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This paper investigates the electronic structure and thermodynamic properties of LiBC in the hexagonal structure

by using the generalized gradient approximation (GGA) and local density approximation correction scheme in the

frame of density functional theory. The geometric structure of LiBC under zero pressure, and the dependences of the

normalized lattice parameters a/ag and c¢/cg, the ratio ¢/a, the normalized primitive volume V/Vy on pressure are

given. The thermodynamic quantity (including the heat capacity Cy, Debye temperature ©p, thermal expansion «

and Griineisen parameter ) dependences on temperature and pressure are obtained through the GGA method and the

quasi-harmonic Debye model. The band structures and density of state of LiBC under different pressures have also

been analysed.
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1. Introduction

The compound LiBC was first synthesized in 1995
by Worle et al 1 who provided the crystal struc-
ture and reported the conductivity of hole-doping of
Li atoms. It crystallizes in the hexangular structure
with space group P63/mmec. In 2001, the discovery
of high critical temperature T, ~ 40K superconduc-

tivity in MgB[QZ]

has inspired the extensive work on
similar properties of LiBC and other closely related
intermetallic compounds, which is structurally similar
to MgB..

In 2002, the hole-doped Li,BC has been pre-
dicted to achieve higher transition temperature of
T. ~100K (2=0.5).°] Since then, a few investiga-
tions on the properties of LiBC, including lattice
dynamics,*5! electronic and optical properties,/6—8!

9—11]

vibrational properties,| elastic properties,[2l and

high pressure properties,'3 have come to the fore
theoretically and experimentally. Recently atten-
tions are centralized on how to produce an insulator—
metal transition and possible superconductivity, one

way is by metal-doping, 4

(15]

and the other is applying

pressure!*®! which is not successful experimentally.

thermodynamic properties, electronic structure, density functional theory, LiBC

Hinks et al [*9] proposed that the electron—phonon
coupling plays an important role in the supercon-
ductivity of LiBC. Electron—phonon coupling param-
eter A\ increases monotonically with decreasing = to
a maximum value of 1.4 for x=0.125 and thus re-
sults in T, ~65K.[%l The DC resistivity and AC di-
electric measurements(® showed a strong anisotropy
of the electrical transport properties in LiBC. Hlinka
et al found that the polarized Raman measurements
on the as-grown LiBC crystal were incompatible with
its assumed Dgp, symmetry and the sample was sensi-
tive to heating to temperature exceeding 400 K.[7) In-
frared reflectivity and micro-Raman scattering spectra
of LiBC confirmed the prediction of large Born effec-
tive charges on the nodes of B-C grapheme sheets.[®!
The extreme thermal expansion anisotropy in LiBC
was observed by the high-resolution x-ray powder
diffraction.!”!

In this work, we only focus on the electronic struc-
ture and thermodynamic properties of LiBC under
pressure. We perform the electronic structure calcu-
lations using the full potential linearized augmented
plane waves (FP-LAPW) in the frame of density func-
tional theory (DFT). The structural, thermodynamic
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and electronic properties of LiBC obtained are in good
agreement with the available experimental data and
other theoretical results. In Section 2, we give a brief
description of the theoretical computational method.
The results of structural, thermodynamic and elec-
tronic properties are presented and analysed in Sec-
tion 3. Conclusion is drawn in the last Section.

2. Computational method

2.1. Total energy electronic structure
calculations

Our calculations are carried out by means of the
FP-LAPW in the frame of DFTI718 implemented
in WIEN2K package.['”) In this method, the space
is divided into an interstitial region (IR) and non-
overlapping Muffin-tin (MT) atomic spheres centred
at the atomic sites. In the IR region, the basis set
consists of plane waves. Inside the MT spheres, the
basis set is described by radial solutions of the one par-
ticle Schrédinger equation (at fixed energy) and their
energy derivatives multiplied by spherical harmonics.
In structural calculations, we perform the volume op-
timization both within the generalized gradient ap-
proximation (GGA)P% and the local density approxi-
mation (LDA).[2! In the structural calculations, Ryt
are taken to be 2.18 a.u., 1.46 a.u. and 1.46 a.u. for
Li, B and C, respectively.

