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I. RIXS DATA NORMALIZATION

All RIXS data collected in ¢ and 7 channel was normalized to dd excitations.

II. POLARIZATION DEPENDENCE OF THE RIXS CROSS SECTIONS

With the single ion model [1], we assume Cu®T is in 3d? configuration and the unoccupied orbital is |dy2_y2). The
RIXS cross sections Iag=1, of the single spin-flip process (AS = 1) and non-spin-flip process (AS = 0) for a certain
spin direction are the functions of polarization and geometry of incident and scattered light. The RIXS cross section
at L3 edge (2ps/2 — 3d) can be described by [1, 2],
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where €(€¢’) and 6 are the polarization of the incident(outgoing) photon and the angle between the spin direction
and c axis, respectively. The calculated cross sections Ias=1,(0s) for both ¢ (¢’) and w(n’) polarization of the
incident(outgoing) photon are listed in table S1, where «(8) indicates the incident(outgoing) angle. In our case, the
spins are not ordered, and our detection does not discriminate the polarization of the exit light. Thus the results
listed in table S2 are spin direction 6, and scattered photon polarization integrated.
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TABLE S1: Cross sections for both o(¢’) and 7(n’) polarization of the incident(outgoing) photon calculated from
single ionic model. «(f) indicates the incident (outgoing) angle and 6, is the angle between spin direction and ¢ axis.
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TABLE S2: Spin direction and scattered signal polarization integrated cross section from table S1.

Thus the relative ratios of the spin-flip and non-spin-flip contributions for ¢ and 7 incident X-ray are given by
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It can be seen that the ratios only depend on the outgoing angle 8. When the outgoing angle 8 goes to zero,
I, as=1/Ias=0 goes to zero, which means with ¢ incidence the spin-flip signal is fully suppressed. On the other
hand, Ir as=1/Ir as=0 reach its maximum in 7 incidence, which means the spin-flip signal is maximized. Thus
keeping exit angle 8 small, i.e. grazing out geometry, and switching between incident o and 7 channel offers the best
separation the spin-flip and non-spin-flip processes in the RIXS spectra. We emphasize that, although the single ion
model does not strictly apply to the system we studied, it serve as an useful guidance for geometry selection.
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FIG. S1: Cross-fitting process for (a) 7 channel and (b) o channel at [0.97, 0] with x=0.07. The total fit (red) to the
experiment data is obtained by the sum of several components: elastic line, phonon C (C’), paramagnon A ,
multimagnon-dominating component B(B’), dd excitation E(E’) and background D (D’ ).

III. CROSS-FITTING METHOD

The raw data taken in o and 7 incidence channel can be written as

177 =M™ 4 I3,
where M™ indicate the paramagnon and multimagnon components which we are interested in, and I, include
elastic peak, phonon, dd excitation and particle-hole continuum which can be fitted by simple Gaussian function and
linear base. We write M ™7 as a combination of the spectral weight from both spin-flip and non-spin-flip channels,

M™ = RG-S + R - Sut (S4)

We first extract the line shape of M7 from data collected with ¢ incidence in which case the multimagnon component
dominates, and this is demonstrated in Fig. S1(a). The spectrum is decomposed into elastic peak, multimagnon-
dominating component B’ corresponding to M7, linear base D’ and dd excitation E’. The elastic peak and dd peak
are fitted by Gaussian function. The multimagnon-dominating component B’ is fitted with a free line-shape function,
which includes arbitrary multiple peaks necessary to account the overall spectral curve. With B’ obtained, it is used
as the input to fit the spectra collected with 7 incidence with a fitting parameter b. The overall spectra from 7
incidence are

I"=a-S¢+b-M°+C+D+E (S5)

where a = R} — RGRY:/R~:, b= Rl:;/R7, and the spin-flip component Sy in our fitting is described by a damped
harmonic oscillator function (see Sec. IV). Such fitting approach is demonstrated in Fig. S1(b). By this cross-fitting
method, we separate the pure paramagnon A from multimagnon component. The fitting quality of such cross-fitting
method for all data presented are shown in Fig. S2.

For comparison, we also did a simple fitting following the previous work [3]. And the results are shown in Fig. S3.
Here all components are fitted by Gaussian functions.
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FIG. S2: Cross-fitting method shown in Fig. S1 for doping varying from z = 0.07 to = = 0.185 at [0.97,0] and
[0.67,0].

