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fluctuation may play an important role in the
low-energy charge and spin dynamics, at least
in this class of high-T, cuprates.
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One-Dimensional Electronic
Structure and Suppression of
d-Wave Node State in
(La, 26Nd, ¢Sr.12)CUO,

X. J. Zhou,'? P. Bogdanov,' S. A. Kellar,” T. Noda,? H. Eisaki,?
S. Uchida,® Z. Hussain,? Z.-X. Shen*

Angle-resolved photoemission spectroscopy was carried out on (La, ,gNd, ¢
Sry.12)CuO,, a model system of the charge- and spin-ordered state, or stripe
phase. The electronic structure contains characteristic features consistent with
other cuprates, such as the flat band at low energy near the Brillouin zone face.
However, the low-energy excitation near the expected d-wave node region is
strongly suppressed. The frequency-integrated spectral weight is confined in-
side one-dimensional segments in the momentum space (defined by horizontal
momenta |kx| = w/4 and vertical momenta |ky| = /4), deviating strongly
from the more rounded Fermi surface expected from band calculations. This
departure from the two-dimensional Fermi surface persists to a very high '
energy scale. These results provide important information for establishing a
theory to understand the charge and spin ordering in cuprates and their relation
with high-temperature superconductivity.

The stripe phase (/, 2), which has attracted
considerable attention in connection with re-
cent neutron-scattering data from Nd-substi-
tuted (La, ,4Nd, ,S1, ;,)CuO, (Nd-LSCO)
(3), represents a new paradigm for thinking
about charge carriers in a solid. Unlike con-
ventional metals in which the charge distri-
bution is homogeneous, the stripe picture as-
serts that the charge carriers are segregated
into one-dimensional (1D) domain walls. At
the same time, the electronic spins in the
domain between the walls order antiferro-
magnetically with a m phase shift across the
domain wall. The possibility of charge seg-
regation propensity and its implications on
conduction as well as superconducting mech-
anism are at the heart of the current debate in
high-temperature superconductivity research
(1-24). Within the context of stripe picture, it is
a formidable task to develop a theory describing
the electronic structure that provides the micro-
scopic foundation to understand the physical
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properties. The difficulty stems from the fact
that our theoretical machineries are developed
either in real space or in momentum (k) space.
For an inhomogeneous system like the charge-
ordered state, a hybrid description appears to be
necessary. This is even more difficult when the
strong many-body effects have to be taken into
account. So far, little information about the
electronic structure of the stripe phase is avail-
able. In this report, angle-resolved photoemis-
sion data are reported for Nd-LSCO, a model
compound for which the evidence for spin and
charge ordering is the strongest (3). We discuss
these results both in terms of the k-space lan-
guage, which is commonly used to describe the
electronic structure of solids, and in terms of a
hybrid of the real space and k-space picture.
These results may provide a phenomenological
foundation to build a comprehensive theory on
the charge and spin ordering in cuprates and
their relation with superconduetivity.
Angle-resolved photoemission spectroscopy
(ARPES) measures the single-particle spectral
function A(k, w) weighted by the photoioniza-
tion cross section (25). Typical spectra of Nd-
LSCO (Fig. 1) were sampled from the first and
fourth quadrants of the Brillouin zone (BZ) at a
temperature of 20 K (26). Although the spectra
do not contain sharp peak structure, the data
still show edge or cusplike structures with clear
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angular dependence. As seen in Fig. 1, A to F,
with &, varying from 0.107 to 1.177 (the unit
of the momentum is 1/a with a being the lattice
constant), a broad feature moves from 200 meV
or deeper toward the Fermi level Ey and stays
there in an extended region near k, = . This
dispersion, as well as a strong angular depen-
dence of the spectral weight described below,
indicates that the absence of well-defined peaks
is not a consequence of random disorder or a
poorly cleaved surface. This conclusion is also
consistent with the observed low-energy elec-
tron diffraction (LEED) pattern.

