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Electronic structure of rhombohedral CrX; (X = Br, Cl, I) van der Waals crystals
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4Department of Physics, University of Houston, Houston, Texas 77204, USA
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We perform a comprehensive analysis of both the chemical and correlated electronic structure reconstruction
of rhombohedral CrX; (X = Br, Cl, I) van der Waals bulk crystals. Using the generalized gradient approximation

(GGA) plus dynamical mean-field theory we explicitly demonstrate the importance of local dynamical corre-
lations for a consistent understanding of emergent Kondo quasiparticles and Mott localized electronic states,
showing the interplay between material-dependent one-electron GGA line-shape and multiorbital electronic
interactions. To probe the correlated paramagnetic electronic state we performed x-ray absorption spectroscopy
measurements for CrCl; and CrBr; bulk crystals. Our correlated many-body study is relevant to understanding
the electronic structure reconstruction of paramagnetic Cr-trihalide crystals and should be widely applicable to

other van der Waals magnetic materials.

I. INTRODUCTION

Layered van der Waals chromium trihalide [CrX3 (X = Br,
Cl, D] compounds have received growing interest in recent
years [1-4] due to their extraordinary electronic and magnetic
properties [5—14] as well as the opportunity for the devel-
opment of future functional heterostuctures [15,16]. In each
layer, Cr and X atoms are arranged in a hexagonal network,
in which one Cr atom is bonded to its six neighboring X
atoms to form edge-shared octahedra. The resulting Cr-X
layers are stacked along the ¢ axis and held by van der
Waals interactions [16]. All CrXj3 crystals are paramagnetic
at room temperature, but their magnetism shows different
ground state properties at low temperatures: Both Crl; and
CrBrj3 bulk crystals are ferromagnetic with Curie temperatures
(Te) of 61 K [5] and 37 K [8], respectively, whereas CrCls
is antiferromagnetic with a Néel temperature of 16.8 K [9].
Interestingly, structural phase transitions from the rhombohe-
dral to monoclinic symmetry are also observed at different
temperatures, i.e., 210 K for Crl3, 230 K for CrCl3, and 420 K
for CrBr3 [5,7]. These transitions do not involve any magnetic
changes. However, some observed anomalies in the mag-
netic susceptibility at the crystallographic phase transition of
CrCl; [5] as well as in the lattice spacing at T of Crl; indicate
the coupling between lattice and spin degrees of freedom [14].
Particularly interesting in this regard is Crlz, which shows a
layer-dependent magnetic ground state [17,18]. In this system
the magnetic moments are aligned in the out-of-plane direc-
tion of each layer and antialigned in adjacent layers [2,16,18—
20]. As a result, monolayer Crl; is ferromagnetic [21], bilayer
Crl; has an antiferromagnetically ordered ground state [18],
and bulk Crl; is a ferromagnetic semiconductor [11,20,21].
It is noteworthy that the CrCl; monolayer displays only an

in-plane magnetic easy axis that dominates over the weak
perpendicular magnetocrystalline anisotropy [22]. While all
three monolayer components reveal strain-tunable magnetic
anisotropy [23], Crl; additionally displays pressure [24] and
electric field [25] controlled magnetism. With the main ab-
sorption peaks lying in the visible part of the spectrum and
tunable magnetic properties make the Cr trihalides promising
candidates for future magnetoelectronic and magneto-optic
devices [26].

It is interesting to note, additionally, that the magnetic
ordering temperatures of the Cr trihalides increase as the
halogen size increases from Cl to Br to I [6]. Since the Cr-Cr
distances increase with increasing halogen size, the superex-
change coupling constants between magnetic transition-metal
ions [27] are expected to be weakened along this series.
Moreover, as the electronegativity is decreased from Cl to
I, it has also been argued that the Cr-X bonding becomes
more covalent, strengthening superexchange interactions and
raising the magnetic ordering temperatures [6].

To address these issues of fundamental and applied impor-
tance, including the microscopic origin of intra- and interlayer
magnetism, ab initio density functional theories (DFT) im-
plemented within the generalized gradient approximation
(GGA) and GGA plus Hubbard U (GGA + U) schemes were
performed for CrXs systems [11,17,20,21,26,28-30]. These
calculations correctly describe the insulating electronic state
of the magnetically ordered phases [11,20,31], with almost
fully polarized electron bands.

