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Supporting Information Text 
 

S1. X-ray absorption Spectroscopy 

S1.1. Linear dichroism and multi-peak fitting: 
For each polarization of the incident X-ray beam, the experimental spectra are first 
averaged and a linear background is subtracted such that the intensity well below the Cu-
L3 edge vanishes. Subsequently, the intensity is normalized to yield a unity value for the 
edge jump above the Cu-L3 edge. The spectrum for linear 𝜎𝜎 polarization of the incident X-
ray beam represents the response along the ab-plane of YBCO, 𝜇𝜇𝑎𝑎𝑎𝑎. The corresponding c-
axis response, 𝜇𝜇𝑐𝑐, has been derived from the measured spectrum in linear 𝜋𝜋-polarization, 
𝜇𝜇𝜋𝜋, and the incidence angle of the x-ray beam of 30° according to the following 
equation(1): 

𝜇𝜇𝑐𝑐 = 1/ (cos2(30°)𝜇𝜇𝜋𝜋 − tan2(30°)𝜇𝜇𝑎𝑎𝑎𝑎) 

The corresponding polarization-averaged absorption, 𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎, amounts to: 

𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎 = max
(2𝜇𝜇𝑎𝑎𝑎𝑎 + 𝜇𝜇𝑐𝑐)
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In Fig. 1 in the main manuscript, the solid symbols represent the experimental data and 
solid lines show the best fits with Lorentzian functions. The colored shading indicates when 
𝜇𝜇𝑎𝑎𝑎𝑎 > 𝜇𝜇𝑐𝑐 (𝜇𝜇𝑎𝑎𝑎𝑎 < 𝜇𝜇𝑐𝑐) and the difference (𝜇𝜇𝑎𝑎𝑎𝑎 − 𝜇𝜇𝑐𝑐) is shaded in blue (red) indicating a 
positive (or negative) value of the x-ray linear dichroism. During the fits, we fixed the 
position of the peaks in the FY and TEY spectra with a maximal deviation of 0.1eV and 
fitted both of them concomitantly. 

S1.2. XMCD spectra: 
The X-ray magnetic circular dichroism (XMCD) signal (also measured at an incidence 
angle of 30°) is proportional to the difference between the normalized spectra measured 
with right circular polarization, 𝜇𝜇+, and left circular polarization, 𝜇𝜇−, (measured at same 
temperature and applied magnetic field) according to the following equation: 

𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 =
(𝜇𝜇+ − 𝜇𝜇−)

1
2 (𝜇𝜇+ + 𝜇𝜇−)

× 100 

Here, 1
2

(𝜇𝜇+ + 𝜇𝜇−) corresponds to the XANES spectrum that is shown in the Fig S2 and S3 
for the measurements in TEY (Cu and Mn L3-edge) and FY (Cu-L3 edge) modes. 

S1.3. Experimental observation of hysteretic Cu-moment at the interface: 
The Cu-XMCD data in Fig. S2 reveal a weak FM Cu moment that originates from 

the interfacial Cu ions. This assignment is based on the distinct resonance energies of the 
bulk-like and the interfacial Cu ions at 931 eV and 930.5 eV, respectively, which are 
evident from the XAS spectra in FY and TEY mode shown in Fig. S2A. Fig. S2B reveals 
that the Cu-XMCD signal is indeed peaked around 930.5 eV and thus at the resonance of 
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the interfacial Cu ions. Figs. S3 confirms that in FY mode this Cu-XCMD signal is also 
peaked at 930.5 eV and also considerably weaker than in TEY mode.  

The FM Cu moment can be understood in terms of a canting of the planar AF order 
of the interfacial CuO2 layer that is induced by an AF exchange interaction with the FM 
Mn moments on the manganite side of the interface. The energy minimization in 
Heisenberg approximation suggests that the induced Cu moment is perpendicular to the 
Néel vector and lying within the CuO2 plane, as sketched in Fig. S3D.  

The AF nature of the exchange interaction and the subsequent antiparallel 
alignment of the Cu moment with respect to the Mn moment is evident from the opposite 
signs of the Cu- and Mn-XMCD signals in a small magnetic field of 0.5 Tesla shown in 
Figs S2B and S2F, respectively. The magnitude of 𝐽𝐽𝑀𝑀𝑀𝑀  can be estimated from the 
characteristic magnetic field dependence of the Cu-XMCD signal in Figs S2B and S2C 
which exhibits a sign reversal at a critical field of 𝐻𝐻𝑐𝑐 ∼ 3 – 4 Tesla above which it becomes 
positive as the Zeeman energy overcomes the AF exchange coupling, 𝐽𝐽𝑀𝑀𝑀𝑀  , and thus causes 
a reorientation of the Cu moment. According to our model calculations (see Eq.S4.5 below)  
this crossing point thus yields an estimate of  𝐽𝐽𝑀𝑀𝑀𝑀  ∼ 𝜇𝜇𝐵𝐵 ×𝐻𝐻𝑐𝑐∼0.5 meV. 

Such a small value of 𝐽𝐽𝑀𝑀𝑀𝑀  is also suggested by the analogy with the exchange 
coupling between Cu spins on the planar and the chain sites of the undoped and 
antiferromagnetic YBa2Cu3O6, which is theoretically predicted around 1 meV(2). 

Notably, a corresponding field-induced reorientation of the Cu moment was 
observed in YBCO/La2/3Ca1/3MnO3 heterostructures in Ref.(3), where it was shown that 
the strength of the interfacial exchange coupling  𝐽𝐽𝑀𝑀𝑀𝑀  can vary substantially for samples 
with different electronic and magnetic properties of the LCMO layers. Moreover, it was 
previously shown with XRMR that the Cu moments that give rise to the FM order are 
located on the cuprate side of the interface and thus do not arise from interdiffusion of some 
Cu ions across the interface during the PLD growth(4). A more detailed understanding of 
how  𝐽𝐽𝑀𝑀𝑀𝑀  and the induced FM Cu moment vary with the electronic and magnetic properties 
of the manganite layers, that can be strongly modified via the hole doping or the tolerance 
factor, is still lacking.  

For the present YBCO/NCSMO superlattice, the hole doping and the tolerance 
factor of the NCSMO layers are chosen such that they are very close to a phase transition 
between a FM metallic state (at lower hole doping and high magnetic field) and a 
predominantly AF and charge/orbital ordered insulating state (toward higher hole doping 
and low magnetic field). As was shown in Fig. 2 of Ref.(5), and is confirmed by the Mn-
XMCD spectra in TEY mode in Fig. S2(f), the NCSMO layers of the present superlattice 
exhibit a sizeable FM Mn moment with very low field of saturation (around 0.5 T). This 
behavior is typical for soft ferromagnets and it excludes a possible origin of the manganite 
FM moment from strong canting of the AF Mn moments. Whether this FM Mn moment 
arises from a phase separation into AF and FM regions or from a strong alteration of the 
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magnetic properties of the MnO2 layers in the vicinity of the cuprate/manganite interface 
is not established yet. 

S2. Normalization, self-absorption correction, and fitting of the RIXS spectra 

S2.1. Normalization and self-absorption correction of the raw data 

The raw counts obtained from the detector were first normalized to the input drain 
current (which is a measure of incident x-ray flux). The data after this normalization are 
presented in Fig S4. 

Subsequently, a self-absorption correction has been performed that accounts for the 
change of the interaction volume between the x-ray and the sample (film) that occurs as 
the Q value respectively the incidence angle of the x-rays is varied. For this self-absorption 
correction, which plays an important role in the intensities of the inelastic features, we have 
followed the procedure described in ref.(6, 7). As an example, Fig S5.a shows a comparison 
of an initial and a self-absorption corrected RIXS spectrum along [ℎ, 0] at 0.33a*.  

Finally, to correct for the different footprints of the incident x-ray beam at different 
incidence angles, the self-absorption corrected RIXS spectra have been normalized to the 
area of the dd-excitations as shown in Fig S5.b. Note that the area of the dd-excitation is 
proportional to the total scattering cross-section of the sample with the incident x-ray which 
does not depend on the incidence angle.  

S2.2. Fitting of the normalized data. 
The normalized and self-absorption corrected spectra (as described in section S2.1) 

have been subsequently fitted with a multi-peak model. As shown in Fig S6, the spectra 
have been reproduced with (i) 3 peaks to account for the strong dd-excitations, consistent 
with e.g. ref (8), (ii) an elastic peak at zero energy-loss that has a width similar to that of 
the experimental resolution of 42 meV, (iii) two peaks to account for the high energy 
phonon-modes (the so-called buckling and stretching mode(9)), (iv) two peaks to account 
for the magnon modes and (v) one weak peak due to a bimagnon. In addition, we have 
included a very broad background that accounts for an extension of the high-energy charge-
transfer peak. Finally, we have included an additional weak peak around an energy loss of 
–0.7 eV which arises from the orbital reconstruction effect of the interfacial CuO2 layer 
that shifts the 𝑑𝑑𝑥𝑥2−𝑦𝑦2. 

