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In this work, we use first principles methods, to predict a mechanically and dynamically stable
crystal structure of ThCrAsN which is iso-structural to ThXAsN (X=Mn,Fe,Co,Ni). We have in-
vestigated its mechanical, thermal, magnetic and electronic properties. Our calculation reveals that
the magnetic ground state of ThCrAsN is G-AFM. Bader charge analysis reveals a significant inter-
layer charge transfer between ThN and CrAs layers. Electronic structure of ThCrAsN is thoroughly
investigated by evaluation of density of states, band structure and FSs for NM as well as G-AFM
phases. Our calculation predicts a metallic behaviour for both the phases. Existence of F'S pockets,
consisting of multiple Cr-d orbitals at different parts of the Brillouin zone is observed. The influence
of electron correlation effects on the electronic structure of ThCrAsN has been investigated using
the Hubbard model. We also evaluate Lindhard response function to study the FS nesting which
indicate a stronger F'S nesting along I'-X direction as compared to the I'-M direction. Furthermore,
we have examined the alterations in the density of states resulting from the partial substitution
of Cr atom with Mn atom in ThCrAsN. Our findings suggest the occurrence of a metal-insulator
transition in ThCrAsN upon Mn doping.

I. INTRODUCTION

The compounds of the 1111-type (referred to as ZrCuSiAs-type structure with the space group P4/nmm) have
garnered considerable interest due to their ability to manifest a diverse range of magnetic and electrical characteristics
through alterations in the combination of transition metals and anions, all while maintaining the same crystal structure
[1-7]. The mixed anionic environment enable the extensive tuning of material properties and functionalities leading
to various exotic phenomena including high temperature superconductivity [8]. Consequently, these compounds offer
a favorable arena for the exploration of physical properties that arise from the interplay of correlated electrons associ-
ated with 3d transition metals [9-11]. As an example, the compound LaFeAsO, which serves as the parent compound
for the first reported iron-based superconductor by Kamihara et al., possesses a ZrCuSiAs (1111) type structure [12].
This structure consists of alternating layers of [LagO2]?>" and [FeaAss]?~ with an anti-ferromagnetic (AFM) order
characterized by spin stripes[13]. Superconductivity in these compounds emerges either through the application of
external pressure or via chemical doping. On the other hand, a novel Fe-based superconductor of the 1111-type,
ThFeAsN, has recently been unveiled, exhibiting an impressively high superconducting transition temperature (T.)
of up to 30 K in the absence of external pressure or chemical doping[14]. However, several analogous compounds
with the same crystal structure but distinct physical properties have been documented. For instance, LaCrAsO
exhibits metallic anti-ferromagnetism, whereas LaMnAsO and ThMnAsN demonstrates insulating anti-ferromagnetic
behaviour[15-19]. In contrast, LaCoAsO behaves as an itinerant ferromagnet, unlike ThNiAsN and LaNiAsO,
which displays Pauli paramagnetism and low-temperature phonon-mediated superconductivity[9, 10, 20]. Although,
itinerant ferromagnetism could not be confirmed experimentally upto 1.8 K, emergence of a weak ferromagnetic
ordering in ThCoAsN has been predicted theoretically. A notable common characteristic among all these ThXAsN
(X=Fe, Co, Ni, Mn) crystal structures is the significantly shorter c-axis as compared to LaXAsO (X=Fe, Co, Ni, Mn)
type 1111 compounds. This distinct feature results in an inherent internal chemical pressure, which is believed to
exert a significant influence on the diverse array of physical properties exhibited by this series of materials. Cr as well
as Cr based alloys are well known for their propensity to exhibit spin density wave (SDW) and Charge density wave
(CDW) phenomena [21]. The SDW and CDW phases in Cr and Cr-based alloys is particularly intriguing due to its
complex nature and the interplay between magnetic and orbital degrees of freedom. On the other hand, appearance of
superconductivity in CrAs under high pressures and A;CrzAss (A=K, Rb, Cs) under ambient pressure showcases the
potential for unconventional superconductivity in Cr-based compounds [22-24]. Co-existence of superconductivity
and magnetism is well established in BaFeyAsy in contrast to the G-type anti-ferromagnetism in BaCroAsy [25-28].
Furthermore, a similar compound, ErCryAs,, with comparable electronic properties, was also identified [29].
Additionally, a series of LnOCrAs (Ln = La, Ce, Pr, and Nd) compounds were synthesized, all exhibiting metallic
conduction [15]. LaOCrAs was found to display G-type anti-ferromagnetism with a significant spin moment along the
c-axis. These discoveries stimulate further investigations into the underlying mechanisms responsible for SDW/CDW



