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Effects of the Hubbard U correction on the
electronic and magnetic properties of the
tetragonal V,P, sheetf

Yusuf Zuntu Abdullahi,<’J/§é§*a Sohail Ahmad® and Abdullahi Abdu Ibrahim®

A recent theoretical work predicted the orthorhombic phase of the V,P, sheet with the half-metallic
electronic property using a linear combination of atomic orbitals (LCAO) basis set based on density
functional theory (DFT). However, in the plane-wave DFT method, the tetragonal (t) V,P, phase is the
ground state structure. The total energy of the optimized tetragonal V,P; is 0.91 eV per cell lower than
that of the orthorhombic phase. Herein, we investigated the effects of Hubbard U correction onthe
electronic, magnetic, and adsorption properties of the t-V,P, sheet. The t-V,P, sheet is found to be
dynamically and mechanically stable. The t-V,P, sheet prefers an antiferromagnetic ground state with an
indirect narrowed bandgap of 0.23 eV. The estimated electron mobility in the t-V,P, sheet at room
temperature is approximately 24 times that of a hole. The t-V,P, sheet exhibits a sizable magnetic
anisotropy (MAE) of 69.63 peV per V atom with in-plane magnetization. Mean-field approximation based
on the 2D classical Heisenberg model predicts a high Néel temperature (Ty) of the t-V,P, sheet up to
1263 K. The Li atom adsorption on the t-V,P, sheet shows a transition from semiconductor to metal.
Also the Li-V,P, system has a residual integer magnetic moment of 1 ug. Due to strong steric coulomb
repulsion, the minimum diffusion energy barrier (E,) for the Li-ion on the t-V,P, surface is high enough
to make the Li atom immobile. Our findings demonstrate the potential of the t-V,P, sheet for
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1 Introduction

In recent years, basic and applied material investigations have
been focused on the search for sustainable materials with
revolutionary impacts on energy and related sectors. In this
context, the target material should exhibit robust and control-
lable chemical and physical properties. Two-dimensional (2D)
transition metal (TM) boride, popularly known as MBene' may
be considered as one of the ideal classes of material to meet
these requirements. Typical MBene examples are TM,B, (TM =
Mn, Mo, Fe, Cr) sheets.>” Due to their appropriate electronic
properties, they were found to be theoretically promising for
spintronics, battery, and superconducting applications.>** The
Cr,B, sheet was successfully synthesized®” and first-principles
calculations based on density functional theory (DFT) have
confirmed the stability of the Cr,B, sheet.’
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antiferromagnetic spintronics and sensing applications.

Motivated by the potential of MBene,*® it will be interesting
to explore other new 2D materials with a similar MBene
building block. As MBene has a dominant metal property, some
questions arise: is it possible to create a new stable structure if
the B atom of the MBene is replaced by another element? Would
the metal property still be there? A recent report® showed that
MnX (X = As, P) sheets with half-metallic properties can be used
for high T, ferromagnetic spintronics devices. Similar to
MBene, the titanium boron nitride (Ti,BN) sheet has been
theoretically demonstrated for Li-ion battery (LIBs) with
a capacity of about 889 mA h g™, 24, and 165 meV diffusion
barrier of Li on the Ti,BN surface and interlayer.'® Moreover,
a series of TM,BC in bulk and monolayer forms have been
shown to exhibit metallic properties with potential applications
for superconducting, ceramic, and high 7. ferromagnetic
spintronics.*** It should be noted that these reported MnX (X
= As, P), Ti,BN and Ti,BC materials have similar MBene
building blocks in 2D and bulk forms. Therefore, it will be
interesting to extend the search to other new 2D materials
(similar to MBene). New 2D materials are expected to show new
physical properties such as their MBene counterparts.

Herein, we are interested in studying the tetragonal (t) V,P,
sheet as a potential candidate for spintronic applications using
first-principles calculations based on density functional theory
(DFT)** plus Hubbard U (DFT+U). Spin research on 2D
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materials is currently one of the topics of high interest. The
interest is the result of the recent experimental advancement in
2D magnetic nanostructures.'”'* However, the low Curie (T¢) or
Néel (Ty) temperature is a fundamental limit for their practical
applications in spin-related devices. To deal with this problem,
alternative 2D nanostructures with isotropic symmetry are
theoretically examined for high 7T¢/Tn. Recent theoretical
reports have shown that the tetragonal MnX (X = S, Sb) and
hexagonal Mn,C phases exhibit high Néel temperature with
sizable magnetic anisotropy energy (MAE)."*° In a similar
tetragonal phase, a T¢ high above ambient temperature was
observed with a considerable MAE for TM,BC (TM = Cr, Mn)
sheets.™ These high Ty and T, potentials for 2D tetragonal
structures mentioned above''*** prompted us to investigate
the t-V,P, sheet through a correct choice of computational
method and symmetry.