In the spectral intensity plot (Fig. 2), inte-
grated over a 500-meV energy window of the
Fermi level, Fig. 2A shows the raw data and
Fig. 2B gives the four-fold symmetrized data.
This symmetrization is justified because, in a
separate data set that covers the whole quadrant,
we did observe high spectral intensity near
(m,0) and (0,7r), making the data nearly sym-
metric with respect to the (0,0)-(,) line. The
spectral weight, when integrated over a large
frequency window, represents the momentum
distribution function n(k) = [*2 A(k,w) f(w)dw
weighted by the photoionization cross section.
The & dependence is very clear in the momen-
tum distribution function, lending strong sup-
port for the k-resolved nature of the data even
though the features are not very sharp in energy.
The high n(k) area is approximately confined
within 1D segments with the range of |k | <
/4 for any k, or |k,| =< m/4 for any k, (Fig.
2B). On the other hand, the low-energy spectral
weight (Fig. 3) is mostly concentrated near the
(,0) region. 1t is also striking that there is little
or no low-energy spectral weight near the zone
diagonal [(0,0) to (m,m) direction], where the
d-wave gap has nodes. Usually, in cuprate su-
perconductors, there is clear dispersion along
(0,0) to () with a Fermi crossing near (w/
2,m/2); this is the node region where the d-wave
superconducting gap is zero. The absence of
such a Fermi crossing in Nd-LSCO can be best
illustrated by the absence of any dispersive
feature for the k, = 0.44m cut (Fig. 1I), indi-
cating that the usual Fermi surface near the
d-wave node region is very poorly defined.

In general, the n(k) pattern allows one to
determine the underlying Fermi surface that
separates the occupied area from the unoccu-
pied area (27). There are two possible ways to
think about the data that are consistent with
charge density modulations, albeit at very dif-
ferent limits. In the limit for which the charge
density modulation is weak, a two-dimensional
(2D) interpretation of the data is probably a
reasonable starting point. The Fermi surface
determined is approximately the lines of k, =
* w/4 or k, = * m/4, as depicted in Fig. 2C.
Counting the occupied area of the BZ, one gets
7/16, or 1/16 short of 1/2 of a BZ area. With the
spin degeneracy, this is consistent with the 1/8
doping of the system. The shape of the Fermi
surface has some qualitative resemblance to
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Fig. 1. Angle-resolved photoemission spectra taken on Nd-LSCO at 20 K. The measurement scheme
is depicted in (L), which covers the first and fourth quadrants. Each of the panels (A) to (J)
represents a cut parallel to the (0,0) to (m,0) direction with k, covering from 0.107 to 1.177 with
an interval of 0.023. (Az to (J) cover k, from —0.14mw to 0.511 with an interval of 0.07. (K) shows
the same spectra as in (B), but with the high-energy background removed.
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Fig. 2. Spectral weight integrated within 500 meV of the Fermi level, as a function of k, and k,. (A)
is obtained directly from the raw data, whereas (B) is obtained by symmetrizing (A) with four-fold
symmetry. The dotted lines in (A) and (B) define the regions where the spectral weight is mainly
concentrated. (C) depicts the underlying Fermi surface (solid line) obtained from (B) that encloses
the high spectral weight region. The calculated Fermi surface for the 2D CuO, plane (28) is also
shown (dotted lines) for comparison. (D) depicts the Fermi surface expected from two perpendic-
ular 1D stripe domains in the 1D interpretation. I is the center of the BZ.
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kx
Fig. 3. Spectral weight integrated within
a 100-meV energy window of the Fermi
level, as a function of k _and k,. (A) is
obtained directly from the raw data, . !
whereas (B) is obtained by symmetrizing : :
(A) with four-fold symmetry. (C) illustrates e
the underlying Fermi surface where the gap _?0‘0 — I
may open; the dotted lines indicate the ——t e L I
possible gapped region. 05 : :
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Fig. 4. Models of static horizontal (A) and vertical (B) stripes and their corresponding Fermi
surfaces. The horizontal stripe (A) is expected to result in the Fermi surface defined by the lines |kx
= m/4 (C), whereas the vertical stripe (B) results in the Fermi surface defined by the lines |ky| =