order, superconductivity and magnetism in these systems, including the role of electron-electron interactions, lattice
distortions and electronic band structures. Moreover, dimensionality of the Fermi surface and nesting is intimately
connected to the emergence of various intriguing phenomena in condensed matter physics, including spin density
waves (SDW), charge density waves (CDW), and even superconductivity [30-36]. The intricate interplay between
FS nesting and these phenomena provides valuable insights into the underlying mechanisms that govern the behav-
ior of electrons in materials, paving the way for understanding and potentially harnessing these exotic states of matter.

In this study, we employed ab-initio methods to predict a stable crystal structure for ThCrAsN, which is re-
ported very recently [37]. We thoroughly investigated the mechanical, thermal, magnetic, and electronic properties
of ThCrAsN. Our calculations indicate that ThCrAsN exhibits a ground state with a magnetic ordering known as
G-AFM consistent with the recent experimental and theoretical findings [37]. To understand its electronic structure,
we analyzed the density of states, band structure, and Fermi surfaces for both the non-magnetic and G-AFM phases.
Additionally, we investigated the impact of electron correlation effects on ThCrAsN’s electronic structure using the
Hubbard model. We also assessed the degree of Fermi surface nesting in ThCrAsN by evaluating the Lindhard func-
tion. Furthermore, we examined the changes in the density of states resulting from the partial substitution of Mn for
Cr in ThCrAsN. Our findings suggest that ThCrAsN undergoes a transition from a metallic to an insulating state
upon Mn doping. Moreover, our study contribute to the broader understanding of magnetism, electronic structure,
electron correlation in this series of materials and pave the way for exploring novel materials.

II. COMPUTATIONAL METHODS

To predict the crystal structure and magnetic ground state of hypothetical ThCrAsN which is synthesized very
recently by Wang et. al. (2023) [37], we use Universal Structure Predictor: Evolutionary Xtallography (USPEX)
[38-40]. USPEX utilizes an evolutionary algorithm coupled with quantum mechanical calculations to explore the vast
configuration space of crystals and identify stable or metastable structures. USPEX starts from scratch with a set
of randomly generated structures as the initial population, which are then evaluated based on its fitness determined
by calculating the total energy of the structure using quantum mechanical calculations. Structures with higher
fitness values are selected which then undergo successive genetic operations including mutation and crossover.The
population evolves and through the interplay of mutation, crossover, and selection, it gradually converges toward the
most stable or lowest energy crystal structures. We perform USPEX calculation interfaced with Vienna ab initio
simulation package (VASP) for the fixed composition including magnetic calculation of ThCrAsN using the given
parameter settings. We began by randomly generating initial population, consisting of 100 structures. Subsequently,
we generated and evaluated 60 generations, each comprising 60 candidates. These 60 generations were created
by applying various variation operators to the previously identified structures. These operators included heredity
operations (50%), random production (30%), and mutation operators (20%). The numerical USPEX simulation halts
once it encounters the identical lowest energy structure in 30 consecutive generations. Using the most stable crystal
structure predicted by USPEX code, as a input we carry out first principles calculations with the help of projector
augmented-wave (PAW) method as implemented in the numerical code Vienna ab initio simulation package (VASP)
[41-43]. Exchange correlation functional are treated within the generalized-gradient approximation (GGA) using
Perdew-Burke-Ernzerhof (PBE) functional [44]. We also perform GGA+U calculation using the approach of Dudarev
et al. [45], where the effective Hubbard U is defined as Uesry = U — J (U represents the on-site Coulomb repulsion
and J represents the exchange interaction). We have done the calculation for U =1, 3, 5 eV on Cr-d orbital and U =
5, 10, 12 eV on Th-f orbital. We construct a v/2 x v/2 x 2 magnetic super-cell to implement various antiferromagnetic
(AFM) spin arrangements. We expand the wave functions in the plane wave basis with an energy cutoff of 550 eV and
the energy tolerance value for the self-consistent calculations are set at 10~® eV. The sampling of the Brillouin zone
(BZ) is performed using a I'-centered 6 x 6 x 3 Monkhorst-Pack grid. Elastic constants were evaluated within VASP by
finite differences of stress with respect to strain [46]. For the Fermi surface and density of states calculations, a denser
k-grid is employed. Visualisation of Fermi surfaces are done by the Fermi surfer software [47]. The Crystal orbital
Hamilton population (COHP) analysis are performed in the framework of the LOBSTER software [49-51]. Phonon
calculation has been carried out within density functional perturbation theory using the VASP code interfaced with
PHONOPY software [52] codes. To model the disordered system with Mn doping on Cr site, we use a large supercell
containing 32 Cr atoms.
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FIG. 1: Structures predicted using the USPEX code.