The magnon bands were fitted with the following equations:  

For E< −0.001, 

𝑆̃𝑆 = 2𝐸𝐸0𝜒𝜒�𝛤𝛤�
𝐸𝐸

�1 − 𝑒𝑒
𝐸𝐸
𝑘𝑘𝐵𝐵𝑇𝑇� �(𝐸𝐸2 − 𝐸𝐸02)2 + �𝐸𝐸𝛤𝛤��

2
�

(Eq. S2.1) 

Otherwise, 

𝑆̃𝑆 = 2𝐸𝐸0𝜒𝜒�𝛤𝛤�
𝐸𝐸

�1 − 𝑒𝑒
𝐸𝐸−0.001
𝑘𝑘𝐵𝐵𝑇𝑇 � �(𝐸𝐸2 − 𝐸𝐸02)2 + �𝐸𝐸𝛤𝛤��

2
�

(Eq.𝑆𝑆2.2) 
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Here 𝑆̃𝑆 is the spectral response of the magnons; 𝐸𝐸0 the center energy, 𝜒𝜒� the 
amplitude and 𝛤𝛤� the width of the magnon band, and 𝐸𝐸 the energy loss. A more detailed 
motivation and description of these fit functions can be found in reference (10). The elastic 
peak and phonons were fitted with the following functions: 

𝑦𝑦 =  𝑦𝑦0 + 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒
−(𝐸𝐸−𝐸𝐸𝑒𝑒𝑒𝑒)2

𝑊𝑊𝑒𝑒𝑒𝑒
2  (Eq.𝑆𝑆2.3) 

𝑦𝑦 =  𝑦𝑦0 + 𝐴𝐴𝑝𝑝ℎ𝑒𝑒
−
�𝐸𝐸−𝐸𝐸𝑝𝑝ℎ�

2

𝑊𝑊𝑝𝑝ℎ
2

 (Eq.𝑆𝑆2.4)
 

To account for their skewed shape, the crystal field excitations were fitted with bi-
Gaussian functions: 

for 𝑥𝑥 <  𝑥𝑥𝑐𝑐 

𝑦𝑦 =  𝑦𝑦0 +  𝐻𝐻𝑒𝑒
−(𝑥𝑥 − 𝑥𝑥𝑐𝑐)2

2𝑤𝑤12  (Eq.𝑆𝑆2.5) 

else  

𝑦𝑦 =  𝑦𝑦0 +  𝐻𝐻𝑒𝑒
−(𝑥𝑥 − 𝑥𝑥𝑐𝑐)2

2𝑤𝑤22 (Eq.𝑆𝑆2.6) 

To describe the bimagnons and a weak peak around -0.7eV, that arises from a low-
energy crystal field excitation that involves the 𝑑𝑑3𝑧𝑧2−𝑟𝑟2 levels of the interfacial Cu ions 
that are much closer to the Fermi-level than in the bulk-like Cu ions, we used the following 
Gaussian function: 

𝑦𝑦 = 𝑦𝑦0 + 

⎝

⎛ 𝐴𝐴

𝑤𝑤��𝜋𝜋2�⎠

⎞𝑒𝑒−2�
𝑥𝑥−𝑥𝑥𝑥𝑥
𝑤𝑤 �

2

(Eq.𝑆𝑆2.7) 

S2.3. Calculation of error bars in magnon-parameters 
The error bars in Fig. 4 of the main manuscript have been estimated as follows: 

1. Error in position and width: The maximum error in position and width has been 
estimated to be the resolution of the spectrometer during the experiment: 42 meV. 

2. Error in the Area of the magnon peaks: The Area of the magnon peaks can be 
estimated as: 

𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎𝑀𝑀1,𝑀𝑀2 = (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) × ℎ𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (ℎ𝑡𝑡)
× 𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑑𝑑𝑑𝑑ℎ 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑤𝑤) 

Consequently, the error in area is estimated as: 

𝛿𝛿�𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎𝑀𝑀1,𝑀𝑀2� = �𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎𝑀𝑀1,𝑀𝑀2� × ��
𝛿𝛿ℎ𝑡𝑡
ℎ𝑡𝑡

�
2

+ �
𝛿𝛿𝛿𝛿
𝑤𝑤
�
2
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Here, 𝛿𝛿ℎ𝑡𝑡 = 𝑅𝑅𝑀𝑀𝑀𝑀𝑀𝑀 = �1
𝑁𝑁
∑ (𝐹𝐹𝐹𝐹𝐹𝐹 − 𝐸𝐸𝐸𝐸𝐸𝐸.𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)2𝑁𝑁  and 𝛿𝛿𝛿𝛿=42 meV 

It is worth mentioning that the error bars estimated here provide the maximum value of 
error instead of an expectation of error. Following the supplementary info in ref.(11), one 
can assume that the error in position and width after a successful fit is approximately 10 
times smaller than the instrumental resolution. However, since the fitting function for 
magnons in our analysis is much more complex, we prefer to use the maximum limit of the 
errors in estimating the error bars. 
S3.  Polarization analysis of the RIXS intensity and error bar calculation 

S3.1. Polarization dependence of scattered x-rays: 

As sketched in Fig. 2A, in a polarimetry experiment one measures (with σ- and π-
polarized incident photons) the RIXS intensities after reflection from of a multilayer 
mirror, Ipol, and references it to the scattered intensity of the direct beam without the 
multilayer mirror, Idir. With the predetermined values of the polarization-dependent 
reflectivity of the multilayer-mirror (of 𝑅𝑅𝜋𝜋  =  0.086 ±  0.002, 𝑎𝑎𝑎𝑎𝑎𝑎 𝑅𝑅𝜎𝜎 = 0.141 ±  0.002 
at Cu L3 edge), one can thus deduce the 𝐼𝐼𝜋𝜋 − and 𝐼𝐼𝜎𝜎 −components of the RIXS signal 
according to the following relationship: 

𝐼𝐼𝜋𝜋 =
𝑅𝑅𝜎𝜎  𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑 − 𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝
𝑅𝑅𝜎𝜎 − 𝑅𝑅𝜋𝜋 

;                 𝐼𝐼𝜎𝜎 =
𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑅𝑅𝜋𝜋 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑
𝑅𝑅𝜎𝜎 − 𝑅𝑅𝜋𝜋 

(Eq. S3.1) 

S3.2. Error bar calculation: 
The RIXS intensity has been obtained by normalizing the scattered intensity with 

the input drain current (proportional to the incident x-ray flux) measured from a reference 
mirror 𝑀𝑀𝑗𝑗 that is placed on the input side of the spectrometer: 

𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �
𝐼𝐼𝑗𝑗
𝑀𝑀𝑗𝑗𝑗𝑗

(Eq. S3.2) 

For simplicity it is assumed that 𝑀𝑀𝑗𝑗 is almost constant and thus can be approximated by the 
averaged mirror current M, such that the error of the RIXS intensity can be calculated as: 

  ∆𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
1
𝑀𝑀
��𝐼𝐼𝑗𝑗 (Eq. S3.3) 

We typically made sure that the counts per channel in the single photon counter (SPC) is 
greater than 20 photons so the distribution can be approximated with a gaussian function 
for which Δ𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑,𝑝𝑝𝑝𝑝𝑝𝑝 ≈ �𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑,𝑝𝑝𝑝𝑝𝑝𝑝. Accordingly, the error bars for the scattered intensities can 
be calculated using the following standard error propagation:  
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(Δ𝐼𝐼𝜋𝜋)2 ≈ �
𝜕𝜕𝐼𝐼𝜋𝜋
𝜕𝜕𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑

�
2

(Δ𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑)2 + �
𝜕𝜕𝐼𝐼𝜋𝜋
𝜕𝜕𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝

�
2

�Δ𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝�
2

+ �
𝜕𝜕𝐼𝐼𝜋𝜋
𝜕𝜕𝑅𝑅𝜋𝜋

�
2

(Δ𝑅𝑅𝜋𝜋)2 + �
𝜕𝜕𝐼𝐼𝜋𝜋
𝜕𝜕𝑅𝑅𝜎𝜎

�
2

(Δ𝑅𝑅𝜎𝜎)2 +

=  �
𝑅𝑅𝜎𝜎

𝑅𝑅𝜎𝜎 − 𝑅𝑅𝜋𝜋
�
2

(Δ𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑)2 + �
−1

𝑅𝑅𝜎𝜎 − 𝑅𝑅𝜋𝜋
�
2

�Δ𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝�
2

+ �
𝑅𝑅𝜎𝜎𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑 − 𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝
(𝑅𝑅𝜎𝜎 − 𝑅𝑅𝜋𝜋)2 �

2

(Δ𝑅𝑅𝜋𝜋)2

+ �
𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑

𝑅𝑅 𝜎𝜎 − 𝑅𝑅𝜋𝜋
−
𝑅𝑅𝜎𝜎𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑 − 𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝
(𝑅𝑅𝜎𝜎 − 𝑅𝑅𝜋𝜋)2 �

2

(Δ𝑅𝑅𝜎𝜎)2

 

 

(Δ𝐼𝐼𝜎𝜎)2 ≈ �
−𝑅𝑅𝜋𝜋

𝑅𝑅𝜎𝜎 − 𝑅𝑅𝜋𝜋
�
2

(Δ𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑)2 + �
1

𝑅𝑅𝜎𝜎 − 𝑅𝑅𝜋𝜋
�
2

�Δ𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝�
2

+

�
𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑅𝑅𝜋𝜋𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑
(𝑅𝑅𝜎𝜎 − 𝑅𝑅𝜋𝜋)2 −

𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑
𝑅𝑅 𝜎𝜎 − 𝑅𝑅𝜋𝜋

�
2

(Δ𝑅𝑅𝜋𝜋)2 + �
𝑅𝑅𝜎𝜎𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑 − 𝐼𝐼𝑝𝑝𝑝𝑝𝑙𝑙
(𝑅𝑅𝜎𝜎 − 𝑅𝑅𝜋𝜋)2 �

2

(Δ𝑅𝑅𝜎𝜎)2 (Eq. S3.4)
 

 
S4. Theoretical estimate of magnon dispersion and RIXS intensity 

S4.1. Description of the linear spin wave model and the AF ground state. 

