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Abstract. We perform a comprehensive analysis of the correlated electronic structure reconstruction within 
the paramagnetic phase of CrSBr van der Waals (vdW) crystal. Using generalized gradient approximation 
plus dynamical mean-field theory calculations, we explicitly demonstrate the importance of local dynamical 
correlations for a consistent understanding of the emergent Mott localized electronic state, showing the 
interplay between one-electron lineshape and multi-orbital t2g electronic interactions. Our strongly corre- 
lated many-body scenario is relevant to understanding the electronic structure reconstruction of the Cr3+ 
oxidation state with nearly half-filled t2g orbitals and should be applicable to other vdW materials from 
bulk down to the low-dimensional limit. This work is a step forward in understanding the manifestation 
of orbital-selective Mott localization and its link to angle-resolved photoemission spectroscopy, electrical 
resistivity, and the current–voltage characteristic. The presented theoretical results indicate how orbital 
reconstruction leads to volatile memristive functionality of CrSBr for future neuromorphic computing. 

 

1 Introduction 

Since the discovery of two-dimensional (2D) graphene 
as downscaling layered analog of the bulk, van der 
Waals (vdW) graphite [1], there has been growing inter- 
est in discovering novel layered vdW materials that can 
be exfoliated and studied at the few-layer or in the 
2D limit [2]. Extant works in this field have identified 
and experimentally realized 2D materials as diverse as 
metals, insulators, semiconductors, and semimetals sys- 
tems [3]. Along this line, the finding of magnetic order 
in 2D magnet materials [4–6] provides an interesting 
platform to understand and ultimately control low-D 
magnetism, providing opportunities for atomically thin 
spintronic, magneto-optic and valleytronic devices [7– 
9]. To date, however, the growth of bulk vdW materi- 
als, from which 2D magnets can be exfoliated, remains 
challenging due to inadequacies of currently available 
materials, including low magnetic transition tempera- 
tures (T ) [4–6], air instability, and poor transport and 
magnetic properties. In this context, the vdW mate- 
rial CrSBr is expected to be a promising candidate for 
the realization of a 2D magnetic semiconductor [10– 
14]. Bulk CrSBr has a high magnetic ordering tempera- 
ture (N´eel temperature, TN ≈ 132 K) [15, 16] compared 
to the chromium trihalides analogs [17]. Moreover, this 
layered material shows strong coupling between its elec- 
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tronic and magnetic properties [10, 14]. CrSBr is readily 
exfoliated down to the 2D limit, and few-layer samples 
are stable under ambient conditions, making it an inter- 
esting candidate for integration into functional vdW 
heterostructures [13, 18]. This unique combination of 
physical and chemical properties in a single vdW mate- 
rial has opened great interest in understanding the elec- 
tronic, optical, and magnetic properties of CrSBr crys- 
tals [2]. 

A Curie–Weiss fit of the magnetic susceptibility 
gives a Weiss constant of approximately 180 K, indica- 
tive of strong ferromagnetic correlations [15]. Fur- 
ther experimental evidences for these high-T ferro- 
magnetic correlations are characterized by two broad 
features in heat capacity measurements near 185 and 
160 K [19] in field dependent magnetization isotherms 
below 200 K [20] as well as the persistence of magneto- 
crystalline anisotropy above TN [21, 22]. Diffuse scatter- 
ing in single crystal neutron diffraction measurements 
reveal that these high-T ferromagnetic correlations are 
confined within the ab plane, indicating the predomi- 
nance of 2D magnetic interactions in the paramagnetic 
regime [23]. 

In CrSBr crystal, each layer consists of two buck- 
led rectangular planes of CrS ions, with both surfaces 
capped by Br atoms [15, 16, 24], see Fig. 1. Stacking of 
the layers along the c-axis gives rise to an orthorhom- 
bic structure with space group Pmmm. The param- 
agnetic to antiferromagnetic out-of-plane phase transi- 
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Fig. 1 Schematic representation of the orthorhombic lat- 
tice structure of CrSBr bulk crystal 
 