A perusal of extant GGA 4 U studies, which explicitly
take into account the effect of intrinsic [10] electron-electron
interactions in the Cr 3d shell, reveals that the on-site
Coulomb interaction U for the CrX3 family could reach values
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FIG. 1. Schematic representation of the rhombohedral crystal
structure of CrX; (X = Br, Cl, I) crystals. Black lines represent the
unit cells.

up to 4.1 eV [17,20,21,28,30]. However, in spite of these
theoretical studies of fundamental importance, the dynamical
quantum nature of the nonmagnetic electronic state of CrX3
crystals has been only recently explored [30,31]. Motivated
thereby, in this paper we extend our earlier study [31] to
perform a detailed comparative analysis for the electronic
structure reconstruction of CrXj bulk crystals within the GGA
plus dynamical mean-field theory (GGA 4+ DMFT) approxi-
mation [32], showing how the different chemistry determines
the emergent correlated electronic state with distinct orbital-
selective many-particle fingerprints. Similar to Refs. [30,31],
the current comparative study highlights the importance of
incorporating dynamical multiorbital (MO) interaction effects
within the Cr 3d orbitals to determine the role played by
self-energy corrections to the electronic spectra of all three
CrX; components.

II. RESULTS AND DISCUSSION

The DFT calculations were performed for the para-
magnetic electronic state of rhombohedral CrX; parent
compounds (see Fig. 1) using the SIESTA ab initio simu-
lation package [33]. A generalized gradient approximation
(GGA) in the Perdew-Burke-Ernzerhof (PBE) implementa-
tion [34] was applied as the exchange correlation functional.
Norm-conserving pseudopotentials of Troullier-Martins [35]
in Kleinman-Bylander nonlocal form were used to represent
the ionic core potential. The Kohn-Sham orbitals [36] 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 [37]. The precision of the real-space grid
integration is determined by an energy cutoff of 200 Ry [38].
The respective Brillouin zone is sampled by a 10 x 10 x 10
Monkhorst-Pack grid [39] for a primitive cell of bulk CrXj.
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FIG. 2. Effect of chemistry on the bare GGA orbital-resolved
and total density of states (DOS) of CrX; (X =1, Cl, Br) parent
compounds, which are composed by twofold degenerate #,,» and e,
orbitals and a nondegenerate t,,1 orbital. Important features to be
seen are the narrow bare bandwidth, the changes in the 1, electronic
states of CrCl; as compared to Crl; and CrBr; systems, and the
fact that all bands in GGA span near the Fermi level, Er = w = 0.
This latter confirms that the electronic states relevant to chromium
trihalides are the Cr 3d states.

All the lattice constants were taken from Refs. [8,40]. Finally,
as in Ref. [31], the atomic positions were fully optimized until
all the force components became smaller than 0.04 eV /A.

To provide insights for the emergent electronic recon-
struction due to chemical and electron-electron correlation
effects within the rhombohedral structural phase of paramag-
netic CrCl; and CrBr; bulk crystals, we use x-ray absorption
spectroscopy (XAS) [41]. As in our earlier study [31], the
total fluorescence yield (TFY) mode of XAS spectra was
recorded using the qRIXS end station at Beamline 8.0.1 at the
Advanced Light Source (ALS), Lawrence Berkeley National
Laboratory [42].

To begin with, in Fig. 2 we show the orbital-resolved and
total GGA density of states (DOS) of the rhombohedral (R3)
structural phase of paramagnetic CrXj bulk crystals. Owing
to the octahedral environment of the Cr sites, the 3d states
split into low-lying f,, and high-lying e, groups. These two
groups are composed by twofold degenerate #,,» and e, or-
bitals and a nondegenerate £, orbital [31]. Consistent with
earlier DFT studies for the nonmagnetically ordered phase of
CrX; [11,20], our GGA results in Fig. 2 show that the active
electronic states in these Cr-trihalide compounds involve the
Cr 3d carriers, where all d bands have appreciable weight near
the Fermi level, Ef = w = 0. As common to transition-metal
compounds, the e, states are higher in energy and nearly fully
polarized within GGA. However, as shown below, strong MO
electron-electron interactions will scatter electrons among
different orbital channels via the interorbital Coulomb inter-
action U’ and the Hund’s exchange parameter Jy [27], closing
the bare band gap between the low-lying #,, and the high in en-
ergy ey states. Also interesting in Fig. 2 is the orbital-selective
electronic structure reconstruction induced by the halide ions.



While the electronic states of Crlz and CrBrz are similar in
nature, showing the same bare bandwidth W, pronounced
changes are seen with the 1, orbital sector near Er for the
CrCl; crystal. Although a one-particle peak emerges at Er in
the 1,,» DOS, a bonding-antibonding pseudoband gap [11] de-
velops in the electronic state with #,,1 orbital character due to
sizable p-d hybridization in CrCls [10], with the concomitant
broadening of the Cr 3d band. The chemical changes induced
by the halogens in the bare bandwidth W and the electronic
line shape near Er are important one-particle GGA seeds to-
ward the distinct correlated electronic structure reconstruction
of the Cr-trihalide bulk crystals, as shown below.