ITI. RESULTS AND DISCUSSION
A. Crystal structure prediction

Five most stable crystal structures predicted by our USPEX calculation are depicted in FIG.1. Among them
tetragonal crystal structure with P4/nmm symmetry (space group no 129) has the lowest enthalpy (best fitness value).
We also enable magnetic calculation in USPEX interfaced with VASP to search for the spin states. The predicted
ground state exhibits a high spin configuration with magnetic moment 2.65 . All the compounds synthesized in this
ThXAsN (X=Mn, Fe, Co, Ni) series possess the P4/nmm symmetry and as far as our calculation is concern ThCrAsN
is not an exception of it. A very recent synthesis of ThCrAsN crystal confirms our claim . However, other crystal
structure predicted by USPEX with a higher enthalpy than the tetragonal crystal structure with P4/nmm symmetry
might be obtainable under high temperature and/or high pressure conditions. Cell volumes and enthalpies of all the
USPEX predicted “good structures” are presented in the supplementary material. All the crystallographic models,
except the model with space group 187 (P6m2), exhibit a layered structure characterized by typical ThN and CrAs
layers and share similar structures with slight variations in symmetry. It’s noteworthy that the first four models, as
proposed by USPEX, are related to the ZrSiCuAs structural type, highlighting the accuracy of USPEX in predicting
this composition’s stability. This underscores the robustness of the ZrSiCuAs structure for this composition. In
contrast, the fifth potentially stable model, with space group 187 (P6m2), do not exhibit a low (2D) structuration.
What’s particularly intriguing in this case is the presence of a mixed anion environment for all cations (and a mixed
cationic environment for all anions). For instance, chromium (Cr) forms mixed anion trigonal bipyramids with both
nitrogen (N) and arsenic (As), creating CrNoAs; polyhedra. Additionally, thorium (Th) is surrounded by three N
atoms and four As atoms, forming ThN3As, polyhedra. In contrast, in the layered structure, there is notable ionic
segregation as Cr is exclusively surrounded by As anions, while N is surrounded only by Th cations, which is nothing
but a consequence of the layered character of the structure. The highly mixed environments observed in the last
model hold significant scientific interest and might be attainable through non-standard synthesis techniques, such
as high-pressure methods. Our calculation also predicted a high spin state of Cr atom in ThCrAsN which can be
confirmed by experiments. The outermost electronic configuration of Cr?* is 3d*. In the high spin complexes of
Cr?* number of unpaired electron is 4. Therefore, the predicted value of Cr local magnetic moment 2.65 up can be
justified from the filling of d orbitals consistent with Hund’s rule (gS=4up5). Now, in the next section, we will use
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this USPEX predicted tetragonal crystal structure (lattice parameters and atomic positions) to determine the precise
magnetic ground state of ThCrAsN.

B. Magnetism

TABLE I: Ground state energies (with respect to NM state), structural parameters (lattice constants and atomic
positions) and local magnetic moment of Cr for ThCrAsN with various spin configurations.