IV. DAMPED HARMONIC OSCILLATOR

The spin-flip contribution is fitted with a damped harmonic oscillator function,
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FIG. S3: Simple Gaussian fitting to 7 channel only for doping varying from x=0.07 to x=0.185 at [0.97, 0] and
[0.67,0] as a comparison with Fig. S2. Similar to the former, pink line is referred as paramagnon component.

where w, = y/wg — I'2 is the propagating frequency (the real part of the damped harmonic oscillator pole w, =

+/wi — I‘g +il'y), and A; = Ag - wo/wg. In our fitting, wy is always larger than I'y, suggesting the measured spin-flip
excitations in our doping range are propagating excitations.
The maximum of the peak is given by

1
Winax = \/g (w3 = T3+ 2y Jwi +wpTs +T2)
which is larger than w, [4].

The obtained doping dependence of A, is shown in fig. S4(a) and S4(c). At both Q points, A, increases strongly
as function of doping. Such increasing is required by the experimental observed spectral weight evolution. Once the
fitted damped harmonic contribution is normalized by A, to remove its scaling effect (fig. S4(b) and fig. S4(d)), the
resulted spectra are strongly compressed at higher doping, inconsistent with the experiment observation.

V. CONSIDERATION ON THE SELF-ABSORPTION EFFECT

The grazing out geometry employed is important for our cross-fitting approach, but it also brings enhanced self-
absorption effect for the scattered signal during its out-going path through the sample. The impact from the self-
absorption is discussed in this section. Before the details, we make the statement that the self-absorption is not
critical to our analysis and conclusions.

If we assume the absorption coefficient u(w) for the photons in the energy range of our interest is energy-independent,
the self-absorption will act as just an overall normalization factor to our data with the fixed grazing-exit angle
geometry. So the question becomes: how significant is the variation of the u(w) as a function of energy in the range
of our interest. Ideally it would be preferable to directly measure the p(w) on our sample. But LCCO has to be
stabilized on a substrate from PLD growth, so it is impossible to perform a “true” absorption measurement which
requires transmission geometry. Total electron yield measurements are surface sensitive and probe a different volume
to that studied in RIXS. Total fluorescence yield measurements suffer from (i) self-absorption effect related distortions
and (ii) changes in the ratio of fluorescent and Auger processes through the absorption edges.
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FIG. S4: The evolution of fitting parameter A, upon doping is shown in (a) for Q) = [0.97,0] and (c) for
Q= [0.67, 0], respectively. The line-shape of single magnon component normalized by A, are shown in (b) for
Q) = [0.97,0] and (d) for Q)= [0.67, 0], respectively.

To properly evaluate the self-absorption effect, we checked two independent procedures to estimate p(w) from x-ray
fluorescence, which give consistent results. Data fitting with estimated absorption correction is also given.

The calculated X-ray attenuation length for LCCO from the center for X-ray Optics(CXRO) [6] is shown in the
upper panel of fig. S5. Although there is a clear jump at the Cu-L edge, the major absorption channels around 930eV
are from O and La, with certain contribution from Ce. We are aware that there are published attempts to make self-
absorption correction to the cuprate RIXS signal by assuming the measured fluorescence yield signal is proportional
to the p(w) [7-9]. On the other hand, it is known that, if there are multiple fluorescence emission channels, the
assumption that u(w) is proportional to the measured total fluorescence yield signal is questionable [5].

The CXRO calculation is based on the tabled values by B.L. Henke, E.M. Gullikson, and J.C. Davis [10], which
catches the core hole to continuum absorption channels well but cannot describe the near L-edge resonant feature
w(w ~ wres). To get the u(w) of the L-edge, one needs more specialized measurements.

An elegant work along this line was presented by A. J. Achkar et al [5]. They used the so called inverse-partial-
fluorescence-yield (IPFY) technique to extract the total x-ray absorption coefficient p(w) for NiO across the Ni-L
edges. This measurement is technically more demanding, but the multiple fluorescence emission channel mixing
problem is avoided. As a result, they obtained the u(w) as shown in the lower panel of fig. S5. The green line
is from CXRO calculation, and the multiple-overlapping lines are the extracted total u(w) from data at different
measurement geometries. At the pre-edge around 845eV, pNi© (wpre) is 2.2um ™1, the continuum absorption channels
from Ni contributes a step of ApNO = ;NiO (Wpost) — pNio (Wpre) = 6.1um~1. At the Ni Lz-edge resonant peak, the
total ,uNiO(wres ~ 854eV) reaches 31.0 um ™