We apply a minimal linear spin wave model with a special contribution from the 
interfacial CuO2 layer to obtain a description of the two magnon modes (M1 and M2) that 
are observed in the RIXS spectra. Specifically, we adopt a 2D Heisenberg nearest neighbor 
model for the CuO2 double layers, where only the interfacial CuO2 layer is affected by a 
weak, antiferromagnetic (AF) exchange interaction, JMC, with the Mn moments on the other 
side of the interface (the latter are assumed to exhibit a soft ferromagnetic order). In 
addition, we consider that the charge transfer and the related orbital reconstruction at the 
interface leads to a strong decrease in the population of the 𝑑𝑑𝑥𝑥2−𝑦𝑦2 orbitals and a 
corresponding increase of the 𝑑𝑑3𝑧𝑧2−𝑟𝑟2 orbitals for the interfacial CuO2 layer (12). 
Accordingly, we allow for a reduced in-plane AF exchange 𝐽𝐽∥𝐼𝐼𝐼𝐼 of the interfacial CuO2 
plane. For the other CuO2 plane of this interfacial bilayer-unit, our minimal model assumes 
that J|| recovers already a bulk-like value. This is to reduce the number of fit parameters 
and motivated by our finding that the RIXS spectra show no sign of a third magnon peak. 
For the interplanar antiferromagnetic exchange 𝐽𝐽⊥ between the adjacent CuO2 layers of 
these bilayer units, we also adopt a bulk-like value. 

A sketch of our model is depicted in Fig. 2B of the main text. Here we assume a 
twinned order of the orthorhombic structure of fully oxygenated and superconducting 
YBCO described by the space group Pmmm (13) with the lattice constants a=3.82 Å, 
b=3.88Å, c=11.68Å.  The long range magnetic order is described by the propagation vector 
k = (1/2,1/2,0) (14) such that the primitive magnetic unit cell with the lattice constants A = 
a+b; B= a - b; C=c contains four magnetic copper ions with coordinates Cu1 =(0,0,z), Cu2 
= (1/2, ½, -z), Cu3 (0,0,-z); and Cu4 = (1/2,1/2, z) with z = 0.355(8). The Cu1 and Cu4 
ions belong to the interfacial CuO2 plane. It is supposed that the Neel antiferromagnetic 
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vector of the copper bilayer is directed along the a – axis and the ferromagnetic moment of 
the manganite interfacial plane is directed along the b -axis. The external magnetic field is 
applied along the direction of the ferromagnetic manganite moment.   

The respective Hamiltonian of our model in exchange approximation has the form:   

  

𝐻𝐻�(𝑒𝑒𝑒𝑒) = ��𝐽𝐽∥(𝒔𝒔2𝑛𝑛𝒔𝒔3𝑚𝑚) + 𝐽𝐽∥𝐼𝐼𝐼𝐼(𝒔𝒔1𝑛𝑛𝒔𝒔4𝑚𝑚)�
𝑛𝑛,𝑚𝑚

+ �𝐽𝐽⊥(𝒔𝒔1𝑛𝑛𝒔𝒔𝟑𝟑𝟑𝟑 + 𝒔𝒔𝟒𝟒𝟒𝟒𝒔𝒔𝟐𝟐𝟐𝟐)
𝑛𝑛

+ 

+�𝐽𝐽𝑀𝑀𝑀𝑀𝒏𝒏𝑴𝑴𝑴𝑴(𝒔𝒔𝟏𝟏𝟏𝟏 + 𝒔𝒔𝟒𝟒𝟒𝟒)
𝑛𝑛

−�𝑔𝑔𝜇𝜇𝐵𝐵𝑯𝑯(𝒔𝒔𝟏𝟏𝟏𝟏 + 𝒔𝒔𝟐𝟐𝟐𝟐 + 𝒔𝒔𝟑𝟑𝟑𝟑 + 𝒔𝒔𝟒𝟒𝟒𝟒)
𝑛𝑛

 
(Eq. S4.1) 

Here 𝐽𝐽∥, 𝐽𝐽⊥, 𝐽𝐽∥𝐼𝐼𝐼𝐼, 𝐽𝐽𝑀𝑀𝑀𝑀  > 0. In the following calculation, we assume that the vector nMn = 
(0,1,0) is directed along the manganite’s ferromagnetic moment, such that the value of JMC 
includes the spin of the Mn ions at the interface.  

Further, to make the symmetry properties of the calculated results more transparent, 
we introduce the following linear combinations of the Fourier components of the sublattice 
spins:     

𝑭𝑭(𝒌𝒌) = 𝒔𝒔1(𝒌𝒌) + 𝒔𝒔2(𝒌𝒌)  +  𝒔𝒔3(𝒌𝒌) + 𝒔𝒔4(𝒌𝒌) ; 
𝑳𝑳1(𝒌𝒌) = 𝒔𝒔1(𝒌𝒌) + 𝒔𝒔2(𝒌𝒌)  −  𝒔𝒔3(𝒌𝒌)  − 𝒔𝒔4(𝒌𝒌) ; 
𝑳𝑳2(𝒌𝒌) = 𝒔𝒔1(𝒌𝒌) − 𝒔𝒔2(𝒌𝒌)  +  𝒔𝒔3(𝒌𝒌)  − 𝒔𝒔4(𝒌𝒌) ; 
𝑳𝑳3(𝒌𝒌) = 𝒔𝒔1(𝒌𝒌)  − 𝒔𝒔2(𝒌𝒌)  −  𝒔𝒔3(𝒌𝒌)  + 𝒔𝒔4(𝒌𝒌). 

(Eq. S4.2) 

Rewriting Hamiltonian (Eq. S5.1) in terms of linear combinations (Eq. S5.2), we get: 

𝐻𝐻�(𝑒𝑒𝑒𝑒) = 𝛴𝛴{𝐴𝐴(𝒌𝒌)[𝑭𝑭(𝒌𝒌)𝑭𝑭(−𝒌𝒌) − 𝑳𝑳1(𝒌𝒌)𝑳𝑳1(−𝒌𝒌)]  + 𝐵𝐵(𝒌𝒌)[𝑳𝑳2(𝒌𝒌)𝑳𝑳2(−𝒌𝒌)
− 𝑳𝑳3(𝒌𝒌)𝑳𝑳3(−𝒌𝒌)] + 𝐶𝐶(𝒌𝒌)[𝑭𝑭(𝒌𝒌)𝑳𝑳3(−𝒌𝒌) − 𝑳𝑳1(𝒌𝒌)𝑳𝑳2(−𝒌𝒌)]}

+  
1
2√

𝑁𝑁𝐽𝐽𝑀𝑀𝑀𝑀[𝐹𝐹𝑦𝑦(0) + 𝐿𝐿3𝑦𝑦(0)] − √𝑁𝑁𝑔𝑔𝜇𝜇𝐵𝐵𝐻𝐻𝐹𝐹𝑦𝑦(0); 
(Eq. S4.3) 

Here N is the number of the unit cells in the crystals and the A, B, and C coefficients are 
defined as:  

𝐴𝐴(𝒌𝒌) =
1
8
�𝐽𝐽⊥(𝒌𝒌) +

1
2
𝐽𝐽∥(𝒌𝒌) +  

1
2
𝐽𝐽∥𝐼𝐼𝐼𝐼(𝒌𝒌)� ;   

𝐵𝐵(𝒌𝒌) =
1
8
�𝐽𝐽⊥(𝒌𝒌) −

1
2
𝐽𝐽∥(𝒌𝒌) −  

1
2
𝐽𝐽∥𝐼𝐼𝐼𝐼(𝒌𝒌)� ; 

𝐶𝐶(𝒌𝒌) =
1
8

[𝐽𝐽∥(𝒌𝒌) −  𝐽𝐽∥𝐼𝐼𝐼𝐼(𝒌𝒌)]; 

with 

(Eq. S4.4) 



 
 

9 
 

𝐽𝐽∥(𝒌𝒌) = 2𝐽𝐽∥[𝑐𝑐𝑐𝑐𝑐𝑐 𝒌𝒌𝒂𝒂 + 𝑐𝑐𝑐𝑐𝑐𝑐 𝒌𝒌𝒃𝒃];   𝐽𝐽∥𝐼𝐼𝐼𝐼(𝒌𝒌) = 2𝐽𝐽∥𝐼𝐼𝐼𝐼[𝑐𝑐𝑐𝑐𝑐𝑐 𝒌𝒌𝒂𝒂 + 𝑐𝑐𝑐𝑐𝑐𝑐 𝒌𝒌𝒃𝒃]; 
𝐽𝐽⊥(𝒌𝒌)  = 𝐽𝐽⊥ 𝑐𝑐𝑐𝑐𝑐𝑐 𝒌𝒌⊥ 𝒅𝒅; 

In our model the Neel vector (magnetic order parameter) of the bulk-like YBCO is 
directed along the a – axis. Thus, the magnetic ground state is described by the nonzero 
Neel vector 𝐿̄𝐿1𝑥𝑥 = 4𝑆𝑆 where S is the spin of the copper ions. The magnetic excitations 
(with four branches of spin waves) of our double layer model for bulk YBCO are described 
by the set of operators S4.2. In particular, the spin operators L1y , Fz  and L1z , Fy determine 
the deviation of the primary order parameter from its equilibrium state. In the absence of 
anisotropy, the corresponding spin waves are gapless Goldstone modes (AM - acoustic 
modes). For small wave vectors k, the AM1 (L1y , Fz )  and AM2 (L1z , Fy ) modes are 
mainly in-plane (L1y) and out-of-plane (L1z ) high-amplitude fluctuations of the Neel vector, 
respectively. In the exchange approximation at k = 0 their amplitudes diverge. Their 
fluctuations become less pronounced with increasing k.   