So far, the previous work on V,P, sheet has been limited only
to the orthorhombic (o) phase. In ref. 21 the 0-V,P, monolayer
is ferromagnetic with semi-metallic electronic property using
DFT?* calculations. However, previous reports have shown that
most MBene and related structures prefer the tetragonal phase
as the ground state.'** We are also aware that isotropic 2D
materials which consist of TM atoms are among the most
promising candidates for spintronics application.**>*

It is known that the spin-polarized DFT*® within the frame-
work of generalized-gradient approximations (GGA) for the
exchange-correlation (xc) functional fail to provide reasonable
results for the transition metal (TM) systems. To correct self-
interaction errors that can be seen in this kind of TM-
contained system, Coulomb interactions should be included
by using Hubbard + U parameters in the calculations. This
DFT+U"'* methods are commonly used to model this type of
materials**?* as it produces greater accuracy of results
compared to standard DFT at a moderate computational cost.
In practice, there are different types of DFT+U approaches, but
the most reliable one is to use the predictive method using the
ab initio method based on the linear response approach (LRA).*®
The U parameter obtained using the LRA approach may not
need to correspond to the experimental gap, but this approach
improves the predictions of the band gap (beyond the standard
DFT method) satisfactorily and is useful in cases where no
previous data is available. The LRA approach has been used
successfully for high-performance benchmarking of some well-
known TM systems with greater accuracy that coincides with the
available experimental data.>

In this study, we investigate the stability, electronic and
magnetic properties of t-V,P, sheet based on DFT+U calcula-
tions. The t-V,P, sheet shows excellent vibrational and
mechanical stabilities. We have also found that the AFM spin
configuration corresponds to the ground state for the t-V,P,
sheet. The t-V,P, exhibits a sizable magnetic anisotropy (MAE)
of 69.63 peV per V atom with an in-plane easy axis (EA). Mean-
field approximation based on the 2D classical Heisenberg
model predicts a high Néel temperature (Ty) of the t-V,P, sheet
up to 1263 K. The Li atom adsorption on the t-V,P, sheet shows
a transition from semiconductor to metal. Also the Li-V,P,
system leaves residual integer magnetic moment of 1 ug. Due to
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strong steric coulomb repulsion, minimum diffusion energy
barriers (E,) for Li-ion on the t-V,P, surface is high enough to
make the Li atom immobile.

2 Method

All calculations have been performed using DFT+U'¢ as
implemented in the plane-wave QUANTUM ESPRESSO (QE)
package.?® The generalized gradient approximation (GGA) of the
Perdew-Burke-Enzerhof (PBE) functional has been used to
account for the exchange-correlation potential.*” The U value for
t-V,P, sheet has been evaluated using the LRA proposed by
Cococcioni et al.*® In the LRA estimations, the non-interacting
(xo) and interacting (x) density response functions of the
system for localized perturbations were first obtained (see
Fig. 1). The Ug value is then estimated from the equation: Ues =
(xo " — x~'). Based on this expression, the estimated U.¢ value
for t-V,P, is U = 3.9 eV. Projected augmented-wave (PAW)
pseudopotentials have been used to treat the electron-ion core
interaction.”® The van der Waals (vdW) correction has been
included via the Grimme method of the DFT-D2 (ref. 29) using
the PBE XC functional. The cut-off energies of 500 eV for the
wave function and 5082 eV for the charge density have been
used for all calculations. A 12 x 12 x 1 and 18 x 18 x 1 Man-
khorst-Pack k-points have been used to sample the reciprocal
space in the irreducible Brillouin zone (BZ) for self-consistency
and total density of state computations respectively.>* A vacuum
space of 20 A was imposed in the unit cell perpendicular
direction to eliminate repeated image interaction of the t-V,P,
sheet. All atom's positions were fully relaxed until the remain-
ing force on each atom was smaller than 0.002 eV A~".,
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Fig.1 The computed Ugg values for t-V,P, sheet. The plot displays the
dependence of the linear response of the d orbital occupation of V
atom on potential shift a. The lines in the plots illustrate the non-
interacting and the interacting inverse density response functions. The
inverse response functions are obtained numerically by estimating the
slope of the lines. xq follows from the slope of the non-interacting line,
whereas x from the slope of the interacting line. The U parameter is
estimated from the equation presented in the Method section.
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Table 1 Relative energies (Egr) for magnetic orientation of V,P, sheet

