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The Spin Excitation Spectrum in
Superconducting YBa,Cu ;0 ..

P. Bourges,'* Y. Sidis,” H. F. Fong,? L. P. Regnault,? ). Bossy,*
A. Ivanov,® B. Keimer?¢

A comprehensive inelastic neutron scattering study of magnetic excitations in
the near optimally doped high-temperature superconductor YBa,Cu;O 45 is
presented. The spin correlations in the normal state are commensurate with the
crystal lattice, and the intensity is peaked around the wave vector characterizing
the antiferromagnetic state of the insulating precursor, YBa,Cu,O,. Profound
modifications of the spin excitation spectrum appear abruptly below the su-
perconducting transition temperature T, where a commensurate resonant
mode and a set of weaker incommensurate peaks develop. The data are con-
sistent with models that are based on an underlying two-dimensional Fermi
surface, predicting a continuous, downward dispersion relation connecting the
resonant mode and the incommensurate excitations. The magnetic incommen-
surability in the YBa,Cu, O, system is thus not simply related to that of
another high-temperature superconductor, La,_, Sr,CuO,, where incommensu-
rate peaks persist well above T_. The temperature-dependent incommensura-
bility is difficult to reconcile with interpretations based on charge stripe for-
mation in YBa,Cu,O_ , near optimum doping.

Electronic conduction in the high-temperature
superconductor cuprate takes place predomi-
nantly in CuO, layers. Most theories therefore
regard the electronic state that forms the basis
of high-temperature superconductivity as an es-
sentially two-dimensional (2D) strongly corre-
lated metal. The CuO, sheets in one family of
copper oxides (La,_ Sr,CuO,) have, however,
been shown to be unstable against the forma-
tion of 1D “‘charge stripes” (/), even near dop-
ing levels where the superconducting transition
temperature T is maximum. This observation
has boosted models in which the underlying
electronic instability is 1D and the formation of
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(static or fluctuating) stripes is an essential pre-
condition for high-temperature superconductiv-
ity [see, e.g., (2)]. However, La, Sr CuO, has
some low-energy phonon modes conducive to
stripe formation that are not generic to the
high-T, compounds, and the maximum 7, in
this system is anomalously low. It is therefore
important to test whether stripe-based scenarios
are viable in other cuprates with higher T,
where this lattice dynamical peculiarity is not
present.

The most salient signature of charge
stripes is an associated (static or dynamic)
spin density modulation that can be detected
by neutron scattering. In La, Sr CuO,, this
modulation manifests itself as four well-de-
fined incommensurate peaks at wave vectors
Q; = (m(1 £ 3), m) and (m, w(1 * 3)) (in
square lattice notation with unit lattice con-
stant; & is the incommensurability parameter)
in the magnetic spectrum (3—6), which are
interpreted as arising from two 1D domains.
Neutron scattering experiments on the
YBa,Cu,0,,, system have, however, re-
vealed excitations that are peaked at Q,. =
(m, ) (7—13), the ordering wave vector of the
2D antiferromagnetic state observed when
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the doping level is reduced to zero. In partic-
ular, the commensurate “resonance peak™ at
(m, ) that dominates the spectrum in the
superconducting state (9—15) is difficult to
reconcile with scenarios based on fluctuating
1D domains incommensurate with the host
lattice. Recently, an incommensurate pattern
with a fourfold symmetry reminiscent of
La, Sr.CuO, has also been discovered in
some constant-energy cuts of the magnetic
spectrum of underdoped YBa,Cu,O, , (/16—
18), which was taken as experimental support
for stripe-based scenarios of superconductiv-
ity. We report a neutron scattering study of
near optimally doped YBa,Cu,O 45 (T, = 89
K), demonstrating that (unlike in La, Sr -
CuO,) the incommensurate pattern appears
only below T.. Magnetic excitations in the
normal state are commensurate and centered
at Q = (m, m) . Our data are consistent with
2D Fermi liquid-like theories (not invoking
stripes) (/9-23) and especially that which
predicts a continuous, downward dispersion
of the magnetic resonance peak (20).