Another type of spin operators is due to the gap magnetic excitations that break a 
given type of exchange magnetic order, which therefore requires some exchange energy 
(OM - optical modes). In our double layer model, the respective gap at k=0 is proportional 
to 𝜀𝜀𝑂𝑂𝑂𝑂(0) ∝ �𝐽𝐽⊥𝐽𝐽∥ (14). The sets of operators L3y, L2z and L2y, L3z describe the OM1 and 
OM2 optic modes respectively. In the exchange approximation for bulk YBCO (𝐽𝐽𝑀𝑀𝑀𝑀 =
0; 𝐽𝐽∥𝐼𝐼𝐼𝐼 = 𝐽𝐽∥;𝐻𝐻 = 0,), the acoustic and optic spin waves do not mix with each other at any k 
≠ 0 in the magnetic Brillouin zone.   

The reduced intraplanar exchange 𝐽𝐽∥𝐼𝐼𝐼𝐼 < 𝐽𝐽∥, as well the effects of the exchange with 
the Mn moments, JMC, and with the external magnetic field (applied along the b-axis) all 
tend to decrease the initial magnetic symmetry and give rise to a mixing of the AM1 and 
OM2 and the AM2 and OM1 modes. However, the main mixing effect arises from the 
strong reduction of the intraplanar AFM exchange of the interfacial CuO2 layer 𝐽𝐽∥ − 𝐽𝐽∥𝐼𝐼𝐼𝐼 
that turns out to have by far the largest magnitude of about 60 meV. The respective terms 
in the Hamiltonian S4.3 are proportional to the coefficient C(k).    

The magnetic ground state changes according to the new symmetry. Static nonzero 
components 𝐹̄𝐹𝑦𝑦 , 𝐿̄𝐿1𝑧𝑧 , 𝐿̄𝐿3𝑦𝑦, 𝐿̄𝐿2𝑧𝑧 , 𝐿̄𝐿2𝑥𝑥 arise now due to the symmetry breaking by the 
interfacial manganite layer. Here the y- and z-components describe complex in-plane and 
out-of-plane tilts of the initial magnetic structure. In the following, we neglect the out-of-
plane tilts as they arise as secondary effects caused by the Dzyaloshinskii-Moriya 
interaction,  𝐷𝐷1𝐹𝐹𝑦𝑦𝐿𝐿1𝑧𝑧 + 𝐷𝐷2𝐿𝐿3𝑦𝑦𝐿𝐿2𝑧𝑧, which we do not consider in our Heisenberg model.  The 
remaining components 𝐹̄𝐹𝑦𝑦 𝑎𝑎𝑎𝑎𝑑𝑑 𝐿̄𝐿3𝑦𝑦 determine the angles of the tilts from the x- towards the 
y-axis:   θ1 – for the magnetic sublattices 1 and 4 of the interfacial CuO2 plane and θ2 – for 
the magnetic sublattices 2 and 3 of the second CuO2 of that bilayer unit. The minimization 
of the energy thus yields the following relationships:      
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1
2

(𝐹̄𝐹𝑦𝑦 + 𝐿̄𝐿3𝑦𝑦) = 𝑆̄𝑆1𝑦𝑦 + 𝑆̄𝑆4𝑦𝑦 = 2𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃1 =
−𝐽𝐽𝑀𝑀𝑀𝑀 + 𝑔𝑔𝜇𝜇𝐵𝐵𝐻𝐻

4(𝐽𝐽∥𝐼𝐼𝐼𝐼 + 𝐽𝐽⊥
8 )

; 

1
2

(𝐹̄𝐹𝑦𝑦 − 𝐿̄𝐿3𝑦𝑦) = 𝑆̄𝑆2𝑦𝑦 + 𝑆̄𝑆3𝑦𝑦 = 2𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃2 =
𝑔𝑔𝜇𝜇𝐵𝐵𝐻𝐻 − 𝐽𝐽⊥𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃1

4𝐽𝐽∥
; 

(Eq. S.4.5) 

In zero magnetic field, H, the induced magnetic moment of the interfacial Cu ions 
has a magnitude,  𝑚𝑚𝑖𝑖𝑖𝑖 = 𝜇𝜇𝐵𝐵 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃1

𝐶𝐶𝐶𝐶
 and is antiparallel to the direction of the ferromagnetic 

manganite moment. As an external magnetic field is applied, the interfacial Cu moment 
eventually changes sign at the critical external field, 𝑔𝑔𝜇𝜇𝐵𝐵𝐻𝐻𝑐𝑐 = 𝐽𝐽𝑀𝑀𝑀𝑀. Our experimental 
XMCD data in Fig S2 in the main text yield a rough estimate of Hc  ≈ 4 T and thus JMC ≈ 
0.5meV.  According to Eq. S4.5, the reduction of 𝐽𝐽∥𝐼𝐼𝐼𝐼 enhances the magnetization of the 
interfacial CuO2 layer.  

 The expected tilting angle θ2 of the Cu2 and Cu3 sublattices in the second copper 
plane is expected to be opposite and much less than θ1, since the action of the manganite 
ferromagnetic moment transfers from the interfacial copper plane to the second copper 
plane through the AFM interplane exchange 𝐽𝐽⊥ << 𝐽𝐽∥. The respective quantitative result is 
shown in Eq. S4.5. In the following calculations we neglect this weak tilting in the magnetic 
sublattices 2 and 3 of the second copper plane. 

The magnetic moments on the copper ions induced by the external magnetic field 
in the bulk layers (𝐽𝐽𝑀𝑀𝑀𝑀 = 0; 𝐽𝐽∥𝐼𝐼𝐼𝐼 = 𝐽𝐽∥) can be defined by the relation:   

𝑚𝑚𝑏𝑏(𝐶𝐶𝐶𝐶) = 𝜇𝜇𝐵𝐵 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 =
𝑔𝑔𝜇𝜇𝐵𝐵𝐻𝐻

4(𝐽𝐽∥ + 𝐽𝐽⊥
8 )

𝜇𝜇𝐵𝐵  

Notice that this result is valid for any direction of the field since it was obtained in 
the exchange approximation.  

S4.2. Spin wave calculations 
We use a Holstein - Primakoff approach with a transformation of the sublattice spin 

operators to the bosonic creation and destruction operators 𝑎𝑎𝛼𝛼+(𝒌𝒌), 𝑎𝑎𝛼𝛼(𝒌𝒌) where α =1,2,3,4 
are the sublattices numbers. As a first step, we express the sublattice spin operators 𝑠𝑠𝑖𝑖𝑖𝑖(𝒌𝒌) 
in the crystal coordinate frame with the spin operators 𝑠𝑠𝑖𝑖𝑖𝑖′ (𝒌𝒌) in a local coordinate frame 
for which the z'- axis is directed along the equilibrium value of the spin 𝑠̄𝑠𝛼𝛼. We use the 
relations 𝑠𝑠𝑖𝑖𝑖𝑖(𝒌𝒌) = 𝑝𝑝𝑖𝑖𝑖𝑖

(𝛼𝛼)𝑠𝑠𝑗𝑗𝑗𝑗′ (𝒌𝒌), where the matrices 𝑝̂𝑝(𝛼𝛼) have the following form: 

𝑝̂𝑝(1) = �
𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 0 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃
𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 0 −𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃

0 1 0
� ;  𝑝̂𝑝(4) = �

−𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 0 −𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃
𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 0 −𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃

0 −1 0
� ; (Eq. S4.6) 
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𝑝̂𝑝(2) = �
0 0 1
1 0 0
0 1 0

� ;  𝑝̂𝑝(3) = �
0 0 −1
1 0 0
0 −1 0

� ; 

Here θ = θ1 and θ2 = 0. The local axial y’ - axes are always directed along the z-axis 
of the crystal coordinate frame.  With the help of Eq. S4.6 one can construct the following 
relations between the set of operators L in the form (Eq. S4.2) with operators L’ in the same 
form but with spin operators  𝑠𝑠𝑖𝑖𝑖𝑖′ (𝒌𝒌) from the local coordinate frame:   

𝐹𝐹𝑥𝑥(𝒌𝒌) =
1
2

{𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 (𝐿𝐿1𝑥𝑥′ (𝒌𝒌) + 𝐿𝐿2𝑥𝑥′ (𝒌𝒌)) + 𝐿𝐿1𝑧𝑧′ (𝒌𝒌)(𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 + 1) + 𝐿𝐿2𝑧𝑧′ (𝒌𝒌)(𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃

