davis™-®*

Removing electrons from the CuO, plane of cuprates alters the electronic correlations sufficiently
to produce high-temperature superconductivity. Associated with these changes are spectral-weight
transfers from the high-energy states of the insulator to low energies. In theory, these should be
detectable as an imbalance between the tunneling rate for electron injection and extraction—a
tunneling asymmetry. We introduce atomic-resolution tunneling-asymmetry imaging, finding
virtually identical phenomena in two lightly hole-doped cuprates: Ca; ggNag 1,Cu0,Cl, and
Bi,Sr,Dyg »Cag gCu»0g.5. Intense spatial variations in tunneling asymmetry occur primarily at the
planar oxygen sites; their spatial arrangement forms a Cu-O-Cu bond-centered electronic pattern
without long-range order but with 4ay-wide unidirectional electronic domains dispersed
throughout (ay: the Cu-0-Cu distance). The emerging picture is then of a partial hole localization
within an intrinsic electronic glass evolving, at higher hole densities, into complete delocalization

and highest-temperature superconductivity.

etallicity of the cuprate CuO, planes
Mderives (1) from both oxygen 2p and

copper 3d orbitals (Fig. 1A). Coulomb
interactions lift the degeneracy of the relevant
d-orbital, producing lower and upper d-states sepa-
rated by the Mott-Hubbard energy U (Fig. 1B).
The lower d-states and oxygen p-state become
hybridized, yielding a correlated insulator with
charge-transfer gap A (Fig. 1B). The “hole-doping”
process, which generates highest-temperature su-
perconductivity, then removes electrons from the
CuO, plane, creating new hole-like electronic
states with predominantly oxygen 2p character
(2). This is a radically different process than hole-
doping a conventional semiconductor because,
when an electron is removed from a correlated
insulator, the states with which it was correlated
are also altered fundamentally. Numerical
modeling of this process (3) indicates that when
n holes per unit cell are introduced, the correlation
changes generate spectral-weight transfers from
both filled and empty high-energy bands—
resulting in the creation of ~2n new empty states
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just above the chemical potential 1 (Fig. 1B). But
precisely how these spectral-weight transfers
result in cuprate high-temperature supercon-
ductivity remains controversial.

Recently, it has been proposed that these
doping-induced correlation changes might be
observable directly as an asymmetry of electron
tunneling currents with bias voltage (4, 5)—
electron extraction at negative sample bias being
strongly favored over electron injection at posi-
tive sample bias. Such effects should be de-
tectable with a scanning tunneling microscope
(STM). The STM tip-sample tunneling current
is given by

eV
1(F, z, V) =f(F, z)J0 N(A, E)dE (1)

Fig. 1. (A) Relevant electronic
orbitals of the CuO, plane: Cu 3d
orbitals are shown in orange and
oxygen 2p orbitals are shown
in blue. A single plaquette of
four Cu atoms is shown within
the dashed square box, and a
single Cu-O-Cu unit is within
the dashed oval. (B) Schematic
energy levels in the CuO; plane
and the effects of hole doping

where z is the tip’s surface-normal coordinate,
is the relative sample-tip bias, and N (7, E) is
the sample’s local-density-of-states (LDOS) at
lateral locations 7 and energy E. Unmeasurable
effects due to the tunneling matrix elements, the
tunnel-barrier height, and z variations from elec-
tronic heterogeneity are contained in f'(7, z) (see
supporting online text 1). For a simple metallic
system where f(7,z) is a featureless constant,
Eq. 1 shows that spatial mapping of the dif-
ferential tunneling conductance dI/dV (7, V)
yields N(7, E = eV'). However, for the strongly
correlated electronic states in a lightly hole-
doped cuprate, the situation is much more
complex. In theory (4), the correlations cause
the ratio Z(V) of the average density-of-states
for empty states N(E = +eV) to that of filled
states N(E = —eV/) to become asymmetric by
an amount

Z(v) =

N(E = +eV) 2n
~ (2)

N(E = —eV) e

Spectral-weight sum rules () also indicate that
the ratio R(7) of the energy-integrated N (7, E)
for empty states £ > 0 to that of filled states £ <0
is related to n by

Ry = [° N(#E)dE
2n(F) nt
T 1-a() O(U) 3)

Here ¢ is in-plane hopping rate and €2, satisfies
“all low-energy scales” < Q. < U.