The experiments were performed on a large
twinned single crystal (mass of ~9.5 g) grown
using the top seed melt texturing method (24).
The sample was subsequently annealed in ox-
ygen and displays a sharp superconducting
transition (77) at 89 K measured by a neutron
depolarization technique that is sensitive to the
entire bulk (24). Experiments were carried out
on two triple-axis spectrometers: IN8 at the
Institut Laue-Langevin, Grenoble (France), and
2T at the Laboratoire Léon Brillouin, Saclay
(France) (25). Two different scattering geome-
tries were used on both spectrometers. On IN8,
the (130) and (001) reciprocal directions were
within the horizontal scattering plane. [We
quote the wave vector Q = (H, X, L) in units of
the tetragonal reciprocal lattice vectors a* =
2m/a = 2m/b = 1.63 A~' and c* = 2m/c = 0.53
A~ (a, b, and c are lattice parameters).] On 2T,
an unconventional scattering geometry has
been employed with the (100) and (011) recip-
rocal directions spanning the scattering plane.
In both scattering geometries, in-plane wave
vectors equivalent to (, ) can be reached,
with an out-of-plane wave vector component
close to the maximum of the structure factor of
low-energy excitations (24). In addition, wave
vectors of the form Q = (H, K, 1.7) around the
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antiferromagnetic wave vector were accessible
on 2T by controlling the tilt angle, allowing for
2D mapping of the neutron intensity in the
tetragonal basal momentum space and for a
fixed energy transfer.

The magnetic resonance peak was observed
atan energy £ = 41 meV and Q = Q. in our
sample (24) in agreement with previous reports
for similar oxygen content (7, 12). Here we
present data obtained at energies below the
resonance where the magnetic signal is substan-
tially weaker. Using established procedures, we
used the temperature dependence of the mag-
netic intensity (which strongly decreases upon
heating) to separate it from the phonon scatter-
ing that gradually increases with increasing
temperature (Fig. 1A). Figure 1, B through D,
shows constant-energy scans at £ = 35 meV
performed along the (130) direction (arrow in
the inset of Fig. 1B). The phonon contribution
has been subtracted for clarity. At low temper-
ature, deep in the superconducting state, the
magnetic scattering exhibits a double-peak
structure along (H, 3H, 0). At 70 K, the inten-
sity is still peaked at incommensurate wave
vectors, but the discommensuration is slightly
reduced. A single broad feature peaked at H =
0.5 was observed at 100 K in the normal state.

We performed a comprehensive set of mea-
surements to chart out in detail the spectral
rearrangement indicated in Fig. 1. As an exam-
ple, typical constant-energy scans were taken at
low temperature along the H direction with K =
1.5 (Fig. 2A). The magnetic intensity is maxi-
mum at incommensurate wave vectors dis-
placed from (0.5, 1.5) along H, and the incom-
mensurability in this direction depends contin-
uously on energy and forms a dispersing branch
that closes at E. Accordingly, the maximum of
the spin susceptibility at a wave vector suffi-
ciently far from (m, ) is shifted to a lower
energy than the resonant peak energy. The pro-
file shapes are influenced by the instrumental
resolution, and a deconvolution is required to
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accurately extract the peak positions. We found
that a good global fit to the peak positions in
both scattering geometries could be obtained by
a convolution of the spectrometer resolution
with the dispersion relation E = [E, - (ag)*]'?
with a = (125 * 15) meV-A (26). This down-
ward dispersion (Fig. 2B) is shown along with
the fitted peak positions. A neutron intensity
map in the (H, K) reciprocal lattice plane mea-
sured at £ = 35 meV and T = 12 K (not shown
here) indicates that the intensity is not uniform
along the dispersion surface. As in more under-
doped samples (/7, 18), the intensity pattern
has fourfold symmetry, with maxima shown as
full squares in the inset of Fig. 1B. Although the
data have not been analyzed in this manner, the
overall momentum dependence of the spin sus-
ceptibility reported in Fig. 3 below T is consis-
tent with that reported in (/6) and (18) as well
as with that in (/0) and (/5) where the incom-
mensurability was not resolved.

