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In conventional superconductors, lattice vibrations (phonons)
mediate the attraction between electrons that is responsible for
superconductivity1. The high transition temperatures (high-Tc)
of the copper oxide superconductors has led to collective spin
excitations being proposed as the mediating excitations in these
materials2. The mediating excitations must be strongly coupled
to the conduction electrons, have energy greater than the pairing
energy, and be present at Tc. The most obvious feature in
the magnetic excitations of high-Tc superconductors such as
YBa2Cu3O61x is the so-called ‘resonance’3–6. Although the reson-
ance may be strongly coupled to the superconductivity3–8, it is
unlikely to be the main cause, because it has not been found in
the La2-x(Ba,Sr)xCuO4 family and is not universally present in
Bi2Sr2CaCu2O81d (ref. 9). Here we use inelastic neutron scatter-
ing to characterize possible mediating excitations at higher
energies in YBa2Cu3O6.6. We observe a square-shaped continuum
of excitations peaked at incommensurate positions. These exci-
tations have energies greater than the superconducting pairing
energy, are present at Tc , and have spectral weight far exceeding
that of the ‘resonance’. The discovery of similar excitations in
La2–xBaxCuO4 (ref. 10) suggests that they are a general property
of the copper oxides, and a candidate for mediating the electron
pairing.

In a conventional superconductor, the modification of the
phonons11 on entering the superconducting state indicates the
presence of strong electron–phonon coupling. The dramatic
changes seen in the magnetic excitation spectrum3–6,12–15 as copper
oxide superconductors enter the superconducting state points to a
strong coupling of the magnetic excitations and superconductivity.
The magnetism in superconducting copper oxides arises from the
incomplete outer shells of the copper ions and fluctuations in these
unpaired spins give rise to collective magnetic excitations, which are
coherent over many lattice sites. We use neutron scattering to probe
the wavevector (Q) and energy (E) dependence of the spin fluctu-
ations in YBa2Cu3O6.6. To label the two-dimensional reciprocal
space which corresponds to the CuO2 planes, we use reciprocal
lattice vectors such that (1,0) and (0,1) are along the lines joining
nearest-neighbour copper atoms. In this notation, the magnetic
excitations are strongest near the Q ¼ (1/2,1/2) position. The
most prominent feature of the magnetic excitations in the super-
conducting state of the YBa2Cu3O6þx system, where x controls the
hole-doping level, is the ‘resonance’ (refs 3–6). The resonance
occurs at (1/2,1/2) and at energies of 41meV for optimally doped
YBa2Cu3O6.93, where Tc is at the highest value, and at 34meV for
underdoped YBa2Cu3O6.6, where x and Tc are below their optimal
values3–6. For energies below the resonance energy, Eres, the mag-
netic excitations are peaked away from (1/2,1/2) at the incommen-
surate positions (1/2 ^ d,1/2) and (1/2,1/2 ^ d), with d ¼ 0.105 for
YBa2Cu3O6.6 (refs 12, 13).

Although the magnetic excitations associated with the ‘reson-
ance’ are obviously important because they showdramatic enhance-
ment below Tc , they contain only a small part of the total spectral
weight5,6. Thus we need to understand the higher-energy excitations
better because they may mediate electron pairing. Experimentally,
magnetic excitations have been observed for energies above Eres in
underdoped YBa2Cu3O6þx for energies up to about 120meV (refs 5,
14, 16–18). Neutron-scattering measurements, performed using a
three-axis spectrometer at a reactor16,18, have shown that for
energies greater than the resonance energy E . E res, the magnetic
response also peaks away from the (1/2,1/2) position. However,
technical limitations have meant that the wavevector dependence of
the high-energy excitations has not been determined. Here we use
a time-of-flight neutron spectrometer equipped with position-
sensitive detectors to measure the E . E res excitations in well-
characterized YBa2Cu3O6.6 with Tc ¼ 62.7 K and Eres ¼ 34meV
(refs 5, 12, 13, 17).
Figure 1a–c shows images of the magnetic scattering for the