As a test of such ideas, we show in Fig. 1C
the predicted evolution of the tunneling
asymmetry (TA) with n from (4), and in Fig.
1D we show the measured evolution of spatially
averaged TA in a sequence of lightly hole-doped
Ca,_,Na,CuO,Cl, samples with different x. We
see that the average TA is indeed large at low x

P U';"‘))

upon it. (C) The expected tun-
neling asymmetry between elec-
tron extraction (negative bias)
and injection (positive bias) from
(4) where low values of Z occur at
low hole densities n. (D) Mea-
sured doping dependence of
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average tunneling asymmetry
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and diminishes rapidly with increasing x, as
predicted (3-5). But because such effects are
detectable by spatially resolved techniques (6, 7),

the TA proposals (4, 5) also identify the first
atomic-scale probe of the doping-induced corre-
lation changes.
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Fig. 2. (A) Schematic phase diagram Cos Dy-Bi2212 +
of hole-doped cuprates. The regions e Cu @0
of antiferromagnetic insulator (AF), @, o8 @sr |
d-wave superconductor (dSC), and T @ calDy
pseudogap (PG) phenomenology are = \
indicated. The electronic “cluster © p2f [ e
glass” (ECG) extends over a region in- |
dicated beneath the dashed line. (B
and ©) Examples of the strong spatial e 5 5 o

variations in the tunneling asymmetry
found in Na-CCOC and Dy-Bi2212.

Sample bias (mV)

Because experimental normalization keeps integrated d//dV at positive biases constant, the large variations
are seen at negative bias and directly reflect spatial variation of the TA (tunnel junction set at 200 pA,
600 mV). As can be seen, electron extraction is strongly favored over injection and varies spatially.
These phenomena are quite similar in the two materials.

Fig. 3. (A and B) Constant-
current topographic images
of Na-CCOC and Dy-Bi2212
in 12-nm? fields of view.
Imaging conditions are (A)
50 pA at 600 mV and (B)
50 pA at 150 mV. The orange
boxes in (A) and (B) indicate
areas described in Fig. 4, B
and C, and Fig. 4, E and F,
respectively, and the Cu-O
bond directions are shown as
pairs of orthogonal black
arrows. (C and D) R maps
taken at 150 mV [i.e.,
R(7,150 mV) = I(F, +150
mV)/I(F, =150 mV)] in the
same field of view shown in
Fig. 3, A and B, respectively.
Large R (bright in this color
scale) means that the cor-
responding tunneling spec-
trum is more symmetric,
whereas low R (dark) means
that it is more asymmetric.
The blue boxes in (C) and (D)
indicate the boxed areas of
Fig. 4, A and D, respectively.
(E and F) Images of V2R
(Laplacian) computed from
Fig. 3, Cand D, respectively,
for better visualization of the
atomic-scale arrangements
of the spatial patterns.
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Electronic “cluster glass” state of lightly
hole-doped cuprates. Figure 2A shows sche-
matically that cuprate antiferromagnetism dis-
appears at a doped-hole density per CuO, n ~2
to 3%. The superconductivity usually does not
appear until n ~ 5 to 10%. Therefore, another
low-temperature state intervenes; it is usually
thought of as an electronic “cluster glass” (ECG)
state (8—21). At higher dopings, the ECG sig-
natures coexist with diminishing intensity with
the strengthening superconductivity, until they
disappear somewhere near n ~ 15%. Although
the ECG state exhibits no known long-range
spin or charge order, some electronic order of
unknown spatial form is always detected at nm
scale by local probes of the spin (8—75) and
charge (/4-20)>—hence the “cluster” designa-
tion. And, because it is from this ECG state that
high-temperature superconductivity emerges
with hole doping (22), it is critical to determine
what it is, how it is generated by hole doping,
and how it evolves into and coexists with the
superconducting state.

Much is known about the cuprate ECG state.
Direct evidence for hole localization comes from
(i) in-plane dc resistivity, which exhibits loga-
rithmically increasing temperature dependence
Pup < —InT (23, 24); and (ii) Hall-number mea-
surements showing that the delocalized hole
density approaches the chemically doped values
only when n > 10% (25). Muon-spin rotation
measurements (8—73) find glassy dynamics of
spins but exhibiting some unknown form of spa-
tial order at the nm scale: the spin component of
the ECG “cluster.” Similarly, torque magne-
tometer studies show (26) substantial free-spin
paramagnetism. Nuclear magnetic/quadrupole
resonance measurements (/4-20) reveal static
charge heterogeneity at the nm scale: the hole-
density component of the ECG “cluster.”” Powder
neutron diffraction reveals related local lattice
distortions (21) and optical spectroscopy, the
anomalous anisotropic conductivity and electron-
phonon couplings (27). Finally, neutron-scattering
measurements indicate that the holes are clustered
in nm-sized regions with some form of magnetic
short-range order (28). In summary, the cuprate
ECG state is pervasive, exhibiting partial hole
localization in a state without long-range order but
that, nonetheless, supports some unknown form of
electronic domains. A long-standing problem has
been whether these effects are an intrinsic element
of hole-doped CuO, electronic structure or are
extrinsic—perhaps triggered by random dopant
and/or impurity disorder.