Similar scans were repeated in the normal
state (Fig. 3B), where the data thus far reported
are inconclusive about the incommensurability.
For all energies reported in Fig. 2, the normal-
state response can be systematically fitted by a
single broad line (as shown at £ = 35 meV in
Fig. 1D). Figure 3 shows that the momentum
width at 7= 100 K is energy independent up to
45 meV, where the peaks begin to broaden
(27). The momentum width (hereafter ¢ width)
at low energy, A, = 021 A™" (half width at
half maximum) after deconvolution, agrees
with previous reports for a similar oxygen con-
tent (15, 28). Below T, the spin dynamics
exhibit a more complex momentum depen-
dence (Fig. 3A). Although the momentum
shape at energies above 45 meV is largely
unaffected by superconductivity, there is a large
increase in intensity and narrowing of the g
width at E, = 41 meV, which is accompanied
by a much weaker incommensurate response in
a narrow energy range below E_. Finally, the
intensity is strongly reduced below 30 meV,

which could result from the opening of a “spin
gap” below T, as suggested by previous mea-
surements (7, 12).

The incommensurate response thus appears
to be intimately linked to the occurrence of the
resonance peak below T (7, 9-15, 24, 29). To
complete this picture, we now describe an accu-
rate determination of the onset temperature of
the incommensurate response and compare it to
that of the resonance peak (8, 10-15). The
temperature dependence of the resonance inten-
sity is reproduced for the present sample (Fig.
4A), and the raw neutron intensity (say without
the phonon background subtracted) at the in-
commensurate position Q = (0.4, 1.5, 1.7) and
E = 35 meV is shown versus temperature (Fig.
4B). Processed data at £ = 35 meV [phonons
subtracted and converted to absolute units (11,
24)] are shown (Fig. 4C) as a series of wave
vectors (open diamonds in Fig. 2B) spanning the
locus of maximum intensity at low tempera-
tures. All curves show a precipitous upturn at T,
demonstrating that both the resonance peak and
the incommensurability are induced by super-
conductivity. An indication of similar behavior
had already been found in YBa,Cu,O;, (T, =
67 K) (29) so that this behavior seems to be
generic to the YBa,Cu, Oy, . superconductor.

Figure 4C is also revealing in another re-
spect. Although all curves show the same sharp
initial upturn below T, the imaginary part of the
spin susceptibility x” (Q, 35 meV) generally
goes through a maximum at a temperature
T_(Q) that increases as Q — (m, ). A mono-
tonic temperature dependence (7, — 0) like
the one of the resonance peak is seen only for Q
close to the low-temperature incommensurate
wave vector determined above. However, the
difference x"(T,)— x"(T,) is identical within
the errors for the three Q points away from (,
o). This dramatic behavior can be straightfor-
wardly understood as a consequence of the
temperature- and energy-dependent incommen-
surability already indicated above (Fig. 1 and

g 2410 prrrrrrrrrTTT . .
E ©10) X
= EA or B 1s0) | 7 °r ¢ [ D
o E K
£ o 15
o 2210 F -1000 | -1000 1000 |
(.\_‘ £ 3] (100)
] Phonon 3 05 H
7 3
2 . E
5 210 -
Q ] -3000 -3000 3000 |
e ]
2 E 3
‘@ 1810* E 3 -4000 | { 4 -a000 | 4000
c E =
2 3 E Q=(H,3H,1.7) Q=(H,3H,-1.7) Q=(H,3H,1.7)
£ P FUTUY FETTL. R . L N . N 5000 N N N N n 5000 N . L L .
035 04 045 05 055 06 065 035 04 045 05 055 06 065 035 04 045 05 055 06 065 035 04 045 05 055 06 065
H(rlu.)

Fig. 1. (A) Raw (uncorrected) room-temperature scan, which exhibits a
phonon peak around H = 0.57. (B through D) Neutron intensity (/) of
constant-energy scans at £ = 35 meV performed along the (130)
direction, with the room-temperature scan subtracted as follows: in (B),
/(11 K) /(300 K); in (C), /(70 K) — /(300 K); and in (D), /(100 K) — /(300
K). The momentum resolution was 0.03 r.L.u. (= 0.15 A~") along the (1,
3, 0) direction and 0.06 r.L.u. (= 0.3 A=) along the vertical direction. The
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energy resolution was 5 meV. We cannot rule out a small antiferromagnetic
intensity (about one-fourth that at 100 K) at room temperature. The scan in
(A) displays none of the features of (B) through (D). The inset in (B) is a
sketch of the reciprocal space around the antiferromagnetic wave vector.
The squares represent the locus of maximum magnetic intensity in the
superconducting state. The arrow represents the (130) direction of the
scans. Error bars in (A) through (D) indicate statistical errors.
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Figs. 2 and 3, respectively). The resonance
peak, together with the dispersion, forms quick-
ly upon cooling below I, and then sweeps
sequentially through the wave vectors moni-
tored in Fig. 4C.

