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Unraveling higher-order contributions to spin excitations probed using
resonant inelastic x-ray scattering
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Resonant inelastic x-ray scattering (RIXS) is an evolving tool for investigating the spin dynamics of strongly
correlated materials, which complements inelastic neutron scattering. In isotropic spin-% Heisenberg antiferro-
magnetic (HAFM) spin chains, both techniques have observed non-spin-conserving (NSC) excitations confined
to the two-spinon phase space. However, a recent O K-edge RIXS study of the one-dimensional HAFM
Sr,CuO; observed spin-conserving (SC) four-spinon excitations outside the two-spinon phase space. Here, we
demonstrate that analogous four-spinon excitations can also be accessed at the Cu L3 edge in the related material
SrCuO,. Through detailed modeling, we establish that these excitations appear in both the SC and NSC channels
of the Cu L3 edge, and are only captured by higher-order terms in the ultrashort core-hole lifetime expansion.
Since these terms encode information about spin-spin correlations extending beyond nearest neighbors, our
results offer different possibilities for studying nonlocal spin correlations in quantum magnets.
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The elementary excitations of a system encode information
about the microscopic origin of its behavior. For example,
magnetic excitations are extensively studied in high-T; su-
perconducting cuprates for their possible role in the pairing
mechanism and provide access to critical physical parameters
such as their correlation strength, superexchange interactions,
and electronic structure parameters [1-7]. Inelastic neutron
scattering (INS) has traditionally been the method of choice
for probing magnetic correlations. In recent years, however,
resonant inelastic x-ray scattering (RIXS) has emerged as an
important complementary technique [8—19]. Its large scatter-
ing cross section and element specificity are advantageous
over INS for small sample volumes, as well as for complex
systems with multiple magnetic elements [20,21].

While the relationship between the INS cross section and
the dynamical spin structure factor S(q, w) is well under-
stood, the same cannot be said about the RIXS cross section,
which is described by the Kramers-Heisenberg (KH) formal-
ism [8]. The RIXS intensity can only be directly equated with
dynamical structure factors under certain scattering condi-
tions [22] or in the limit of an ultrashort core-hole lifetime
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(UCL) [23], a fact that is becoming more evident with the
recent developments in resolving the polarization of scattered
x rays [11,24,25]. Moreover, the elemental sensitivity of RIXS
means that one needs to account for the details of the edge
to understand its spectra. For example, for copper oxide ma-
terials, only spin-conserving excitations are allowed at the
oxygen (O) K edge while both spin-conserving (SC, ASyy =
0) and non-spin-conserving (NSC, AS,c = 1) excitations are
allowed at the copper (Cu) L edge.

These aspects complicate the interpretation of RIXS ex-
periments; however, they have also led to the observation of
novel excitations [26-31]. For example, SC four-spinon exci-
tations have recently been observed outside the two-spinon
continuum [28,29] in the one-dimensional (1D) isotropic
Heisenberg antiferromagnetic (HAFM) spin chain Sr,CuOs.
Before this, INS studies had only uncovered four-spinon ex-
citations outside of the two-spinon phase space in materials
with frustrated magnetic interactions [32] or long-range in-
terorbital hopping [33]. In contrast, for isotropic 1D HAFMs,
INS has only been able to infer the presence of four-spinon
excitations within the two-spinon continuum through pre-
cise measurements of the spectral weight of S(g, w) [34,35].
O K-edge RIXS, on the other hand, observes such excita-
tions directly because of the finite lifetime of the O 1s core
hole, which enables long-range double spin flips in the sys-
tem. This observation thus provides another tool for directly
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accessing long-range spin dynamics in quantum materials. Its
utility, however, would be greater if similar effects could be
demonstrated at the shorter-lived transition metal L edges, as
it is richer and the UCL approximation is justifiable at this
edge [22,23].

In this Letter, we study the spin dynamics of the 1D
HAFM SrCuO, with high-resolution Cu L;- and O K-edge
RIXS. We observe excitations in the two-spinon continuum,
in agreement with INS on this system [36]. However, we
also observe considerable spectral weight from four-spinon
excitations outside of the two-spinon continuum, but with
distinct distributions of spectral weight at each edge. The
four-spinon excitations observed at the O K edge appear in the
SC channel, as reported in a related work on Sr,CuQOj [28].
Using detailed theoretical modeling within the KH formalism
for the ¢-J model, we demonstrate that the four-spinon ex-
citations observed in the Cu L3-edge spectra appear in both
SC and NSC scattering channels. We further evaluate other
dynamical correlation functions derived from the UCL ex-
pansion to show that these four-spinon excitations can only
be accounted for by higher-order terms of the expansion in-
volving long-range spin-spin correlations. These observations
further demonstrate the utility of RIXS for studying magnetic
correlations in quantum materials.

