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Catching the Elusive Paramagnons: Collective Spin Exci-
tations in High-Temperature Cuprate Superconductors
Resonant inelastic X-ray scattering studies conclusively identify the spin excitations of high 
temperature cuprate superconductors.

M ore than 30 years after its discovery, the mech-
anism of high-temperature superconductivity 

in copper-oxide (or cuprate) superconductors still re-
mains one of the most challenging problems in con-
densed-matter physics. One important question faced 
by researchers regarding the superconductivity of 
cuprates is whether the pairing is mediated by spins 
or is it due to some other unknown exotic mecha-
nism. This situation is all the more intriguing because 
a simple isotropic phonon-mediated pairing based on 
the Bardeen-Cooper-Schrieffer (BCS) theory is exclud-
ed by both the high transition temperatures (highest 
known TC is ~134 K for a cuprate superconductor 
at ambient pressure) and the anisotropic momen-
tum-dependent superconducting gaps of cuprate 
superconductors. In general, since a strong magnetic 
field or magnetic impurities typically destroy or weak-
en the superconductivity, the situation is even more 
complicated because the parent compounds of the 
high-temperature cuprate superconductors are anti-
ferromagnetic insulators.  

However, research in the last few years has revealed 
fascinating aspects of cuprate superconductors, 
particularly arising from the use of resonant inelas-
tic X-ray scattering (RIXS).1-3 These results have not 
only answered some very important long-standing 
questions, but have also raised new questions and 
opportunities for future research. For example, use 
of RIXS showed that the parent insulators of cuprate 
superconductors exhibit dispersive magnons – collec-
tive spin excitations associated with their antiferro-
magnetic order.1 It was also shown that hole-doped 
and electron-doped superconducting cuprates show 
similar dispersive features in RIXS experiments,2,3 but 
a puzzle then arose regarding their interpretation 
because the superconducting cuprates do not show 
antiferromagnetic order. Two competing theoretical 
pictures were proposed to explain the observations: 
from exact diagonalization cluster calculations of a 
t-t’-J Hubbard model, one group concluded that the 
RIXS results are collective spin excitations,4 whereas 
another group explained the same results based on 
non-interacting quasi-particle excitations of a band 
structure, effectively denying collective spin exci-
tations.5 

In this article, we highlight an important study6 which 
resolved this issue conclusively. The authors carried 
out polarization-, momentum- and energy-depen-
dent RIXS experiments of a high-temperature cuprate 
superconductor Bi1.5Pb0.5Sr1.54CaCu2O8+δ (Pb-Bi2212). 
Figure 1 shows the incident photon-polarization 

Fig. 1:  RIXS spectra of Pb-Bi2212 (a) RIXS scattering geometry. 
The angle between the incident X-ray and the ab plane 
of the sample is θi. The wave vectors of incident and scat-
tered X-rays are ki and kf, respectively. The momentum 
transfer is q = ki - kf, and its projection onto the ab plane 
is q. (b) Cu L3-edge X-ray absorption (XAS) measured in 
the fluorescent yield mode. The energy bandwidth of in-
cident X-ray is 0.6 eV. (c) RIXS spectra with incident X-ray 
energy set to the L3 absorption threshold, and 0.6 eV 
and 1.2 eV above the threshold using π-polarized (color) 
and σ-polarized (black) X-rays with θi = 110° and 20°, i.e. 
grazing-exit qΙΙ = −0.734(π, 0) and grazing-incidence qΙΙ 
= 0.734(π, 0), respectively. Spectra are normalized to the 
dd excitations and also offset for clarity. [Reproduced 
from Ref. 6]
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dependence of RIXS spectra 
measured at 20 K, well below 
the superconducting transition 
temperature, TC = 95 K. The polar-
ization of the incident X-rays was 
within or perpendicular to the 
scattering plane, i.e. π or σ polar-
ization, respectively, as shown in 
Fig. 1(a). Figure 1(b) plots the 
L3 X-ray absorption spectrum of 
Pb-Bi2212. Figure 1(c) shows RIXS 
spectra excited with π- and σ-po-
larized X-rays of energy set to the 
L3 absorption threshold, and at 0.6 
and 1.2 eV above the threshold. 
The RIXS intensities for energy loss 
between 1 and 3 eV arise from dd 
excitations of the Cu 3d states. For 
energy loss between 0 and 1 eV, 
the RIXS spectra are sensitive to 
the incident photon energy and 
polarization, showing significantly 
different incident photon energy 
dependence for π and σ polariza-
tions.  