energy E ¼ 85meV at T ¼ 10K, 66 K (Tc þ 3.3 K) and 300 K. At
high temperatures (Fig. 1a) the magnetic response consists of a
single peak centred on the (1/2,1/2) position. As the temperature is
lowered through Tc , a quartet of peaks is formed at the positions
Qe ¼ (1/2 ^ e ,1/2 ^ e) and ð1=2^ 1;1=27 1Þ, with e ¼ 0:12^
0:01 reciprocal lattice units (r.l.u.) (for E ¼ 85meV). The pattern is
very different from the low-energy scattering observed in the same
YBa2Cu3O6.6 sample in that the four peaks at high-energy
E < 85meVare rotated by 45 degrees with respect to those observed
at lower energy E < 24meV (refs 12–15). The low-energy incom-
mensurate peaks are shown in Fig. 2f. Figure 1d–f shows cuts along
the diagonals of Fig. 1a–c. Coherent high-energy excitations peaked
at (1/2,1/2) are present at T ¼ 300K, the incommensurate structure
appears between 300 and 66K and is almost fully developed by
T ¼ 66K ¼ Tc þ 3.3 K. For comparison, Fig. 1g–i shows Q–E maps
of the intensity of the low-energy magnetic excitations measured for
Q ¼ (1/2,k). The trajectory of this path passes through the low-
energy incommensurate peaks at (1/2,1/2 ^ d). As the temperature
is lowered from 300 to 66K (Tc þ 3.3 K), the magnetic response
becomes strong near (1/2,1/2) and Eres ¼ 34meV. Further lowering
the temperature leads to the resonance becoming stronger and
incommensurate peaks developing below Eres. In contrast, the high-
energy incommensurate peaks are fully developed at Tc. Both the
low-energy and the high-energy incommensurate peaks develop
through a loss of spectral weight near (1/2,1/2) and at their
respective energies as the temperature is lowered.
To obtain a more complete picture of the high-energy response

we collected data at four energies above the resonance energy. The
evolution of the magnetic response with energy is shown in Fig. 2a–f.
For the lowest energy probed above the resonance, E ¼ 66meV, we
observe a square structure with the vertices of the square pointing
along the (110) and (11̄0) directions. There is evidence that
the response is strongest near the edge of the square: a cut along
(1/2–h,1/2 þ h) (see Fig. 2j) shows incommensurate peaks away
from (1/2,1/2). The incommensurate peaks are most developed in
the energy range 70–90meV: Fig. 2b and c clearly shows four peaks.
At the highest energy studied (Fig. 2a), E ¼ 105meV, the scattering
still displays the square structure observed for E ¼ 66meV and is
peaked away from (1/2,1/2). However, a four-peak structure is not
discernible. Figure 2j–l shows cuts through the (1/2,1/2) position.
The solid lines are fits to the phenomenological response function
x
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, where the sum is over the
incommensurate wavevectors Qe . It is interesting to compare the
wavevector and energy-integrated spectral weights of the high-
energy response studied here with the resonance and low-energy
incommensurate structure. We find km2l¼ 0:12^ 0:02m2B per for-
mula unit (f.u.) for the resonance and sub-resonance structure
(24 , E , 44meV) and km2l¼ 0:26^ 0:05m2B f :u:

21 for the high-
energy scattering pictured in Fig. 2a–d (60 , E , 120meV). Thus
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the higher-energy response has a significantly greater contribution
to the total fluctuating moment than the resonance structure.
The present data show how structure develops in the high-energy

magnetic excitation spectrum of an underdoped high-Tc copper
oxide superconductor as it is cooled. The excitations develop their
coherence between 300 and 66K, that is, above the critical tempera-
ture Tc. Many other electronic properties, ranging from angle-
resolved photoemission (ARPES)19 to resistivity, show corresponding
changes above Tc for underdoped compositions. Such behaviour is
generally attributed to a higher temperature scale T*—the tempera-
ture at which the pseudogap develops20.
Our data show that the high-energy magnetic excitations in