Theoretical hypotheses for the cause and
structure of the cuprate ECG state include, for
example, loss of electronic translational in-
variance because of (i) an electronic glass caused
by random exchange couplings (29), (ii) a
dopant disorder—induced random electronic
glass (30), (iil) a spontaneous (37) or dopant-
induced (30, 32) glass of self-organized electron-
ic nanodomains, and (iv) a nematic electronic
liquid crystal of such nanodomains (33). But a
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direct test of such ideas has not been possible
because neither the real-space electronic struc-
ture of the ECG state, nor that of an individual
“cluster,” could be determined directly as no
suitable imaging techniques existed.

Design of TA studies in Ca; ggNag 1,Cu0,Cl,
and BizsrzDYO.zcao.gcuZO&‘_ﬁ. STM-based im-
aging might appear an appropriate tool to ad-
dress such issues. But d//d} imaging is fraught

with problems in lightly doped cuprates. For
example, a standard d//d} image, although well
defined, is not a direct image of the LDOS (see
supporting online text 1). Moreover, there are
theoretical concerns that, in Ca,_Na,CuO,Cl,,
the topmost CuO, plane may be in an “extraor-
dinary” state (34) or that interference between
two tunneling trajectories through the 3p,-Cl
orbitals adjacent to a dopant Na' ion may cause

+ o
A AA
2 34

Fig. 4. (A and D) R maps of Na-CCOC and Dy-Bi2212, respectively (taken at 150 mV from areas in
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 by
5.0 nm. The blue boxes in (A) and (D) indicate areas of Fig. 4, B and C, and Fig. 4, E and F,
respectively. (B and E) Higher-resolution R map within equivalent domains from Na-CCOC and Dy-
Bi2212, respectively (blue boxes of Fig. 4, A and D). The locations of the Cu atoms are shown as
black crosses. (C and F) Constant-current topographic images simultaneously taken with Fig. 4, B
and E, respectively. Imaging conditions are (C) 50 pA at 600 mV and (F) 50 pA at 150 mV. The
markers show atomic locations, used also in Fig. 4, B and E. The fields of view of these images are

shown in Fig. 3, A and B, as orange boxes.

Fig. 5. (A) Locations relative to
the O and Cu orbitals in the CuO,
plane where each d//dV spectrum
at the surfaces of Fig. 4, Cand F,
and shown in Fig. 5B, is mea-
sured. 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 con-
ductance spectra taken along
parallel lines through equiv-
alent domains in Na-CCOC and

rotational symmetry breaking in the tunneling
patterns (35).

The new proposals (4, 5) for tunneling
asymmetry measurements provide a notable
solution to problems with standard d//dV
imaging because Eqs. 2 and 3 have a crucial
practical advantage. If we define the ratios
Z(#, V) and R(7, V) in terms of the tunneling
current

dr
Z(FV) = ‘2% V) (4a)
R(F, V)= 11 (ﬂ”zz” :I//)) (4b)

we see immediately from Eq. 1 that the un-
known effects in f(7, z) are all canceled out
by the division process. Thus, Z(7, V) and
R(7, V) not only contain important physical
information (4, 5) but, unlike N (7, E), are also
expressible in terms of measurable quantities
only. We have confirmed that the unknown
factors f'(F, z) are indeed canceled out in Eq. 4
(see supporting online text and figures 2).

To address the material-specific theoret-
ical concerns (34, 35), we have designed a
sequence of identical TA-imaging exper-
iments in two radically different cuprates:
strongly underdoped Ca; ggNag 1,CuO,Cl,
(Na-CCOC; critical temperature 7, ~ 21 K)
and BizSI‘szOAzcao'gcuZOngs (Dy-B12212, ]:: ~
45 K). As indicated schematically in Fig. 2, B
and C, they have completely different crystal-
lographic structure, chemical constituents, and
dopant species and sites in the termination
layers lying between the CuO, plane and the
STM tip. Na-CCOC has a single CuO, layer

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.
Locations of the trajectories, relative to the domains, are shown between

Fig. 4B (C) and 4E (F) by arrows.

B ;
T T T
Na-ccoc = 2
o ]
b a
b
c c
d d
e
e f
f g
h
g i
3
) i L)
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capped by a perfectly square CaCl layer and
with Na dopant atoms substituted at the Ca site.
Dy-Bi2212 has a CuO, bilayer, above which are
both BiO and SrO layers whose unit cells
undergo the incommensurate crystal super-
modulation; nonstoichiometric oxygen dopant
atoms are located interstitially near the BiO
layer. Therefore, we assert that TA-imaging
phenomena that are identical in these two
materials should be ascribed to their only com-
mon characteristic—the intrinsic electronic struc-
ture of the CuO, plane.