 

tion includes substantial intralayer ferromagnetic cor- 
relations setting in above TN [14], as seen by heat 
capacity [18] and magnetic susceptibility [15] measure- 
ments. Below TN , the layers order ferromagnetically, 
with spins oriented along the b axis, and antiferromag- 
netically along the stacking direction [15, 16]. Impor- 
tantly, in bulk single crystals, CrSBr is considered to 
be a broadband semiconductor with a direct bandgap 
of 1.5 [15, 25] to 2.0 eV [12], displaying finite con- 
ductivity values down to low T [2, 15, 26]. Although 
magnetic susceptibility [14, 15, 20] and magnetoresis- 
tance [14] measurements show two inflection points 
across the magnetic phase transition, the electrical con- 
ductivity and resistance measurements show a nearly 
continuous T -dependence in Refs. [2, 15, 27], and only 
recently two inflection points at 40 K and 128 K have 
been reported [26], meaning that magnetism in CrSBr 
samples are sensitive to gate voltages and electric field 
on cooling [27], as well as to electrostatically tunable 
spin polarization [28]. This sensitivity suggests that in 
CrSBr, field-driven external perturbations might not 
only induce magnetic phase transitions, but also non- 
volatile resistive switching [27] relevant to neuromor- 
phic computing [29]. 

To address the electronic structure of magnetic 
CrSBr systems, ab initio density functional theory 
(DFT) schemes were performed in recent years [11, 30– 
32]. These DFT calculations correctly describe the 
semiconducting electronic state of the magnetically 
ordered phases with strongly spin and orbital polarized 
electron bands. Moreover, a perusal of extant DFT+U 
studies [30, 33, 34], which explicitly take into account 
the effect of intrinsic electron–electron interactions on 
a Hartree-like level in the Cr 3d shell, reveals that 
the on-site Coulomb interaction U for CrSBr could 
reach values up to 5.0 eV [34]. However, in spite of 
these theory studies of fundamental importance, the 
dynamical quantum nature of the paramagnetic elec- 
tronic state [12, 35] of CrSBr crystals has been largely 
unexplored. Motivated thereby, in this work we extend 
our earlier studies on Cr-trihalides [36, 37] to perform 
a detailed analysis of the electronic structure recon- 
struction within the paramagnetic phase of CrSBr crys- 
tal. Using the DFT plus dynamical mean-field theory 
(DFT+DMFT) approximation [38], we show the emer- 
gent correlated electronic state with distinct orbital- 
selective many-particle fingerprints. Similar to Ref. [36, 

37], our study highlights the importance of incorporat- 
ing multi-orbital (MO) dynamical correlations within 
the Cr-t2g orbitals to determine the role played by self- 
energy corrections to the electronic spectra of this cor- 
related many-particle vdW compound. 

 

 

2 Theory, results and discussion 

The DFT calculations were performed for the non- 
magnetic electronic state of orthorhombic CrSBr (see 
Fig. 1) using the SIESTA ab initio simulation pack- 
age [39] (code 4.1.5). Generalized gradient approxi- 
mation (GGA) in the Perdew–Burke–Ernzerhof (PBE) 
implementation [40] was applied as the exchange corre- 
lation functional. Troullier–Martins pseudopotentials [41] 
in Kleinman–Bylander nonlocal form were used to 
represent the ionic core potential. The Kohn–Sham 
orbitals [42] are expanded in a linear combination of 
atomic orbitals of finite range which is determined by 
a common confinement energy shift of 0.01 Ry [43]. 
The precision of the real-space grid integration is deter- 
mined by an energy cutoff of 200 Ry [44]. The respective 
Brillouin zone is sampled by a 10 × 10 × 10 Monkhorst- 
Pack grid [45] for the geometry optimization of a prim- 
itive cell of bulk CrSBr. The calculation of density of 
states was performed usinga 50 × 50 × 50 Monkhorst- 
Pack grid. All the lattice constants were taken from 
Ref. [16]. Finally, as in Ref. [36, 37], the atomic posi- 
tions were fully optimized until all the force components 
became smaller than 0.03 e V / Å .  

