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Strong electron correlations drive Mott insulator transitions. Yet, there exists no framework to classify
Mott insulators by their degree of correlation. Cuprate superconductors, with their tunable doping and
rich phase diagrams, offer a unique platform to investigate the evolution of these interactions.
However, spectroscopic access to a clean half-filled Mott-insulating state is lacking in compounds
with the highest superconducting onset temperature. To fill this gap, we introduce a pristine, half-filled
thallium-based cuprate system, Tl,BasCu,O,. Using high-resolution resonant inelastic x-ray
scattering, we probe long-lived magnon excitations and uncover a pronounced kink in the magnon
dispersion, marked by a simultaneous change in group velocity and lifetime broadening. Modeling the
dispersion within a Hubbard-Heisenberg approach, we extract the interaction strength and compare it
with other cuprate systems. Our results establish a cuprate universal relation between electron-
electron interaction and magnon zone-boundary dispersion. Superconductivity seems to be optimal

at intermediate correlation strength, suggesting an optimal balance between localization and

itinerancy.

Electron-electron interactions mediate a wealth of emergent phenomena
such as magnetism, Mott insulating behavior, and unconventional
superconductivity'. In Fermi liquids, the electronic mass renormalization
is a gauge of electron-electron correlations, and the Kadowaki-Woods
ratio yields a universal relation between mass and scattering time™.
Interestingly, for Mott insulators, no such analogous ratio exists. Estab-
lishing such a quantity could provide a powerful framework for unco-
vering links between correlation strength and emergent phases, including
superconductivity’. As magnetic interactions provide a direct fingerprint
of electronic correlations, exploring magnetic excitations offers a natural
route to quantify interaction strength®. Cuprates, as archetypal Mott
systems evolving into Fermi liquids with tunable doping, provide a
unique opportunity to link magnetic excitation spectra to the underlying
correlations and ultimately to the superconducting transition tempera-
ture T,

The cuprate phase diagram is pieced together by combining insights
from multiple compounds with distinct chemical compositions. Systems
such as La, ,Sr,CuQ, cover the entire doping range, but are reached by
chemical substitution, which inevitably introduces disorder”'’. Therefore,
more attention has been given to structurally simpler and more pristine
compounds with higher T.s such as Tl,Ba,CuOg,s (T12201)""" or

HgBa,CuO, 5'*"". However, these systems cannot be synthesized in the
highly underdoped regime. Within materials with the largest T,
YBa,Cu30¢, 5 stands out as an exception. Yet, its resonant inelastic X-ray
scattering (RIXS) spectra differ significantly from those of simpler cuprate
insulators', i.e., La,CuO, (LCO)"” and CaCuO, (CCO)", primarily due to
structural complexities including Cu-O chains, bilayer modulations, and
oxygen disorder. As a consequence, none of the clean high-T, systems
provides high-quality spectroscopic data on the Mott-insulating state. A
structurally simple compound that combines high T, with clear access to
half-filling is therefore still missing.

Here, we present a half-filled version of a thallium-based cuprate,
T1,BasCuyO, (T12504), and introduce its spectroscopic characteristics, and
compare with the overdoped, metallic TI2201. In particular, we focus on
high-resolution RIXS measurements to probe its magnetic excitation. Our
experiments reveal a large zone-boundary dispersion accompanied by a
sudden velocity change—a pronounced kink in the magnon dispersion—
concomitant with a decrease in the magnon lifetime. We analyze our data
within a Heisenberg-Hubbard model, introducing a momentum-
dependent renormalization factor'”. This enables us to identify the inter-
action strength of T12504 and make a direct comparison to other cuprate
systems.

