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The excitations responsible for producing high-temperature
superconductivity in the copper oxides have yet to be identified.
Two promising candidates are collective spin excitations
and phonons'. A recent argument against spin excitations
is based on their inability to explain structures observed in
electronic spectroscopies such as photoemission’” and optical
conductivity®’. Here, we use inelastic neutron scattering to
demonstrate that collective spin excitations in optimally doped
La,_,Sr,CuO, are more structured than previously thought.
The excitations have a two-component structure with a low-
frequency component strongest around 18 meV and a broader
component peaking near 40-70 meV. The second component
carries most of the spectral weight and its energy matches
structures observed in photoemission®™ in the range 50-90 meV.
Our results demonstrate that collective spin excitations can
explain features of electronic spectroscopies and are therefore
likely to be strongly coupled to the electron quasiparticles.

Since their discovery, considerable progress has been made
in understanding the properties of the high-critical-temperature,
T., cuprate superconductors. We know, for example, that
the superconductivity involves Cooper pairs, but with d-wave
rather than the s-wave pairing of conventional Bardeen—Cooper—
Schrieffer (BCS) superconductors. One outstanding issue is the
pairing mechanism itself. For conventional superconductors,
identifying the bosonic excitations that strongly couple to the
electron quasiparticles played a pivotal role in confirming the
phonon-mediated pairing mechanism®’. In the case of the
copper oxide superconductors, electronic spectroscopies such
as angle-resolved photoemission (ARPES) and infrared optical
conductivity measurements®” have revealed structures in the low-
energy electronic excitations, which may reflect coupling to bosonic
excitations. ARPES measurements on Bi,Sr,CaCu, Oy, Bi,Sr,CuOq
and La, ,Sr,CuO, have shown rapid changes or ‘kinks’ in the
quasiparticle dispersion, E(k), for energies in the range 50-80 meV
(refs 2-5). These features in ARPES have been interpreted in terms
of coupling to phonon modes®. However, the ARPES measurements
do not distinguish between coupling to lattice and spin excitations.
Identifying phonons as the strongly coupled bosons is not without
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its difficulties: we must explain what is special about the phonons
in the cuprates; interactions with phonons do not naturally explain
other important properties of the cuprates, such as the large linear
temperature dependence of the normal-state resistivity at optimal
doping and the origin of d-wave symmetry of the superconducting
gap itself.

The interpretation of the kinks and other features in electronic
spectroscopies®” in terms of coupling to collective spin excitations'’
has been hampered by the lack of magnetic spectroscopy data. Most
neutron scattering data refer to YBa,Cu;O¢,,, a compound for
which ARPES data are scarce. Although ARPES kinks have also been
reported in La, ,Sr,CuO,, comparison with neutron scattering is
restricted by the fact that high-resolution studies in this compound
have only been made for energies below the relevant 50-80 meV
energy window'' ™. At these and higher energies of relevance,
only coarsely averaged data are available, precluding a detailed
comparison with electronic spectroscopies. Here, we report a high-
resolution neutron scattering study of the magnetic excitations in
optimally doped La,_,Sr,CuO, (x=0.16, T, = 38.5K) designed to
fill this gap in our knowledge. For our experiments, we have grown
new single crystals by a floating-zone technique and assembled
a sample with a total mass of 48.5g (see the Supplementary
Information). The experiments were carried out using the MAPS
spectrometer at the ISIS spallation neutron source, Rutherford—
Appleton Laboratory. MAPS has an order of magnitude better
momentum resolution than the MARI instrument used for the
previous high-energy study".

The parent compound La,CuO, of the La, Sr,CuO,
superconducting series exhibits antiferromagnetic order with
an ordering wavevector of Q,, = (1/2,1/2). Doping induces
superconductivity and causes low-frequency incommensurate
fluctuations'" to develop with wavevectors Q,p = (1/2,1/2+£8)
and (1/2 4 68,1/2). These excitations broaden” and disperse
inwards initially towards (1/2, 1/2) (ref. 14) with increasing energy.

Neutron spectroscopy provides a direct probe of the magnetic
response function x”(Q, w). Figure la-h shows wavevector-
dependent images of the magnetic response at various energies
demonstrating how it evolves with energy. At low energies,
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Figure 1 Images of the magnetic excitations in La, 5,Sr, 1;Cu0,. a-h, The measured x” (@, w) is plotted in units of ;2 eV~" f.u.”" as a function of wavevector for various
energies in the superconducting phase at 7= 12K. a—c, The emergence and disappearance of the component at (1/24+§,1/2) and (1/2,1/2+£ §), which is most intense
at lower energies. d-h, The higher-energy component, which emerges around 41 meV and disperses outwards with increasing energy. i—p, Model fits to the images of the
magnetic excitations shown in a-h. The phenomenological model (equation (1)) provides a good description of the experimentally measured magnetic excitations and can
therefore be used to parameterize the data. At higher energies (n—p), the data are best fitted with the model x”(Q, w) rotated 45° in the h—k plane. The anisotropy is
strongest for panel n. Wavevectors are labelled by their positions in reciprocal space Q= ha* -+ kb* -+ /¢*. A background of the form « + 8]Q|? has been subtracted from

the data before conversion to x”(Q, w).