SrCuO; contains edge-shared CuQO, plaquettes arranged
in a zigzag geometry with negligible interchain coupling
[Fig. 1(a)] [36—41]. The Cu sites have 3d° valence configura-
tions in the atomic limit with a hole in the d,>_> orbital. Due
to strong intrachain coupling, the system effectively behaves
as a 1D spin—% HAFM chain above Ty = 5 K [36,41]. The
zigzag arrangement of the plaquettes creates two inequivalent
oxygen sites denoted O4 and Og, as shown in Fig. 1(a). Due
to the element specificity of the RIXS process, excitations
of the in-chain Op or Cu sites can be isolated by fixing
the incident energy to x-ray absorption spectra (XAS) peaks
from these respective elements. We obtained the resonant
energies of the Op and Cu sites from the XAS collected at
the O K (resonance at ~529.8 eV) and Cu L3 (resonance at
~931.8 eV) edges, respectively [see Supplemental Material
(SM) Fig. S1] [40,42]. RIXS spectra on SrCuO, at 13 K were
collected at the O K and Cu L3 edges with energy resolutions
of ~27 and ~42 meV, respectively, at 121 beamline, Diamond
Light Source, U.K. [43]. Throughout, the momentum transfer
component along the chain direction (g ) is presented in units
of 27 /b.

Figures 1(b) and 1(c) show the RIXS spectra from SrCuO,
for gy = 0.175 at the Cu L3 and O K edges, respectively.
Similar to RIXS results on the related compound Sr,CuOs,
phonon excitations and their overtones are observed below
~0.2 eV for both edges [26,28]. The intense feature close
to 0.35 eV energy loss at the Cu L3 edge can be ascribed
to a two-spinon excitation and approximated by the dynam-
ical structure factor computed using the Miiller ansatz after,
adopting an exchange coupling J = 0.225 eV [36,44]. A
weaker feature is also observed at the O K edge at a similar
energy. Figures 1(d) and 1(e) show the RIXS spectra for
gy = 0.0 at the Cu L3 and O K edges, respectively. For both
edges, significant spectral weight is observed, peaking close to
0.5 eV. Since the weight of the two-spinon continuum is zero
at this momentum point, and the orbital and charge-transfer
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FIG. 1. (a) A schematic diagram of the RIXS scattering geom-
etry for SrCuO,. (b) and (c) show the low-energy Cu L;- and O
K-edge RIXS spectra, respectively, measured at gy = 0.175. (d) and
(e) show the corresponding data at g; = 0. Also shown in (d) is the
RIXS spectrum multiplied by a factor of five and vertically shifted.
At g = 0, the energy of the two-spinon excitations and their spectral
weight are zero. For ¢ = 0.175, the two-spinons are approximated
by the Miiller ansatz [44]. The vertical dashed line indicates the
upper boundary of the four-spinon continuum [45]. In all cases,
additional spectral weight (marked by arrows) is observed outside
the two-spinon phase space but inside the four-spinon phase space.

excitations lie above 1.5 eV, these features likely arise from
four-spinon excitations [28]. Overall, it appears that RIXS
probes similar excitations at both edges but with substantially
different scattering cross sections, giving rise to distinct spec-
tral weight distributions. For a better understanding of the
RIXS cross sections, we next map these excitations in the
energy-momentum space.

Figures 2(a) and 2(b) present the momentum-resolved
RIXS intensity maps at the O K and Cu L; edges,
respectively. The lower and upper boundaries of the two-
spinon phase space, a)lzs(q) = 7J|sin(gh)| and wis(q) =
mJ|sin(gb/2)| [44], are plotted over the maps for J =
0.225 eV. A highly dispersing spectral weight is observed
within this phase space, consistent with INS experiments
on SrCuQO, [36]. The two-spinon continuum composed
of fractionalized spin-% entities has been previously ob-
served at Cu Ls-edge RIXS for Sr,CuQOj;, Ca,CuOs, and
CaCu,05 [26,28,46,47], where they arise from a spin-flip
scattering process enabled by the strong spin-orbit coupling
in the 2p core level. In O K-edge RIXS, where a single spin
flip is not allowed, two-spinon excitations are created by a net
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FIG. 2. (a) O K-edge and (b) Cu Ls-edge RIXS intensity maps
for momentum transfer along the chain. The brown color represents
the maximum spectral weight in the color scale. The two-spinon
continuum boundaries are shown by blue dashed lines. Horizontal
dashed green lines mark the higher-energy limit of the phonon ex-
citations. The RIXS spectra shown in Figs. 1(b)-1(e) correspond
to the vertical black dashed lines. Model intensity maps for spin
excitations at the (c) O K edge and (d) Cu L; edge computed using
the Kramers-Heisenberg formalism.