Afull list of affiliations appears at the end of the paper.
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Results

Crystal-Field Environment

Figure la illustrates crystal structures of T12201 and TI2504%, which
exhibit distinct c-axis lattice parameters and differ in the orientation of
their CuO, planes relative to the Ba lattice (rotated by 45°). These dis-
tinctions manifest themselves in the diffraction characteristics (see
Supplementary Information (SI), Fig. S1). They are also revealed in the
structure of dd excitations present in the high-energy part of the RIXS
spectra (Fig. 1b, c). dd-excitations in cuprates are composed of three
main features (green/purple peaks) corresponding to transitions between
the d,._» ground state and the other 3d orbitals split by the tetragonal
crystal field. The splitting of t,, orbitals (d,, and the degenerate d.,.) is
smaller in the case of the bilayer system, indicating a lower buckling of
CuO; planes expected for multi-layered systems. The splitting of e,, states
(between dxz,),z and d ) scales with the distance between CuO, planes
and apical ligands™, and is greater for T12504 than for T12201. The dd
profiles exhibit additional spectral weight at 2-2.5 eV (brown peak) that
can be attributed to oxygen vacancies” and was previously observed in
(Sr/Ca)CuO, cuprates™. In TI2504, the preceding peak at 1.4 eV (gray)
can be assigned to a hybridization of Cu 3d orbitals with orbitals of
another atom in a structure, analogously to the hybridization of Ni 3d
and rare-earth 5d orbitals in nickelate oxides™*".

Mott-insulating state

By varying the oxygen content (), T12201 bridges the optimal to overdoped
range of doping (p) within the cuprate phase diagram®. The RIXS spectrum
shown in Fig. 1b is recorded on an overdoped hole concentration p = 0.25.
To illustrate the metallic nature of this doping region, we show (Fig. 1d) an
angle-resolved photoemission spectroscopic (ARPES) spectrum with bands
crossing the Fermi level at nodal points of the Brillouin zone (corresponding
magnetization data are presented in SI, Fig. S2). ARPES spectra recorded on
TI2504 (Fig. le) display no evidence of low-energy quasiparticles'"".
Instead, the spectra display a momentum-independent ~1.8 eV electronic

gap. This is comparable to what is observed in the other Mott insulating
cuprates™, suggesting that T12504 crystals represent the first reported rea-
lization of a half-filled Tl-based cuprate.

Low-energy excitations

Additional indication of the insulating nature of T12504 is provided by the
low-energy region of the RIXS spectra (below 0.5eV) (Fig. 1c). Here, a
nearly resolution-limited sharp excitation is visible, which can be identified
as a magnon mode. The observed long magnon lifetime is a characteristic
that is typically observed only in the half-filled Mott insulating state’*”’. In
contrast, magnetic excitations in the metallic TI2201 (at 0.3 eV), measured at
the same momentum transfer, exhibit significant damping in intensity and
energy (Fig. 1b), consistent with previous reports on optimally and over-
doped cuprates™*,

A detailed analysis of the low-energy part of the T12504 RIXS spectra is
shown in Fig. 2. The spectra were acquired using the 77 and o polarizations of
incident photons (see experimental geometry in Fig. 2a), covering the part of
the Brillouin zone presented in Fig. 2b. The observed intensity can be
analyzed with a four-component model (Fig. 2c—f). The sharpness of the
reported excitations enables the use of a Gaussian profile for each of them.
The excitation at ~60 meV matches the CuO bond-stretching phonon mode
previously observed in Cu L-edge studies of cuprates'*”. The single (and
multi) magnon excitations are visible for both light polarizations. The single
magnon contributions to the experimental spectra, obtained through the
aforementioned fitting procedure, are marked in Fig. 2g by a red-
shadowed area.

Single-magnon dispersion

The magnon dispersion of T12504 is shown in Fig. 3a. It is characterized by a
zone-boundary dispersion E g, between (0.5, 0) and (0.25, 0.25) points, of
about 100 meV, indicating significant ring- and/or higher-order magnetic
exchange interactions™”. The lack of a pronounced gap around the zone