™M AFM1 AFM2

Eg (eV) 1.31 1.98 0.00

3 Results and discussions

Firstly, we use PBE+D2+U to search for magnetically favorable
configuration of the t-V,P, sheet. An ferromagnetic (FM) and
two antiferromagnetic states (AFM1 and AFM2) magnetic
configurations in 2 x 2 supercell of t-V,P, sheet has been
considered (see Fig. 3). As listed in Table 1, the relative energy
value illustrates AFM2 as the favorable magnetic ground state
for t-V,P, sheet. In AFM2, each V layer has parallel spins but
opposite spins in the top and bottom V layers.

Therefore we use t-V,P, unit cell with AFM2 configurations to
compute the lattice parameters. An optimized t-V,P, sheet is
shown in Fig. 2(a). It can be viewed as a tetragonal structure
with a space group of P4/mmm (no. 129). The black square line
illustrates the top view of the t-V,P, unit cell. The unit cell
consists of two V and two P atoms. In the side view of Fig. 2(a),
the P atom is located in the upper and lower regions of the
sheet. Each atom in the sheet is chemically bonded by four
neighboring atoms. The lattice constant (@ = b = 3.16 A, PBE) is
found to be increased (@ = b = 3.36 A, PBE+U) when the Hub-
bard U correction was added. This indicates that the Hubbard U
correction produces an expanded lattice constant which affects
the ground state properties of t-V,P, sheet. The optimized bond

Fig. 2
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length in the x-y plane and the interlayer height (in the z-
coordinate) is 2.48 A and 2.68 A respectively for the t-V,P, sheet.

A recent theoretical study by Kadioglu® predicted the
orthorhombic (o) phase of the t-V,P, sheet with half-metallic
electronic property. It was shown to hold promise for opto-
electronic device applications. However, since the t-V,P, sheet
has not been realized experimentally, it is theoretically impor-
tant to check other stable phases of the t-V,P, sheet. This is
necessary to avoid being trapped in the local minima. We clarify
here the differences between the current study and the work
reported in ref. 21 The ref. 21 used a linear combination of
atomic orbitals (LCAO) in their calculations whereas we used
the plane-wave basis set. As regards the Wyckoff's positions of
atoms, the position of V atoms is different from that reported.
These newly oriented V atoms tend to energetically favor
tetragonal symmetry in the t-V,P, sheet. The atomic Wyckoff
positions for considered V,P, structure in ref. 21 are similar to
those reported in ref. 9 and 31, while in this study they can be
found in ref. 14 and 19. The atomic positions and lattice
constant for the tetragonal and orthorhombic V,P, sheets are
listed in Tables S1 and S2,T respectively. In addition, we use PBE
plus Hubbard U corrections (PBE+U) in the current study, while
in ref. 21 only PBE was used. We believe that precise estimates
of ground-state properties in a material involving strongly
correlated electrons can only be obtained if the Hubbard U
correction is taken into account. We have also considered van
der Waals (vdW) interactions i.e. PBE+U+D2, whereas ref. 21
does not include the vdW interactions for the V,P, monolayer
case. In ref. 21 it was reported that the o-V,P, monolayer
becomes unstable if vdW is included. However, most of the

(b)

(a) Top and side views for t-V,P, sheet and stable adsorption sites are indicated on the surface of t-V,P, sheet. (b) A typical example of top

and side view for t-V,P, sheet with adsorbed Li atom. Red, grey, purple balls represent the V, P, and Li atoms, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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previous reports**>* of these kinds of 2D structures have
considered vdW for the accurate estimates of ground-state
properties.

To further substantiate our claims, the energy difference
between orthorhombic and tetragonal V,P, sheets have been
evaluated and compared using the PBE method. We make sure
that the same computational parameters are used to produce
a negligible error in the results. The total energy of the opti-
mized tetragonal V,P, is 0.91 eV per cell more minimum than
the orthorhombic phase (see Table S37).