/4 (D).
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what one expects from a band calculation (dot-
ted lines in Fig. 2C) (28), although the straight
1D segments are absent in the calculation. In
this case, we have almost perfectly nested
Fermi surface segments, which would favor a
charge-density wave (CDW) instability leading
to a quasi-2D picture. Simple geometrical con-
sideration of the crosslike Fermi surface leads
to the conclusion that the Fermi surface nesting
is commensurate with the lattice at 1/8 doping.
Electron-phonon interaction would favor a
CDW at this filling level. This is consistent with
the fact that 1/8 doping is where most of the
anomalies are observed and also that spin-or-
dering temperature is correlated with structural
phase transition (3, 29).

There are serious problems with the above
quasi-2D picture for the strongly charge-
ordered Nd-LSCO. First, there is no obvious
origin for the almost perfectly nested Fermi
surface segments. Second, it is unclear why the
states near the d-wave node are strongly sup-
pressed if the charge modulation is very weak.
As shown in Figs. 2 and 3, the suppression of
the d-wave node state can be thought of as the
opening of a large gap (500 meV or beyond) if
one insists on the quasi-2D picture. It is difficult
to justify the opening of such a large gap with
phonons. Furthermore, a CDW would open a
gap along the entire nested Fermi surface seg-
ments, not preferentially near the d-wave node
only. Third, the quasi-2D picture is not consis-
tent with the neutron-scattering data in which
the two pairs of incommensurate scattering
spots are interpreted to be from stripes in two
adjacent planes that are rotated by 90° (3). In

- addition, the CDW picture does not have as

natural a connection to the spin density wave
observed as a stripe picture would.

We now discuss an altemnative interpreta-
tion, which is consistent with the stripe picture,
in terms of a hybrid of the real and k-space
picture. Here the charge modulation is assumed
to be much stronger. It is plausible that the
four-fold symmetry seen in our experiments
stems from two sets of orthogonal domains as
depicted in Fig. 4. At 1/8 doping, neutron- and
xX-ray—scattering experiments suggest that each
charge stripe is separated by three antiferro-
magnetic lines so the charge has a periodicity of
4a, whereas the stripe itselfis 1/4 filled (Fig. 4A
and B) (3, 30). For each domain, the Fermi
surface is either the k, = £w/4 or k, = *7/4
lines (Fig. 4, C and D). The stripes along the
horizontal direction give rise to the vertical
Fermi surface lines of k., = = w/4. In this
context, the Fermi surface observed can be
understood as a superposition of two perpen-
dicular Fermi surfaces arising from two differ-
ent domains (Fig. 2D). The stripe phase con-
tains undoped insulating areas and doped me-
tallic areas. The signal from the insulating areas

| . is pushed to higher binding energy because of

the Mott gap; the low-energy feature is thus
mainly from the metallic region. A two-com-
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ponent electronic state has been observed in
(La,_Sr )CuO, near the metal-insulator transi-
tion region of x ~ 0.05 to 0.07, consistent with
this picture (37). With static stripes, one expects
this effect to be enhanced in Nd-LSCO. Be-
cause the metallic stripes are 1/4 filled at 1/8
doping (3), it is consistent with the occupied
state being confined within lk_‘J = 7/4. In this
scenario, there should be a potential between
the charge-rich and charge-poor regions.