Atomic-resolution TA imaging. In Fig. 2, B
and C, we show standard d//dV spectra mea-
sured under identical junction conditions at ran-
dom locations on the surfaces of the Na-CCOC
and Dy-Bi2212 samples (all data were acquired
at 4.2 K). Within |E] < 100 meV, they both
exhibit the expected V-shaped d//dV centered on
E =0 (6, 7). Unexpectedly, at higher energies,
the same intense spatial variations in the tun-
neling asymmetry of spectra were observed in
both materials. These can be seen vividly at
the left-hand perimeter of Fig. 2, B and C
(because our procedures normalize the inte-
grated d//dV on the positive side). The corre-
sponding variations in TA indicate the existence
of intense atomic-scale variations in electronic
structure.

To explore the spatial arrangements of these
phenomena, we used an atomic resolution “R
map”—spatially imaging R(7, V) of Eq. 4b.
Figure 3, A and B, show typical topographic
images of the CaCl and BiO layers obtained by
cleavage, in cryogenic ultrahigh vacuum, of
Na-CCOC and Dy-Bi2212, respectively. The
brightest regions in Fig. 3A indicate the loca-
tions of Cl atoms that are directly above the Cu
atoms in Na-CCOC, whereas those in Fig. 3B
indicate the Bi atoms that are above the Cu
atoms in Dy-Bi2212. The dark, cross-shaped re-
gions in Fig. 3A are the missing Cl atoms and, in
Fig. 3B, are displaced Bi atoms along maxima of

Fig. 6. A 25-nm? R map; no long-
range order is apparent. Instead, we
see randomly distributed electronic
variations of the Cu-O-Cu bond state
with equal probability of orientation
along the two Cu-O axes. The Cu-O
bond directions are shown as pairs
of orthogonal black arrows. The
inset shows its Fourier transform.
The predominant peaks occur at
wave vectors ¢ ~ (3/4,0) and (0,3/4)
in units 2/, (orange arrows), and
the peaks at g ~ (1/4,0) and (0,1/4)
(blue arrows) are weaker. Atomic
peaks g ~ (1,0) and (0,1) are shown
by black arrows.

the crystalline supermodulation. Figure 3, C and
D, are images of R(7, V' = 150 mV) measured
in the identical fields of view of Fig. 3, A and B,
respectively. These R maps are markedly similar
in texture and exhibit far finer spatial details than
their related surface topographs; the reason is that
much of their contrast stems from features
occurring within each Cu plaquette (Fig. 1A).
The R maps exhibit no long-range spatial order of
any kind. Nevertheless, autocorrelation analysis
shows that they do have short-range ~ 4aq x 4a,
periodic correlations, where a, is the Cu-O-Cu
distance. The most obvious and arguably most
important observation in Fig. 3, C and D, is a loss
of both translational and 90°-rotational (C,)
invariance in the spatial arrangements of elec-
tronic structure at the 4a, scale—these effects
being virtually indistinguishable in Na-CCOC
and Dy-Bi2212. It is also evident from Fig. 3,
C and D, that the internal structure of these
“domains,” as well as the overall matrix in which
they are embedded, retains further degrees of
electronic complexity at the atomic scale.

Cu-0-Cu bond-centered electronic glass
with disperse 4ay-wide domains. To visualize
these spatial elements more clearly, we take the
Laplacian V2R of Fig. 3, C and D (Fig. 3, E and
F). At atomic scale, we then see an electronic
structure consisting of ag-length elements dis-
tributed in a disordered fashion along both Cu-O
directions. Within this matrix are embedded 4a,-
wide unidirectional regions or “domains.” These
domains, because they are periodic along the
long axis, appear to be ordered. Repeating 4a-
wide domains of this type are always uni-
directional, extending along one or other Cu-O
direction. Thus, at the nm scale, the electronic
structure of these lightly hole-doped cuprates
breaks both C,; symmetry and translational
symmetry of the ideal square crystal lattice.

In Fig. 4, A and D, we show higher-
resolution studies of equivalent domains from
Na-CCOC and Dy-Bi2212, respectively (at the

RESEARCH ARTICLE

fine blue boxes of Fig. 3, C and D). Here the R
maps are rotated to put a CuO axis, and thus the
domain axis, vertical. The pairs of dark lines
(representing high TA) in R maps indicated by
the arrows are precisely 4a, apart and represent
the perimeter of a single domain. In Fig. 4, A
and D, multiple, parallel, 4ao-wide domains run
from the bottom to the top of each image—
exhibiting virtually identical internal structure in
both materials.