center implies that the bilayer coupling’”* is below our resolving power. As
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Fig. 1 | Characteristic of single and double-layer Tl-based cuprates. a Crystal
structures of T12201 and T12504 (Cu-O bonds are indicated). b, ¢ Low temperature
RIXS spectra at (h, 0) = (0.38, 0) measured with 7 polarized incident light. Main
orbital excitations are determined from fitting with Gaussians and are denoted by
shaded areas. XAS profiles of Cu L; absorption edges, which correspond to the
transitions from 2p to empty 3d states, are presented as insets. RIXS spectra were
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collected with incident light energy tuned to the maximum of the Cu L; edge. The
RIXS spectrum for p = 0.25 doped T12201 is adapted from ref. 13. d, e ARPES band
maps taken along the nodal direction for metallic, overdoped T12201 (p = 0.25)" and
insulating T12504, respectively. The corresponding energy distribution curves in the
right-hand panels were integrated within (d) kr — 0.05 > k > kg + 0.05 with kg
marked by a dashed line or (e) within the presented range of k.
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Fig. 2 | RIXS studies of undoped T12504. a Scattering geometry used for the RIXS
experiment. k; and ksrepresent the momentum of the incident and scattered photons
within the scattering plane (red shadow) perpendicular to the CuO, plane of the
sample. The incident beam is polarized (7 or o). b Reciprocal space probed by RIXS
measurements. The gray dashed line represents the antiferromagnetic zone

boundary (AFZB). c-f The low-energy region of normalized RIXS spectra fitted by
four Gaussian components. A solid black line represents the sum of the fitting
components. g Normalized RIXS spectra for the n-polarized beam recorded along
three momentum trajectories defined by the colors in panel (b). The magnon con-
tribution to RIXS spectra, based on fitting results, is indicated as a red shadow.
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Fig. 3 | Single-magnon dispersion in half-filled TI2504. a Single-magnon dis-
persion and its inverse lifetime extracted from RIXS measurements performed with o
and 7 polarized light. The black arrow indicates a simultaneous change of magnon
energy and inverse lifetime. The gray dashed line represents the AFZB, while the
azimuthal part of the dispersion is defined by Q, = 0.5. A blue dotted line represents

the experimental energy resolution. b Comparison of magnon dispersion along (4, 0)
and (h, h) directions for selected cuprate systems. Solid lines are corresponding fits
using the Hubbard model, including the renormalization factor (see text). Datasets
for T12504 and LCO are shifted by a constant in energy scale, correspondingly by
0.8 eV and 0.12 V. Data for LCO (SCO) has been adapted from refs. 17, *.

in YBa,Cu;0,_,** and NdBa,Cu;0,_,”, our RIXS data on T12504 do not
resolve simultaneously optical and acoustic magnon branches. Across the
Brillouin zone, magnon excitations remain resolution-limited, except near
the AFZB, where they broaden and their inverse lifetime increases. A similar
suppression of the magnon spectral weight around the (0.5, 0) point has
previously been reported in several cuprate systems'”***, as well as in other
square-lattice systems with spin 1/2’*. A key new observation reported
here is that the magnon broadening along the (h, 0) direction correlates with
a clear change in the slope of the magnon dispersion (indicated by a black
arrow). This concomitant change of magnon lifetime and velocity suggests
an interaction-induced effect.

Although not discussed previously in literature, the change in slope of
the magnon dispersion around the middle of the zone is also observed in
other cuprate systems, such as SrCuO, (SCO)" (green points in Fig. 3b) or
CaCuO,”. It should be underlined, however, that this behavior is not
generic to all cuprates. In systems with very strong correlations (U/t > 8),
the magnon dispersion follows a sin(k)-shaped momentum dependence®"’.
A canonical example is LCO, whose dispersion is shown in blue in Fig. 3b.

Discussion
In the cuprates, the Mott insulating state around half-filling is characterized
by an electronic excitation gap and well-defined magnon excitations. As we
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Fig. 4 | Strength of electronic correlations. From the parametrization of magnon
dispersions with a Hubbard model (see text), U/t and Ezp are extracted for various
cuprate compounds. Fitting of magnon dispersions used data from T12504 (this
work, star), LCO", Sr,CuO,Cl, (SCOC)*, Bi,SrysLa; ;CuQg (Bi2201)*, CCO*,
and SCO".