To begin with, in Fig. 2, we show the orbital-resolved 
and total GGA density of states (DOS) for t2g orbitals 
of orthorhombic (Pmmm space group) structural phase 
of paramagnetic CrSBr bulk crystal relevant to under- 
standing the high-spin state of the Cr3+ (S = 3/2) 
ion [30, 33, 46]. Owing to the octahedral environment of 
the Cr sites, the 3d states split into half-filled [46] t2g 
and unoccupied [30] eg orbitals. With these caveats, 
in Fig. 2, we show the Cr 3d-t2g states of CrSBr near 
Fermi level, EF = ω = 0. As frequently found in 
transition metal compounds, the eg states are higher 
in energy and are almost fully polarized in CrSBr, so 
they will not be considered in our study. More impor- 
tantly, given the narrow bandwidth of the active t2g 
orbitals, MO electron–electron interactions will scat- 
ter electrons among the t2g channels via the interor- 
bital Coulomb interaction U′ and the Hund’s exchange 
parameter JH [36, 37], inducing clearly visible changes 
in the bare DFT spectral functions as shown in Fig. 2. 
While first-principles calculations have provided reli- 
able information regarding structural and magnetic 
ground state properties for real (correlated or not) sys- 
tems, they are known to generically fail to capture 
dynamical electron–electron correlation effects, and so 
they cannot access low-energy Kondo quasiparticles 
and Mott localization as well as the emergence of Hub- 
bard satellites (local moments) at high energies [47]. 
Combining DFT with DMFT is a many-particle pre- 
scription for overcoming this problem [38]. Thus, within 
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Fig. 2 Comparison between the GGA and GGA+DMFT 
orbital-resolved and total Cr 3d−t2g density of states (DOS) 
of paramagnetic CrSBr bulk crystal. Important features to 
be seen is the narrow bare DFT bandwidth, the changes in 
the DFT-t2g electronic states, and the correlated electronic 
structure reconstruction shown in the DFT+DMFT results 
with increasing on-site Coulomb interaction U 

 
 

 
GGA the one-electron part of the MO Hamiltonian for 

Fig. 3 Evolution of the GGA+DMFT orbital-resolved and 
total spectral functions of paramagnetic CrSBr across the 
correlation-driven Mott metal–insulator transition. Notice 
the orbital-selective suppression of the narrow Kondo quasi- 
particles in metallic CrSBr and the dynamical transfer of 
spectral weight from low energies to the Hubbard bands 
 

 

selective Kondo quasiparticle peaks [47] develops at or 
near EF in the t2g DOS, followed by the emergence 

CrSBr reads H0 = 
Σ 

 
k,a,σ ϵa(k)c† ck,a,σ, where a = 

of incoherent upper (UHB) and lower (LHB) Hubbard 
bands at high energies, a feature that to the best of 

xz, yz, xy denote the diagonalized t2g orbitals and ϵa(k) 
is the corresponding band dispersion, which encodes 
details of the real one-electron band structure. These 
three Cr-3d orbitals are the relevant one-particle inputs 
for MO-DMFT which generates a Mott–Hubbard insu- 
lating state as shown below. Local MΣO interactions in 

our knowledge has not been reported in the extant lit- 
erature of CrSBr bulk or low-D crystals. Also interest- 
ing in Fig. 2 is the pseudo-bandgap and the narrow 
UHB at U = 3.0 eV that develop in the electronic state 
with xy orbital character, signaling its close proxim- 
ity to Mott localization. Taken together, the interplay 

CrSBr are contained in Hint = U i,a ni,a,†ni,a,↓ + between many-particle, electron–electron interactions 

′ 
i,a/=b 

ni,ani,b − JH 

Σ 
Si,a · Si,b. Here, U is and the clear differences in bare electronic lineshape 

the on-site Coulomb interaction, U ′ = U − 2JH is the 
interorbital Coulomb interaction term, and JH is the 
Hund’s coupling. We evaluate the many-particle 
Green’s functions of the MO Hamiltonian H = H0 + 
Hint within DFT+DMFT [38], using MO iterated per- 
turbation theory (MO-IPT) as impurity solver [48]. The 
DMFT solution involves replacing the lattice model 
by a self-consistently embedded MO-Anderson impu- 
rity model, and the self-consistency condition requiring 
the local impurity Green’s function to be equal to the 
local Green’s function for the lattice. The full set of 
equations for the MO case can be found in Ref. [48], so 
we do not repeat the equations here. 