While first-principles calculations have provided reliable
information regarding the structural and magnetic ground
state properties for CrXj crystals [11,17,20-22,28], they are
known to generically fail to capture dynamical electron-
electron correlation effects [30], and so they cannot access
the formation of coherent Kondo quasiparticles and inco-
herent Hubbard satellites (local moments) at low and high
energies [43], respectively. Combining DFT with DMFT is a
many-particle prescription for overcoming this problem [32].
Thus, as common to correlated materials within GGA, the
one-electron part of the MO Hamiltonian for CrXj reads
Hy = Zk’a.o‘ Ea(k)clt,a ka0 T Zi,u’o‘ €i.a,0Miao» Where a =
(tret, g2 eéz) denotes its diagonalized 3d orbitals and €,(K) is
the corresponding band dispersion, which encodes details of
the one-electron band structure. These five Cr 3d bands are the
relevant one-particle inputs for MO-DMFT which generates a
strongly correlated paramagnetic electronic state as shown be-
low. Similar to Crl; [31], the 3d many-body Hamiltonian rel-
evant for CrXj bulk crystals reads Hiye = U Zi’a Nja4Miq,| +
U’ Zi’#b nianip — Ju Zi‘#b Sia-Sip. Here, U is the on-
site Coulomb interaction, U’ = U — 2Jy 1is the interorbital
Coulomb interaction term, and Jy is the Hund’s cou-
pling. To avoid double counting of the (static) mean-field
contributions from the electron-electron interactions al-
ready included in the DFT [44], the one-particle orbital
energies are corrected from their bare GGA values to
€ 4o = €iac — Uiao — 3) + 5Ju(niao — 1) [45], so that
H(; = Zk,a.a €a,0 (k)clt a,0 ka0 + Zi,a,a 61{,(1,6”1'10,‘7' We eval-
uate the many-particlé Green’s functions [Gk.a.0 ()] of the
correlated many-particle Hamiltonian of CrX3 bulk crystals
within GGA + DMFT [32], using MO iterated perturbation
theory (MO-IPT) as the impurity solver [46]. The DMFT
solution involves replacing the lattice model by a self-
consistently embedded MO-Anderson impurity 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. [46] so we do not repeat the equations here.
Our real frequency MO-IPT scheme has a proven record of
good semiquantitative agreements with experiment for a range
of correlated materials, and it gives results for the spectral
functions and self-energies in qualitative accord with numer-
ical exact continuous-time quantum Monte Carlo (CT-QMC)
calculations [47].

However, before delving into the MO electronic structure
reconstruction of CrXj3 bulk crystals, we recall here that the
on-site Coulomb interaction parameter is reported to be in the
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FIG. 3. Comparison between orbital-resolved and total GGA +
DMFTDOS for the Cr 3d orbitals of rhombohedral CrX; bulk crys-
tals, for U,zg] =2.75 ¢V, U,zg2 = U,_,)22 =4.0¢eV, and Jy = 0.85 eV.
Noteworthy is the electronic reconstruction and the emergence of
Kondo quasiparticles (CrCls) and Mott localization (Crl; and CrBr;)
at low energies, due to strong dynamical transfer of spectral weight
within DMFT.

range between 1.0 eV [21] and 4.1 eV [30] for Crl; crystals.
Thus, given the uncertainty in the precise estimation of U for
this layered system [17,20,21,30,44,48] and analogs [49,50] if
not mentioned otherwise, we use the U values considered in
our earlier GGA + DMFT study [31],1.e., U,Zg, = 2.75eV and
Uy =Ue, = 4.0 eV, and fixed Jy = 0.85 eV [20], where
good theory-experiment agreement has been found within the
paramagnetic phase of Crl; bulk crystal.