spin-zero nearest-neighbor double spin-flip process [28,48].
Further, due to the longer core-hole lifetime at the O K
edge, quantum fluctuations lead to the formation of addi-
tional domain walls in the intermediate state [28]. Four-spinon
excitations are thus formed, appearing as an additional con-
tinuum of excitations located outside the two-spinon phase
space [Fig. 2(a)] but within the four-spinon phase space ex-
tending up to wyg(q) = 7wJ/2[1 + cos(gb/2)] (~1.4 eV for
J = 0.225 close to g = 0) [45].

Interestingly, we also observe significant spectral weight
outside the two-spinon phase space in Cu L3-edge measure-
ments. Similar features were reported by Ref. [28], but were
not explored further. Notably, the four-spinon spectral weight
distributions are drastically different between the two edges
for the same system. While they form a bulbous shape with
the largest weight close to gy =0 at the O K edge, they
have a flatter distribution with weight collected near the upper
boundary of the two-spinon continuum at the Cu L; edge.

The low-energy spin dynamics of corner-shared cuprates
are well described by the #-J Hamiltonian [28,36,49-51]

1
H=—tY ¢&,e,+1Y. <Si -Sit1 — Zn,-n,-+l). (1
(i,]),0 i

Here, ¢t and J are the hopping integral and exchange cou-
pling, respectively, between nearest neighbors (i, j); & (¢; )
is the creation (annihilation) operator for a spin-o (= T,vJ,)
hole at site i under the constraint of no double occupancy;
=y, EIGE ;o 1s the number operator; and §; is the spin
operator at site i. We use J = 0.225 eV from the energy-

momentum distribution of the two-spinon continuum in our
RIXS experiments and + = 0.3 eV, typical for cuprates.

We solved Eq. (1) on 24 site chains using exact diagonal-
ization (ED) and evaluated the RIXS intensity /(g, w) using
the KH formalism [8],

. 2
D) D
3 1D D) [

E; + win — E, +iT,

I(q, w) x Z
f n
2

In the above expression, the incoming (outgoing) pho-
tons have energy wi, (woy) and momentum ki, (ko ); @ =
Win — oyt and g = ki, — koyy are the energy and momen-
tum transferred along the chain direction, respectively; |g),
[n), and |f) are the initial, intermediate, and final states
of the RIXS process with energies Eg, E,, and Ef, respec-
tively; Dy = Zm e*RiD; , is the dipole operator describing
the 2p —3d (Dio =Y ,¢,p,) and s — 2p (D;, =
(Civ10 — 51’,0]5;0) transition [28,29], where p;a and sza are
creation operators on the 2p and ls core levels, respectively;
and ', is the core-hole broadening related to the inverse
core-hole lifetime. For our numerical calculations we use
', =0.3 eV (Cu L3 edge) and 0.15 eV (O K edge) for all
n [22,52]. Figures 2(c) and 2(d) show the calculated spectra,
which capture the two- and four-spinon excitations at both
edges.

The RIXS spectra at the Cu L3 edge have contributions
from both the NSC and SC channels [9,18] while the O K edge
has contributions from only the SC channel. To demonstrate
this, Figs. 3(a) and 3(b) show the spin-resolved contributions
to the Cu Ls-edge RIXS intensity from the NSC and SC
channels, respectively, highlighting the features outside the
two-spinon phase space. Figure 3(c) shows the computed in-
tensity profiles of the two channels for momentum transfers
along the chain, obtained by integrating the spectral weight
along the energy axis within the region enclosed by the red
dashed lines in Figs. 3(a) and 3(b). The profiles have been
normalized to their maximum values in the probed portion of
the Brillouin zone for comparison. From Figs. 3(a) and 3(c),
it is clear that the four-spinon excitations in the NSC channel
have the maximum spectral weight close to the upper bound-
ary of the two-spinon continuum and a negligible weight at the
zone center. Conversely, the four-spinon excitations observed
in the SC channel have maximal spectral weight close to
q = 0. In Fig. 3(d), we show the experimental Cu L3-edge
RIXS intensity profile from the same region [see Fig. 2(b)
and SM Fig. S2 for the full map [42]]. The experimental
profile can be well described by a sum of the NSC and SC
channel profiles (in aratio ~1 : 1.92) and a linear background.
Our results show that both NSC and SC four-spinons have
significant weight outside the two-spinon phase space when
probed using Cu Ls-edge RIXS. This result also explains why
the spectral weight distribution in this region of phase space is
substantially different from that at the O K edge, where only
SC excitations are allowed.