− 1)}; 

𝐹𝐹𝑦𝑦(𝒌𝒌) =
1
2

{(𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 + 1)𝐹𝐹𝑥𝑥′(𝒌𝒌) + (𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 − 1)𝐿𝐿3𝑥𝑥′ (𝒌𝒌) − 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 (𝐹𝐹𝑧𝑧′(𝒌𝒌)

+ 𝐿𝐿3𝑧𝑧′ (𝒌𝒌))}; 

𝐿𝐿1𝑥𝑥(𝒌𝒌) =
1
2

{𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 (𝐹𝐹𝑥𝑥′(𝒌𝒌) + 𝐿𝐿3𝑥𝑥′ (𝒌𝒌)) + 𝐹𝐹𝑧𝑧′(𝒌𝒌)(𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 + 1) + 𝐿𝐿3𝑧𝑧′ (𝒌𝒌)(𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃

− 1)}; 

𝐿𝐿1𝑦𝑦(𝒌𝒌) =
1
2

{(𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 + 1)𝐿𝐿1𝑥𝑥′ (𝒌𝒌) + (𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 − 1)𝐿𝐿2𝑥𝑥′ (𝒌𝒌) − 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 (𝐿𝐿1𝑧𝑧′ (𝒌𝒌)

+ 𝐿𝐿2𝑧𝑧′ (𝒌𝒌))}; 

𝐿𝐿2𝑥𝑥(𝒌𝒌) =
1
2

{𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 (𝐹𝐹𝑥𝑥′(𝒌𝒌) + 𝐿𝐿3𝑥𝑥′ (𝒌𝒌)) + 𝐹𝐹𝑧𝑧′(𝒌𝒌)(𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 − 1) + 𝐿𝐿3𝑧𝑧′ (𝒌𝒌)(𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃

+ 1)}; 

𝐿𝐿2𝑦𝑦(𝒌𝒌) =
1
2

{(𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 − 1)𝐿𝐿1𝑥𝑥′ (𝒌𝒌) + (𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 + 1)𝐿𝐿2𝑥𝑥′ (𝒌𝒌) − 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 (𝐿𝐿1𝑧𝑧′ (𝒌𝒌)

+ 𝐿𝐿2𝑧𝑧′ (𝒌𝒌))}; 

𝐿𝐿3𝑥𝑥(𝒌𝒌) =
1
2

{𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 (𝐿𝐿1𝑥𝑥′ (𝒌𝒌) + 𝐿𝐿2𝑥𝑥′ (𝒌𝒌)) + 𝐿𝐿1𝑧𝑧′ (𝒌𝒌)(𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 − 1)

+ 𝐿𝐿2𝑧𝑧′ (𝒌𝒌)(𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 + 1)}; 

𝐿𝐿3𝑦𝑦(𝒌𝒌) =
1
2

{(𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 − 1)𝐹𝐹𝑥𝑥′(𝒌𝒌) + (𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 + 1)𝐿𝐿3𝑥𝑥′ (𝒌𝒌) − 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 (𝐹𝐹𝑧𝑧′(𝒌𝒌)

+ 𝐿𝐿3𝑧𝑧′ (𝒌𝒌))}; 

𝐹𝐹𝑧𝑧(𝒌𝒌) = 𝐿𝐿1𝑦𝑦′ (𝒌𝒌); 𝐿𝐿1𝑧𝑧(𝒌𝒌) = 𝐹𝐹𝑦𝑦′(𝒌𝒌); 𝐿𝐿2𝑧𝑧(𝒌𝒌) = 𝐿𝐿3𝑦𝑦′ (𝒌𝒌); 𝐿𝐿3𝑧𝑧(𝒌𝒌)
= 𝐿𝐿2𝑦𝑦′ (𝒌𝒌); 

(Eq S4.7) 

To make the symmetry properties more transparent, we introduce the same linear 
combinations (Eq. S4.2) for the sublattice bosonic operators  𝑎𝑎𝛼𝛼(𝒌𝒌), for 𝛼𝛼 = 1,2,3,4 (12):  
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𝑎𝑎𝐹𝐹(𝒌𝒌) = 1
2

{𝑎𝑎1(𝒌𝒌) + 𝑎𝑎2(𝒌𝒌) + 𝑎𝑎3(𝒌𝒌) + 𝑎𝑎4(𝒌𝒌)}; 

𝑎𝑎𝐿𝐿1(𝒌𝒌) =
1
2

{𝑎𝑎1(𝒌𝒌) + 𝑎𝑎2(𝒌𝒌) − 𝑎𝑎3(𝒌𝒌) − 𝑎𝑎4(𝒌𝒌)}; 

𝑎𝑎𝐿𝐿2(𝒌𝒌) =
1
2

{𝑎𝑎1(𝒌𝒌) − 𝑎𝑎2(𝒌𝒌) + 𝑎𝑎3(𝒌𝒌) − 𝑎𝑎4(𝒌𝒌)}; 

𝑎𝑎𝐿𝐿3(𝒌𝒌) = 1
2

{𝑎𝑎1(𝒌𝒌) − 𝑎𝑎2(𝒌𝒌) − 𝑎𝑎3(𝒌𝒌) + 𝑎𝑎4(𝒌𝒌)}. 

(Eq S4.8) 

Next, we apply the Holstein-Primakoff transformation to convert the operators L’ 
to the bosonic operators   𝑎𝑎𝐿𝐿(𝒌𝒌), 𝑎𝑎𝐿𝐿+(𝒌𝒌) ( L= F, L1, L2, L3): 

𝐿𝐿𝑥𝑥′ (𝒌𝒌) = √4𝑠𝑠𝑄𝑄𝐿𝐿(𝒌𝒌); 𝐿𝐿𝑦𝑦′ (𝒌𝒌) = 𝑖𝑖√4𝑠𝑠𝑃𝑃𝐿𝐿(−𝒌𝒌); 

𝑄𝑄𝐿𝐿(𝒌𝒌) =
1
√2

{𝑎𝑎𝐿𝐿+(−𝒌𝒌) + 𝑎𝑎𝐿𝐿(𝒌𝒌)}; 𝑃𝑃𝐿𝐿(𝒌𝒌) =
1
√2

{𝑎𝑎𝐿𝐿+(𝒌𝒌) − 𝑎𝑎𝐿𝐿(−𝒌𝒌)} 
(Eq S4.9) 

The z’ components of the operators L’  can be expressed in terms of operators Q 
and P (see Eq.10 in ref 15). With the help of the relations (Eq. S4.7) and (Eq. S4.9) we can 
thus obtain a spin-wave Hamiltonian that is the quadratic part of the Hamiltonian (Eq. S4.3) 
with respect to bosonic operators (Eq. S4.8):  

𝐻𝐻�(2) =
1
2
�{𝑞𝑞𝜎𝜎(𝒌𝒌)𝑄𝑄𝜎𝜎(𝒌𝒌)𝑄𝑄𝜎𝜎(−𝒌𝒌) − 𝑝𝑝𝜎𝜎(𝒌𝒌)𝑃𝑃𝜎𝜎(𝒌𝒌)𝑃𝑃𝜎𝜎(−𝒌𝒌)} +
𝑘𝑘,𝜎𝜎

 

+��
𝑞𝑞03(𝒌𝒌)𝑄𝑄0(𝒌𝒌)𝑄𝑄3(−𝒌𝒌) − 𝑝𝑝03(𝒌𝒌)𝑃𝑃03(𝒌𝒌)𝑃𝑃𝐿𝐿(−𝒌𝒌) +
+𝑞𝑞12(𝒌𝒌)𝑄𝑄1(𝒌𝒌)𝑄𝑄2(−𝒌𝒌) − 𝑝𝑝12(𝒌𝒌)𝑃𝑃1(𝒌𝒌)𝑃𝑃2(−𝒌𝒌) �

𝑘𝑘

 
(Eq. S4.10) 

Here the subscripts σ=0,1,2,3 correspond to σ=F, L1, L2, L3. The coefficients 
( )qσ k and ( )pσ k in the Hamiltonian (Eq. S4.10) are defined by the expressions: 

𝑞𝑞0(𝒌𝒌) = 8𝑆𝑆[𝑎𝑎(0) + 𝑑𝑑(𝒌𝒌)];𝑝𝑝0(𝒌𝒌) = 8𝑆𝑆[𝑎𝑎(0) − 𝐴𝐴(𝒌𝒌)];  
𝑞𝑞1(𝒌𝒌) = 8𝑆𝑆[𝑎𝑎(0) − 𝑑𝑑(𝒌𝒌)]; 𝑝𝑝1(𝒌𝒌) = 8𝑆𝑆[𝑎𝑎(0) + 𝐴𝐴(𝒌𝒌)];  
𝑞𝑞2(𝒌𝒌) = 8𝑆𝑆[𝑎𝑎(0) − 𝑏𝑏(𝒌𝒌)];𝑝𝑝2(𝒌𝒌) = 8𝑆𝑆[𝑎𝑎(0) − 𝐵𝐵(𝒌𝒌)];  

𝑞𝑞3(𝒌𝒌) = 8𝑆𝑆[𝑎𝑎(0) + 𝑏𝑏(𝒌𝒌)]; 𝑝𝑝3(𝒌𝒌) = 8𝑆𝑆[𝑎𝑎(0) + 𝐵𝐵(𝒌𝒌)]; 