The above discussion leads to a picture that
favors the 1D approach rather than the quasi-
2D approach for the electronic structure of Nd-
LSCO, although our results alone cannot defi-
nitely distinguish between them; the occupied
area agrees with the Luttinger volume in both
cases. The straight segments seen in the raw
data reveal the 1D-like Fermi surface sections
that will manifest themselves in transport ex-
periments independent of the interpretation
(29). How to reconcile the A-space picture
(Fermi surface, and so forth) and the real space
picture (inhomogeneous charge distribution) is
a key difficulty in describing the stripe phase.
The data can probably provide insight into this
problem by providing k-space information on
the stripe phase. The stripe interpretation has
the added advantage of explaining the suppres-
sion of the d-wave node state (/8). This is
reasonable because the 1D structure of the
stripes is not compatible with the 2D character
of the d-wave state. We note that this is also the
case for superconducting (La,_ Sr )CuO, with
a similar Sr concentration, for which the spec-
tral weight along the (0,0) to () direction is
strongly suppressed (37). This behavior is very
different from the pseudogap state seen in un-
derdoped Bi2212 (32). In the context of the
hybrid picture discussed above, the signal along
the zone diagonal is due to states from the
insulating regions and is thus pushed to higher
energy because of the gap. This also implies
that the low-energy state near (,0) stems from
the hole-rich region of the stripes (/6).

It is seen that the dispersion of the broad
feature is very similar in Fig. 1, A to F. At
higher k, the dispersive feature fades away
rapidly. To aid in determining the dispersion,
we removed the angular independent part of
the data, as exemplified in Fig. 1K for k, =
—0.07m. The momentum dependence (Fig.
5A), determined from the leading edge of the
features for k, = —0.14m to 0.15, shows
strong dispersion when k_ is smaller than
0.7 but virtually no dispersion for k_ larger
than 0.7m. The dispersionless features near
(m,0) show a nearly 5-meV or smaller gap
with respect to the Fermi level. This behavior
is also related to the flat band near (,0),
which is universally observed in p-type cu-
prates and may be related to the small veloc-
ity scale observed (33). The present observa-
tion of the flat band in a stripe system sug-
gests an underlying reason for it (/6). On the
other hand, the data show relatively weaker

REPORTS

dispersion with k&, as the curves for different
k, fall more or less on the same line within
the experimental uncertainty. In the disper-
sion along &, (Fig. 5B), for some k_ cuts, such
as k. = 0.67w, there appears to be some
dispersion along k,, although we caution that
the energy position uncertainty is also large.

Intuitively, one may think of strong disper-
sion with k as arising from the horizontal
stripes (along the x direction). Then the spectral
intensity confinement within k£, = */4 might
be related to the 4a charge periodicity along the
v direction; it would fold the BZ from &, = *r
to k, = =m/4. However, with this picture, it is
hard to explain why the spectral weight does
not repeat in other zones. Moreover, a 1/4-filled
horizontal stripe would give a band filled within
k. = *a/4, which is not consistent with the fact
that the filled band extends all the way to (7,0).
The more likely interpretation is that the hori-
zontal spectral weight concentration is from
vertical stripes (along the y direction). As
shown in Fig. 4, the confinement of the spectral
weight within &, = =w/4 can be understood
because, for a given k., one only sees the oc-
cupied band within &k, = m/4 as the vertical
stripes are 1/4 filled. This interpretation is fur-
ther supported by the model calculation, in
which the calculated spectral density for the
vertical stripes is qualitatively in agreement

A oo

(0.57,0)
0.0 |

Energy Relative to E (eV)

B Energy relative to E¢ (eV)
— 0.1

-0.25n

(m,0)

with the measured spectral confinement near
(1,0) (Fig. 3A) (16). This picture also provides
a possible explanation for the two broad inten-
sity maxima in n(k) (Fig. 2A). These two max-
ima are separated in k. by about 0.5, consis-
tent with a real space stripe periodicity of 4a.

As depicted in Fig. 3C, the data can be
thought of as the opening of an anisotropic gap
along the Fermi surface (34). As illustrated in
Fig. 2, the |/(_\_ = /4 or |k‘,| = /4 lines
represent the underlying Fermi surface that sep-
arates the occupied states from the unoccupied
states. The lowest energy excitations along the
Fermi surface give the energy gap. Thus, the
leading edge position in Fig. 5A is a good
representation of the & dependence of the gap
(35). This gap is highly anisotropic and reaches
an energy scale up to 200 meV. Although we
are not sure about the microscopic origin of the
gap, a naive possibility is the 1/4-filling along
the 1D stripe, which would give rise to a gap
(see the inset of Fig. 5B). The anisotropy stems
from the underlying electronic structure of the
material.