We next examine, in Fig. 4, B and E, the
internal structure of the domains (at the boxes of
Fig. 3, A and B, and Fig. 4, A and D) with
identification of atomic sites from the simulta-
neous topographs (Fig. 4, C and F, respectively).
We see immediately that the primary spatial
variations in the R maps are concentrated, not on
the Cu sites, but rather on the O site within each
Cu-O-Cu bond. Here the domain’s symmetry
axis is along a vertical line starting at the arrows
labeled 1. Along this axis are a line of oxygen
sites, each within a horizontal Cu-O-Cu bond
and all exhibiting high R. The vertical line
labeled 2 is the line of vertical Cu-O-Cu bonds;
these oxygen sites exhibit low R. Thus, R is very
different for the horizontal Cu-O-Cu bonds
transverse to line 1 and the vertical Cu-O-Cu
bonds along line 2, even though these bonds
share a Cu atom on the corner of the same
plaquette. The next vertical line of Cu atoms
away from the axis is labeled 3, and line 4
represents the line of oxygen sites that is 2ag to
the right of axis 1. The sequence of horizontal
Cu-O-Cu bonds along line 4 exhibits a uni-
formly low R. These patterns exhibit mirror
symmetry about the vertical axis 1—meaning
that the whole domain is precisely 4a, wide. We
find these uniaxial domains in all R maps—
randomly dispersed with equal probability of
orientation along the two Cu-O axes (Fig. 3, E
and F) and with virtually identical structure in
both materials.

A noteworthy observation here is that the
O sites within Cu-O-Cu bonds, even though
crystallographically equivalent, are in electroni-
cally inequivalent states (Figs. 3 and 4). In general,
the spatial arrangements of these Cu-O-Cu bond
states exhibit no long-range order. Nonetheless,
there are clear short-range relations between
them: Sequential vertical or horizontal Cu-O-Cu
bonds along a vertical axis can all be in the
same state, whereas the Cu-O-Cu bonds at 90°
to each other and sharing a corner Cu atom are
electronically inequivalent. Most notably, these
TA images indicate that the cuprate electronic
“cluster glass” (8-217) stems from spatial vari-
ations in the electronic state of each Cu-O-Cu
bond.

Atomic-scale electronic structure within
the 4a,-wide domains. Next, we consider the
energy dependence of electronic structure of
the domains in Fig. 4. Although d//dV images
are not simply related to spatial arrangements
of LDOS, individual d//dV spectra still retain
much physical importance—especially in the

www.sciencemag.org SCIENCE VOL 315 9 MARCH 2007

Downloaded from www.sciencemag.org on March 19, 2007

1383


http://www.sciencemag.org

RESEARCH ARTICLE

1384

energy value at which their key features occur.
To clarify the locations, relative to the O and
Cu orbitals in the CuO, plane, of each d//dV
spectrum measured on the surfaces of Fig. 4,
C and F, we show a schematic in Fig. 5A. The
d//dV spectra are measured along equivalent lines
labeled 1, 2, 3, and 4 in both domains of Fig. 4, B
and E, and Fig. SA. The nine spectra (a to i) along
lines labeled 1 and 4 are taken at a sequence of
five planar oxygen sites with four empty sites in
between, whereas those along lines 2 and 3 are
taken at a sequence of five planar copper sites
with four oxygen sites in between. In both
materials, they reveal similar spatial evolutions:
Line 1 shows spectra with minimal TA and clear
low-energy features (at ~10 meV in Na-CCOC
and ~20 meV in Dy-Bi2212); line 2 exhibits
rapid TA fluctuations but low-energy features
similar to those of line 1; line 3 shows higher TA;
and line 4 shows the highest TA with weak low-
energy features. These patterns of d//dV spectra
exhibit mirror symmetry about the domain’s
vertical axis. All spectra show a pronounced
feature at £ ~ +100 meV with a related feature
near £ ~—100 meV but masked by the rapid rise
due to tunneling asymmetry. The low-energy
features, whether of peaks (lines 1 and 2) or
shoulders (lines 3 and 4), appear at ~ +10 meV
for Na-CCOC and ~ +20 meV for Dy-Bi2212,
with a clear reduction of d//dV toward E = 0.
These types of spectral shapes, and the different
energy ranges in samples with different 7, may
indicate their relation to the superconductivity.

Long-range electronic structure. Returning
to the largest scales, the R map shown in Fig. 6
spans a 25-nm° field of view. No long-range
order can be detected (even out to 50 nm; fig.
S3). But the Fourier transform of such R maps
(inset to Fig. 6) reveals further surprises: The
predominant peaks occur at wave vectors g ~
(3/4,0) and (0,3/4) (in units of 21t/a,), whereas the
peaks at g ~ (1/4,0) and (0,1/4) that would be
expected trivially from a 4ay X 4a, modulation
are weaker. We find that these characteristic TA
modulations at g ~ (3/4,0) and (0,3/4) occur not
because of mixing between (1/4,0) and (1,0), but
primarily because three maxima in R typically
exist within each 4ay-wide domain.