E =10meV (Fig. 1a), we observe the low-energy incommensurate
excitations' ™. As the energy is increased, E = 18 meV (Fig. 1b),
the response becomes stronger, the pattern fills in along the
line connecting the nearest-neighbour incommensurate peaks
and the incommensurability § decreases. For E = 25meV
(Fig. 1c), the intensity of the pattern is noticeably attenuated.
On further increasing to E = 41 meV (Fig. 1d), the response
‘recovers), becoming more intense again, but is now peaked at the
commensurate wavevector (1/2, 1/2). At higher energy E =90 meV
(Fig. 1f), the structure resembles a square box with the corners
pointing along the (110)-type directions, that is, towards the
Brillouin zone centre. Thus, the square pattern is rotated 45°
with respect to the low-energy response (for example, Fig. 1b). A
similar high-energy response has been observed in underdoped

164

YBa,Cu;O¢,, (refs 16,17) and the stripe-ordered composition
La, g75Bag 1,5CuO, (ref. 18). Thus, a rotated continuum seems to be
a universal feature of the cuprates.

To make our analysis quantitative, we fitted a modified
lorentzian cross-section previously used to describe the cuprates
and other systems" to the data:

p _ K (w)
X' (Q ) = x;(») (@) T RQT (1)
with
h—52 4 (k=12 =52 + A(h— 1) (k—1)?
R(Q)=[( D2 (k=12 =8 4+ Ah— D2 (k= 1)
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Figure 2 Magnetic excitations in La, gSr, ,cCu0,. a—f, The variation of the scattered intensity with wavevector for various fixed excitation energies at T=12K. The
trajectory of the cut is shown by the dashed line in Fig. 1a. a and b show the incommensurate low-frequency component of the response. The high-frequency component is
strongest for 40-50 meV (c—f). Two distinct peaks are seen at higher energies (e,f ), these disperse away from (1/2, 1/2) in a similar manner to the spin-wave excitations in
the parent compound La,Cu0,. The error bars are determined from the number of neutrons counted.

where k(w) is an inverse correlation length, the position
of the four peaks is specified by §, and A controls the shape
of the pattern (A =4 corresponds to four distinct peaks and
A =0 corresponds to a pattern with circular symmetry). Further
details of the experimental method and analysis are given in the
Supplementary Information.

Figure 1i—p shows plots of the fitted model response for the
same energies as Fig. la-h. Another way of displaying the results
is to take constant energy cuts through our data set. Figure 2
shows cuts along the dashed trajectory in Fig. 1 for various energies
together with fits of our model response (equation (1)) convolved
with the experimental resolution. The good agreement between
the data and fits allows us to use the parameters derived from
the fits (Fig. 3) to interpret our results. To distinguish between
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magnetic and phonon scattering, the experiment was carried out at
a number of incident energies. This means that the same in-plane
momentum (h, k) could be probed with a variety of I (momentum
perpendicular to plane) values and strong phonons isolated. The
fact that data collected with different incident energies yield similar
results confirms the validity of our analysis. We have expressed the
strength of the spin fluctuations in terms of the local or wavevector-
averaged susceptibility x” (o) = [ x"(Q, w)d’Q/ [ d*Q determined
from the fitted cross-section. The local susceptibility, x”(w), is a
measure of the density of magnetic excitations for a given energy.
Figure 3a shows one of the key results of this work: the magnetic
response of La, gSr;;sCuO, has a two-component structure.
The lower-energy peak corresponds to the incommensurate
structure that is rapidly attenuated above 20meV. The
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Figure 3 Magnetic excitation spectrum and evolution of the form of the
magnetic response with energy. a, The wavevector-averaged susceptibility,

X" (w), shows a ‘peak-dip-hump’ structure suggesting that the magnetic response
has two components. b, The emergence of the higher-frequency component above
about 40 meV corresponds to a broadening of the response in the wavevector as
demonstrated by the rapid increase in «. ¢, There is a strong dispersion of the peak
positions in constant excitation-energy cuts as shown by the energy dependence of
the incommensurability & (w). The high-energy dispersion indicates the persistence
of residual antiferromagnetic interactions. The symbols in the main panels indicate
different incident energies: E; = 30 (diamond), 55 (open square), 90 (filled square),
160 (filled circle), 240 meV (open circle). The inset in a shows that the low-energy
peak is strongly suppressed at 7= 300K confirming that it is mostly magnetic in
origin. The error bars are statistically determined from least-squares fitting.

higher-energy structure is peaked at (1/2, 1/2) for
E =~ 40-50 meV and broadens out with increasing energy above
this. Although the wavevector-averaged susceptibility, x” (), of the
higher-frequency component is peaked around 50 meV, it has a
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long tail with a measurable response at the highest energies probed
(E=155meV) in this experiment.