For comparison, the cohesive energy (E.,,) per atom of the t-
V,P, sheet is first evaluated using the PBE method. The E_,, is
defined as follows;

Econ = (nEy + 2Ep — Eyy,p,)l4 (1)

where E.y p, is the total energy of the t-V,P, sheet, Ey, and Ep
stand for the total energy of an isolated V and P atom in the unit
cell respectively. The calculated Eop is 6.42 €V for t-V,P, sheet.
This shows that the t-V,P, sheet is the energetically more
favorable phase than of reported orthorhombic V,P, (5.22 eV)
phase.”* In addition, the E.,, of t-V,P, sheet in this work is
larger than that of the Cr,B, (5.16 eV) and CrRuB, (6.06 €V)
sheets* but comparable to tetr-Mo,B, (6.49 eV) and tri-Mo,B,
(6.40 eV) sheets.?

To evaluate the possibility of experimental synthesis of the t-
V,P, sheet, we calculated the thermodynamic formation energy
per atom which is expressed as

Fig.3

AFMI1

View Article Online

Paper

Ey = (Evv,p, — 2uv — 2up)/4 (2)

where uy, and up denote the chemical potentials of V and P
atoms, respectively. We estimate the chemical potentials of V
and P atoms using uy or p = Ev or p/, where n is the number of V
and P atoms in their bulk form with space group m3m and
Imma, respectively. The calculated E¢ for t-V,P, sheet is —0.55 eV
per atom. The E; is negative which indicates that the t-V,P,
sheet is thermodynamically stable and shows promise for
experimental synthesis.

The strain-energy approach was used to estimate the in-
plane stiffness (Y) and the Poisson's ratio (v) of the t-V,P,
sheet. The strain-energy (E) as a function of strain (8) can be
expressed as a quadratic polynomial that is defined as

1 1
E= Ecllﬂxxz + 56226”72 + chﬂxxﬂyyy (3)

By, and B, represent small strains along the @ and b directions
respectively. The linear elastic constants ¢, €53, €12, can be
evaluated from eqn (4) and in eqn (5) equations. The second-
order derivative is evaluated from fitted data points on E vs.
@ curves via an automatic interpolation scheme. The in-plane
stiffness and Poisson's ratio are calculated using eqn (6) and

(7), respectively.
Uni-axial
o (62E11)
11 — AO aﬁz

; (4)

5=0

[ Scale: An(r)]

+0.9487
+0.9512
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+0.9610
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(a) Typical example of magnetic structures of FM and two different AFM1, and AFM2 states for t-V,P, sheet. Magnetic moments for each V

atom in the FM, AFM1, and AFM2 states are approximately 2.27 ug 2.26 ug and 2.08 ug respectively. Blue and green colors stand for the spin up and
spin down respectively. (b) The charge density difference in 2 x 2 supercell of t-V,P, sheet.
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2(611 + CIZ) = Ai()( 062 > S:Ov (5)
In-plane stiffness
Y =cp(l —v?), (6)
Poisson's ratio
p= 22 7)

N bl
Cl1

A, is the equilibrium unit-cell area. The calculated Y and v are
93.92 (93.92) N m " and 0.33 (0.33) along the a (b) directions,
respectively. The values obtained show good isotropic tensile
strength along the a and b direction. The estimated value for the
Y is in accordance with B,~C¢Ng sheet (100.75 N m™')** and T'-
ReTe, sheet (94 N m™')** along the perpendicular direction. In
addition, the positive value of Y clearly illustrates the good
mechanical stability of t-V,P, sheet as defined for elastically
stable materials.*

The phonon dispersion calculation has been carried out to
ascertain the dynamic stability of t-V,P, sheet. Fig. 4(a) displays
the spectrum of phonons throughout the first Brillouin zone.
The figure shows no imaginary frequencies for t-V,P, sheet. The
absence of imaginary frequencies confirms the dynamic
stability of t-V,P, sheet. On the right side of Fig. 4(a) is the atom
projected phonon density of states (apPDOS). The apPDOS plot
confirms that the lighter P atom vibrates with a frequency value
greater than the heavier V atom. Overall, stability results
demonstrate that the potential of the t-V,P, sheet for real
experimental synthesis.

