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We report a detailed inelastic neutron scattering study of the collective magnetic excitations of
overdoped superconducting La1:78Sr0:22CuO4 for the energy range 0–160 meV. Our measurements
show that overdoping suppresses the strong response present for optimally doped La2�xSrxCuO4 which
is peaked near 50 meV. The remaining response is peaked at incommensurate wave vectors for all energies
investigated. We observe a strong high-frequency magnetic response for E * 80 meV suggesting that
significant antiferromagnetic exchange couplings persist well into the overdoped part of the cuprate phase
diagram.
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The occurrence of high-temperature superconductivity
is widely believed to be connected to the cuprates’ spin
degrees of freedom [1]. Thus, we might expect strong spin
fluctuations to coexist with superconductivity over the
whole superconducting phase diagram. The spin excita-
tions have been well characterized for the insulating anti-
ferromagnetic (AF) [2] and lightly doped [3–6] com-
positions. For optimally doped compositions, structured
excitations have been observed over a wide energy range
[7,8]. However, little is known about the high-energy spin
dynamics on the overdoped side of the cuprate phase
diagram. One of the best materials to investigate this region
is single layer La2�xSrxCuO4 (LSCO). This system can be
doped sufficiently to destroy the superconductive behavior
[9], allowing the spin excitations to be studied across the
entire superconducting dome. Studying the overdoped part
of the phase diagram offers a different view on the emer-
gence of the superconducting state. In contrast to the
underdoped regime, superconductivity does not emerge
from the ‘‘pseudogap’’ state [10]. Rather, it emerges from
what appears to be a strongly correlated metallic state [11].

In this Letter, we report an inelastic neutron scattering
(INS) study of the magnetic response �00�q; !� of an over-
doped superconducting sample over a wide energy range
(0–160 meV) and throughout the Brillouin zone. We have
chosen the composition La1:78Sr0:22CuO4 (Tc � 26 K),
which shows a substantial drop in Tc with respect to
optimal doping but is nevertheless superconducting (see
Fig. 1). We find that the spin excitations are dramatically
modified from those observed at optimal doping: The
strong peak in the local susceptibility �00�!� present [8]
in La1:84Sr0:16CuO4 near 50 meV is suppressed, and the
remaining response is incommensurate and strongest
around E � 10 meV and E * 80 meV. Thus, strong spin
excitations persist well into the overdoped region of the

cuprate phase diagram as required by magnetically medi-
ated models of superconductivity.

La1:78Sr0:22CuO4 has a tetragonal structure and we use
tetragonal indexing to label reciprocal space Q � ha? �
kb? � lc?. The magnetic excitations in LSCO are 2D as
the strongest magnetic couplings are within the CuO2

planes. Thus, usually we quote in-plane components of
Q. In this notation, the parent compound of the series,
La2CuO4, exhibits AF order with an ordering vector of
(1=2, 1=2) and a? points along the Cu–O bonds. Seven
single crystals with a total mass of 75 g were coaligned
with a total mosaic of 0.8�. The crystals were grown by a
traveling-solvent floating-zone technique [12] and an-
nealed with 1 bar of oxygen for six weeks at 800 �C. The
Sr stoichiometry was measured with SEM-EDX and ICP-
AES to be x � 0:215� 0:005. Magnetization measure-
ments [see Fig. 1(b)] indicate that Tc�onset� � 26 K.

INS probes the energy and wave vector dependence of
�00�q; !�. The magnetic cross section is given by
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FIG. 1. (a) The doping dependence of Tc in La2�xSrxCuO4.
Open circles [15], closed circles: LSCO�x � 0:16� [8], and
LSCO�x � 0:22� (this work). (b) Magnetization of LSCO�x �
0:22� used in this work (H � 10 Oe k c, field cooled).
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where ��re�2 � 0:2905 b sr�1, ki and kf are the incident
and final neutron wave vectors, and jF�Q�j2 is the aniso-
tropic magnetic form factor for a Cu2� dx2�y2 orbital. Data
were placed on an absolute scale using a V standard.

The magnetic response of the cuprates is dominated by
the unpaired 3d electrons of Cu2� ions. The AF parent
compound La2CuO4 displays spin waves [2], which dis-
perse out from (1=2, 1=2) position. For doped supercon-
ducting compositions, the low-energy (E & 20 meV)
excitations of La2�xSrxCuO4 are peaked at (1=2� �,
1=2) and (1=2, 1=2� �) [13,14]. The low-energy incom-
mensurability of the excitations � increases with x and
saturates with � � 0:125 [9,15]. It has recently been shown
that ��E� of La2�xSrxCuO4 and La2�xBaxCuO4 disperses
[8,16,17] with energy and shows a minimum near E �
50 meV. The high-energy (E> 50 meV) response in opti-
mally doped La1:84Sr0:16CuO4 appears to be more isotopic,
possibly with incommensurate (IC) peaks rotated by �=4
in the (h, k) plane [8]. Interestingly, a similar ‘‘hourglass’’
dispersion has been observed [6,18,19] in YBa2Cu3O6�x.