Let us now turn our attention to our DFT+DMFT 
results obtained within the formal Cr3+ oxidation state 
of the CrSBr parent compound. In Fig. 2, we display 
the effect of MO dynamical correlations oΣn the orbital- 

near EF are important seeds toward correlated elec- 
tronic structure reconstruction and Mott localization 
of CrSBr vdW bulk crystal, as shown below. 

In Fig. 3, we display the orbital-resolved and total 
DOS across the Mott metal–insulator transition of 
CrSBr. We recall here that strongly correlated many- 
particle systems are paramagnetic Mott insulators, 
where all orbital sectors display a Mott–Hubbard gap 
at EF [50]. In spite of orbital-selective suppression of 
the narrow Kondo quasiparticles, transfer of spectral 
weight from low energies to the Hubbard bands at high 
energies is visible in a more or less pronounced way in 
Fig. 3, depending on the orbital character, within the 
t2g orbital-resolved spectral functions. This behavior 
highlights the intrinsic tendency toward large transfer 
of spectral weight in transition metal compounds [50], 
where the correlation to bandwidth (U/W ) ratio is siz- 

resolved [ρa,σ(ω)] and total [ρtotal(ω) = a,σ ρa,σ(ω)] able [51]. 

t2g DOS of orthorhombic CrSBr, showing orbital- selective electronic structure reconstruction induced by 

i,a/=b 



   

 

 

 

MO elecron–electron correlation effects with pro- 
nounced changes in the t2g orbitals, both near EF and 
at high energies. At U = 2.0 eV and fixed JH = 0.7 eV 
(a value close to that reported in Ref. [49]), orbital- 

To shine additional light onto the effect of MO 
electron–electron interactions in CrSBr, we show in 
Fig. 4 the frequency dependence of the orbital-resolved 
self-energies of the imaginary (main panels) and real 
(insets) parts for the U values considered in Fig. 3. At 
U = 4.0 eV, ImΣa(ω) shows ω2-dependence character- 
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Fig. 4 Orbital-resolved self-energies imaginary (main pan- 
els) and real (insets) parts of CrSBr bulk crystal, showing 
their evolution with increasing the on-site Coulomb inter- 
action U . Particular features to be seen is the particle–hole 
asymmetry and the presence of a pole in the yz self-energy 
near EF , a fingerprint of the Mott insulating state 

 

 

istic of Fermi liquid metals. However, as shown in Fig. 3, 
this canonical correlated electronic fingerprint evolves 
into an orbital-selective state at U = 5.0 eV with coex- 
isting insulating (xy) and metallic (xz, yz) channels. 
Due to orbital-selective Mottness, at U = 5.0 eV, the 
xy orbital now acts as a localized moment to the xz, yz 
channels responsible for the emergence of incoherent 
metallicity via U ′, JH -induced interorbital proximity 
effect. This in turn indicates the presence of strong 
MO correlations within the orbital-selective metallic 
phase of CrSBr. Comparing our results with that of 
CrX3 vdW crystals [36, 37], among other correlated 
systems [52, 53], we notice similar features in CrSBr, 
i.e., the strong particle–hole asymmetry in Σa(ω). This 
particle–hole asymmetry is manifested by the appear- 
ance of a peak above EF in ImΣa(ω), which becomes 
more particle–hole asymmetric in the Mott phase of 
paramagnetic CrSBr. Importantly, as can be seen in 
the insets of Fig. 4, the self-energy real parts of the 
Mott localized components have pronounced frequency 
dependence near EF , which indicates that the bare elec- 
tronic states are strongly renormalized by the orbital- 
resolved self-energy real parts, stabilizing the Mott 
insulating state as in bct NbO2 [52]. 

To see whether our results for the Mott–Hubbard 
insulating state of CrSBr are consistent with extant 
spectroscopy data, in Fig. 5 we show the DFT+DMFT 
results (main panel) and angle-resolved photoemission 
spectroscopy (ARPES) data [12] recorded at 152 K on 
two different k-directions (inset). As seen, good qualita- 
tive agreement between theory and experiment is found 

 
Fig. 5 Evolution of the DFT+DMFT total DOS in the 
Mott–Hubbard electronic localized state of paramagnetic 
CrSBr bulk crystal (main panel) with increasing on-site 
Coulomb repulsion U . The inset displays the angle-resolved 
photoemission spectroscopy (ARPES) data recorded at 
152 K on two different k-directions [12]. Notice the qual- 
itative theory–experiment agreement, particularly for the 
position of the low-energy shoulder, followed by a peak– 
dip–hump lineshape 
 