The band structures and the corresponding atomic projected
density of state (PDOS) of the t-V,P, sheet is depicted in Fig. 3(b)
and (c). The t-V,P, sheet displays non-magnetic and metallic
electronic properties using the PBE method (see Fig. 3(b)). An
indirect bandgap of 0.233 eV with AFM as the preferred
magnetic ground state (GS) is found when the Hubbard U
(PBE+U method) correction is added. The Hubbard U correction
produces a polarized spin in the 3d orbitals of the V atom after
orbital reorientation. There is a magnetic moment of about 2.36
up per V atom that is oriented in the antiparallel spins in the
AFM GS. According to Hund's rules, an isolated V atom should
have approximately 3 up. However, due to bonding with
neighboring P atoms in the t-V,P, structure, the number of
unpaired electrons of the 3d V orbit is reduced. This reduces the
magnetic moment per V atom. Lowdin's charge analysis
confirms that the magnetic moment of approximately 0.35 ug
resides on each P atom in antiparallel spins. By plotting the
charge density difference in Fig. 3(b), it is evident that the
magnetic moment of t-V,P, sheet is concentrated mainly in
the V atoms. In AFM GS, the magnetic moment of V atoms
couples in anti-parallel spins that have led to a zero magnetic
moment. The metal to the semiconductor transition when U is
added has been reported in a similar t-Mn,S, structure.*
Therefore, we hope the t-V,P, sheet to exhibit semiconducting

© 2021 The Author(s). Published by the Royal Society of Chemistry
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property when synthesized experimentally, as the PBE+U
method is important in defining the actual electronic property
of a system involving strongly correlated electrons. From the
PDOS plot of t-V,P, sheet, the contributions of the p, and d-
orbitals of the P and V atoms respectively dominate both the
valence band maximum (VBM) and conduction band minimum
(CBM). We further performed the HSE06 hybrid functional
calculations and found not much difference with the results
obtained from PBE+D2+U. The HSE06 band structure has been
included in the ESI (Fig. S21) showing a narrow band of about
0.20 eV which is comparable to PBE+D2+U. In addition, the
magnetic moment of about 0.02 ug obtained from the HSE06
calculation further confirms the AFM ground state.

Based on the deformation potential (E45) model,* the carrier
mobility of t-V,P, sheet can be estimated using the expression

defined as;
B 2eh*C ®)
E e T PES

Here, kg, T (300 K) and & are the Boltzmann constant, room
temperature and reduced plank constant. C is the in-plane
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Fig. 4 (a) The phonon dispersions curves and the corresponding
aPDOS. The electronic band structure and PDOS obtained using the
(b) PBE and (c) PBE+U for t-V,P, sheet. (d) The electronic band
structure and TDOS were obtained using the PBE+U for t-V,P, with
adsorbed Li atom. The red and green colors represent spin-up and
spin-down.
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stiffness that has been estimated in the previous paragraph. Eq
is the linear slope fitted to the CBM and VBM energies as
a function of uniaxial tensile strain. The effective mass
d*Ey
di?
curves via an automatic interpolation scheme. The data points
were selected from the band portion closed to the CBM or VBM
(see Fig. S21). The slopes of each E-k curves give the coefficient
for the parabolic terms which is then used to estimate the m*
for holes and electrons at the VBM and CBM respectively. Our
estimated results show that the holes are heavier than electrons
for t-V,P, sheet (see Table S4t). Consequently, the electron
mobility in this t-V,P, sheet at room temperature is approxi-
mately 24 times that of the hole.

Magnetic anisotropy energy (MAE) calculations have been
carried to determine the favorable magnetization directions on
t-V,P, sheet. It should be noted that the non-collinear spin-
polarized with spin-orbit coupling (SOC) has been included in
the MAE calculations. The relative energy values for the
magnetization directions are summarized in Table 2, namely
four in-plane ([100], [010], [110], [111]) and an out-of-plane [001]
magnetization direction have been considered. A positive rela-
tive energy value shows a favorable magnetization easy axis of
the system. As listed in Table 2, the t-V,P, sheet favors in-plane
[100]/[010] magnetization direction. The estimated in-plane
MAE of t-V,P, sheet is E([001]) — E[100] = 69.63 peV per V
atom. The value is almost the same as the reported Mn,C
sheet® (69 peV per V atom) and the easy axis of the Mn,C sheets
is equally in the in-plane [100] direction.