𝑞𝑞12(𝒌𝒌) = 4𝑆𝑆[𝐶𝐶(0) − 𝑐𝑐(𝒌𝒌)];  𝑝𝑝12(𝒌𝒌) = 4𝑆𝑆[𝐶𝐶(0) + 𝐶𝐶(𝒌𝒌)]; 
𝑞𝑞03(𝒌𝒌) = 4𝑆𝑆[𝐶𝐶(0) + 𝑐𝑐(𝒌𝒌)];  𝑝𝑝03(𝒌𝒌) = 4𝑆𝑆[𝐶𝐶(0) − 𝐶𝐶(𝒌𝒌)];  

𝑎𝑎(0) = [(𝐴𝐴(0) − 𝐵𝐵(0)) 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 + (𝐴𝐴(0) + 𝐵𝐵(0))(1 + 𝑠𝑠𝑠𝑠𝑠𝑠2 𝜃𝜃)]/2; 
𝑑𝑑(𝒌𝒌) = [𝐴𝐴(𝒌𝒌)(1 + 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃) + 𝐵𝐵(𝒌𝒌)(1− 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃) − (𝐴𝐴(𝒌𝒌) − 𝐵𝐵(𝒌𝒌)

+ 𝐶𝐶(𝒌𝒌)) 𝑠𝑠𝑠𝑠𝑠𝑠2 𝜃𝜃]/2; 

(Eq. S4.11) 
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𝑏𝑏(𝒌𝒌) = [𝐴𝐴(𝒌𝒌)(1− 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃) + 𝐵𝐵(𝒌𝒌)(1 + 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃) − (𝐴𝐴(𝒌𝒌) − 𝐵𝐵(𝒌𝒌)
+ 𝐶𝐶(𝒌𝒌)) 𝑠𝑠𝑠𝑠𝑠𝑠2 𝜃𝜃]/2; 

𝑐𝑐(𝒌𝒌) = 𝐶𝐶(𝒌𝒌) − (𝐴𝐴(𝒌𝒌) − 𝐵𝐵(𝒌𝒌) + 𝐶𝐶(𝒌𝒌)) 𝑠𝑠𝑠𝑠𝑠𝑠2 𝜃𝜃 ;  

The energy of the spin waves will be defined by the standard Bogolyubov 
transformation of the bosonic operators  𝑎𝑎𝐿𝐿(𝒌𝒌), 𝑎𝑎𝐿𝐿+(𝒌𝒌) into the 𝜉𝜉𝜈𝜈+(𝒌𝒌), 𝜉𝜉𝜈𝜈(𝒌𝒌)  operators 
of the creation and annihilation a magnon of the νth branch:   

𝑄𝑄𝐿𝐿(𝒌𝒌) =
1
√2

�𝑡𝑡𝐿𝐿𝐿𝐿
𝜈𝜈

(𝒌𝒌){𝜉𝜉𝜈𝜈+(−𝒌𝒌) + 𝜉𝜉𝜈𝜈(𝒌𝒌)} 

𝑃𝑃𝐿𝐿(𝒌𝒌) =
1
√2

�𝑑𝑑𝐿𝐿𝐿𝐿
𝜈𝜈

(𝒌𝒌){𝜉𝜉𝜈𝜈+(𝒌𝒌) − 𝜉𝜉𝜈𝜈(−𝒌𝒌)} 
(Eq. S4.12) 

The coefficients t and d satisfy the usual normalization conditions. 

�{𝑡𝑡𝐿𝐿𝐿𝐿
𝜈𝜈

(𝒌𝒌)𝑑𝑑𝐿𝐿′𝜈𝜈
∗ (𝒌𝒌) + 𝑡𝑡𝐿𝐿′𝜈𝜈

∗ (𝒌𝒌)𝑑𝑑𝐿𝐿𝐿𝐿(𝒌𝒌)} = 2𝛿𝛿𝐿𝐿𝐿𝐿′  

�{𝑡𝑡𝐿𝐿𝐿𝐿
𝐿𝐿

(𝒌𝒌)𝑑𝑑𝐿𝐿𝜈𝜈′
∗ (𝒌𝒌) + 𝑡𝑡𝐿𝐿𝜈𝜈′

∗ (𝒌𝒌)𝑑𝑑𝐿𝐿𝐿𝐿(𝒌𝒌)} = 2𝛿𝛿𝜈𝜈𝜈𝜈′  
(Eq. S4.13) 

The pairs of acoustic modes and the pairs of optical modes are degenerate within 
the accuracy of the exchange approximation.  

The spin wave energies and the t-d coefficients of bulk YBCO (𝐽𝐽𝑀𝑀𝑀𝑀 = 0; 𝐽𝐽∥𝐼𝐼𝐼𝐼 =
𝐽𝐽∥;𝜃𝜃 = 0;) have the simple form:   

𝑡𝑡𝐿𝐿𝐿𝐿(𝒌𝒌) = {
𝑝𝑝𝐿𝐿(𝒌𝒌)
𝑞𝑞𝐿𝐿(𝒌𝒌)

}
1
4;  𝑑𝑑𝐿𝐿𝐿𝐿(𝒌𝒌) = {

𝑞𝑞𝐿𝐿(𝒌𝒌)
𝑝𝑝𝐿𝐿(𝒌𝒌)

}
1
4; 

𝜀𝜀𝐴𝐴𝐴𝐴1(𝒌𝒌) = �𝑝𝑝0(𝒌𝒌)𝑞𝑞0(𝒌𝒌);  𝜀𝜀𝐴𝐴𝐴𝐴2(𝒌𝒌) = �𝑝𝑝1(𝒌𝒌)𝑞𝑞1(𝒌𝒌); 
𝜀𝜀𝑂𝑂𝑂𝑂1(𝒌𝒌) = �𝑝𝑝2(𝒌𝒌)𝑞𝑞2(𝒌𝒌);  𝜀𝜀𝑂𝑂𝑂𝑂2(𝒌𝒌) = �𝑝𝑝3(𝒌𝒌)𝑞𝑞3(𝒌𝒌); 

(Eq. S4.14) 

The above-mentioned divergence of the acoustic spin wave fluctuations is evident 

from the coefficients 𝑑𝑑0𝐴𝐴𝐴𝐴1(𝒌𝒌) = {𝑞𝑞0(𝒌𝒌)
𝑝𝑝0(𝒌𝒌)

}
1
4;  𝑡𝑡1𝐴𝐴𝐴𝐴2(𝒌𝒌) = {𝑝𝑝1(𝒌𝒌)

𝑞𝑞1(𝒌𝒌)
}
1
4; for which 𝑙𝑙𝑙𝑙𝑙𝑙

𝑘𝑘→0
 𝑝𝑝0(𝒌𝒌) =

0; 𝑙𝑙𝑙𝑙𝑙𝑙
𝑘𝑘→0

 𝑞𝑞1(𝒌𝒌) = 0. The relations (Eq. S4.14) for magnon energies can be used to estimate 

the magnitude of the intraplane exchange interaction of the bulk-like CuO2 layer from the 
M2 mode that governs the RIXS data at 931 eV.  

The fitting, shown in Fig. 5A and 5B in the main manuscript yields a value of J|| = 
130 meV that is typical for bulk YBCO(11, 14). Here we have used a fixed value of J⊥  = 
7 meV that also agrees well with bulk-like properties.   
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The last term of the summation in the Hamiltonian in equation Eq. S4.10 represents 
a set of mixing terms between two pairs of acoustic and optic modes that arises from the 
inequality of the interfacial and bulk-like CuO2 planes that is caused by the reduction of 
the intraplanar exchange 𝛿𝛿𝐽𝐽∥ = 𝐽𝐽∥ − 𝐽𝐽∥𝐼𝐼𝐼𝐼. Note that there exists no corresponding mixing 
between the pairs of acoustic modes and between the pairs of optical modes which thus 
remain double degenerated in k-space. The respective solutions for the spin wave energies 
and the t-d coefficients in our double layer model can be found analytically.  We apply 
these solutions to determine the value of 𝛿𝛿𝐽𝐽∥ = 𝐽𝐽∥ − 𝐽𝐽∥𝐼𝐼𝐼𝐼from a fit to the M1 mode in the 
RIXS data at 930.5 eV as shown in Fig. 5A and 5B.  

From the above-described fitting we obtain an unusually large suppression of the 
interfacial in-plane AFM exchange of 𝛿𝛿𝐽𝐽∥ = 𝐽𝐽∥ − 𝐽𝐽∥𝐼𝐼𝐼𝐼 = 60 meV to a value of 𝐽𝐽∥𝐼𝐼𝐼𝐼 = 70 
meV. The energy splitting arises from the mixing between the acoustic and optical spin 
waves which increases towards larger k-vectors and becomes maximal at the Brillouin zone 
boundary. We recall that this strong reduction of the energy of the interfacial magnon mode 
(M1-mode) can be naturally explained in terms of the orbital reconstruction of interface 
copper ions which leads to a mixed 𝑑𝑑𝑥𝑥2−𝑦𝑦2 and 𝑑𝑑3𝑧𝑧2−𝑟𝑟2 orbital character of the holes.       