observe a large quasiparticle gap with ARPES and resolution-limited
magnon excitations with RIXS, we conclude our TI2504 crystal is Mott
insulating at (near) half-filling. Magnons on a square lattice with nearest-
neighbor interaction (only) produce an isotropic dispersion around the zone
center. As such, the pronounced zone boundary dispersion observed in
TI12504 and other cuprates suggests that higher-order magnetic exchange
couplings are significant and indicate the presence of substantial four-body
magnon interactions’. These can be accounted for by the Hubbard model
projected into a Heisenberg Hamiltonian, where the Coulomb interaction
U, nearest, next- and next-next nearest neighbor hopping integrals (¢, t', and
¢") are included. The ring-exchange interaction J, ~ t'/U° introduces a zone
boundary dispersion. Likewise, higher-order hopping terms (¢ and t”)
produce four-body interactions that contribute to enhancing the zone-
boundary dispersion™".

To discuss the magnon dispersion observed in TI2504 (and other
cuprates), we use an approach based on non-local, single-magnon inter-
actions. The Hubbard-Heisenberg model dictates Ziwy = Z (k)e; where €y is
the bare magnon dispersion and Z (k) = Z%(1 + f,) is a non-local renor-
malization factor defined by a momentum-dependent function f".
Including the k-dependence of the Z factor is necessary to reproduce the
discontinuities in magnon velocity, as well as the substantial renormaliza-
tion of magnon energy at the AFZB, around the (0.25, 0.25) point”’. When
U/t — oo, as represented by LCO, the Z factor becomes nearly momentum-
independent. The fitted magnon dispersions obtained from this model are
presented in Fig. 3b by solid lines (a detailed description of the fitting
procedure is included in the Methods section). Enhanced contributions
from higher-order exchange interactions are reflected in finite values of f;,
giving rise to pronounced magnon dispersion at the Brillouin zone
boundary and anomalous magnon velocity effects. The strength of such
higher-order exchange terms grows as the electronic correlation parameter
U/t decreases. In the cuprates, U/t has been shown to diminish with
increasing apical oxygen distance from the CuO, planes.

Fitting parameters extracted from the Hubbard model allow us to place
TI12504 within the broader context of cuprate materials. Based on the key
energy scale in correlated systems, reflected by the U/t ratio, T12504 is
classified as a moderately correlated compound with U/t = 6.91, in contrast
to more strongly correlated systems such as LCO, where U/t = 9.79 is
obtained.

Figure 4 presents the correlation strength U/t alongside the zone-
boundary magnon energy Ep, which reflects the influence of four-body
interactions’*. Remarkably, the ratio of these two energy scales is nearly
constant across a wide range of cuprates. Recent studies have shown that Ezp
correlates with the energy of the Cu 3d,. orbital and with the distance to the

21,26

apical oxygen ", indicating that the apical oxygen distance primarily
controls the in-plane correlation strength. This suggests that realistic models
of cuprates also include out-of-plane orbitals™*. Indeed, three-orbital
Hubbard models have successfully described the magnon physics of
cuprates*' ™.

Conclusions

In this work, we have successfully synthesized a pristine Tl-based, half-filled
cuprate material, TI2504. We prove its insulating properties and char-
acterize its crystal structure. High-resolution Cu L;-edge RIXS measure-
ments reveal a large zone-boundary magnon dispersion, and a pronounced
kink in the dispersion accompanied by magnon lifetime broadening,
directly signaling the presence of significant four-body exchange interac-
tions. By fitting the dispersion to a Hubbard-Heisenberg model with a
momentum-dependent renormalization factor Z.(k), we extract a moderate
correlation strength. Moreover, we show that the ratio of the zone-boundary
energy Ezp to U/t collapses onto a universal trend across a broad range of
cuprates, underscoring the central role of apical-oxygen geometry and
interlayer screening in tuning the in-plane spin dynamics. In summary, our
results indicate that high-temperature superconductivity may emerge most
favorably at an optimal, intermediate level of electronic correlation, striking
a delicate balance between electron localization and itinerancy.