Discussion and conclusions. Because we
find virtually identical phenomena in Na-CCOC
and Dy-Bi2212 samples of radically different
physical, chemical, and dopant structure, material-
specific explanations (34, 35) for the TA effect
can be ruled out. Instead, we consider these
phenomena to be intrinsic electronic character-
istics of the CuO, plane. Furthermore, the effects
reported here cannot be governed by individual
dopant atoms because there is only a single dop-
ant atom for every ~20 Cu-O-Cu bonds and, in
any case, they occur at quite different locations
in the unit cells of Na-CCOC and Dy-Bi2212.
Similarly, the creation by random dopant dis-
tributions of virtually identical unidirectional
4ay-wide electronic domains in both materials
(Fig. 4) appears extremely unlikely. Indeed, the

spatial arrangements of electronic structure re-
vealed by TA imaging (Figs. 3, 4, and 6), rather
than exhibiting a random patchy configuration as
expected if dopant disorder predominates, occur
because of variations in the electronic state at
each Cu-O-Cu bond. Such a bond-centered elec-
tronic glass, if intrinsic and universal to cuprates,
would provide a plausible and consistent expla-
nation for why long-range spin/charge-ordered
states are not detected at low doping.

Tunneling asymmetry measurements are
designed to yield key information on how corre-
lations affect electronic structure of the hole-
doped cuprates (4, 5). But the primary spatial
contrast in TA images, although undoubtedly
electronic, has not yet been independently cali-
brated for the degree of charge-density varia-
tions it represents and may also contain quantum
interference effects (35). In addition, the relation
between the higher-energy R maps and the low-
energy d//dV maps is incompletely understood.
For example, Fourier transforms of d//d/ images
at |E| < 50 meV reveal “checkerboard” d//dV
modulations with peaks at g ~ (0,3/4) and (3/4,0)
(6). This implies two, at present indistinguish-
able, possibilities about the relations between R
maps and d//dV maps: (i) The physical entity of
the bond-centered domains may appear differ-
ently in the two experimental quantities (see sup-
porting online text 1); and/or (ii) the localized
electronic domains affect delocalized low-energy
states, possibly via scattering interference (36).
But independent of which explanation for
“checkerboard” d//dV modulations holds, these
new TA-imaging techniques are well defined,
avoid the systematic errors from f'(7, z) in d/dV
imaging, access higher-energy scales than previ-
ously, and may reveal insightful new physical
information (3-5).

Because the TA images always contain 4a-
wide unidirectional patterns, an obvious ques-
tion is whether they are segments of the charge/
spin-ordered “stripes” (37—41). It is argued from
neutron scattering that 4ao-wide unidirectional
long-range charge order forms the basis of static
stripes (42, 43). Consistent with this picture,
resonant X-ray scattering in La; g75Bag 1o5CuOy
reveals 4ag-periodic modulations of hole density
at oxygen sites (44). But the complete atomic-
scale electronic structure of a cuprate “stripe” is
unknown because direct spectroscopic imaging
has been unachievable. Our TA data on 4ay-
wide unidirectional domains (Figs. 3, 4, and 5)
seem consistent with the experimental under-
standing (42—44) of the “stripes” in La-based
cuprates—except that here there is no long-
range order [consistent with results from (45)].
A possible explanation is that a Cu-O-Cu bond-
centered electronic glass, although ubiquitous
in cuprates at low hole doping, may be con-
verted to long-range static “stripe” order due
to unique crystal symmetry and commensura-
tion in La,_Ba,CuO, and La; ., Ndj 4Sr,CuOy4
at x = 1/8. In any case, direct detection of 4ay-
wide unidirectional electronic domains by STM

represents an exciting opportunity to determine
the internal electronic structure of a cuprate
“stripe” (Fig. 4). Furthermore, because our data
appear consistent with the “cluster” phenome-
nology (8-21, 23-25), the 4a,-wide electronic
domains also represent excellent candidates to be
the ubiquitous “clusters” of the ECG state.

Finally, our samples also exhibit the tenuous
d-wave superconductivity of lightly hole-doped
cuprates. This coexists spatially with the bond-
centered tunneling asymmetry patterns described
here. A priori, the TA contrast represents varia-
tions in the ratio of probability of electron extrac-
tion to injection—implying atomically varying
probability of electronic occupancy. By contrast,
the superconductivity consists of delocalized
d-wave electron pairs. How such disparate ef-
fects can coexist at low doping, and how the full
delocalization (25) associated with highest-
temperature superconductivity emerges from
this state with increased doping, remain to be
determined.