Next, we investigate the magnetic properties of the t-V,P,
sheet. Looking at the obtained results, the t-V,P, sheet can be
modeled by J; — J, Heisenberg Hamiltonian expressed as:

H=-I> ae; =Y aog — K () = K (o)
i i

ik, i

- K:Z(a,-")z )

-1
m* =+ h* < ) is evaluated from fitted data points on E-k

The first and second terms are summations over the nearest
and next-nearest neighbor spin pairs, respectively. J; and J,
denote the antiferromagnetic exchange interaction between
nearest neighbors and next-nearest neighbors, respectively.
Here, the exchange interaction terms of the V,P, sheet depends
on the number of J; and J, bond distances. «; is the magnetic
moment of V atom taken from the favorable magnetic config-
uration (AFM2 in this case) of the V,P, sheet. K,, K, and K,

Table 2 Magnetic anisotropy energy (MAE) in peV (per unit cell) for
V,P, sheet. The easy axis (EA) is within the basal plane [100]. VP, sheet
has AFM as the ground state

MAE EA
E(010) — E(100) 0.00
E(001) — E(100) 557.00
E(110) — E(100) 1.00
E(111) — E(100) 187.50
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represent the uniaxial magnetic anisotropy constants in x, y and
z directions, respectively. The K, factor is neglected since the
preferred magnetization direction is along [100]/[010] for the
V,P, sheet.

Based on the (2 x 2) V,P, unit cell, the analysis of the three
magnetic states, FM, AFM1 and AFM2 in terms of their energies
E(FM), E(AFM1) and E(AFM2), respectively can be derived as
follows:

E(FM) = Ey — 9J,0% — 8507 (10)
E(AFMI) = Ey + J1o? + 8J507 (11)
E(AFM2) = E, + 9J,&% — 8J50°. (12)

E, denotes the free magnetic coupling energy and « is the
magnetic dipole moment of the V atom. By benefiting from eqn
(10)-(12), exchange interaction parameters, J; and J, can be
written as:

_ E(FM) - E(AFM2)
18a2

J] = (13)
4E(FM) — 9E(AFMI) + 5E(AFM2)

f=- 14402

(14)

Using eqn (11) and (12) given above, the exchange parame-
ters J; and J, were estimated to be —16.86 meV/ap” and —20.37
meV/ag® respectively. These J; and J, values can be used to
estimate the Ty of t-V,P, sheet using Monte Carlo simulations
based on the Heisenberg model.

However, within the mean-filed approximation, the Néel
temperature for an AFM state can be estimated as

T~ = 2ER/3kgN (15)
where Ei and N denote the relative between AFM and FM states
and the number of magnetic atoms in the unit cell. The Boltz-
mann constant kg is taken as 1.38064852 x 10 2* J K~'. The
obtained Ty of t-V,P, sheet is 1263 K, which is overestimated. It
should be noted that the t-V,P, sheet has an in-plane magnetic
anisotropy. Such an in-plane anisotropy shows that the
magnetic state of the t-V,P, sheet is a limiting case of the Hei-
senberg model: XY-model. According to the Mermin Wagner
theorem, the 2D systems with continuous symmetry cannot
have a long-range order at a finite temperature.’” In 2D, the XY
model shows the very unique Kosterlitz-Thouless (KT) transi-
tion for which conventional methods of critical phenomena are
not very useful.®® Therefore, the determination of the KT phase
transition for the t-V,P, sheet can be the subject of a detailed
investigation in future work.**-**