Spin Energy a c \Y% ZTh Zas | Cr moment
configuration |(meV/f.u.)| (A) | (A) | (A3) (uB)
NM 0 3.938 19.167|142.16{0.1327|0.6633 0

FM -299.6 | 4.117 |8.647|146.54|0.1312|0.6540 2.29
A-AFM -300.4 | 4.115 |8.679(146.96|0.1311|0.6529 2.30
C-AFM -362.9 | 4.055 |8.947(147.12|0.1304|0.6645 2.65
G-AFM -363.6 | 4.052 |8.943|146.83|0.1306|0.6650 2.65
S-AFM -169.5 |4.046*|8.966|148.08(0.1294|0.6625 2.56

* orthorhombic, a# b, b=4.081A.

FIG. 2: Schematic representation of Ferromagnetic (FM), C-type antiferromagnetic (AFM), A-type
antiferromagnetic (C-AFM), G-type antiferromagnetic (G-AFM) and Spin-stripe antiferromagnetic spin
arrangements for Cr atoms in V2 x /2 %2 supercell of tetragonal P4/nmm ThCrAsN.

To determine the magnetic ground state of ThCrAsN, we perform spin polarised calculation for various magnetic
spin configuration of Cr atom and then compare the ground state energies of each spin configuration along with
the non-magnetic ground state energy (estimated using non spin polarised calculation). The spin configuration with
the lowest total energy is considered to be the magnetic ground state. We consider four different anti-ferromagnetic
(AFM) spin arrangements along with the ferromagnetic (FM) spin configuration as depicted in FIG.2. Four AFM spin
configurations of Cr in ThCrAsN are A type anti-ferromagnet (A-AFM), C type anti-ferromagnet (C-AFM), G type
anti-ferromagnet (G-AFM) and spin stripe type anti-ferromagnet (S-AFM). In TABLE-I, we present our calculated
values of ground state energies, lattice parameters, atomic positions, volume of unit cell and Cr local magnetic moment
for all the spin configurations. Ground state energies of all the spin configurations are evaluated with respect to the
ground state energy of non magnetic (NM) ThCrAsN. Our calculation reveals that the ground state energy of G-AFM
spin configuration has the lowest among all together spin configurations that we considered. C-type anti-ferromagnet
involves anti-parallel alignment within the planes and ferromagnetic alignment between the planes, while G-type
anti-ferromagnet involves anti-parallel alignment in both the directions. Energy difference of ThCrAsN with C-AFM
and G-AFM spin configuration is not very significant (0.7 meV) which indicate a weak magnetic coupling between
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FIG. 3: Energy vs. volume curve for Non-magnetic (NM), Ferromagnetic (FM), C-type antiferromagnetic (AFM),
A-type antiferromagnetic (C-AFM), G-type antiferromagnetic (G-AFM) spin arrangements for Cr atoms in
tetragonal P4/nmm ThCrAsN.

out of plane Cr atoms. Electronic structure of ThCrAsN with C-AFM, A-AFM, S-AFM and FM spin configurations
are presented in the supplementary material. Spin polarised geometry optimization of ThCrAsN with different spin
arrangements yields a optimized tetragonal structure for all the cases with no alteration of initial symmetry of P4/nmm
except for S-AFM. For the S-AFM, we obtain orthorhombic crystal structure (a# b) after performing the spin polarised
geometry optimization. Our calculated value of Cr local magnetic moment (2.65 pp) for G-AFM matches with the
USPEX prediction. This value of Cr magnetic moment 2.65 pp can be comparable with the theoretically computed
Cr local magnetic moment 2.60 pp of LaCrAsO. However, experimentally measured value of Cr magnetic moment in
LaCrAsO is 1.57 up at room temperature (Cr magnetic moment was not measured below room temperature). This
discrepancy is due to the thermal fluctuation in room temperature [15]. In FIG.3, we display energy versus volume
curve for all the tetragonal crystal structure of ThCrAsN with various spin configurations. Our results reveal that
at lower volume, non magnetic state can be achieved and applying hydrostatic pressure can be a way to compress a
crystal structure. We have also perform COHP calculation for the Cr-Cr bond in ThCrAsN for G-AFM as well as
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FIG. 4: COHP bonding analysis of Cr-Cr bonds in ThCrAsN for (a) NM and (b) GAFM phase

