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REVIEWER COMMENTS 

Reviewer #1 (Remarks to the Author): 

The work of Ramanathan et al. focuses on oxide compounds containing the unusual formally 4+ 

valence state of Pr, which are investigated by a battery of experimental and theoretical methods. 

It is argued that the unusual Pr 4f1 configuration exhibits substantial hybridization with O 2p 

orbitals, generating an intrinsically covalent picture as opposed to the typical ionic description of 

3+ lanthanides. This is shown to give rise to relatively huge crystal field splitting, transforming the 

energy hierarchy and accessing new magnetic states in Pr4+ systems. The authors thus argue for 

new vistas on quantum materials with Pr4+ ions. 

I agree with the authors on the importance of these findings. This is, in fact, an impressive piece 

of work. The authors start from intriguing observations regarding Pr4+ in cuprates and then 

execute an unusually broad study. The latter encompasses polycrystalline synthesis in various 

dimensionalities, magnetometry, inelastic neutron spectroscopy, in-field spectroscopy, XAS/XMCD, 

and multiple forms of theoretical calculations. The experiments and theory are both sophisticated, 

and the way they are intertwined is unusually effective. In short, I find this to be an impressive 

piece of work with fascinating implications that I think is well suited to Nature Communications. 

The calculations at the end where it is concluded that Pr4+ is closer to U5+ than Ce3+ is 

particularly striking and strongly supports some of the authors contentions. I recommend 

acceptance but I would like the authors to think about some comments: 

1. I think the impact of the work would increase further if, near the end of the paper, the authors 

can comment a bit on the scope for synthesis of new compounds in this class. Many physicists 

reading this paper will have little idea of the situation from the solid-state chemistry perspective. 

How big is this class of materials likely to be? How difficult are they to synthesize and design? I am 

not asking the authors to overstretch/speculate, rather just to comment on what they see as the 

scope for further exploration. 

2. I think the authors sell short the connections to other systems in their discussion of PBCO 

cuprates. Consider for instance the following fascinating connections to other 

oxides/chalcogenides: 

> The temperature-dependent Pr3+/Pr4+ transition known to occur in Pr-based cobaltites and 

recently stabilized to room temperature (see Chaturvedi et al., Nat Commun 13, 7774 (2022) and 

references within). 

> The suspected role of Pr-O hybridization and covalent bonding in the structure of (Pr,Sr)CoO3 

(Leighton et al., Phys Rev B 79, 214420 (2009)). 

> The similar physics thought to occur in other rare-earth-based compounds in rock-salt structure 

(e.g., Jayaraman et al., Phys. Rev. Lett. 25, 1430 (1970)). 

3. I found something a little muddy at the bottom of page 4, where it is stated that the 50 K M)H) 

data are preproduced by the theory. The M(T) data are, as well, right? Other than this, the paper 

is very clearly and precisely written. 

4. There are a few minor errors and typos: 

> p3. "octahedral in Li8PrO6". Should be "octahedra". 

> p7. "ev". Should be "eV". 

> p9. "microscopic phenomena". Should be "phenomenon". 

> I also think the authors should rethink "in" in the title. In the current formulation, isn't 

"compounds" needed at the end? 



Reviewer #2 (Remarks to the Author): 

The reported study concerns the electronic and magnetic states of the 4f^1 electronic 

configuration of praseodymium as found in certain insulating oxides. The authors have used 

neutron spectroscopy to determine the crystal-field-split low energy states of 4f^1, and x-ray 

absorption spectroscopy and magnetic circular dichroism to investigate hybridisation effects. The 

work focuses on oxides containing Pr4+ ions in sites surrounded by oxygen octahedra with varying 

degrees of distortion. The overall conclusion is that Pr-4f/O-2p hybridisation plays an essential role 

in the electronic structure of the studied materials. 

The 4f^1 configuration is known in great detail in compounds containing trivalent Ce, in which 

very strong hybridisation often occurs and leads to mixed valence and Kondo phenomena. Less 

work has been done on tetravalent Pr compounds, in which hybridisation is expected to be weaker 

due to the smaller radial extent of the f electron orbitals. So the present systematic study of three 

tetravalent Pr compounds with different structural dimensionalities is very welcome. 

The manuscript is written clearly. The experiments and methods of data analysis are described 

very thoroughly, especially in the supplemental material, and I have confidence that the results 

are dependable and should be published. On the other hand, notions of mixed valence and 

hybridisation effects in tetravalent Pr oxides, especially PrO2, are actually quite well established. 

See, for example, various studies carried out in the 1980s by Kotani and co-workers, PRB 38, 

3433 (1988) and J Phys.: Condens. Matter 9, 8155 (1987), as well as others PRB 36, 1745 & 1750 

(1987). In this context, the main themes of the present work are not particularly novel, and I 

don’t see a strong case for publication in a general science journal as opposed to a more 

specialized solid-state physics or chemistry journal. On the other hand, if the authors could 

reconcile the lack of any evidence for hybridisation in their neutron spectra with the significant 

amount of hybridisation required to model the x-ray spectra (see point 1 below) then in my view 

this would be a notable result appropriate for publication in Nature Communications. 