 

sentation of the valence one-electron band structure of 
paramagnetic CrSBr near EF and its link to k-resolved 
spectral functions. Albeit with reduced intensity, our 
results qualitatively reproduce the shoulder feature cen- 

tered around 1.6 eV below EF in the experiment. Thus, 
for CrSBr, incoherent components with distinct orbital 
(see Fig. 5) and k-resolved electronic lineshape are 
visible at low to moderate binding energies, in spite 
of large-scale spectral weight transfer induced by siz- 
able electron–electron interactions. Interestingly in this 

context is the crossing point seen in the experimen- 
tal curves at −2.0 eV binding energy, a fingerprint of 
dynamical transfer of spectral weight. Finally, looking 
at both the conduction and valence band states close 
to EF reveals an U -shaped like bandgap similar to that 
seen in Ref. [15]. Future angle-integrated photoemission 
spectroscopy (PES) and inverse PES are called for to 
corroborate our electronic structure evolution for the 
Mott localized electronic state of paramagnetic CrSBr. 
Electron localization probed in extant transport 

experiments [2, 15, 27] may provide additional sup- 
port to our t2g orbital-selective electronic structure 
reconstruction of stoichiometric CrSBr. Specifically, 
we study the T -dependence of the dc resistivity and 
correlate it with the Mott scenario derived above. 
Given the DFT+DMFT many-particle spectral func- 
tions ρa(k, ω) = −  1 ImGa(k, ω) the (static) dc con- 

over the entire range of −1.5 eV ≤ ω ≤ EF . In particu- ductivity [σdc(T )] [55] can be expressed as σdc(T )  =  

lar, the peak–dip–hump and the energy position of the 2πe2 v2 
Σ ∫ 

dϵρ(0)(ϵ) 
∫ 

dωρ2(ϵ, ω)[−f′(ω)]. In this 

incoherent low-energy excitation are close to −0.6 eV kV a a a 

below EF , which agrees with the total t2g spectral func- expression, ρ(0)(ϵ) is the bare DFT DOS of the a- 

tion. Thus similar to Ref. [54], our results in the main orbitals (Fig. 2), V is the unit cell volume, and f (ω) 



   

 

 

 

panel of Fig. 5 represents a qualitatively accurate repre- is the Fermi function. As in Ref. [56], the approxima- 
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Fig. 6 Temperature dependence of the electrical resistivity 
obtained using the DFT+DMFT. Inset shows the resistivity 
data of bulk [15] and bilayer [2] CrSBr. Noteworthy is the 
qualitative good theory–experiment agreement from low- to 
room-T 
 

 
tion made here is to ignore the k-dependence of elec- 

Fig. 7 Evolution of the semi-logarithmic (main panel) and 
linear (inset) I − V curves of paramagnetic CrSBr bulk 
crystal on increasing the on-site Coulomb interaction U . 
Notice the minimal memristive behavior in the inset and the 
ON/OFF ratio as high as 104 at the main panel, supporting 
the bipolar switching with stable low resistance state (LRS) 
and high resistance state (HRS) reported in experiment [29] 

tron’s velocity, v k,a . In this situation, following Saso et ΓL(ω)+ΓR(ω). fα(ω)= 1/(eβ(ω−μα) +1) and ρa,σ(ω)=  

al. [57, 58], we approximate vk,a by a single average car- 
rier velocity (v) for the t2g orbitals of CrSBr. In fact, 
Refs. [57, 58] and [59] have shown that this assump- 
tion works well for numerical computations of σac(ω) 
for Kondo insulators (FeSi and YbB12), V2O3, and Fe- 
pnictide superconductors, supporting our approxima- 
tion in σdc(T ) above. The observed features in resis- 
tivity ρdc(T ) ≡ 1/σdc(T ) originated from correlation 
induced spectral changes: Showing how this provides a 
qualitative description of extant experimental data is 
our focus here. In Fig. 6, we show the T -dependence 
of the resistivity ρ(T ) computed using the U = 6.5 eV 
DFT+DMFT spectral function of paramagnetic CrSBr 
shown in Fig. 5. As seen in Fig. 6, the DFT+DMFT 
result for the CrSBr parent compound shows an insu- 
lating behavior from room-T down to 25 K. As seen, 
our result for U = 6.5 eV in Fig. 6 is in good qualita- 
tive accord with that reported for both bulk [15] and 
bilayer [2] CrSBr parent compound (see the inset of 
Fig. 6), providing support to our Mott–Hubbard local- 
ized electronic state. 