The data presented in this report seem to
present some apparent paradoxes. The persis-
tence of the 1D-like character up to 500 meV or
beyond (Fig. 2) is unexpected from theories that
start with quasi-particles defined very close to
the Fermi energy. From the viewpoint of Fermi

Fig. 5. (A). Dispersion relations

obtained from Fig. 1, A to E. For

k clarity, only the error bar for the

X k,= —0.077 data is marked. (B)

Dispersion relation along the k

direction for three typical k,. The

inset shows schematically the

possible opening of a gap at *k,

associated with 1/4-filling of the
1D stripe.

B

k.= 0671  |--02
—%- 0.55n
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liquid plus CDW theory and given the relative-
ly low ordering temperature (~30 to 70 K) (3,
24, 30), one would expect 1D behavior only at
an energy scale much lower than 500 meV. The
solution to this dramatic departure from the
Fermi liquid paradigm appears to call for a
different basic starting point. Instead of quasi-
particles, one may start with stripes that are at
least locally stable up to very high energy, as
reflected in ARPES data that are mainly sensi-
tive to the local information at such high ener-
gy. The fluctuation of the stripes may give rise
to the global 2D character in the intermediate
energy and temperature scale. The ordering
seen in neutron-scattering and nuclear quadru-
pole resonance (NQR) experiments is the freez-
ing out of these fluctuations (3, 24) that results
in the long range order. In this sense, one may
consider that the ARPES data reflect the local
amplitude of stripe formation, which is of high
energy scale, whereas the neutron-scattering
and NQR data reflect the phase of stripe corre-
lation. This discussion then leads to another
paradox, which has to do with the edge disper-
sion perpendicular to stripes. How can charges,
which are already confined to stripes at energy
scale of 500 meV, experience perpendicular
motion with the dispersion of 200 meV (Fig.
5A)? This may be related to the paradox that the
spectra are extremely broad in energy yet sharp-
ly defined in momentum, as reflected in the /4
boundary separating the high and low spectral
weight regions. We have no clear answer, but
we speculate that it is related to the fact that
stripes tend to be 1/4 filled (3, 14, 15, 22) and
the stripe fluctuations can give charge motions
(coherent or incoherent) perpendicular to
stripes. Further theoretical work that takes into
account the energetics of charge motion in an
antiferromagnetic background and stripe poten-
tial (36) and investigates the connection of the
edge dispersion to the transverse stripe fluctu-
ation (8—13) is needed to address these issues.
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Evidence of Nonlinear Elasticity
of the Crust from the Mw?7.6
Manyi (Tibet) Earthquake

Gilles Peltzer," Frédéric Crampé,? Geoffrey King?

Satellite synthetic aperture radar (SAR) interferometry shows that the mag-
nitude 7.6 Manyi earthquake of 8 November 1997 produced a 170-kilometer-
long surface break with up to 7 meters of left-lateral slip, reactivating a N76°E
quaternary fault in western Tibet. The radar interferometric map reveals asym-
metric, along-strike displacement profiles between the two sides of the surface
rupture, a pattern that cannot be explained with linear elastic theory. This
observation suggests that the elastic moduli of the crust in tension and in
compression are different because of the presence of cracks in the crust at
shallow depth. A model indicates that a ratio of 2 between compressive and
tensile elastic moduli can account for the observed asymmetry, a ratio that is
consistent with laboratory and borehole measurements.

Geodetic measurements of the static surface
displacement field produced by large earth-
quakes provide information about their
source mechanism. Linear models of disloca-
tion in an elastic half-space (/) are widely
used to represent earthquake faults and gen-
erally provide a satisfactory fit to near- and
far-field displacement data obtained with

conventional geodetic techniques (2). How-
ever, laboratory experiments and in situ mea-
surements in boreholes have shown that
many crustal rocks exhibit a nonlinear elastic
behavior in compression and tension with a
dependence of the Young’s modulus on the
minimum principal stress (3). The effects of
nonlinear elastic properties of crustal rocks
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