







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 20 July 2020



                    Coherent many-body exciton in van der Waals antiferromagnet NiPS3

                    	Soonmin KangÂ 
            ORCID: orcid.org/0000-0002-2126-44491,2Â na1, 
	Kangwon Kim3Â na1, 
	Beom Hyun Kim4Â na1, 
	Jonghyeon KimÂ 
            ORCID: orcid.org/0000-0002-5085-44725Â na1, 
	Kyung Ik SimÂ 
            ORCID: orcid.org/0000-0002-9870-39135, 
	Jae-Ung LeeÂ 
            ORCID: orcid.org/0000-0002-5758-61163,6, 
	Sungmin Lee1,2, 
	Kisoo Park1,2, 
	Seokhwan Yun1,2, 
	Taehun Kim1,2, 
	Abhishek Nag7, 
	Andrew Walters7, 
	Mirian Garcia-Fernandez7, 
	Jiemin Li7, 
	Laurent Chapon7, 
	Ke-Jin ZhouÂ 
            ORCID: orcid.org/0000-0001-9293-05957, 
	Young-Woo SonÂ 
            ORCID: orcid.org/0000-0002-1389-693X4, 
	Jae Hoon KimÂ 
            ORCID: orcid.org/0000-0002-7840-36305, 
	Hyeonsik CheongÂ 
            ORCID: orcid.org/0000-0002-2347-40443 & 
	â€¦
	Je-Geun ParkÂ 
            ORCID: orcid.org/0000-0002-3930-42261,2,8Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 583,Â pages 785â€“789 (2020)Cite this article
                    

                    
        
            	
                        30k Accesses

                    
	
                        136 Citations

                    
	
                            65 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Electronic properties and materials
	Magnetic properties and materials


    


                
    
    

    
    

                
            


        
            Abstract
An exciton is the bosonic quasiparticle of electronâ€“hole pairs bound by the Coulomb interaction1. Boseâ€“Einstein condensation of this exciton state has long been the subject of speculation in various model systems2,3, and examples have been found more recently in optical lattices and two-dimensional materials4,5,6,7,8,9. Unlike these conventional excitons formed from extended Bloch states4,5,6,7,8,9, excitonic bound states from intrinsically many-body localized states are rare. Here we show that a spinâ€“orbit-entangled exciton state appears below the NÃ©el temperature of 150Â kelvin in NiPS3, an antiferromagnetic van der Waals material. It arises intrinsically from the archetypal many-body states of the Zhangâ€“Rice singlet10,11, and reaches a coherent state assisted by the antiferromagnetic order. Using configuration-interaction theory, we determine the origin of the coherent excitonic excitation to be a transition from a Zhangâ€“Rice triplet to a Zhangâ€“Rice singlet. We combine three spectroscopic toolsâ€”resonant inelastic X-ray scattering, photoluminescence and optical absorptionâ€”to characterize the exciton and to demonstrate an extremely narrow excitonic linewidth below 50Â kelvin. The discovery of the spinâ€“orbit-entangled exciton in antiferromagnetic NiPS3 introduces van der Waals magnets as a platform to study coherent many-body excitons.
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                    Fig. 1: Two schematic views of local states and the RIXS process.[image: ]


Fig. 2: Temperature dependence of PL spectra and optical absorption data.[image: ]


Fig. 3: XAS and RIXS energy-detune maps.[image: ]


Fig. 4: Temperature dependence of exciton modes.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Full crystal structure and single-crystal XRD data from one of the NiPS3 samples.
Left, crystal structure. Thin lines indicate the unit cell, and the Ni lattice (with space group C2/m) is highlighted by the blue bonds. Right, single-crystal XRD data.


Extended Data Fig. 2 PL data taken with different laser energies.
a, Excitation-energy-dependent PL spectra of bulk NiPS3 at TÂ =Â 10Â K. Several peaks below the excitation energy are Raman (phonon and two-magnon) signals. The peaks highlighted by asterisks shift with the excitation energy. b, Excitation-energy dependence of the spectrum near peak I. c, Spectra plotted in terms of energy shift âˆ†E (âˆ†EÂ =Â EexcÂ âˆ’Â Eph, where Eexc is excitation energy and Eph is photon emission energy) for different excitation energies. The peaks highlighted by an asterisk show the same energy shift for all excitation energies. The vertical dashed red line shows that the peak at 0.98Â eV is well aligned for all five different energies after correcting for the energy-dependent shift.


Extended Data Fig. 3 Thickness, temperature and polarization dependence of PL in NiPS3.
a, PL spectra as a function of sample thickness (1L indicates monolayer, and so on). b, c, The dependence of peak energy (b) and intensity (c) on sample thickness. d, Temperature-dependent PL spectra of bulk NiPS3. e, Thickness dependence of PL spectra for 1- to 8-layer NiPS3 at 10Â K. f, Polarized Raman spectra as a function of sample thickness, measured in the parallel and cross-polarization configurations. The incident polarization was aligned along the a axis of the sample. Scattered photons with polarization along the a (b) axis were measured in the parallel (cross-) polarization configuration. In the bilayer, where antiferromagnetism (AFM) is observed with a lower TN than in the bulk, we interpret the disappearance of peak I as being caused by an unstable AFM ground state, as evidenced by the lower TN. In this connection, in our previous work24, the splitting of the Raman peak at about 180Â cmâ€“1 was used as the indicator of AFM ordering. Although the splitting is still visible in the case of the bilayer, the two peaks (red and black) are not as clearly resolved as in the case of thicker crystals, indicating that the AFM ordering is not so robust in the case of thinner samples.