References and Notes
1. ]. Zaanen, G. A. Sawatzky, ]. W. Allen, Phys. Rev. Lett. 55,
418 (1985).
2. C. T. Chen et al., Phys. Rev. Lett. 66, 104 (1991).
3. M. B. J. Meinders, H. Eskes, G. A. Sawatzky, Phys. Rev. B
48, 3916 (1993).
4. P. W. Anderson, N. P. Ong, J. Phys. Chem. Solids 67,
1 (2006).
5. M. Randeria, R. Sensarma, N. Trivedi, F.-C. Zhang,
Phys. Rev. Lett. 95, 137001 (2005).
6. T. Hanaguri et al., Nature 430, 1001 (2004).
7. K. McElroy et al., Phys. Rev. Lett. 94, 197005 (2005).
8. Y.]. Uemura et al., . Phys. (Paris) Collog. 49, 2087 (1988).
9. D. R. Harshman et al., Phys. Rev. B 38, 852 (1988).
10. Ch. Niedermayer et al., Phys. Rev. Lett. 80, 3843 (1998).
11. C. Panagopoulos et al., Phys. Rev. B 66, 064501 (2002).
12. A. T. Savici et al., Phys. Rev. B 66, 014524 (2002).
13. S. Sanna, G. Allodi, G. Concas, A. D. Hillier, R. De Renzi,
Phys. Rev. Lett. 93, 207001 (2004).
14. ). Haase, C. P. Slichter, C. T. Milling, J. Supercond. 15,
339 (2002).
15. H.-). Grafe, N. ]. Curro, M. Hiicker, B. Biichner,
Phys. Rev. Lett. 96, 017002 (2006).
16. ]. H. Cho, F. Borsa, D. C. Johnston, D. R. Torgeson,
Phys. Rev. B 46, 3179 (1992).
17. F. C. Chou et al., Phys. Rev. Lett. 71, 2323 (1993).
18. M.-H. Julien et al., Phys. Rev. Lett. 83, 604 (1999).
19. P. M. Singer, A. W. Hunt, T. Imai, Phys. Rev. Lett. 88,
047602 (2002).
20. R. Ofer, S. Levy, A. Kanigel, A. Keren, Phys. Rev. B 73,
012503 (2006).
21. E. S. Bozin, G. H. Kwei, H. Takagi, S. ]. L. Billinge,
Phys. Rev. Lett. 84, 5856 (2000).
22. V. ). Emery, S. A. Kivelson, Physica C 209, 597
(1993).
23. H. Takagi et al., Phys. Rev. Lett. 69, 2975 (1992).
24. Y. Ando, G. S. Boebinger, A. Passner, T. Kimura,
K. Kishio, Phys. Rev. Lett. 75, 4662 (1995).
25. F. F. Balakirev et al., Nature 424, 912 (2003).
26. L. Lietal., ]. Magn. Magn. Mater. 10.1016/j.jmmm.2006.
10.535 (2006).
27. W.]. Padilla, M. Dumm, S. Komiya, Y. Ando, D. N. Basov,
Phys. Rev. B 72, 205101 (2005).
28. 1. M. Tranquada, N. Ichikawa, S. Uchida, Phys. Rev. B 59,
14712 (1999).
29. 0. Parcollet, A. Georges, Phys. Rev. B 59, 5341 (1999).
30. G. Alvarez, M. Mayr, A. Moreo, E. Dagotto, Phys. Rev. B
71, 014514 (2005).
31. J. Schmalian, P. G. Wolynes, Phys. Rev. Lett. 85, 836
(2000).
32. N. Hasselmann, A. H. C. Neto, C. M. Smith, Y. Dimashko,
Phys. Rev. Lett. 82, 2135 (1999).

9 MARCH 2007 VOL 315 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on March 19, 2007


http://www.sciencemag.org

33. S. A. Kivelson, E. Fradkin, V. ]. Emery, Nature 393, 550
(1998).

34. S. E. Brown, E. Fradkin, S. A. Kivelson, Phys. Rev. B 71,
224512 (2005).

35. Y. Chen, T. M. Rice, F. C. Zhang, Phys. Rev. Lett. 97,
237004 (2006).

36. L. Capriotti, D. ]. Scalapino, R. D. Sedgewick, Phys. Rev. B
68, 014508 (2003).

37. N. Read, S. Sachdev, Phys. Rev. Lett. 62, 1694 (1989).

38. ]. Zaanen, O. Gunnarsson, Phys. Rev. B 40, 7391 (1989).

39. S. R. White, D. ]. Scalapino, Phys. Rev. Lett. 80, 1272
(1998).

40. V. ). Emery, S. A. Kivelson, ]. M. Tranquada, Proc. Natl.
Acad. Sci. U.S.A. 96, 8814 (1999).

41. S. Sachdev, Rev. Mod. Phys. 75, 913 (2003).

42. ). M. Tranquada, B. ]. Sternlieb, ]. D. Axe, Y. Nakamura,
S. Uchida, Nature 375, 561 (1995).

43. ]. M. Tranquada et al., Nature 429, 534 (2004).

44, P. Abbamonte et al., Nat. Phys. 1, 155 (2005).