We use the above as a guidance to estimate the p(w) for our sample. In NiO, Ni is in an oxygen octahedral coordinate
environment. Thus the Ni-orbital configuration is similar to Cu in LCCO. For LCCO, CXRO calculations indicate
pECCO (wpre) = 5.4pm ™t and a continuum step of AptCCO = ECCO(w ) — plC9O (W) = 1.2um 1. Considering
the atom-per-unit-volume ratio of Cu-in-LCCO: Ni-in-NiO is about 1: 5.1, this is consistent with the 1.2:6.1 = 1:5.08
ratio of the continuum absorption steps in the two materials. With this discussion base set, we assume the d orbital
partial absorption coefficient vs. continuum absorption steps ratios are the same for Ni-L edge in NiO and Cu-L edge
in LCCO, and consider there are two unoccupied d states in NiO and one unoccupied d states in LCCO. As a result,
we can have the following relation:

) < MLCCO(Wres) _ NLCCO(wpre) ) _ MNiO(wres) _ ,UNiO(Wpre) (87)
ULCCO (Wpost) - MLCCO (wpre) UNIO (WPOSt) - MNIO (Wpre)



U T T T T T T T T

X-ray absorption coefficient for Lal.93Ce0.07Cu0O4 from CXRO

abs. coeff (1/um)

0 'S 1 1 1 1 1 1 1 | =
200 300 400 500 600 700 800 900
incident energy(eV)

— CXRO W(E)

Ni L,

W) (1/um)

860 870 880
FIG. S5: Upper panel: simulated X-ray absorption coefficient for LCCO from CXRO. lower panel:total absorption
coefficient p(w) for NiO using inverse partial fluorescence yield (IPFY) method [5]. The green line is from CXRO

calculation and the multiple-overlapping lines are the extracted u(w) at different measurement geometries.

Thus for LCCO (z = 0.07) at Cu-L3 resonant peak, the total absorption coefficient comes out as
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FIG. S6: (a) Fluorescence yield signal of LCCO for different doping levels. (b) The estimated absorption coefficient
extracted from Fluorescence yield by eq. S8. (c¢) The absorption correction B = (Ziﬁg . M‘Eg‘;:z) +1)/C, where C ratio
is applied to make B equal 1 at energy loss of 1eV, setting an anchor point for better view and comparison with

data before correction.

With the above discussion, we now examine our fluorescence yield data on LCCO at grazing-in geometry with
incident angle of 16 degrees and out-going angle of 114 degrees (S6(a)). This geometry much reduces the complexity
from multiple fluorescence emission channel mixing as the incident beam path absorption is the leading effect. We
assume:

1) the above derived values are good numbers for the u(w) of pre-edge and on the Cu-Lj3 edge fluorescence peak;
2) in the narrow energy range of the fluorescence peak rising edge, the variation of pu(w) is proportional to the relative
increasing of the total fluorescence yield strength. Thus we have the following equation:



kOO0 () — LOCO (g ) [LOCO () _ [LCCO(y ) (88)
OO0 (wres) — UHCCO (wpre )  TVCOO (wyeg) — TLCCO (Wpre)

where I"¢€O(w) is the intensity of fluorescence yield. With eq. S8, the u¢¢©(w) of different doping is extracted,
which is shown in fig. S6(b). From these j(w) values, we can obtain the corrected RIXS spectra IEIXS by multiplying

the experimental data with the correction coefficient

RIXS _ yRIXS
I =1 -B
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b= (Sinﬂ plwne) | 1) /e

(59)

where p(w;, €;) is the absorption coefficient for the incident X-ray. An additional C ratio is applied to make B equal
1 at energy loss of 1leV, setting an anchor point for better view and comparison with data before correction. The
correction coefficient B for different doping level are shown in fig. S6(c).

We emphasize that this p(w) reduction is an estimation, rather than a quantitatively precise procedure. But it
can give an adequate evaluation of the impact of the self-absorption correction to our analysis. We note that the
self-absorption correction package FLUO developed by Daniel Haskel [11] gives a similar correction coefficient as we
present here, which serves as a good cross-checking.

The whole data set is re-fit with the above corrections. The comparison of the corrected data and fitting results
to those without correction are shown in fig. S7. We see that there is an overall down shift of the obtained w, and
wmax Oof a few meV's, while the doping dependent behavior has no qualitative difference from our original fitting
results. Although we believe the above correction deduction is quite reasonable for self-absorption effect evaluation,
the numbers are not from a designed and controlled measurements. Thus we prefer to present the original fitting
results in the main text.
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FIG. S7: The comparison of the corrected data and fitting results to those without correction . The spectra are
shown in (a)-(c) and the evolution of fitting parameters upon doping are shown in (d)-(i).
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