It is interesting to compare the present results with those
obtained on La, g5Ba, 1,5CuO, (ref. 18). La, g,5Ba, 1,5CuQ, is stripe
ordered with Bragg peaks corresponding to spin and charge
order® and is only weakly superconducting with T. < 6K,
whereas La, 4,Sr 16CuQ, is superconducting with 7. =38.5K and
has no observable spin or charge order. For a given energy,
both compositions show broadly similar structures in their
x"(Q, w) patterns. The energy dependence of the response as
characterized by x”(w) is very different in the two compositions.
La, g75Bay. 1,5CuO, (ref. 18) shows a peak in x”(w) centred on zero
energy, which is probably connected to excitations owing to the
magnetic order present in this compound. For E > 15meV, x"(w)
increases to a broad maximum at about 60 meV. In contrast, in
La, ¢Sr;,CuQy, as E is increased from zero, x”(w) rises from
zero to a sharp maximum at 18 meV, followed by a dip at 25 meV
and a second broader maximum at 50 meV. Above about 60 meV,
both compositions show similar responses, with x”(w) decreasing
slowly with w. The difference in the responses of the two materials
below 60meV is not surprising given that La, g5Ba, ,5CuO,
is magnetically (and charge) ordered and therefore must have
excitations reflecting this ordered state.

Given the markedly different characteristics of the
two components that make up the magnetic response in
La, 4,51 ,CuQy, it is likely that they have different origins. One
possible interpretation is that the lower-energy incommensurate
structure is due to quasiparticle (electron—hole) pair creation,
which might be calculated from an underlying band structure?*,
whereas the higher-energy structure is due to the residual
antiferromagnetic interactions. It is instructive to compare
the magnetic response at optimal doping with that of the
antiferromagnetic parent compound La,CuO, (ref. 23). In
La,CuOy, x"(w) is approximately constant over the energy range
probed here (0-160 meV) with x"(w) ~ 1.7 u2eV™" fu.”". Thus,
the effect of doping is to suppress the high-energy response
(hw > 50 meV) and enhance the response at lower frequencies,
creating a double-peak structure. Figure 3¢ shows that the high-
energy part of the response disperses with increasing energy.
Constant energy cuts through the data yield two peaks (see
Fig. 2) that are reminiscent of spin waves in the parent compound
La,CuQO,. We may use the high-energy dispersion to estimate an
effective Heisenberg exchange constant, J, which quantifies the
strength of the coupling between the copper spins. Using the fitted
values of |§] in Fig. 3¢ for E > 40 meV, we estimate the gradient
to be dE/d§ = 510 & 50 meV A. This may then be compared
with the standard expression for the spin-wave velocity in a square
lattice antiferromagnet, hv, = Z_ /8SJa, where Z., S and a are the
quantum renormalization, spin and lattice parameter respectively.
We find that the effective exchange constant for La, 4,Sr,,,CuO, is
J =81+ 9meV. This is substantially reduced compared with that
of the parent compound La,CuQO,, where ] = 146 £4 meV (ref. 23).

We now compare our measurements of the magnetic
excitations with electronic spectroscopy carried out on cuprate
superconductors with the same energy scale. The energy of
the 50 meV peak matches the energy range (40-70 meV) where
ARPES measurements’ in the same compound La,_,Sr,CuQ, show
rapid changes or kinks in the quasiparticle dispersion E(k).
Theory' has no difficulty in explaining kinks and related features
around the underlying Fermi surface through coupling to spin
excitations that are strongest near (1/2, 1/2). In the alternative
scenario where phonons are the most strongly coupled boson
modes, we would expect a priori that there would be a series
of kinks corresponding to different phonons. Coupling to the
spin excitations seems to provide a more natural explanation
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for the kink, because there is a single feature in the spin
excitations with the required energy scale. At higher energies,
ARPES measurements suggest that the quasiparticles are coupled to
bosonic excitations with energies up to at least 300 meV (ref. 24).
This would match the high-energy tail of the collective spin
excitations in Fig. 3a. These energies are well above the phonon
cutoff of about 85 meV. Other electronic spectroscopy data are not
available for La, ,Sr,CuO,. However, we may make comparisons
with other systems. Infrared optical conductivity measurements
on YBa,Cu;Oq,, (ref. 25) and Bi,Sr,Cag ;Y 0sCu,Ogys (ref. 26)
provide evidence of coupling to high-energy bosons in the range
of the 50 meV excitations reported here. The infrared optical
conductivity measurements also suggest the existence of bosons
at higher energies, consistent with the present experiment. It
should be noted that the magnetic excitations reported here do
not seem to be related to the lattice modes recently observed
by scanning tunnelling microscopy” in Bi,Sr,CaCu,Og, ;. These
lattice modes are associated with the wavevector q= (0.2,0), rather
than q~ (1/2,1/2).
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