While the KH formalism captures the spectral weight dis-
tribution of both the two- and four-spinon excitations, it is
desirable to identify the correlation functions leading to these
excitations using the UCL expansion [9,23,53]. For a half-
filled antiferromagnetic d° cuprate, the zeroth-order terms in
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FIG. 3. The calculated Cu L;-edge RIXS spectra in the (a) NSC
and (b) SC channels, computed using the Kramers-Heisenberg for-
malism. The brown color represents the maximum spectral weight
in the color scale. (c) The normalized intensity profiles of the two
spin channels obtained by integrating the region marked by the red
dashed lines in (b) and (c). (d) The integrated intensity profile for
the same region obtained from the Cu L;-edge RIXS experiment on
SrCuO,. The continuous line is a weighted sum of the NSC and SC
channel profiles shown in (c) and a linear background to match the
experimental profile (see text).

the expansion of the SC and NSC channels are elastic scat-
tering and the conventional dynamical spin structure factor
S(q, w), respectively [9,42,54]. Corrections to these terms are
provided by the higher-order terms in the UCL expansion.
For a 1D HAFM, the next generalized correlation functions
appearing in the NSC and SC channels are shown in Fig. 4.
The kth-order terms in the UCL expansion are

2
Stosc(@ ) =Y [(FION 19| 8(Es — E, — w),
f

where O{(:QSC = \/LN Yo ek 0%)&, and OEI,fC = SI[S; -
(Sis1 +Si-DlF and O =[Si- (Sip1 + Sim)]* are  the
effective operators in each channel. Figures 4(a) and 4(b)
demonstrate that the spectral weight of the k = 1 terms of the
SC and NSC channels remains confined to the two-spinon
phase space [48,55]. Additional spectral weight only appears
outside the two-spinon phase space at second order [Figs. 4(c)
and 4(d)]. In other words, the four-spinon excitations seen
in the Cu Ls-edge RIXS experiment are not captured by
the first-order nearest-neighbor correlation functions and
represent higher-order longer-range spin-spin correlations
(see SM [42]).

In conclusion, we have demonstrated that both O K-
and Cu Lj-edge RIXS can probe four-spinon excitations
outside the two-spinon phase space in the 1D HAFM sys-
tem SrCuO,. We further showed that these four-spinon
excitations encode information about long-range spin-spin
correlations due to the lifetime of the intermediate state’s core

Energy transfer (eV)

09550 -0.25 0.00 0.25 050 °50 -0.25 0.00 0.25 050
qy (2n/b) qy (2n/b)

FIG. 4. The generalized dynamical structure factors Sy sc(¢, )
appearing in higher-order terms of the UCL expansion. (a) and
(b) show the intensity maps of the first-order (k = 1) terms in the
NSC and SC channels, respectively. (c) and (d) show the intensity
maps of the second-order (k = 2) terms in the NSC and SC chan-
nels, respectively. The brown color represents the maximum spectral
weight in the color scale.

hole. Higher-order terms in the UCL expansion of the SC
channel were explored previously in the context of two-
magnon excitations in Cu K-edge RIXS studies of two-
dimensional cuprates [53,56]. But the relevance of these terms
for Cu L;-edge RIXS has not been widely explored [9]. We
find that terms up to the second order in the UCL expansion
are needed to achieve even a qualitative description of the
four-spinon excitations at the Cu L3 edge. Our work illustrates
that the Cu L3-edge RIXS is more sensitive to long-range
quantum spin fluctuations in low-dimensional quantum mag-
nets than previously reported. In particular, the NSC channel
at this edge probes different long-range correlation functions,
which one can exploit for exploring higher-order many-body
spin dynamics in a wide range of systems irrespective of their
dimensionality or spin degrees of freedom. Additionally, the
correlation functions without the explicit core-hole terms can
be computed using a number of techniques such as the Bethe
ansatz [55], continuous unitary transformation method [57],
and quantum Monte Carlo, which can grant access to larger
system sizes than ED and reveal other insights about quantum
magnets.
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