In YBa,Cu,;04s, the incommensurate re-
sponse is part of a continuous dispersion below
the resonance peak that is strongly renormalized
upon approaching 7, and vanishes in the normal
state. This is in stark contrast to the behavior
reported for La, Sr,CuO, (3-6), where no
change of the peak position occurs across the
superconducting temperature (3). Only around
room temperature does the incommensurate
structure begin to disappear (30). Further, 8 is
energy independent in La, Sr,CuO, but de-

Q=(H,1.5,1.7) ]

400 E=33.5 meV]
0 0.25 0.5 0.75 1
H (r.Lu.)
1 0.5 8 0 0.5 1
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% H ]
E40F " 3
3 o H

D35 3

g HE
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Fig. 2. (A) Constant-energy scans performed
along the H direction. The scans are offset by 120
counts from each other. The momentum resolu-
tion (full width at half maximum) was 0.14 r.Lu.
along H and 0.1 r.Lu. along K. The energy resolu-
tion was 4 meV. The lines are Gaussian displaced
by £8H from Q. The momentum transfer along
c* was fixed to the maximum of the magnetic
structure factor, L = 1.7. The phonon background
measured at room temperature was subtracted
from the data after proper correction for the Bose
population factor (75). Error bars indicate statis-
tical errors. (B) Dispersion of the incommensurate
peaks observed in YBCOyg g5, deduced from (A) as
described in the text. The square at H = 0.5
represents the resonance peak, £, = 41 meV. The
other squares at 0.5 = AH come from the Gauss-
ian fits shown in the upper panel. The open
diamonds indicate the four wave vectors at £ =
35 meV, where the temperature dependence has
been studied (see Fig. 4).
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pends strongly on doping over a wide range of
the phase diagram (6). Because of the energy
dependence of & discussed above and the small
number of samples investigated thus far, infor-
mation about its doping dependence in
YBa,Cu,O,_, is still incomplete. However, at
E = 35meV (= E, - 6 meV), the discommen-
suration that we found in YBa,Cu,O¢q, 8 =
0.10 reduced lattice units (r.L.u.) = 0.16 A~', is
equal to that reported in YBa,Cu,O¢ (17) at
E=245meV (= E'-95meV withE' =34
meV) within the experimental error. Finally, the
incommensurate fluctuations are only observed
in a narrow energy range for fixed doping and
are further substantially weakened in fully oxi-
dized YBa,Cu,0, (9, 10, 12).

In the light of these observations, the anal-
ogy between the incommensurate spin excita-
tions in La, SrCuO, and YBa,Cu,O,.

Fig. 3. Overall mo-
mentum dependence

should not be overstated. Specifically, the inter-
pretation in terms of stripe-domain fluctuations
with a well-defined, doping-dependent average
periodicity, which is compelling and well-doc-
umented in La,_ Sr CuO,, seems untenable in
YBa,Cu,O, . near optimal doping. Our data
indicate that the incommensurate excitations
are continuously connected to the commensu-
rate resonance peak by a dispersion relation
with a negative curvature (Fig. 1B). The tem-
perature dependence of Fig. 4 strongly supports
a common origin of both phenomena. Some
aspects of the behavior we observed have, in
fact, been anticipated in the framework of mi-
croscopic models, where the resonance peak is
interpreted as a collective mode pulled below
the gapped particle-hole spin-flip continuum
(19-21). In particular, a downward dispersion
has been predicted to arise naturally as a result
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for four momentum transfers along a* (four open diamonds in Fig. 2B). The curves have been
shifted by 150 p2/eV from one another. The susceptibility has been obtained by background
subtraction and correction for the temperature factor 1/[1 — exp(—E/kgT)] (ks Boltzmann
constant). A change at T_ is observed at all wave vectors. Error bars indicate statistical errors.
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of a momentum-dependent pole in the spin
susceptibility due to antiferromagnetic in-
teractions (20). This picture also accounts
for the rapidly diminishing intensity of the
magnetic peaks away from (m, ), as col-
lective modes commonly lose oscillator
strength upon approaching the continuum.
Models based on dynamical nesting in-
duced by a modification of the band dis-
persions (2/-23) may also be consistent
with our data. The models favored by our
experimental results on near optimally
doped YBa,Cu,O,_ . are based on an inter-
play between band dispersions, Coulomb
interactions, and the d-wave gap function in
a 2D correlated electronic state.
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Propagation of Seismic Ground
Motion in the Kanto Basin,
Japan