Our INS experiments were performed on the MAPS
instrument at the ISIS spallation source. MAPS is a
direct-geometry time-of-flight chopper spectrometer with
position-sensitive detectors. This allows a large region of
reciprocal space to be sampled using a single setting with a
given incident energy Ei. In order to identify and minimize

phonon contamination of our results we collected data for
seven different Ei’s. Each Ei allows a given (h, k, E)
position to be probed for a different l value [see
Fig. 4(d)]. The magnetic scattering in LSCO depends
only on the out-of-plane wave vector l through jF�Q�j2,
whereas phonon scattering is strongly dependent on l. We
excluded data from our final results if it satisfied any of the
following criteria: (i) A clearly identified phonon branch
could be seen to cross the (1=2, 1=2) region; (ii) the pattern
was not fourfold symmetric around (1=2, 1=2) (after sub-
tracting a background quadratic in Q); (iii) the fitted value
of �00�!�was more than twice (including errors) that found
at the same E for a different Ei. The excluding procedure
was only required below the phonon cutoff energy of
90 meV.

Figure 2 shows �00�q; !� of LSCO�x � 0:22� as slices at
various energies. Corresponding cuts through the raw data
along the (h, 1=2) line are plotted in Fig. 3. The low-E slice
in Fig. 2(a) at E � 11 meV shows the well-known four-
peak structure [8,9,13–17]. The structure is considerably
weaker at E � 14 meV [Figs. 2(b) and 3(b)] and has al-
most disappeared for E � 30 meV and E � 50 meV
[Figs. 2(c), 2(d), 3(c), and 3(d)]. This behavior is in con-
trast to optimally doped La1:84Sr0:16CuO4 [8,17], where the
IC response is strongest around E � 20 meV and there is a
strong response centered on (1=2, 1=2) for energies in the
range E � 40–50 meV. At higher energies, the magnetic
response reemerges for E � 100 meV [Figs. 2(e) and 3(e)]
and E � 140 meV [Figs. 2(f) and 3(f)]. The high-E re-
sponse is significantly broader in q and �00�q; !� is weaker

FIG. 2 (color online). (a)–(f) Constant-E slices of �00�q; !� for La1:78Sr0:22CuO4 at T � 6 K. Data are cut off due to finite detector
coverage. (g)–(l) Fits of model [Eq. (2)] convolved with instrument resolution. (a) and (b) show the low-E four-peak structure which is
suppressed in (c) and (d). (e) and (f) show the reemergence of a ringlike response at high energy. (a)–(d) have the same intensity
ranges, (e) and (f) are 	10 and 	16:5, respectively. Ei’s for (a)–(f) were 40, 40, 90, 120, 160, 240 meV.
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than the low-E response. However, as we shall see below,
when integrated in q and E it dominates the magnetic
response.

We used a modified Lorentzian function to make a
quantitative analysis of the data:

 �00�q; !� � ���!�
�4�!�


�2�!� � R�q��2
(2)

with
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where the position of the four peaks is determined by �, �
is an inverse correlation length (peak width), and � con-
trols the shape of the pattern (� � 4 yields four distinct
peaks and � � 0 a pattern with circular symmetry [20]).
This phenomenological response function provides a good
description of the data at all energies. Figures 2(g)–2(l)
show 2D fits of Eq. (2) to the corresponding slices (a)–(f).
The parameters extracted from fitting the resolution-
convolved model to the 2D slices are shown in
Figs. 4(a)–4(c). We have expressed the strength of the
magnetic response in terms of the wave vector-averaged
or local susceptibility �00�!� �

R
�00�q; !�d3q=

R
d3q de-

termined from the fitted �00�q; !�. The local susceptibility
indicates the overall strength of the magnetic excitations
for a given energy.

Figure 4 summarizes the main findings of this work.
First, the magnetic response is made up of two components
[see Fig. 4(c)]: A low-frequency (four-peaked) component
for which �00�!� is peaked around E � 10 meV and a
much broader high-frequency component which is stron-
gest around E � 120 meV. The spectral weight of the
components is found to be 0.028(3) and 0.053(4)
�2
B f:u:�1, the high-energy component therefore dominat-