S4.3. Intensity of spin waves in the RIXS spectra of YBCO/NCSMO multilayers 

According to Ref. (16,17) the RIXS intensity of the spin waves of the 𝜈𝜈-th branch 
in cross-polarization is defined by the square of the matrix element corresponding to the 
transition between the states with a difference in magnon numbers 𝑛𝑛𝜈𝜈(𝒌𝒌) equal to unity: 

𝑀𝑀𝑘𝑘𝑘𝑘 ∝ ⟨𝑛𝑛𝜈𝜈(𝒌𝒌) + 1|(𝝈𝝈𝑜𝑜𝑜𝑜𝑜𝑜 ×   𝝅𝝅𝑖𝑖𝑖𝑖)

⋅ { � 𝑓𝑓𝛼𝛼(𝑸𝑸)𝑒𝑒−𝑖𝑖2𝜋𝜋𝑸𝑸𝝆𝝆𝜶𝜶𝑺𝑺𝛼𝛼(𝒌𝒌)}
𝛼𝛼=1,2,3,4

|𝑛𝑛𝜈𝜈(𝒌𝒌)⟩ (Eq. S4.15) 

Here ,in outπ σ  denote the polarizations of the incoming and outgoing x-ray beams, 

Q is the scattering vector, fα(Q) the form-factor of the copper ion α, and αρ   the position 
of copper ion α in the primitive magnetic cell. For the bulk-like YBCO layers equation (Eq. 
S4.15) can be expressed in terms of operators L using the relation (Eq. S4.2).  

𝑀𝑀𝑘𝑘𝑘𝑘 ∝ ⟨𝑛𝑛𝜈𝜈(𝒌𝒌) + 1|(𝝈𝝈𝒐𝒐𝒐𝒐𝒐𝒐 ×   𝝅𝝅𝒊𝒊𝒊𝒊) ⋅ {𝑓𝑓(𝑸𝑸) � 𝐺𝐺𝐿𝐿(𝑸𝑸)𝑳𝑳(𝒌𝒌)}
𝐿𝐿=0,1,2,3

|𝑛𝑛𝜈𝜈(𝒌𝒌)⟩; (Eq. S4.16) 

Here it is supposed that all copper ions are in the same orbital state and therefore 
have the same form-factor, f(Q).  The Q – dependence of the form-factor for the copper 
ions at the Cu L-edge can be derived in the frame of a single ion model described in Ref. 
(18) assuming, for example, that all the holes are in a  𝑑𝑑𝑥𝑥2−𝑦𝑦2 orbital ground state. This 
calculation considers the atomic symmetries of the core-level 2p and valence 3d-orbitals 
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and the geometry of the experimental setup, namely π−polarized incident light and a 
scattering angle of 50°. The matrix elements for elastic scattering are therefore obtained as 
the product of two dipole transitions: between the core-level state 2p to a valence state 3d 
and de-excitation from the same 3d state back to the 2p state. Selection rules involving the 
addition of angular momenta are computed using the Wigner 3-j symbols. 

As we are interested in the intensity of magnetic excitations close to the elastic line, 
we calculate cross-sections involving a spin-flip with a spin initially along the 𝒂𝒂 direction 
for either 𝑑𝑑𝑥𝑥2−𝑦𝑦2  or 𝑑𝑑3𝑧𝑧2−𝑟𝑟2 ground state orbitals (but not involving any change of orbital 
character in the 3d valence state). 

Fig S8. summarizes the results for the single ion-model calculation. Please note that 
any linear combination of the data in Fig S8(a) and S8(b) cannot reproduce the 
experimental trend. It indulges us to account for the 𝑡𝑡 − 𝑑𝑑 coefficients. 

The geometrical (or structural) factors GL(Q) are analogous to those for inelastic 
neutron scattering on spin waves (15):  

𝐺𝐺0(𝑸𝑸) = 𝑐𝑐𝑐𝑐𝑐𝑐
𝜋𝜋
2
𝑸𝑸(𝑨𝑨 + 𝑩𝑩) 𝑐𝑐𝑜𝑜𝑜𝑜 𝜋𝜋𝑸𝑸⊥𝒅𝒅;    𝐺𝐺1(𝑸𝑸)

= −𝑠𝑠𝑠𝑠𝑠𝑠
𝜋𝜋
2
𝑸𝑸(𝑨𝑨 + 𝑩𝑩) 𝑠𝑠𝑠𝑠𝑠𝑠 𝜋𝜋𝑸𝑸⊥𝒅𝒅 

(Eq. 4.17) 
𝐺𝐺2(𝑸𝑸) = 𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠

𝜋𝜋
2
𝑸𝑸(𝑨𝑨 + 𝑩𝑩) 𝑐𝑐𝑐𝑐𝑐𝑐 𝜋𝜋𝑸𝑸⊥𝒅𝒅;   𝐺𝐺3(𝑸𝑸)

= 𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐
𝜋𝜋
2
𝑸𝑸(𝑨𝑨+ 𝑩𝑩) 𝑠𝑠𝑠𝑠𝑠𝑠 𝜋𝜋 𝑸𝑸⊥𝒅𝒅; 

Here we use a bulk-like value for the distance between copper ions along the z-axis 
of d = 3.388Å. Finally, the Q-dependence of the RIXS magnon cross-section can be 
expressed in terms of the ,out inσ π -polarization, the form factor f (Q), the structural factor 
G(Q) and the t-d coefficients of the spin – waves.    

For the resonance condition of the interfacial CuO2 layer at 930.5 eV, for which 
mainly the interfacial copper ions Cu1 and Cu4 ions participate in the scattering process, 
we assume that the contributions of the Cu2 and Cu3 ions (from the other CuO2 layer of 
the bilayer unit that is located further away from the interface) can be omitted. The 
respective matrix element for the RIXS process thus has the following form. 

𝑀𝑀𝑘𝑘𝑘𝑘 ∝ ⟨𝑛𝑛𝜈𝜈(𝒌𝒌) + 1|(𝝈𝝈𝒐𝒐𝒐𝒐𝒐𝒐 ×   𝝅𝝅𝒊𝒊𝒊𝒊) ⋅ 𝑓𝑓(𝑸𝑸) ⋅ {𝑒𝑒−𝑖𝑖2𝜋𝜋𝑸𝑸𝝆𝝆𝟏𝟏𝑺𝑺1(𝒌𝒌)
+ 𝑒𝑒−𝑖𝑖2𝜋𝜋𝑸𝑸𝝆𝝆𝟒𝟒𝑺𝑺4(𝒌𝒌)}|𝑛𝑛𝜈𝜈(𝒌𝒌)⟩ 

(Eq. 4.18) 

Using the relation (Eq. S4.2) we thus can rewrite the equation (Eq. S4.18) for the 
interfacial CuO2 layers in terms of the following form of the L operators:  
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𝑀𝑀𝑘𝑘𝑘𝑘 ∝
1
2
⟨𝑛𝑛𝜈𝜈(𝒌𝒌) + 1|(𝝈𝝈𝒐𝒐𝒐𝒐𝒐𝒐 ×   𝝅𝝅𝒊𝒊𝒊𝒊) ⋅ 𝑓𝑓(𝑸𝑸) ⋅ {𝑐𝑐𝑐𝑐𝑐𝑐

𝜋𝜋
2
𝑸𝑸(𝑨𝑨 + 𝑩𝑩)[𝑭𝑭(𝒌𝒌)

+ 𝑳𝑳3(𝒌𝒌)] 
+𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠 𝜋𝜋

2
𝑸𝑸(𝑨𝑨 + 𝑩𝑩)[𝑳𝑳1(𝒌𝒌) + 𝑳𝑳2(𝒌𝒌)]}|𝑛𝑛𝜈𝜈(𝒌𝒌)⟩  

(Eq. S4.19) 

In this simplified case, the scattering occurs only from the interfacial CuO2 layer, the 
contribution of 𝑸𝑸⊥ to the structural factor thus is absent.  Furthermore, we demonstrate 
that the doubly degenerate acoustic modes dominate the scattering from the magnons in 
the interfacial CuO2 layer, whereas the contribution from the optical magnon modes can 
be neglected.       

It is important to note a rather general similarity between Eq. S4.19 and Eq. S4.16 
with respect to a divergence of the acoustic spin wave fluctuations at k0 ascribed by 
operators L1y and L1z that is in both cases fully suppressed by the structural factors. 
However, theoretically the divergence of the RIXS magnon cross section can occur at the 
Q|| = A* (at so called (π, π) -point, the center of the next magnetic Brillouin zone) which 
can be observed if  𝑄𝑄⊥  ≠  0 for the scattering on the bulk (17) and under absence of such 
a restriction for the scattering on the interfacial plane.  

The Q – dependence of the RIXS intensity as calculated for the bulk-like CuO2 
planes, with the help of Eq. S4.16, and for the interfacial CuO2 layer, with the help of Eq. 
S4.19 is shown by the solid lines in Figs. 5C-5F of the manuscript. The calculated intensity 
contains contributions of a sum of independent contributions for the four spin wave 
branches (i.e., from two doubly degenerate optic modes and the two doubly degenerate 
acoustic modes).  For the bulk like magnon mode (M2 mode) there is reasonable agreement 
in Figs. 5C and 5D between the measured RIXS data and the prediction of our minimal 
spin-wave theory. To the contrary, for the M1 mode due to the magnons in the interfacial 
CuO2 layers, there a clear discrepancy between the Q-dependence of the measured values 
and the theoretical prediction. Notably, the former exhibit a steep increase of the scattering 
intensity towards small k-values whereas the latter predict a strong decrease.            