45. S. Smadici et al., Phys. Rev. B 75, 075104 (2007).

46. We acknowledge and thank P. Abbamonte, P. W. Anderson,
E. Dagotto, S. A. Kivelson, D.-H. Lee, A. P. Mackenzie,
N. P. Ong, M. Randeria, T. M. Rice, S. Sachdev,
A. Sandvik, G. A. Sawatzky, D. ]. Scalapino,
]. M. Tranquada, N. Trivedi, S. R. White, Y. ]J. Uemura,
J. Zaanen, and F. C. Zhang for helpful conversations and
communications. This work was supported by the U.S.
Department of Energy, Office of Naval Research, Natural
Sciences and Engineering Research Council of Canada,
Grants-in-Aid for Scientific Research from the Ministry of

Science and Education (Japan), and the 21st-Century
Centers of Excellence Program for the Japan Society for
the Promotion of Science. Fellowship support is
acknowledged by K.F. from I1°CAM and by A.S. from the
Army Research Office.

Supporting Online Material
www.sciencemag.org/cgi/content/full/1138584/DC1
SOM Text

Figs. S1 to S3

References

8 December 2006; accepted 26 January 2007
Published online 8 February 2007;
10.1126/science.1138584

Include this information when citing this paper.

Super Plastic Bulk Metallic Glasses
at Room Temperature

Yan Hui Liu, Gang Wang, Ru Ju Wang, De Qian Zhao, Ming Xiang Pan, Wei Hua Wang*

In contrast to the poor plasticity that is usually observed in bulk metallic glasses, super plasticity is
achieved at room temperature in ZrCuNiAl synthesized through the appropriate choice of its
composition by controlling elastic moduli. Microstructures analysis indicates that the super plastic
bulk metallic glasses are composed of hard regions surrounded by soft regions, which enable the
glasses to undergo true strain of more than 160%. This finding is suggestive of a solution to
the problem of brittleness in, and has implications for understanding the deformation mechanism

of, metallic glasses.

igh strength has been a long-standing
Hobjective pursued in metals and alloys
and was often achieved through the
reduction of grain size (/). However, with in-
creasing strength, plasticity is normally reduced.
This trend has persisted in nanocrystalline metals
and alloys, which display highly improved
strength but very little plastic deformation (2),
and in bulk metallic glasses (BMGs) with com-
pletely disordered atomic structures. BMGs
have strengths approaching the theoretical limit
(~Young’s modulus £/10) (3), but their plasticity
at room temperature is very low. In uniaxial
tension, the plastic strain is near zero (4). Even
under compression, the plastic strain still remains
very limited (<2%), resulting from shear local-
ization and work softening. Lack of plasticity
makes BMGs prone to catastrophic failure in
load-bearing conditions and restricts their wide-
spread application. This also hinders precise
study on some fundamental issues in glasses,
such as the deformation mechanism and the
dynamics of plastic deformation, in which large
plasticity is needed for detailed analysis (5).
Plastic deformation of metallic glasses at
room temperature occurs through the formation
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and evolution of shear bands and is localized in
thin shear bands. Therefore, brittleness is re-
garded as an intrinsic defect of metallic glasses.
Efforts have been made to enhance the plasticity
of BMGs, but most focus on the fabrication of
BMG composites (6-9). It is expected that the

formation of multiple shear bands throughout a
sample is needed for improving its plasticity,
because each band contributes to the plasticity
and none carry enough deformation to cause
catastrophic failure (/0). By careful selection of
their compositions, several BMGs have been
found to exhibit substantially increased plastic-
ity (4, 6, 9). However, the hypotheses have not
been fully verified, and methods for controlling
the formation and evolution of shear bands in
BMGs to improve their plasticity is a remain-
ing challenge.

It was recently found that the toughness of
BMGs correlates with Poisson’s ratio v (/7). A
large v is regarded as an indicator of the plastic
character of a BMG and could therefore be used
as a means of identifying plastic BMGs (9). This
idea was verified in a ductile Pt-based BMG (9)
and in brittle Mg-based BMGs (12), as well as
in Fe-based BMGs that display crossover from
brittle to ductile behavior via the control of v
(13). Furthermore, it was also found that elastic
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Fig. 1. (A) A family of quarternary ZrCuNiAl BMGs is obtained in the composition range (green
area). In three compositions (circles labeled S1 to S3), v is larger relative to that of other com-
positions (the values for v of the ZrCuNiAl BMGs with poor plasticity are normally around 0.365).
The representative Inoue’s BMG is included for comparison. (B) XRD patterns of the BMGs in the
form of 5-mm rods show no crystals. 6, XRD scattering angle; a.u., arbitrary units. (C) DSC curves
exhibit distinct glass transition and crystallization, confirming the glassy nature of the as-cast super

plastic BMGs (the heating rate is 20 K/min).
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