NM structure. In FIG.4, we depict the projected COHP for the NM and G-AFM spin configuration in ThCrAsN.
Positive values of -pCOHP delineate bonding energy regions whereas negative values bear the signature of antibonding
states. For NM ThCrAsN, we can clearly see that a significant amount of antibonding states at the Fermi level which
makes the system unstable. On the other hand, ThCrAsN for G-AFM spin arrangement, no antibonding states exists



near the Fermi level. Therefore, G-AFM state is more favourable than the NM one at ambient condition. Metallic
G-AFM spin state has also been established experimentally as well as theoretically in LaCrAsO. However, ThMnAsN
possesses C-AFM spin arrangement with a small energy gap at the Fermi level as revealed by the recent experimental
and theoretical results. In the forthcoming sections, we will discuss the mechanical and dynamical stability as well as
electronic structure of ThCrAsN with G-AFM spin configuration.

C. Mechanical and dynamical stability

TABLE II: Calculated elastic constants (C;;), bulk modulus (B), shear modulus (G), and Young’s modulus (Y) in
GPa as well as Poisson’s ratio (v) and Debye temperature (6 p) of ThCrAsN.

C11[C12|C13|C33|Cua|Ce6| B|G| Y | v |Op (K)
182130 | 64 | 98 | 42 | 52 |85|44|113|0.28] 288

In this section, we will discuss the mechanical and dynamical stability of ThCrAsN. Our estimated elastic constants
and elastic moduli are presented in TABLE-II. The total number of independent elastic constants depends on the sym-
metry of the crystal structure. For instance, a cubic crystal has only three independent elastic constants. For tetragonal
ThCrAsN crystal structure, we have obtained six independent elastic constants. All calculated elastic constants are
positive and obey the well-known Born criterion of mechanical stability. It is quite evident from our calculations that
the value of elastic constant Cas is well above the limit of the elastic stability, i.e., C33 >2C%;/(C11+Ci2). By applying
the Voigt-Reuss-Hill (VRH) approximation [53], the macroscopic bulk modulus (B), shear modulus (G) and Young’s
modulus of polycrystalline ThCrAsN can be evaluated from the elastic constants of the single crystal, depicted in
TABLE-II. A material is considered to be ductile if it satisfies the well-known Pough’s criterion B/G > 1.75. For
ThCrAsN, the value of B/G=1.91 which suggest ductile behaviour. In FIG.5, phonon dispersion and phonon density
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FIG. 5: (a) Phonon dispersion and (b) phonon density of states of ThCrAsN with G-AFM spin configuration.

of states are presented. In a dynamically stable material, all phonon frequencies are real (non-imaginary) throughout
the entire Brillouin zone. This implies that the lattice vibrations are physically meaningful and can propagate without
exponentially growing or decaying amplitudes. The absence of imaginary frequencies in ThCrAsN ensures that the
vibrational modes do not lead to an instability in the crystal structure. We have also observe that a clear phononic
band gap exists between the optical and acoustic phonons. The behavior of phonons, such as their dispersion relations,
vibrational modes, and scattering mechanisms, influences thermal conductivity, heat capacity and thermal transport
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FIG. 6: Thermodynamic properties of ThCrAsN

properties of solids. In FIG.6, we depict free energy, entropy, specific heat at constant volume and internal energy
of ThCrAsN as a function of temperature. These predicted thermodynamic properties are useful to report for future
studies as thermodynamics plays a significant role in understanding and predicting crystal growth processes.

