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ABSTRACT

Microscopic details

In Fig. S1 we show a TEM image containing the boundary between the IT and X sheet orientations, thus unambiguously
showing the existence of both phases in the same sample, as presented in the paper. The experimental settings were same as in
Ref.!

Fitting details

In Fig. S2 we show the fit of the orbital excitations of a typical RIXS spectrum. The experimental data is represented by the
blue line in the middle section, the fitted line is the broken line in the same section. The top section shows the residuals and the
lower section displays the individual Gauss functions used. Peak 1 and O correspond to the d > orbitals on Cu sites with and
without apical oxygen, respectively. Peak 2 represents the dy; and d,, orbitals (degenerate in tetrahedral symmetry) and peak 3
represents the d,, orbital.

The fitted values are E, = —1.486+0.003eV, E,; /. = —1.788 £0.003 eV and E » = —2.704 £0.003 eV. The values of D,
and Dy were derived by the equations Ae, = 4D+ 5D; and Ay, = 3D — 5D,%, where AE, and Ary, are the splitting between
the e, and 1, peaks, respectively. In the present case, the former are constituted by the elastic line (x2 —y?) and the z> orbital,
while the latter is the splitting between the xz/yz and the xy orbital. The value for 10Dg = 1.486 +0.003 eV was derived by the
splitting between the x> — y* and the xy orbital, in line with previous work>3. However, it should be noted that the 10Dq value
can also be calculated by the difference of the centroids of the #,, and e, orbitals, which yields a substantially different value of
10Dg = 0.3354+0.005 eV. The difference between these values shows that the single ion model is not sufficient to explain the
crystal field splittings in these materials and covalency has to be taken into account.

For the fit to the magnetic part of the RIXS spectra as exemplified in Fig. 2b of the main paper, we chose three Gaussian lines
to account for contributions of the elastic line (peak A), the single magnon excitation (peak B) and multi-magnon contributions
(peak C). Our justification for choosing Gaussian line profiles for both peak A and peak B is that the experimental response
function for RIXS in this case is a Gaussian profile and we expect this to be the main contribution to the linewidths of both
profiles. For peak C, an asymmetric line shape is expected due to higher order contributions besides the bi-magnon excitations.
However, we expect these to be small and have an insignificant impact on the fitted position of the single magnon peak B.
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S 1. TEM image of phase boundary between both chain types. This is clearly distinguishable from the 2D structure in the thick
limit case shown in Ref!

Magnetic excitations

To further elucidate the nature of the magnetic excitations, we measured the 8uc sample also in I'— M direction, see Fig. S4.
These measurements were taken in grazing exit geometry and 7 polarisation in order to maximize the cross section of the single
magnon excitations and to quench the contribution of multi magnons. We can clearly see that the periodicity of the excitation is
as expected for a 2D compound, as a 1D compound would show just a stretched out spinon dispersion.
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S 2. Fitted orbital excitations used to determine 10Dg, Dt and Ds.

S 3. Sketch of the experimental setup and scattering geometry with respect to the sample surface. Q is the included angle (in
the present case, it was fixed at 50°, i.e 180 ° minus the scattering angle of 130°.). ® is the incidence angle of the beam with

respect to the surface and can be used to change the in-plane projection q of the absolute transferred momentum kp; .
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S 4. Magnetic excitations for the 8uc sample in I" - M direction. Right panel: Contour plot of the RIXS data. The line plotted
on top represents the Linear spin wave theory given in Eq. 1 in the methods section of the main paper, using the fitted results of
J=163meV and Jc=52meV. Right panel: line plots of the same data.
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