Finally, to shine light on the role played by MO 
electron–electron correlation effects into the changes in 
the Cr-based current–voltage (I − V ) characteristic of 
CrSBr memristor [29], in Fig. 7 we present our results 
computed using the DFT+DMFT spectral functions 
for the different U values considered in Figs. 3 and 5. 
Firstly, we shall point out here that within the wide- 
band limit of the left (L) and right (R) electrodes, the 
current formula for a tunneling experiment can be writ- 

—  1 Im Ga,σ(ω) are, respectively, the Fermi function of 
the electrode α and the total DOS of the Cr-3d t2g 
channel with spin-σ of paramagnetic CrSBr. Secondly, 
for simplicity we assume a symmetric voltage drop, 
μL = −μR = eV , and the wideband limit with con- 
stant DOS for the leads. Without loss of generality, 
these assumptions allows for a microscopic rationaliza- 
tion of the I − V characteristic of paramagnetic CrSBr 
memristor [29]. 

In the main panel and at the inset of Fig. 7, we show, 
respectively, the semi-logarithmic and linear current– 
voltage (I − −V ) curves obtained using the total 
DFT+DMFT spectral functions shown in Figs. 3 and 5. 
As seen, at small V, paramagnetic CrSBr exhibits mini- 
mal memristive behavior as reported in experiment [29], 
which goes over to a memristive switching where the 
resistance steady-state value exhibits an ON/OFF (or 
SET/RESET) ratio as high as 104 assisted by U - 
driven dynamical transfer of spectral weight. Taken 
together with the experimental result of Ref. [29], this 
behavior indicates that paramagnetic CrSBr memris- 
tor exhibits analog resistive memory with a bipolar low 
resistance state (LRS) and high resistance state (HRS) 
similar to that seen in experiments for MoS2 [64–66]. 
According to our DFT+DMFT results, this intrinsic 
dual-terminal [29], bipolar switching is due to selective 
orbital reconstruction, thus proving a volatile memris- 
tive functionality in contrast to the nonvolatile electric 
response of antiferromagnetic CrSBr [27], both however 
being relevant for future CrSBr memory-based, brain- 

ten as I = 2e 
Σ a,σ ∫ 

dω Γ˜(ω) {fL(ω) − fR(ω)} ρa,σ(ω) 
inspired neuromorphic computing. 
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[ 6 0Σ,  61], where Γ̃(ω) = ΓL(ω)ΓR(ω)/Γ (ω) with Γα(ω)=  
π k |t

α|2 δ(ω−εkα) being the coupling strength between 
electrode α and the central region [62, 63], and Γ (ω)=  



 

 

 

 

3 Conclusion 

In summary, in this work, we have performed GGA 
and GGA+DMFT calculations for understanding the 
electronic structure reconstruction of bulk CrSBr crys- 
tal in its non-magnetically ordered state. Using realis- 
tic Coulomb interaction parameters in the three-orbital 
Hubbard model of CrSBr, we provide a microscopic 
description of the excitation spectrum and the Mott 
localized state which emerges in this vdW lattice sys- 
tem. The central message of our approach is to show 
that a strong coupling [51] picture leads to a qualita- 
tive description for the low-energy shoulder feature in 
ARPES [12], the T -dependence of electrical resistivity 
for bulk [15] and bilayer [2] as well as the memristor 
I − −V characteristic [29] of CrSBr in a single theoret- 
ical picture. Taken together, our comparative theory– 
experiment analysis provides support for the correlated 
nature of Cr-based parent compound [51, 67, 68], and it 
is expected to be generally applicable to understanding 
orbital selectivity in correlated systems and the under- 
lying electronic state which emerges in vdW materi- 
als [69]. 
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