With this in place, let us now turn our attention to the
GGA + DMFT (MO-IPT) results obtained within the for-
mal Cr’t oxidation state of the CrX3; parent compounds.
In Fig. 3 we display the combined effect of chemistry and
MO dynamical correlations on the orbital-resolved and total
[Protal(@) = D", » Pa,o ()] [51] spectral functions of rhombo-
hedral CrXj bulk crystals. As seen at fixed U,zg, =275¢eV
and U,2e2 = Uegz = 4.0 eV values the Crl; and CrBrj systems
are paramagnetic Mott insulators, where all orbitals display a
Mott-Hubbard gap at Er [52]. In spite of the orbital-selective
transfer of spectral weight, lower (LHB) and upper (UHB)
Hubbard bands at high energies are visible in a more or
less pronounced way, depending on the orbital character, in
all orbital-resolved spectral functions. This behavior high-
lights the intrinsic tendency toward a large transfer of spectral
weight in transition-metal compounds [52], where the U/W
ratio is sizable [10]. Moreover, as seen in Fig. 3, paramagnetic
CrCl; is in the Kondo-metallic state [43], showing narrow
Kondo quasiparticles at low energies followed by incoher-
ent Hubbard bands relevant for the local moment (LHBs)
formation in CrCl;. Interestingly, similar Kondo-lattice be-
havior with a peak-deep-hump line shape as in Fig. 3 has
been observed for Fe;GeTe, [53], suggesting a possible com-
mon underlying Kondo scenario for itinerant van der Waals
crystals.
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FIG. 4. Orbital-resolved self-energy imaginary (main panels)
and real (insets) parts of CrX; bulk crystals, showing their chemical
evolution for fixed U,zgl =2.75¢V, U,zg2 = Ugg2 =4.0eV,and Jy =
0.85 eV values. A particular feature to be seen is the clearly visible
particle-hole asymmetry and the strong frequency dependence of
the self-energy real parts within the Mott localized Crl; and CrBrs
systems.

Additionally, in Fig. 4, we show the chemical dependence
of the self-energy imaginary (main panels) and real (insets)
parts associated with the active 3d orbitals of CrXj bulk crys-
tals. Comparing our results to that reported, for example, for
the body-centered-tetragonal (bct) phase of NbO, [54] or that
recently reported for LaCoOj3 [55], we notice similar features
in these different transition-metal systems, i.e., the absence of
poles at Er and the strong particle-hole asymmetry in ¥, (w).
This particle-hole asymmetry is manifested by the appearance
of a peak above Er in Im X,(w), which becomes almost
particle-hole symmetric in the Kondo-metallic phase of CrCl;.
Taking together our results and those obtained using DFT plus
cluster-DMFT calculations [54], a remarkable aspect stands
out: Im X,(w) vanishes in the region of the Mott gap, instead
of having a pole, as would occur in a conventional Mott
insulator. Importantly, as can be seen in the insets of Fig. 4, the
self-energy real parts of the Mott localized components have
a pronounced frequency dependence near Er, which indicates
that the bare electronic states are strongly renormalized by
the orbital-resolved self-energy real parts, stabilizing the Mott
insulating state as in bct NbO, [54].

A plausible reason why CrCl; is not Mott localized as
compared to the other two CrX3; components might be related
with the deep in the £, DOS in GGA as well as the bare
I,-¢, band broadening, which in turn reduces the effective
U/W ratio in GGA + DMFT. Thus, it seems that the most
natural way to induce Mott localization in CrCljz is to in-
crease the on-site Coulomb interaction U, particularly within
the g orbital sector. It is worth mentioning here, however,
that Refs. [10,30] give an estimate of U ~ 4.0 eV for Cr in
Crl;. With this in place, in Fig. 5 we display the effect of
electron-electron interactions in the orbital-selective and the
total spectral function of CrCl;. As seen, up to U; = 4.0 eV
paramagnetic CrCl; remains in the Kondo-metallic side of
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FIG. 5. Effect of multiorbital electron-electron interactions in the
orbital-resolved and total DOS of CrCl; bulk crystal, showing their
evolution towards orbital selectivity. Notice the suppression of the
Kondo-quasiparticle resonances and the emergence of pseudogapped
electronic localization in the double-degenerate orbital of CrCl; at
low energies for Uy = U, = 4.5 eV.

the correlated phase diagram [52]. However, upon increasing
the on-site U (=U; = U, = 4.5 eV), the Kondo-quasiparticle
peak in the £, orbital is strongly depleted and a pseudo-
gapped electronic state emerges in the two double-degenerate
Ir4-e, channels. Thus, according to our GGA + DMFT results,
the Mott-Hubbard insulating state of rhombohedral CrCls
might possibly be tuned in strained crystals [23], where larger
effective U values can be achieved via strain inducing one-
particle band narrowing. We leave this problem for future
studies.