The suppression of the contribution of the highly intensive acoustic spin-wave 
fluctuations to the inelastic scattering process at k vectors close to the Γ – point has a very 
general origin. Indeed, the acoustic low energy modes induce a rotation of the main order 
parameter that involves spin fluctuations of equal magnitude but of opposite directions on 
the nearest neighbor sites.  Therefore, irrespective of the number of AFM sublattices, the 
scattering cross-section of acoustic spin-waves is strongly suppressed and vanishes in the 
limit of k0, due to the mutual cancelation of in-phase and out-of-phase fluctuations with 
the same scattering amplitude at the neighboring up- and down- spin sites. This destructive-
interference-effect manifests itself as an action of the structural factor that is proportional 
to k, as is evident from Eq. S4.16 and Eq. S4.19.  
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The obvious way to overcome this destructive interference effect on the magnon 
intensity towards small wave vectors is a mechanism that gives rise to different scattering 
amplitudes of the neighboring Cu ions. A natural candidate in the context of the 
cuprate/manganite interface is a spatial alternation of the orbital character of the holes of 
the interfacial Cu ions. The simplest model that we consider is the checkerboard type of 
the 𝑑𝑑𝑥𝑥2−𝑦𝑦2 and 𝑑𝑑3𝑧𝑧2−𝑟𝑟2 orbital order shown in Fig. 6A of the main manuscript which has 
the same translation symmetry as the underlying AF spin order. Note, that this orbital order 
also implies a strong decrease of the interfacial intraplane exchange. The resulting 
scattering amplitude of the (M1) magnon excitations in the RIXS spectra has the form:    

 

𝑀𝑀𝑘𝑘𝑘𝑘 ∝ ⟨𝑛𝑛𝜈𝜈(𝒌𝒌) + 1|(𝝈𝝈𝒐𝒐𝒐𝒐𝒐𝒐 ×   𝝅𝝅𝒊𝒊𝒊𝒊) ⋅ {𝑓𝑓(𝑸𝑸,𝑥𝑥2)𝑒𝑒−𝑖𝑖2𝜋𝜋𝑸𝑸𝝆𝝆𝟏𝟏𝑺𝑺1(𝒌𝒌)
+ 𝑓𝑓(𝑸𝑸, 𝑧𝑧2)𝑒𝑒−𝑖𝑖2𝜋𝜋𝑸𝑸𝝆𝝆𝟒𝟒𝑺𝑺4(𝒌𝒌)}|𝑛𝑛𝜈𝜈(𝒌𝒌)⟩ 

(Eq. S4.20) 

Here we introduce the different form-factors 𝑓𝑓(𝑸𝑸, 𝑥𝑥2),  𝑓𝑓(𝑸𝑸, 𝑧𝑧2) for the copper 
ions in the 𝑑𝑑𝑥𝑥2−𝑦𝑦2 ,  𝑑𝑑3𝑧𝑧2−𝑟𝑟2 orbital states, respectively. The different orbital states 
provide different scattering amplitudes through the different amplitudes of the form-factor. 
After respective substitutions of the sublattices spin operators S into the operators L we 
thus obtain: 

𝑀𝑀𝑘𝑘𝑘𝑘 ∝
1
2
⟨𝑛𝑛𝜈𝜈(𝒌𝒌) + 1|(𝝈𝝈𝒐𝒐𝒐𝒐𝒐𝒐 ×   𝝅𝝅𝒊𝒊𝒊𝒊) ⋅  

(Eq. S4.21) 
{[𝑓𝑓(𝑸𝑸,𝑥𝑥2) + 𝑓𝑓(𝑸𝑸, 𝑧𝑧2)][𝑐𝑐𝑐𝑐𝑐𝑐

𝜋𝜋
2
𝑸𝑸(𝑨𝑨 + 𝑩𝑩)[𝑭𝑭(𝒌𝒌) + 𝑳𝑳3(𝒌𝒌)] + 𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠

𝜋𝜋
2
𝑸𝑸(𝑨𝑨

+ 𝑩𝑩)[𝑳𝑳1(𝒌𝒌) + 𝑳𝑳2(𝒌𝒌)]] + 

+[𝑓𝑓(𝑸𝑸,𝑥𝑥2) − 𝑓𝑓(𝑸𝑸, 𝑧𝑧2)][𝑐𝑐𝑐𝑐𝑐𝑐
𝜋𝜋
2
𝑸𝑸(𝑨𝑨 + 𝑩𝑩)[𝑳𝑳1(𝒌𝒌) + 𝑳𝑳2(𝒌𝒌)] + 𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠

𝜋𝜋
2
𝑸𝑸(𝑨𝑨

+ 𝑩𝑩)[𝑭𝑭(𝒌𝒌) + 𝑳𝑳3(𝒌𝒌)]]}|𝑛𝑛𝜈𝜈(𝒌𝒌)⟩ 

The first term in the braces represents the result described above in Eq. S4.19. Here, 
at low k, the divergent contributions from the operators L1y and L1z, are fully suppressed by 
the structure factor 𝑠𝑠𝑠𝑠𝑠𝑠 𝜋𝜋

2
𝑸𝑸(𝑨𝑨 + 𝑩𝑩).  

In contrast, for the second term in the braces, which is proportional to the form-
factor difference 𝑓𝑓(𝑸𝑸, 𝑥𝑥2) − 𝑓𝑓(𝑸𝑸, 𝑧𝑧2), the contribution of the strong spin-wave 
fluctuations of the magnetic order parameter does not get suppressed toward small wave 
vectors. It rather gives rise to a contribution of the acoustic magnons of the interfacial CuO2 
layers that strongly increases towards small wave vectors and thus can explain the observed 
strong increase of the M1 mode intensity in the RIXS spectra, as shown by the solid line 
in Fig. 6B in the main manuscript. Here the different form factors for the spin with 𝑑𝑑𝑥𝑥2−𝑦𝑦2 
and 𝑑𝑑3𝑧𝑧2−𝑟𝑟2 orbital character have been calculated with the single ion model described in 
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Ref.(18). Note that the twinning of the orthorhombic structure of YBCO has been 
considered by averaging their contributions to the RIXS cross-section.    
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Fig. S1. FY spectra and multi-peak fit for the in-plane and out-of-plane components of the linear 

polarized incident x-rays. Blue (red) shaded areas denote contributions for which 𝝁𝝁𝒂𝒂𝒂𝒂 − 𝝁𝝁𝒄𝒄  >0. (<0). 
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Fig. S2. (a) XAS spectra in FY and TEY modes that reveal the distinct resonances of the bulk-like 

and interfacial Cu ions around 930.4 and 931 eV, respectively. (b) Corresponding Cu-XMCD 

spectra in TEY mode at different applied fields. They confirm that the magnetic signal is maximal 

around the resonance of the interfacial Cu ions at 930.4 eV and that it undergoes a sign change 

around 3 − 4 Tesla that is characteristic of a field-induced reorientation. (c) Magnetic field-loop of 

the integrated Cu-XCMD signal in panel (b). (d) Sketch of the mutual orientation of the 

ferromagnetic Mn moment and the induced Cu moment, due to the canting of the AF Cu-spins, 

below (blue) and above (orange) the switching field, Hc. (e) Circularly polarized Mn-XAS spectra in 

TEY mode. (f) Corresponding Mn-XMCD spectra at different magnetic fields which confirm that the 

Mn moment is always parallel to the applied field. 
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Fig. S3. Comparison of the XMCD in FY and TEY spectra at Cu-L3 edge. 
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Fig S4. Cu-L3 edge RIXS counts obtained by normalizing the signal to the input x-ray flux only: (a) 

and (b): RIXS spectra taken at the resonance of the bulk-like Cu ions at 931 eV along [h,0] and 

[h,h], respectively. (c) and (d): Corresponding RIXS spectra taken at the resonance of the interfacial 

Cu ions at 930.5 eV. The data taken at the largest value of Q|| show an intensity decrease that 

arise from a larger footprint of the beam at grazing incidence. 
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Fig S5. (a) Effect of self-absorption correction for a RIXS spectrum along [h,0] at 0.33a*. (b) Data 

normalization to the dd-excitation for the footprint correction of the RIXS spectra along [h,0] at 931 

eV.  
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Fig S6. A model fit of a self-absorption corrected and normalized spectrum at 931 eV at 0.28a* 

along [h,0]. The various shaded and colored areas show the different contributions of the lattice, 

electronic and magnetic excitations.  
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Fig S7. Results of all RIXS polarimetry analysis of the scattered beam: Note that the spin-flip 

component of the scattering dominates the neighborhood of M1 and M2 modes for all spectra. 

Directions and coordinates in the BZ have been indicated 

.  
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Fig S8. Summary of single ion model calculation for spin-flip scattering cross-section: (a) for 𝒅𝒅𝒙𝒙𝟐𝟐−𝒚𝒚𝟐𝟐  

and (b) 𝒅𝒅𝟑𝟑𝟑𝟑𝟐𝟐−𝒓𝒓𝟐𝟐  orbitals; the shaded region indicates the range of 𝑸𝑸|| probed in our experiment along 

a*. 
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