As exact diagonalization cluster 
calculations of a t-t’-J Hubbard 
model showed that the cross sec-
tion of a single spin-flip excitation 
is enhanced for incident X-rays 
of σ-polarization in grazing-inci-
dence geometry (q|| > 0), and for 
incident X-rays of π-polarization 
in grazing exit geometry (q|| < 0), 
the authors recorded RIXS spectra 
under these conditions (see Fig. 
2). With grazing-incidence X-rays 
of σ-polarization, the authors 
found that the centroid of the 
broad low-energy RIXS feature 
shifts to higher loss energies 
with increasing incident energy, 
as plotted in Fig. 2(a), and is 
indicative of its fluorescence-like 
character. In contrast, as shown in 
Fig. 2(b), the RIXS intensity at an 
energy loss about 300-350 meV 
using π-polarized X-rays exhibits 
no shift with the incident photon 
energy, indicating its Raman-like 
nature. The authors also per-
formed momentum-dependent 
measurements using π-polarized 
incident X-rays to highlight the 
magnetic excitations (Fig. 3), with 

Fig. 2:  Plots of RIXS excited with X-rays at selected energies. RIXS spectra measured 
with (a) σ-polarized incident X-rays under a grazing-incidence geometry, and (b) 
π-polarized incident X-rays under a grazing-exit geometry. The RIXS spectra of 
each scattering geometry are normalized to the elastic scattering of energy set 
to the L3 absorption threshold. The RIXS spectra are vertically offset for clarity. 
Top panels illustrate the scattering geometries in which the scattering plane is 
defined by the [001] & [100] of the Pb-Bi2212 crystal. All notations are defined 
in Fig. 1. The dashed lines serve as guides to the eyes. [Reproduced from Ref. 6] 

Fig. 3:  Intensity maps of magnetic RIXS and dispersion of magnetic excitations in Pb-
Bi2212. The momentum transfer q is varied along antinodal direction (0, 0)-(π, 0) 
in panel (a), and along nodal direction (0, 0)-(π, π) in panel (b). The RIXS inten-
sities shown in the color maps are obtained after background subtraction. The 
excitation energies shown in red open circles are deduced from RIXS data with 
π-polarized incident X-rays. [Reproduced from Ref. 6]
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momentum transfer q along the antinodal and nodal 
directions in the Brillouin zone i.e. along (0, 0)-(π, 0) in 
momentum space, Fig. 3(a), and along (0, 0)-(π, π) in 
momentum space, Fig. 3(b), respectively. The intensi-
ty maps of Fig. 3 show clear dispersions of high-ener-
gy magnetic excitations corresponding to changes in 
the energy of paramagnon excitations. It was found 
that the paramagnon excitations along the nodal di-
rection (Fig. 3(b)) are less dispersive than that along 
the antinodal direction (Fig. 3(a)), and are softened 
near the antiferromagnetic zone boundary. 

The authors thus observed two distinct types of RIXS 
excitation spectra, dominated by Raman-like and 
fluorescence-like excitations when the incident X-rays 
were π- and σ-polarized, respectively. Unlike parti-
cle-hole excitations, the collective spin excitations 
probed with π-polarized RIXS were sharp and well 
defined, not decaying into a continuum; their energy 
loss hence remains unchanged. These measurements 
confirm the collapse of the paramagnons, i.e. the no-
tably decreased bandwidth along the nodal direction. 
The results thus establish the presence of paramag-
nons in high-temperature cuprate superconductors. 
(Reported by Ashish Chainani) 

This report features the work of Di-Jing Huang and his 
co-workers published in Sci. Rep. 6, 19657 (2016).
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