Finally, in Fig. 6, we compare the XAS spectrum ob-
tained at 100 K for the rhombohedral structural phase of
CrCl; and CrBrj bulk crystals with the deconvoluted GGA +
DMFT DOS of Fig. 3 using a Lorentzian broadening of
0.35 eV in order to include experimental resolution and life-
time effects [31,56]. Interestingly and consistent with the
total GGA + DMFT spectral functions in Fig. 3, the XAS
data show electronic structure reconstruction over the entire
energy range (see the inset of Fig. 6), implying that the res-
onant absorption processes probed by XAS are sensitive to
the chemical and electronic structure details. Remarkably, our
theory-experiment comparison for the Mott localized elec-
tronic state of CrBrj; bulk crystal is consistent with an earlier
DFT + DMFT study on the Mott transition in V,03; [57],
demonstrating that the structure of the core-hole potential in
the K edge spectroscopy allows us to associate the pre-edge
spectrum with the k-integrated spectral function above the
Fermi energy calculated using the DFT + DMFT approxima-
tion. As visible in the main panel of Fig. 6, the incoherent
part of the GGA 4+ DMFT spectral function and the experi-
mental spectrum of CrBr; bulk crystal agree in many aspects,
especially as for the splitting of the first two peaks. This
validates the choice of the Coulomb parameter values used
in our calculations [31], contrasting with values assumed in
previous studies [17,20,21,28,30,48,49]. However, while good



[ T
oo Exp. (CrCL) ol
% [
oo Exp. (CrBr,) @ $ ! .
\
Theo. (CrCl,) g [y %‘: \
=\ --- Theo. (CrBr,) / [ \
g ! can. // \ Oo % \
285\ \ !
= Qg </ \ o ® !
= ¢ ’809 VA %’0 \
£ 1or KPR X 4 ) 9%. \
\
< J 0“20 %’ \/ %p
g, 690 fa F CrCl,
2 g20sL & Aleom
= o S % g 5%%%! o> %
Sosp SF T L [eoky
o Fosf
&4 2] -
O ! L. 1 L S
o & / 00575 580 585 590
/. V)
O,
o (eV)

FIG. 6. Comparison between experimental XAS spectrum and
GGA + DMFT results for U,zgl =275 eV, U,zg2 = Ugg2 =40 eV,
and Jy = 0.85 eV within the rhombohedral structural phase of para-
magnetic CrCl; and CrBr; bulk crystals, showing qualitatively good
theory-experiment agreement up to 1.6 eV above Ep for CrBrj.
(The inset shows the XAS spectra in a larger energy window.) The
theoretical curves are broadened by a Lorentzian in order to include
experimental resolution and lifetime effects. In the main panel the
XAS data for CrCl; were shifted downwards by 0.35 eV to show
its broad low-energy line shape as compared to CrBr; bulk crystal,
a fingerprint of low-energy electronic excitations partially probed in
experiment.

theory-experiment agreement is obtained at low energies for
CrBrj3, noticeable differences are seen in the case CrCls bulk
crystal. We shall notice here that due to core-hole lifetime
effects [56], or the interaction of the 3d states with the core-
hole [56], the pre-edge features of the experimental XAS
spectra are known to be related with the incoherent part of
the correlated spectral function [57]. The physical reason is
that the core-hole potential, which is an important parame-
ter to correctly describe the near-edge absorption spectra of
metals [56], induces electronic localization, destroying the
coherent Kondo-quasiparticle excitations. Thus, in view of the

fact that the XAS spectrum is localized at low energies, no
sharp resonance feature near Er is observed in the unoccupied
XAS spectra at low energies as in Fig. 6. Future combined
photoemission (PES) and bremsstrahlung isochromat (BIS)
studies [58] are called for to resolve the low-energy, correlated
electronic structure of rhombohedral CrCl; bulk crystal.

III. CONCLUSION

In summary, in this work we have performed a com-
parative GGA and GGA + DMFT study for the electronic
structure reconstruction in the Cr-trihalide parent compounds.
Using a realistic local Coulomb interaction in the multior-
bital Hubbard model, we provide a microscopic description
of the excitation spectrum which emerges within the param-
agnetic, nonmagnetically ordered state of the rhombohedral
CrX; (X =1, CI, Br) bulk series. While the true nature of
the Mott insulating state of CrCls remains to seen, the central
message of our approach is to show that a strong coupling [10]
picture leads to a satisfying description for the insulating gap
of CrBrs, showing similar multiorbital electronic structure
reconstruction as for Crls [31]. Taken together, our compar-
ative analysis provides support for the dynamical electronic
structure reconstruction in CrX3 parent compounds [30], and it
is expected to be generally applicable to understanding orbital
selectivity in strongly interacting electron systems and the
underlying electronic state which might emerge in van der
Waals magnetic materials [59].
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