My main comments are the following: 

1. There is a lack of consistency between the interpretations of the neutron and x-ray 

spectroscopy. The x-ray spectra are interpreted in terms of a model which incorporates significant 

f-p hybridisation, resulting in 25-30% of Pr3+ mixed into the Pr4+ ground state. At the same 

time, the model used to interpret the neutron data (supported by fits to the bulk susceptibility) 

includes no hybridisation at all, being a single-ion model for the 4f^1 configuration of Pr4+ in a 

crystal field. The degree of hybridisation implied by the analysis of the x-ray spectra would be 

expected to significantly influence the neutron spectra, e.g. by lifetime broadening the Pr4+ 

excitations, or by the presence of peaks due to localised Pr3+. There doesn’t seem to be any 

evidence for such effects in the neutron or IR spectra shown in Fig. 2. Final state effects are 

important in x-ray spectra, so perhaps it is necessary to look again at the way the x-ray spectra 

are modelled and question the extent to which hybridisation can really be determined from such 

data? 

2. Related to first point, it would be very interesting to calibrate the neutron spectra in absolute 

units and to make a quantitative comparison with the intensity calculated in the same units from 

the single-ion model. If there is significant “missing” intensity this could indicate electronic levels 

which are not localised in pure 4f^1 states. Would it be possible to calibrate the neutron intensity 

retrospectively? 

3. In the Supplementary Material, Sections 3.1, 3.2 and 3.3, the discussion of different regimes for 

the crystal field interaction relative to spin-orbit coupling is slightly confusing because it suggests 

that the |j, mj> basis is applicable when CF << SOC, and the |mL,mS> basis is applicable when 

CF >> SOC. In fact, both are complete basis sets and can be used in any regime. I think what you 

mean to say is that the |j, mj> basis is the more natural one for CF << SOC because j is a good 

quantum number, whereas |mL,mS> is more natural for CF >> SOC where j is not a good 

quantum number. So the titles of these three sections might be better given as CF << SOC, CF 



>> SOC and CF ~ SOC. 

Some smaller points (in no particular order): 

4. I believe that the Stevens operators used in the analysis of the neutron data here are expressed 

in terms of L and Lz. It would be helpful to confirm this. 

5. The f electron density plots shown in the main article (Fig. 1, Fig. 4) are very insightful. It would 

be good to give some details of how these were calculated. 

6. “3-Pr” is written in the legend of several of the supplementary figures. Should this be “2-Pr”? 

7. Page 3, line 5 from top. Should J be Jex? 

8. Page 5, last line. The branching ratio would be clearer if the denominator was in parentheses: 

IM5/(IM5+IM4). Some details of how the branching ratios were determined from the experimental 

spectra would be helpful. 

9. Fig. 4h. In the caption, it says that B40 was varied from 0 to ~2000, yet the fitted B40 values 

are all less than 1 (Table S3). Is this consistent with the position of Pr4+ shown on Fig. 4h? 

10. The system Ba2Pr(Ru,Ir)O6 might be worth mentioning as part of the context for studying 

tetravalent Pr. It has a valence transition from Pr3+ to Pr4+ which is detected in neutron spectra 

through the CF transitions of the two valence states, see PRB 99, 184440 (2019). 

Reviewer #3 (Remarks to the Author): 

The submitted manuscript demonstrates the unique electronic structure of Pr<sup>4+</sup> 

which, unlike other lanthanide ions exhibit a covalent character of the Pr-O bonds. This covalency 

enhances crystal-field effects that compete with the inherent spin-orbit coupling contribution found 

in a 4f<sup>1</sup> system. This makes the energy spacing in Pr<sup>4+</sup>-based 

complexes resemble that of high-valent actinides (eg. U<sup>5+</sup>). 

The unexpected role of Pr<sup>4+</sup> 4f electrons is demonstrated very nicely in this paper 

by the combination of metal and ligand edge XAS spectra, X-ray magnetic circular dichroism, 

Anderson-impurity model and ab initio calculations. The analysis of the data is very detailed and 

theoretically sounded. The discussion and arguments are very well formulated, making the paper 

easy to follow. 

To summarize, this is a very interesting piece of work, with, I believe, a very new and important 

message to convey, as there has been so far very few studies on tetravalent lanthanides, and 

none highlighting a covalent interplay of 4f orbitals, so far believed as very ionic. This paper clearly 

opens the way to a new look at higher-valent lanthanide chemistry, and to potential applications to 

magnetism. I am positively content to see this work published in Nature Communications.
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REVIEWERS' COMMENTS

Reviewer #1 (Remarks to the Author): 

The authors responses to my points (and those of others as far as I can tell) are complete and 

satisfactory. The ensuing changes to the manuscript are generally good. I support publication at 

this stage. 
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