D. Bader charge analysis

We perform Bader charge analysis of ThCrAsN for G-AFM spin configuration and the outcomes are presented
in TABLE.ITI. Net bader charges elucidate the manner in which electron density is distributed among individual
atoms within a system, thereby offering valuable insights into the electronic structure. Positive bader charges signify
an acquisition of electron density by an atom, whereas negative charges indicate a loss of electron density when
compared to the reference state. Since ThCrAsN consists of alternating layers of ThN and CrAs, the charge transfer
between the layers are also studied. An electron deficiency of 0.60 is observed in the CrAs layer of ThCrAsN. This
value is quite high as compared to the other systems in this ThXAsN (X=Mn, Fe, Co, Ni) series of materials. In
ThFeAsN, ThCoAsN and ThNiAsN, a loss of 0.38, 0.51 and 0.40 electrons in the [Fe/Co/NiAs|™ layer was found,
respectively [4]. High charge transfer between neighboring layers signifies a strengthening of the ionic nature in the
inter-layer bonding. Consequently, the inter-layer bonds in ThCrAsN, which play a crucial role in maintaining the
crystal’s overall stability, is stronger.

TABLE III: Bader charge analysis of ThCrAsN.

Species| Valency|Bader charge|net Bader charge

Th 12 9.78 2.22

Cr 12 11.37 0.63

As 5 6.23 -1.23

N 5 6.62 -1.62
(ThN) 17 16.40 0.60
(CrAs)| 17 17.60 -0.60
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FIG. 7: Calculated (a, b) total and (c, d) atom projected density of states of ThCrAsN for non-magnetic and
G-AFM spin configuration. Fermi level is denoted by a vertical black line at E = 0 eV.

E. Electronic structure
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FIG. 8: Cr-d orbital projected density of states of ThCrAsN for non-magnetic (left column) and G-AFM spin
configuration (right column).

We studied the electronic structure of ThCrAsN in terms of density of states, band structure and Fermi surfaces.
Since G-AFM stands out as the lowest energy state at ambient condition, we focus on the electronic structure of
G-AFM phase of ThCrAsN manifested by density of states, band structure and FSs. Since for the implementation
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(v/2 x /2 x 2 supercell) and (d) with Hubbard U=3 eV in Cr-d orbitals (G-AFM) shaded by band velocity (top
panel). Fermi surface sections in 001 plane at k,=0 for the same in the lower panel