Methods

Sample growth and characteristic

TI2504 single crystals were grown using a self-flux technique. Two
0.5 x 0.5 x 0.1 mm samples were measured. c-axis crystal lattice parameter,
characteristic for the bilayered system®, was determined as 27.10 A based on
X-ray diffraction studies of (002) out-of-plane Bragg reflections performed
at the ID32 beamline at the European Synchrotron Radiation Facility
(ESRF) (see Fig. S1 in SI). The in-plane parameters of T12504 are almost V2
times the values reported for the single-layer compound”, witha=b=5.5 A.

RIXS experiments

Data for T12504 and NCO were collected at the ID32 beamline at the ESRF*.
Spectra were recorded in the medium resolution instrument configuration
(y = 33 meV) and with incident light polarization of both linear vertical (o)
and linear horizontal (7). y was determined as the full-width-at-half-max-
imum of the elastic signal from silver paint. The incident photon energy was
tuned to the absorption peak of the Cu L; resonance edge (~931 eV). The
orientation in reciprocal space was determined by Laue diffraction (in-plane
components) and on the basis of (002) out-of-plane Bragg reflections. The
wave vector Q in (gx, gy, g.) is defined as (h, k, £) = (q.ar/2m, qyar/2m, g.cr/
2m) reciprocal lattice units (r.lu.). We adopt a tetragonal reference unit cell
with a; = a/+/2 and ¢y = ¢, rotated by 45° along the c-axis with respect to
the original unit cell (Fig. 1a). In this way, ar lies along the Cu-O-Cu bond
directions in the CuO, planes and simplifies the description of magnetic
excitations compared to other cuprates. The (h, k) plane was scanned by
changing the orientation of the sample in 6 and using a fixed scattering angle
20 = 149. 5°. All data were collected at 20 K, under ultra-high vacuum
conditions (10™'° mbar).

The elastic peaks were fitted using a Gaussian function to determine the
zero-energy loss reference. All spectra were normalized in intensity to the
area within the 1 < E < 3 eV energy range. The error bars for the intensity of
the RIXS (Fig. 1) are calculated as a square root of the total photon count,
whereas the error bars for the fitting parameters correspond to three stan-
dard deviations (Fig. 3a). The inverse lifetime I' is defined by the energy
width of the single-magnon excitation G and the corresponding experi-

mental resolution y, according to the formula T = 11/G* — 2.

ARPES experiments

Measurements of TI12504 single crystals were performed at the 105 and
URANOS beamlines at the Diamond Light Source in the United Kingdom
and the SOLARIS National Synchrotron Radiation Center in Poland,
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Table 1 | Experimental parameters for ARPES measurements
Comparison of measurement conditions at the different
synchrotron beamlines for different Tl-based cuprates

Beamline 105 URANOS ADRESS
Sample TI2504 TI2504 TI2201474®
hv (eV) 60 100 428

Spot size (Um?) 50 x 50 60 x 150 10x 74
Polarization m m o

Energy 10 20 90
resolution (meV)

T (K) 200 200 20

respectively. The samples were electrically grounded using silver epoxy and
equipped with a top post for cleaving. For further strengthening of the
electrical connectivity to the cleaved surface, a graphite spray was used.
These measures eliminated the charging effects. The samples were cleaved
in situ at 200 K with vacuum conditions better than 2 x 107" mbar. The
Fermi level was calibrated by reference to the electrically connected gold foil.
The measurement conditions (including those for T12201) are summarized
in Table 1.

Modeling of magnon dispersion

The fitting of magnon excitations is based on a Heisenberg Hamiltonian
derived from the Hubbard model. The magnon dispersion is parametrized
by Hubbard repulsion U and nearest-neighbor hopping ¢, as well as higher-
order hopping terms, ie., next- (') and next-next (¢) nearest-neighbor
hopping. hw, = Z (U, t,t',t")e (U, t,,t',t"), where Z, is a momentum-
dependent renormalization factor, and €, (U, t,t,t") = /A7 — B} is a
bare dispersion with Ay and By factors determined by the fitting parameters,
as described in refs. 36-38. The ratio is set to /¢’ = —0.5, based on
experimental photoemission results and DFT calculations*****. The fitting
parameters are obtained by minimizing y’. Extended fitting results for all
cuprate materials presented in Fig. 4 are included in SI, Table S1.
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