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Study on In-Plane Strain and Magnetic Stability Change of Two-Dimensional
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In this study, we performed the first-principles electronic structure calculations within the density functional theory for the two-
dimensional monolayer of 1T CrSe, based compounds to show that a substitution of Cr with heavier transition metals induces the
stabilization of ferromagnetic phase and it’s closely related to the lattice constant increase. The structural optimization and total energy
comparison of the paramagnetic, ferromagnetic (FM), and antiferromagnetic (AFM) phases of the pristine CrSe, single layer reveals
that (1) the in-plane stripe AFM is the ground state while the energy difference between AFM and FM phases is relatively small
(~0.03 eV/unit cell) and (ii) an in-plane strain inducing the increase of lattice constant by 2.7% can result in a magnetic phase
transition stabilizing the FM state. In fact, we introduce a lattice increase by substituting 50% of 3d Cr with 4d and 5d transition
metals, Zr and W, to make CrysZr,sSe, and CrosWysSe, and show that the FM magnetic phase is stabilized. Our calculation indicates
that the substitutional doping by Zr results in the in-plane lattice constant increased by 6.8%, being more efficient in using the in-plain
strain effect not only to stabilize the ferromagnetic phase but also to increase spin magnetic moment of Cr atom which plays critical
role in determination of the magnetic property of the present material.
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Fig. 1. (Color online) Atomic Structures of two dimensional TMDC single layers of 2H (left) and 1T (right) structures. Upper and lower figure
represents the top-view and side view, respectively. Small yellow circles are the chalcogen atoms and large purple circles are the transition metal
atoms. As shown, the in-plane lattice constant, a, is the distance between the transition metal atoms in-plane, and the perpendicular distance

between the chalcogen layers is c.
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Fig. 2. (Color online) Top-views of the atomic and spin structures for
the 1T CrSe, monolayer in (a) FM and (b) in-plane stripe AFM spin
configurations. Large and small balls stand for the Cr and Se atoms,
respectively, and the arrows on Cr atoms represent the up and down
spins. Also in (c), the atomic structure of the Zr-doped CrsZrgsSe,
compound is shown. In all figures, the 2-dimensional unit-cells are
also shown in solid lines in (a) and (b) and in dotted lines in (c). The
small cell drawn in solid lines in (c) stands for the unit-cell of pristine
CrSe, which is shown for comparison.
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Fig. 3. (Color online) Calculated cohesive energies for PM, FM, and
AFM states of pristine CrSe, monolayers as a function of in-plane
lattice constants.
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Table 1. Calculated results of the magnetic ground state, in-plane
lattice constant, a, and the spin magnetic moments of transition
metals, that is, Cr (mc,) and X (my) for the 1T CrSe, and X-doped
Cry5XosSe; monolayers where X =Zr and W. AFM, FM, and FE
stands for the antiferromagnetic, ferromagnetic, and ferrimagnetic
states, respectively.
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Fig. 4. (Color online) Atomic spin magnetic moments of FM
Cry5Z15Se, monolayer in .
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Fig. 5. (Color online) Calculated band structures and total density of states (DOS) for spin majority (red lines for band, right panel for DOS) and
minority (blue lines, left panel) of (a) CrSe, and (b) CrysZrysSe,. The atom- and orbital-projected DOS of CrsZrosSe; is also given in (c) where
blue, green and red lines stand for the d- and p- and s-orbitals, respectively.
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A (hybridization) W=7} H=2Z0] 9] TAjoA] Fsiuu} A
o] ¥=5= Aolt}. 3, 7zr X =3l H|sle], woll
Sk 2|8k AAPI] et 4 Cr Gl 2] BHE
7123& B ohEk(Table 1 %), W ol FAIZ
=719 Ce Wil Y] 2 RHE(-0.41 w7t
, FM ZJEle] SFE3tE flsixe AdA] ke =3

p—
L

Iv. &4

ZPRal Qe TMDC £4 7k iz, Az e

oro
BT

2 olEH A7t Bol FEHA T71AdE S 1T
CrSe, pristine T 2 Holg<-5 X8 =33 CrosZrysSe,
I} CrysWosSe, T Halol] st AldUe] AAFZANS
sl 2 HAE 9 A HgAdS X3R ApE A
S A3 Pristine B2 A, USR] AFM 23
i ez PM B FM AEiel vlaste] 71 vke oy
Zk= Z1APdE oIy, 43R MEdl] o3lA <F 2.7%9]
P& 27 A7 FM ZdEl7) oFgs E 5 e
Z3fal, Cr o o F78 olg4? 4d Zet 5d W=
1831 Cre] 50%= 218 =3P gho =M e AxP
2 olo] W FM “JEle] Fgs} 7FsdS ATE

, 1 A 7r A3 =38 oF 6.7%2] AR St
A FM 71AEIE PEsAIE B o}, Cr Ak
RHES] M7= E9E Holet, o3l ARG
Cr 3d ¥i=9] wF Folxle] aae} HUHst &
b QI whA| sd Holg4el well o3k
¥ olet, Cr &}

o= ]
=
=
=

o]
9

o X
N

[} Ke)
PIN=T

‘I'I‘JJ:— =1
a
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A7)e S Bt wEhA] $Ele] ARl 1T CrSe, s
7o 2 73Sk FM ZgEle] AzMAl TMDCE 7] $l3iA
= Zrs o83 X3 ©Yo] 4% XYL =T 5 9

HAlel =

o] =2 HPEAHY] Ao SmATFAGe]
25 o} 389 712 ATAIA (2017R1A2B4012972).
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