of G-AFM spin arrangement in ThCrAsN, we construct a v/2 x v/2 x 2 supercell, electronic band structures will get
folded into the smaller Brillouin zone (BZ). We use band unfolding technique to extend the electronic band structure
of ThCrAsN with G-AFM spin configuration calculated within a reduced BZ to the full or larger BZ. Non-magnetic
electronic structure of ThCrAsN is also presented for a comparison. We have also studied the electronic structure of
ThCrAsN with G-AFM spin configuration calculated using GGA+U method. The Hubbard U correction is introduced
to account for the on-site Coulomb repulsion between localized electrons. It is based on the Hubbard model, which
describes a simplified system of localized electrons on atomic orbitals. The parameter U represents the energy cost
of adding two electrons to the same localized orbital. In FIG.7(a, b), total density of states are displayed for NM
and G-AFM ThCrAsN. It is quite evident from FIG.7 that both NM as well as G-AFM states are metallic in nature.
Atom projected density of states, displayed in FIG.7(c, d) suggest the domination of Cr-d orbitals at the Fermi level
for NM and G-AFM phases. However for G-AFM spin configuration, we observe a moderate contribution of As-p
orbital at the Fermi level in ThCrAsN. The Th-5d and 4f orbitals predominantly occupy energy levels above 3 eV and
are primarily unoccupied. On the other hand, the N 2p states reside below the Fermi level within the energy range of
-1 to -4 eV, suggesting that the ThIN layers do not actively participate in electronic conduction but instead act as a
”blocking layer” as observed in other ZrSiCuAs type structure [54]. A very high density of states contribution from Cr
atom at the Fermi level of NM ThCrAsN may leads to stoner instability. The high density of states at the Fermi level
can also imply a enhanced electron-electron interactions. These interactions can result in various phenomena, such
as strong correlations, magnetism, superconductivity, or other collective electronic behaviors. The presence of many
available states can facilitate electron scattering and promote the formation of ordered states or electronic instabilities
[65]. We further study the Cr-d orbital projected density of states, presented in FIG.8. There is a noticeable difference
in Cr-d orbital contributions at the Fermi level between NM and G-AFM ThCrAsN. Although all five Cr-d orbital
constitute the Fermi level of NM and G-AFM ThCrAsN, dg.4,. orbitals pre-eminence the Fermi level for G-AFM in
contrast to the dominance of d.» and d,2_,2 orbitals at the Fermi level for the case of NM ThCrAsN. In FIG.9 (a, b),
our calculated band structures of NM and G-AFM ThCrAsN are displayed. Same multi-orbital character also reflected
in our calculated Cr-d orbital projected band structure depicted in FIG.9 (c, d). This constitute a Multi-orbital FSs
which provide additional degrees of freedom to tune the electronic properties of a material. By selectively modifying
the occupation or coupling of specific orbitals, it is possible to manipulate the band structure, transport properties,
and magnetic behavior of the material. This tunability can be leveraged for various applications, including electronic
devices and materials design. In FIG.10, we exhibit our calculated density of states as well as band structure with the
inclusion of Hubbard U correction in ThCrAsN with G-AFM spin arrangement. Hubbard U correction is considered
for Cr-d as well as Th-f orbitals. For all the cases, we notice metallic behaviour. We also observe that with the
introduction of U (5 eV, 10 eV, 12 €V) in Th-f orbital, there is no significant modification in the density of states near
Fermi level (-4 eV to 4 eV) as evident from FIG.10 (d-f) and FIG.7b. On the other hand, if we compare FIG.7b and
FIG.9b with our calculated density of states and band structure, invoking the Hubbard U in Cr-d orbital manifested in
FIG.10 (a-c) and FIG.10g, appearance of a energy gap around 1 eV (above Fermi level) can be seen. This energy gap
increases with the increasing strength of U in Cr-d orbital (The estimated value of the energy gap is approximately
0.5 eV and 1 eV for U=3 eV and U= 5eV respectively). However, orbital character near Fermi level is not altered
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FIG. 12: (a, b) Lindhard response function of ThCrAsN along the I'-M and I'-X direction for different temperature
and (c, d) its variation with Coulomb interaction strength U at 50K.

as apparent from FIG.10h. Energy gap above the Fermi level affects properties such as optical absorption, emission
and higher energy excitations. This also give a indication that a metal-insulator transition can occur in ThCrAsN
upon electron doping. In FIG.11, we present our simulated FSs of ThCrAsN for NM and G-AFM spin configuration.
Effect of Hubbard U (3 eV in Cr-d) on the FSs are shown in FIG.11c. Lower panel in FIG.11 demonstrates the FS
sections in 001 plane at K,=0 which can be compared with the experimentally measured ARPES data if available.
However, our computed FSs of ThCrAsN is quite similar to the simulated FSs of LaCrAsO. Presence of FS sheets at
the different part of the BZ in ThCrAsN opens up a possibility of FS nesting. The nesting condition allows for the
efficient scattering of electrons between the nested regions, leading to the formation of CDW or SDW. In the next
section, we will study this FS nesting effect by evaluating the Lindhard function which describes the response of a
Fermi liquid to an external perturbation, particularly in the context of electronic excitations.

F. Nesting Properties of non-magnetic ThCrAsN

The nesting effect is determined by calculating the static Lindhard function for non-magnetic ThCrAsN, which is
given by,