We further explore the Li atom adsorption and diffusion
properties on t-V,P, sheet. We begin with the search for the
single Li atom favorable high-symmetric adsorption site (Ads.
site) on the V,P, sheet. Based on the tetragonal symmetry of t-
V,P, sheet, three Ads. site has been considered on (2 x 2)
supercell of t-V,P, sheet, i.e. for the Li atom at the top of the V
(Tv), P (Tw), atoms and hollow (Ty) sites (see Fig. 4). All atoms in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the t-V,P, with adsorbed Li (Li-V,P,) are fully relaxed without
any geometry constraint. There is no sign of reconstruction (see
Fig. 2) after full structural optimization and top of the V (Ty) is
energetically favorable Ads. site for Li atom on t-V,P,. To esti-
mate the favorable magnetic ground state, ferromagnetic (FM)
and antiferromagnetic (AFM) calculations have been performed
for Li-V,P, system. The AFM configuration has parallel spins
within each layer of V, but opposite spins in the upper and lower
layer of V. Our PBE+D2+U calculation favors antiferromagnetic
configuration with an energy difference of about 1.14 eV as
compared with ferromagnetic calculation. Moreover, both
PBE+D2 and PBE+D2+U have been considered for the Li-V,P,
with adsorbed Li system phonon calculations. The plot shows
no imaginary modes for PBE+D2 and a negligible numerical
noise for the PBE+D2+U case. The results confirm the dynamic
stability of Li-V,P, system (see Fig. S47).
The adsorption energy (E,qs) of Li-V,P, system can be
calculated as,
Eqaas = (Ev,p, + ELi) — ELiv,p, (16)
Here, Eyi_v,p,, Ev,p, and Ey; represent the total energy of E; vy p,
the energy of the Eyp, and that of an isolated Li atom,
respectively. Based on the estimated positive E,qs (2.38 €V)
value, Li atom strongly chemisorbed on the t-V,P, surfaces.
Correspondingly, the bond length (d) between t-V,P, surface
and the Li adatom is 2.46 A. As displayed in Fig. 4(d), the spin-
polarized band structure and the corresponding TDOS of Li-
V,P, system shows the populated bands across the Fermi level.
This means Li atom adsorption on t-V,P, sheet exhibit a semi-
conductor to metal transition. Also the Li-V,P, system leaves
residual integer magnetic moment of 1 ug. This indicates that
the valence electrons of the adsorbed Li atom remain localized
and couple in the parallel spin state, thus inducing a magnetic
moment. We also calculated the geometric, electronic,
magnetic, and adsorption energies of energetically stable
structures of t-V,P, with adsorbed Li, Na, K, Si, and Ge atoms
using the PBE+D2 method. Their results are provided in Table
S5 in the ESIf part. As summarized in Table S5, the calculated
positive E,q4s values show that all Li, Na, K, Si, and Ge atoms

Energy (eV)

1
0 0.8 1

0 0.2

04 06
Diffusion path

Fig. 5 Diffusion energy barriers of Li on the t-V,P, sheet.
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chemisorbed on the t-V,P, surfaces. Interestingly, the Li-V,P,,
Na-V,P, and K-V,P, structures display metallic electronic
properties with the residual magnetic moment, whereas the
remaining Si-V,P, and Ge-V,P, are non-magnetic metals.

We further investigate the diffusion pathway and energy
barrier of Li-ion on the t-V,P, surface. The calculation in this
section has been performed using the CI-NEB approach. Only
one minimum pathway has been considered for Li-ion diffusion
on the t-V,P, surface. The pathway is chosen according to the
preferred above-mentioned high-symmetric adsorption site for
Li. As illustrated in Fig. 5, the deduced minimum diffusion
energy barriers (E,) for Li-ion on t-V,P, the sheet is approxi-
mately 8 eV. The estimated E, for Li on t-V,P, surface indicate
a strong interaction between Li and the surrounding atoms in
the t-V,P, sheet. This steric coulomb effect provided by the t-
V,P, surface atoms impact the Li diffusion on the t-V,P, surface
and hence the higher E, is needed for the Li diffusion. The high
value of E, for Li on t-V,P, indicates that Li-V,P, may not be
a suitable candidate for Li-ion battery (LIBs) anode electrode.
However, t-V,P, can be proposed as a good candidate for
sensing application.

4 Conclusions

In conclusion, we presented theoretical results on the elec-
tronic, magnetic, and adsorption properties of new t-V,P, sheet
using a DFT+U. The t-V,P, sheet is found to be dynamically and
mechanically stable. The t-V,P, sheet prefers an antiferromag-
netic ground state with an indirect narrowed bandgap of
0.23 eV. The estimated electron mobility in the t-V,P, sheet at
room temperature is approximately 24 times that of a hole. The
t-V,P, sheet exhibits a sizable magnetic anisotropy (MAE) of 69
peV per V atom with in-plane magnetization. Mean-field
approximation based on the 2D classical Heisenberg model
predicts a high Néel temperature (Ty) of the t-V,P, sheet up to
1263 K. The Li atom adsorption on the t-V,P, sheet shows
a transition from semiconductor to metal. Also the Li-V,P,
system leaves residual integer magnetic moment of 1 ug. Due to
strong steric coulomb repulsion, minimum diffusion energy
barriers (E,) for Li-ion on the t-V,P, surface is high enough to
make the Li atom immobile. Finally, our theoretical results
indicate the potential of the t-V,P, sheet for antiferromagnetic
spintronics and sensing applications.
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