Extended Data Fig. 4 Polarization dependence of peak I in PL spectra, and the effect of magnetic field on optical absorption spectra.
a, Polarization dependence of PL spectra of bulk crystal at TÂ =Â 10Â K, showing peak I and the two high-energy side peaks, SÎ± and SÎ² (respectively left to right). bâ€“d, Intensities of peak I (b), SÎ± (c) and SÎ² (d). 0Â° is the a axis of NiPS3. e, f, Effect on optical absorption spectra of a magnetic field applied perpendicular to (e) and parallel to (f) the basal plane (measured at 4Â K; e shows the field being varied from 0Â T to 7Â T, and f shows a field of 0Â T and a field of 7Â T). In the insets, short arrows represent the zig-zag spins of Ni2+, and the circle (e) and the long arrows (f) represent the direction of the field. The intensity variation in f is due to remounting the sample, which leads to some variation of orientation with respect to the fixed direction of the magnetic field. For the perpendicular field configuration (e), remounting of the sample was not necessary.


Extended Data Fig. 5 Theoretical energy diagrams.
a, Splitting of the NiS6 cluster mutiplet with parameters shown in Extended Data Table 1 as a function of hopping strength. Here r is the scale parameter of hopping strengths like VpdÏƒÂ =Â âˆ’0.74rÂ eV and VpdÏ€Â =Â 0.4rÂ eV. Magenta, green, light blue and red lines represent the energy levels of singlet, doublet, triplet and nonuplet states, respectively. Dashed orange and solid grey lines refer to the energy levels of charge-transfer states which are not coupled with d8 multiplets. Because the multiplets shown by grey lines are weakly coupled with d10L2 multiplets, their energy is slightly lower than that of multiplets shown by dashed orange lines. The irreducible representations for rÂ =Â 0 and rÂ =Â 1 are given on the top and bottom axes. b, Schematic diagram of the nature of the bonding between d8 and d9L1 multiplets. Dotted red and dashed blue lines represent respectively the pdÏƒ- and pdÏ€-type bonding between d8 and d9L1 multiplets.


Extended Data Fig. 6 Theoretical and experimental RIXS spectra for various parameters.
Thick dark-violet lines, theoretical results; thin sea-green lines, experimental results. Shown are RIXS spectra at 585.1Â eV incident X-ray energy for various parameters as follows: a, charge-transfer energies Î” (left to right, 0.55, 0.95 and 1.35Â eV); b, Slaterâ€“Condon parameter \({F}_{dd}^{0}\) (4, 6 and 8Â eV); c, Slaterâ€“Condon parameters \({F}_{dd}^{2}\) and \({F}_{dd}^{4}\) (80%, 100% and 120% of atomic values); d, hopping parameter \({V}_{pd{\rm{\sigma }}}\) (âˆ’0.70, âˆ’0.74 and âˆ’0.78Â eV); and e, hopping parameter \({V}_{pd{\rm{\pi }}}\) (0.36, 0.40 and 0.44Â eV). Atomic values of \({F}_{dd}^{2}\) and \({F}_{dd}^{4}\) are 12.2341 and 7.5981Â eV, respectively. Remaining parameters are set to the values shown in Extended Data Table 1.


Extended Data Fig. 7 Peak-fitting of the RIXS data, the magnon dispersion and the two-magnon continuum in the XXZ-type antiferromagnet NiPS3.
aâ€“e, Two excitonic modes (peaks I and II) are fitted using a Voigt function at several representative temperatures in addition to two charge-transfer peaks (dashed lines). f, Low-energy excitations in the RIXS spectra, showing the Q|| dependence along the b* axis at 14Â K. Black squares and red circles correspond to the fitted magnon and two-magnon energies, respectively. The error bars are the standard deviations of the fitting results. g, Calculated magnon spin waves and two-magnon density of states using parameters described in the text: data points and error bars are as in f.


Extended Data Fig. 8 Energy splitting of NiS6 cluster multiplet states with d9c1 and d10c1L1 configurations when Î»dÂ =Â 0Â eV.
Energies denoted by A and B correspond to the peak positions of XAS in Fig. 3a, and those by C and D to XAS shoulders around 855Â eV in ref. 23. The y axis represents the difference between the total energy (Ï‰in) of the excited states and the energy (Ï‰0) of the ground state.


Extended Data Fig. 9 Schematic diagrams of spin configuration and hole density of an S2 ligand in a Ni2S10 cluster.
a, Zhangâ€“RiceÂ triplet (ZRT) lattice; b, two Zhangâ€“RiceÂ singlet (ZRS) excited lattices with the zig-zag AFM order. Large (small) red and blue arrows refer to the spin direction of Ni 3d (S 3p) holes. Green ellipsoids indicate edge-shared S sites, in which spins of two ligand holes are antiparallel with one another. Magenta circles highlight sites of ZRS excitations. Open arrows inside magenta circles represent the direction of anticipated electric dipoles for the ZRS excitation. Owing to polarization reversal with the Ni spin flip, polarized PL along the b direction (the â€˜armchairâ€™ direction of the hexagonal Ni network) has destructive contributions from the opposite spin orientations, while the polarized PL along the a direction (the zig-zag direction) has not. This can explain the observed PL anisotropy shown in Extended Data Fig. 4. câ€“f, Hole density of an S2 ligand as a function of the strength of the long-range magnetic field, h: c, e, for the ground state (GS) with JpÂ =Â 0 (c) and JpÂ =Â 0.4Â eV (e); and d, f, for the excited state near 1.44Â eV characterized by the ZRS state with JpÂ =Â 0 (d) and JpÂ =Â 0.4Â eV (f). Other parameters are presented in Extended Data Table 1. In câ€“f, FM (AFM) indicates that applied long-range magnetic fields at two Ni sites are parallel (antiparallel). We assume the field direction is along the a axis because the result is almost same regardless of the field direction.


Extended Data Table 1 Physical parameters for calculationsFull size table





Source data
Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4
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