Kazuki Koketsu* and Masayuki Kikuchi

The pattern of ground motion for a magnitude 5.7 earthquake near Tokyo was
captured by 384 strong ground motion instruments across the Kanto sedimentary
basin and its surroundings. The records allow the visualization of the propagation
of long-period ground motion in the basin and show the refraction of surface waves
at the basin edge. The refracted wave does not travel directly from the earthquake
epicenter, but traverses the basin obliquely to the edge. The surface wave inside
the basin propagates more slowly than that outside such that the wavefronts
separate from each other, and the refracted wave heals the discrepancy in the speed
of advance of the wavefronts inside and outside the basin. The refracted arrival is
dominant near the edge of the Kanto basin.

Seismic ground motion should be distorted
and amplified by its propagation through sed-
imentary basins (/). However, observations
of the effects of such propagation are limited
because there have not been dense networks
of strong ground motion seismometers that
extend beyond the basins. Following the de-
structive earthquake in Kobe in 1995, the
Japanese government realized that lack of
prompt information on ground motion distri-
bution was fatal to rescue and recovery ac-
tions immediately after a large earthquake.
As a result, a dense network of strong ground
motion seismometers and seismic intensity
meters was installed across Japan (2, 3). The
intensity meters observe ground motion like a
strong ground motion seismometer and auto-
matically calculate the seismic intensity de-
fined by the Japan Meteorological Agency.
Tokyo is situated in a large-scale sedi-
mentary basin called the Kanto basin with an
area of about 17,000 km?. More than 600
strong ground motion instruments have been
installed in the basin and its surroundings
(Fig. 1). A magnitude 5.7 earthquake at a
depth of 2.8 km on 3 May 1998 off the Izu
peninsula (to the southwest of Tokyo) was
observed by 384 sensors. This kind of shal-
low undersea earthquake often generates
long-period surface Love waves, and these
waves are clearly seen in the Kanto basin
with periods of about 8 s (4). The large
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number of observations enabled us to visual-
ize the propagation of the ground motion
associated with these Love waves. To empha-
size these arrivals, we first converted the
accelerograms recorded by the instruments to
velocity seismograms and applied a low-pass
filter with a corner period of 5 s (Fig. 2A).
Then we plotted the trajectories of ground
motion in the horizontal plane for consecu-
tive 10 s intervals after source initiation (Fig.
2, A to D) overlaid on an index map. These
plots provide a clear indication of the pro-
gression of Love wave energy across the set
of sensors.

The density of the instrument distribution,
especially in the western mountain range, is
not sufficient to allow interpolation of the
data to produce a spatially continuous distri-
bution of the ground motion. However, the
Love wave generates ground motion parallel
to its wavefront (perpendicular to its propa-
gation path), so the trajectory of ground mo-
tion at each observation point can help us
identify the wavefront and path. We normal-
ized each particle trajectory to the maximum
amplitude for the recording duration to make
visible small ground motions in the mountain
range (Fig. 2).

We identified wavefronts by noting abrupt
changes in the amplitude and trajectory of
ground motion. Small, near-circular motion
before the arrival of the Love wave represents
long-period components of the S body waves
and is noticeable in the northeastern part of
Fig. 2D due to the effects of the local
geology. The pattern of particle motion in
the center of the basin is contaminated by
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