ing the response. The emergence of the high-frequency
component at E � 80 meV corresponds to a rapid broad-
ening of �00�q; !� in wave vector as shown by the sudden
increase in the � parameter [Fig. 4(b)] at this energy.
Comparing the present results with a recent study [8] of
optimally doped La1:84Sr0:16CuO4 over the same energy
range [dashed line in Fig. 4(c)], we note (i) The low-energy
peak in �00�!� has moved from 18 meV down to about
10 meV with no change in spectral weight [21]. The low-
energy IC component [Fig. 4(a)] does not disperse rapidly
towards (1=2, 1=2) as seen in optimally doped LSCO
[8,17]. Instead the pattern disappears rapidly. (ii) The
peak in �00�!� around 40–60 meV present in LSCO�x �
0:16�, which corresponds to a strong response near (1=2,
1=2), is suppressed. (iii) A high-energy (E * 80 meV)
component remains with approximately the same ampli-
tude as for LSCO�x � 0:16�. A recent study [22] of more
highly doped LSCO�x � 0:25� reported significant spec-
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FIG. 3. (a)–(f) Constant-E cuts through the raw data [see
trajectory in Fig. 2(g)]. A background proportional to jQj2 has
been subtracted. The energies are the same as the slices in Fig. 2.
Solid lines are fits of Eq. (2) convolved with the instrument
resolution. Background points (4) for (e), (f) measured along (h,
0.05). Scattering near h � 0:2 in (c) is due to phonons.

FIG. 4 (color online). (a)–(c) E dependence of �, �, and �00�!�
in LSCO�x � 0:22�. �, � define the dispersion, and �00�!� the
strength of the spin excitations. The inset shows how the re-
sponse at 7 meV weakens on warming. Dashed line in (c) is
�00�!� in LSCO�x � 0:16� for comparison [8]. Lines are guides
to the eye. (d) E dependence of out-of-plane wave vector, l, at
(1=2, 1=2) for each Ei. Symbols indicate Ei: 30 (�), 40 (�), 55
(�), 90 (�), 120 (�), 160 (�), 240 meV (�).
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tral weight in the range 40–60 meV, although we note that
this work was performed with two Ei’s only, which may
have limited the ability to discriminate between scattering
of a magnetic and phononic nature.

The origin of the magnetic excitations in the cuprates
has been discussed in terms of many models. As we move
to the overdoped side of the phase diagram, it is widely
believed that Fermi-liquid-based models become more
appropriate. Within such models, the low-energy IC peaks
arise from the creation of (correlated) quasiparticle pairs
[23–25]. Thus the shift of the low-energy peak in �00�!� to
lower energy as we move from LSCO�x � 0:16� to over-
doped LSCO�x � 0:22� might be due to changes in the
band structure. It is more difficult to explain the sudden
collapse of the magnetic response in the intermediate 50–
70 meV energy range between LSCO�x � 0:16� and
LSCO�x � 0:22� [see Fig. 4(c)] although photoemission
(ARPES) suggests that the topology of the Fermi surface
changes between these two compositions as the quasipar-
ticle states near (1=2, 0) move above the Fermi energy [26].
Thus, there will undoubtedly be a concomitant change in
the nesting of the quasiparticle states. At higher energies
(80–160 meV), we observe the reemergence of a magnetic
signal which despite the heavy doping is about 1=3 of the
intensity of the parent antiferromagnet La2CuO4 [7] in the
same energy range. If we associate the high-energy re-
sponse with residual antiferromagnetic interactions, we
find from the dispersion of the high-energy excitations
[Fig. 4(a)] dE=dj�j � 1800� 500 meV r:l:u:�1 that J �
180� 50 meV. Thus a strong AF exchange coupling per-
sists across the cuprate phase diagram into the overdoped
region.

It is interesting to compare our measurements with
electronic spectroscopies. ARPES experiments [27–29]
have observed ‘‘kink’’ structures in the quasiparticle dis-
persion of a number of systems including LSCO. These
have been interpreted as a signature of the coupling of
quasiparticles to collective excitations (bosons). In
LSCO�x � 0:22� a kink is observed [29] at about
70 meV which corresponds approximately to the onset of
the higher-energy excitations that we have observed.
Recent ARPES experiments [30–33] indicate further qua-
siparticle anomalies at higher energies which persist into
the overdoped region [30]. These features could be related
to high-energy spin fluctuations which have been observed
up to 250 meV for LSCO�x � 0:14� [7] and up to 160 meV
in the present measurement of LSCO�x � 0:22�. Infrared
optical-spectroscopy measurements [34] also provide evi-
dence of the coupling of quasiparticles to bosonic excita-
tions and, in particular, the existence of a two-component
excitation spectrum with a high-energy tail.

In conclusion, overdoping dramatically suppresses the
magnetic response. The remaining spin excitations are
incommensurate and persist over a wide energy range.
Defining the energy scale of the spin excitations as the
‘‘center of mass’’ of the observed spectrum, the parent

compound is an antiferromagnet with spin-wave excita-
tions and an energy scale E � 2J � 300 meV. Doping
results in stronger magnetic excitations at intermediate
energies, E � 50 meV, for example, in optimally doped
La2�xSrxCuO4 and a lower energy scale. The present
experiment shows that the energy scale increases as we
move into the overdoped regime. Thus, the special feature
of the optimally doped region is the overall low character-
istic energy of the spin excitations and the drop in Tc with
overdoping is associated with the disappearance of the
commensurate response near 50 meV [8].
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