f(Er) — f(Eriq)
Z Ek_ ktq

Ek+q
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where N is the number of k points in the sum, f is the Fermi-Dirac distribution function, Ej and Ej., are the band
eigenvalues obtained by DFT calculations. In FIG.12 (a, b), we present our calculated Lindhard response function
along the I'M and I'-X directions for different temperatures. I' (0,0), M (m,7) and X (0,7) points are the high
symmetry points in the BZ as pointed out in FIG.11a. In a nested Fermi surface, certain portions of the F'S can be
maped to another part of the FS by a vector in momentum space, called nesting vector. In some cases, the presence
of nesting can enhance the response of a material to the external perturbations and lead to the formation of sharp
peaks in the Lindhard function. This is particularly relevant in the study of superconductors and other systems
exhibiting charge-density wave or spin-density wave instabilities. We can clearly see two peaks in the Lindhard
function calculated along I'-M direction in contrast to the three peaks along I'-X direction. These peaks indicate
different intra and inter band nesting processes between the three sets of FSs. Along I'-M direction a sharp peak is
observed at 0.88q. On the other hand, at 0.66q largest peak appear in the Lindhard function along I'-X direction.
Overall degree of nesting is more significant along I'-X direction than along I'-M directions. Lowering of temperature
enhances the magnitude of Lindhard response function. However, all the nesting vectors corresponding to the nesting
processes along I'-X and I'-M directions are independent of temperature with the one exception as the first peak in the
Lindhard response function along I'-X direction shifts with the variation of temperature. Now, we include electron-
electron interactions within random phase approximation (RPA) which incorporates the effects of electron-electron
interactions through the introduction of an effective interaction. This effective interaction accounts for the screening
of the Coulomb interaction by the surrounding electrons. By considering these interactions, the RPA captures the
collective behavior of the electrons, leading to an enhanced response given by,

RPA _ _ Xa
Xq 1-Uxq

where U is the interaction strength parameter. In FIG.12(c, d), we depict the RPA enhanced Lindhard response

function along I'-X and I'-M directions for interaction strength U=0.1 and 0.3. Clearly, a significant enhancement of
the Lindhard response peaks along I'-X direction is observed.

G. Effect of electron doping and metal-insulator transition
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FIG. 15: Calculated density of states of ThCr;_,Mn,AsN with Hubbard U=3 eV in Cr-d orbital for 25% Mn doping.

In this section, we will discuss the effect of electron doping on the electronic structure of ThCrAsN. Oxygen
substitution in Nitrogen sites (electron doping) in ThCrAsN has recently been synthesized with no superconductivity
[37]. In this work, we studied the Mn substitution in Cr sites which is equivalent to electron doping. In that
purpose, a very large super-cell is considered for the distribution of Cr and Mn in the transition metal sites. We have
also considered the G-AFM spin configuration in these disordered structure with various Mn doping concentrations.
Density of states of ThCr;_,Mn,AsN for various Mn doping concentrations are presented in FIG.13. At around 25%
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Mn doping, a metal insulator transition occurs which is also observed in LaCr;_,Mn,AsO with x 0.2. If we increase
the amount of Mn doping, the energy gap at the fermi level also increased. It is noteworthy to mention here that a
small energy gap is seen in ThMnAsN with C-AFM ground state. Projected density of states of Cr and Mn atoms
are depicted in FIG.14 for 12.5% and 87.5% Mn doping. We have also employed Hubbard U (3 ev) on Cr and Mn 3d
orbitals for evaluation of density of states in ThCr;_,Mn,AsN with x=0.25 and presented in FIG.15. We find that
the energy gap at the Fermi level for the Mn substituted ThCrAsN increases when we include electron correlation
within Hubbard model.

H. Summary and conclusions

In summary, by using ab-initio methods, we have predicted a mechanically and dynamically stable crystal structure
of ThCrAsN which is iso-structural to ThXAsN (X=Mn,Fe,Co,Ni). We have investigated its mechanical, thermal,
magnetic and electronic properties. Our calculation reveals that the magnetic ground state of ThCrAsN is G-AFM
which is consistent with our COHP results. Our Bader charge analysis, indicate a significant amount of inter-layer
charge transfer in ThCrAsN. Electronic structure of ThCrAsN is thoroughly investigated by the evaluation of density
of states, band structure and FSs for NM as well as G-AFM phases. Both the NM as well as G-AFM states of
ThCrAsN show metallic behaviour with the Fermi surfaces constitute of multiple Cr-d orbitals. We also evaluate
Lindhard function to study the FS nesting. It appears that the degree of F'S nesting along I'-X direction in the
BZ is much stronger than FS nesting along I'-M direction. Our results also stipulate a metal-insulator transition in
ThCrAsN with Mn substitution in Cr sites. The inclusion of electron correlation within the Hubbard model leads to
an elevation in the energy gap at the Fermi level for Mn-substituted ThCrAsN.
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