the high-temperature superconductor YBa2Cu3O6.6 consists of a

continuum of scattering bounded by a square and peaked at
wavevector positions (1/2 ^ e,1/2 ^ e) and ð1=2^ 1;1=27 1Þ. A
similar structure has recently been observed in the high-energy
magnetic excitations of the magnetically ordered but weakly super-
conducting compound La1.85Ba0.125CuO4 (ref. 10). This suggests
there is universality, both in the low-energy12–15,21 and the high-
energy spin dynamics between two very different classes of high-Tc

superconductor. The magnetism in the YBa2Cu3O6þx system
derives from the antiferromagnetic parent compound YBa2Cu3O6.
Thus it has been widely assumed22 that the high-energy dynamics
are described by a short-range Heisenberg interaction with an
exchange suitably reduced from the insulator value23. This leads
to the high-energy excitations being spin-wave-like, such as in the

Figure 1 Images of the magnetic excitations in YBa2Cu3O6.6, for various temperatures,

measured by neutron scattering. a–c, Magnetic scattering at 300, 66 and 10 K showing

the formation of the high-energy incommensurate peaks for E ¼ 85 meV. d–f, Cuts

through the incommensurate peaks along dashed line in c (no units conversion or

background subtraction). A quadratic (jQj2) background has been subtracted and data

converted to absolute units. The bilayer structure of YBa2Cu3O6.6 means that the

magnetic excitations depend on the out-of-plane wavevector. The data shown here

correspond to acoustic or odd excitations and were measured with l ¼ 5.4 r.l.u., where

Q ¼ ha* þ kb* þ lc*, a* ¼ 2p/a, in which b* ¼ 2p/b, c* ¼ 2p/c. The lattice

parameters ( in Å) are a ¼ 3.82, b ¼ 3.88, and c ¼ 11.743 for YBa2Cu3O6.6. g–i, The

magnetic response x
00
(Q,q) plotted as a function of wavevector and energy, for

wavevectors along the dashed line in Fig. 2e. The data shown in g–i correspond to

acoustic or odd excitations with 1.4 , l , 2.0. A measured energy-dependent

background determined in the region 0 , h , 0.25 and 0.3 , k , 0.7 has been

subtracted from the data. Experiments were performed using the MAPS chopper

spectrometer at the ISIS spallation neutron source. Data were measured with an incident

neutron energy of 160 meV and have a counting time of 48 h with a source proton current

of 170mA. The 25-g single crystal sample was mounted in a thin-walled aluminium can.

The MAPS spectrometer has an obstruction-free evacuated flight path to reduce

background caused by air scattering. Data were generally collected at small scattering

angles to minimize jQ j, because the phonon and multiphonon scattering increases rapidly

with jQ j, while the magnetic scattering decreases with jQ j. Data were placed on an

absolute scale using a vanadium standard and corrected for the anisotropic Cu2þ d x 2–y 2

form factor.
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parent antiferromagnets above their Néel temperature. If such a
picture were correct, our images (Fig. 2a–d) of the high-energy
magnetic excitations should show rings of scattering (where the
spin-wave dispersion intersects the corresponding constant-energy

plane) that get bigger as the energy is increased. The instrumental
resolution (see Fig. 2a–f) would be sufficient to resolve the ring
structure (see Supplementary Information). In fact, there is rela-
tively little dispersion in the data in the energy range

Figure 2 Images of the magnetic scattering in YBa2Cu3O6.6 at T ¼ 10 K for various

excitation energies (frequencies). a–f, Magnetic excitations for energies between 24 and

105 meV. The data shown here correspond to acoustic or odd excitations and were

measured with l ¼ 1.8 or 5.4 r.l.u. g–l, Cuts through the (1/2,1/2) position along the

dotted lines in a–f. The incident neutron energies used were 105, 160 and 220 meV. The

E ¼ 105 meV image was counted for 72 h. The white circles in a–f and the bar in h for

E ¼ 85 meV represent the approximate instrumental resolution. The ranges of integration

for energy transfers E ¼ 24, 34, 66, 75, 85 and 105 meV are DE ¼ 6, 6, 8, 10, 10 and

30 meV, respectively. The solid lines in g–j are fits to the equation given in the text, where

e ¼ 0.09(1), 0.10(1), 0.12(1), 0.11(1) r.l.u. and y ¼ 0.09(1), 0.09(1), 0.10(1) and

0.10(2) r.l.u. for E ¼ 66, 75, 85 and 105 meV respectively. The vertical dashed line

through g–j is the average value of e.
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66, E , 105meV (see dashed line in Fig. 2g–j). Thus a spin-wave-
like dispersion at high energies seems to be inconsistent with our
data.
Given that the observed spin dynamics is qualitatively similar in

the two classes of high-T c superconductor where they have been
studied, one might expect that they have a common underlying
origin. Candidates for this common origin include an incipient
spin-charge separation leading to unidirectional stripes10,22 and the
underlying electronic (band) structure. The high-energy magnetic
excitations of stripes are strong along streaks in reciprocal space:
these streaks can intersect to yield square-like structures. Alterna-
tively, in an itinerant picture, the starting point for understanding
the spin dynamics24,25 are electron–hole pair excitations about an
underlying Fermi surface26. This interpretation is supported by
theoretical calculations performed using an itinerant approach
based on a standard random phase approximation (RPA) that
have predicted the correct geometry of the high-energy incommen-
surate peaks reported here25.
The integrated spectral weight feature characterized here is

considerably greater than the much sharper and widely discussed
‘resonance’ feature (Fig. 1j–i) present at lower energies3–6. The high-
energy excitations reported here are also present at T c. Thus, in a
magnetically mediated pairing mechanism the high-energy struc-
ture would have the dominant contribution to the pairing inter-
action. One might expect mediating excitations in the
superconducting copper oxides to be a property of the CuO2 planes
themselves, and so they should be similar in different systems. The
observation10 of high-energy magnetic excitations with a similar
structure in La1.875Ba0.125CuO4 supports this notion. A
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In the copper oxide parent compounds of the high-transition-
temperature superconductors1 the valence electrons are loca-
lized—one per copper site—by strong intra-atomic Coulomb
repulsion. A symptom of this localization is antiferromagnet-
ism2, where the spins of localized electrons alternate between up
and down. Superconductivity appears when mobile ‘holes’ are
doped into this insulating state, and it coexists with antiferro-
magnetic fluctuations3. In one approach to describing the coex-
istence, the holes are believed to self-organize into ‘stripes’ that
alternate with antiferromagnetic (insulating) regions within
copper oxide planes4, which would necessitate an unconventional
mechanism of superconductivity5. There is an apparent problem
with this picture, however: measurements of magnetic exci-
tations in superconducting YBa2Cu3O61x near optimum doping6

are incompatible with the naive expectations7,8 for a material
with stripes. Here we report neutron scattering measurements on
stripe-ordered La1.875Ba0.125CuO4. We show that the measured
excitations are, surprisingly, quite similar to those in YBa2Cu3-

O61x (refs 9, 10) (that is, the predicted spectrum of magnetic
excitations7,8 is wrong). We find instead that the observed
spectrum can be understood within a stripe model by taking
account of quantum excitations. Our results support the concept
that stripe correlations are essential to high-transition-tempera-
ture superconductivity11.

La22xBaxCuO4 (‘Zurich’ oxide) is the material in which Bednorz
andMüller1 first discovered high-transition-temperature supercon-
ductivity. An anomalous suppression of the superconductivity
found12 in a very narrow region about x ¼ 1/8 was later shown to
be associated with charge and spin stripe order4,13. Schematic
diagrams of stripe order in the CuO2 planes are shown in Fig. 1a
and b. Between the charge stripes are regions with locally anti-
ferromagnetic order. The ‘bond-centred’ stripe model shown has
received considerable theoretical attention11,14–16.
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