Because of big volume change under high pres-
sure, we change Ry to 1.70 a.u., 1.14 a.u. and
1.14 a.u.
get good results.

for Li, B and C atoms, respectively, to
We expand the basis function up
to Ry Kmax=7.0, where K.y is the largest recipro-
cal vector used in the LAPW basis set. The Brillouin
zone is sampled on an uniform mesh with 1600 irre-
ducible k-points. The energy convergence criterion is
set to 0.1 mRy.

2.2. Quasi-harmonic Debye model

The quasi-harmonic Debye model,?? in which the
phononic effect is considered, is applied to investigate
the thermodynamic properties of LiBC. In the quasi-
harmonic Debye model, the non-equilibrium Gibbs
function G*(V; P,T) can be written in the form of

G'(ViP,T)=E(V)+ PV + Avin(0(V);T), (1)

where F (V) is the total energy per unit cell, PV cor-
responds to the constant hydrostatic pressure condi-

tion, @(V) is the Debye temperature, the vibrational

Helmholtz free energy Avi, can be written as[?3:24]

Avin(0:;T) =nkT{Z? +3In(1 — e~ 9/T)
- (e/m)| @)

where D(6/T) represents the Debye integral, n is the
number of atoms per formula unit. For an isotropic

solid, @ is expressed by

Bs

b o 13 bs
6 = [GWV n} f (o) i

: 3)

where M is the molecular mass, n is the number of
atoms per formula unit, Bg is the adiabatic bulk mod-
ulus, which is approximated by the static compress-
ibility [25-26]

A )

d?E(V
BS%BW):v{ ( )},
where f (o) is given by Refs.[27, 28], the Poisson ratio
o is taken as 0.3. For the LiBC, n=3, M=29.762 a.u.,
thus the non-equilibrium Gibbs function G*(V; P, T)
as a function of (V; P,T) can be minimized with re-

spect to volume V'

(6G*(;/‘;/P, T) ) , _o. (5)

By solving Eq.(5), one can get the thermal equation of
state (EOS). The heat capacity Cy and the thermal

expansion coefficient « are given by[gs]
0*G*(V; P,T)
Br(P,T) = D
T( ’ ) Vv ( BYE )p,T7 (6)
30/T
Oy = 3nks {4D((9/T) - e@/T/_J NGO
o = 1Cv 8)

- BrV’

where vy is the Griineisen parameter, which is defined
as

dln @(V)
~ dlnV

= (9)
Through the quasi-harmonic Debye model, one could
obtain the thermodynamic quantities of LiBC under
pressure. By this method, we have successfully inves-

tigated on some materials.[29—33]
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3. Results and discussion

3.1. Geometric structure and equation
of state

For the hexagonal structure LiBC, the initial
structural model is built according to previous avail-
able lattice parameters a and c¢. The lithium atom
is set at (0, 0, 0), the boron atom at (1/3, 2/3,
1/4), and the carbon atom at (1/3, 2/3, 3/4). In
the equilibrium geometry calculations, we change lat-
tice parameter a with constant ¢/a to perform vol-
ume optimization both in GGA and LDA methods,
respectively. Relativistic effects are taken into account

within the scalar-relativistic approximation. The ob-
tained results are listed in Table 1, together with the
available experimental datal'>16l and other theoret-
ical results.['213] The equilibrium lattice parameters
obtained are well consistent with experiments.['8! Ob-
viously, GGA method gives better geometrical param-
eters than LDA method. It is well known that LDA
method often overestimates the binding energy, and
underestimates the bond length by 1%-2%, which re-
sults in the calculated equilibrium volume normally
3% 6% less than experiments, and GGA method usu-
ally overestimates the lattice constants and underes-
timates the bulk module.

Table 1. Calculated and experimental equilibrium structural parameters of LiBC at 0 GPa and 0 K.

¢ /nm a/nm c/a By /GPa B

GGA (Present) 0.7050 0.2750 2.560 175.58 3.79

LDA (Present) 0.6853 0.2720 2.520 197.09 3.55

GGA [12] 0.6993 0.2756 2.537 180.10 3.66

LDA [12] 0.6894 0.2735 2.521 155.30 2.92
Ref.[13] 0.6870 0.2730 2.520
Exp.[1] 0.7058 0.2752 2.565
Exp.[5] 0.7053 0.2749 2.566
Exp.[16] 0.7050 0.2750 2.560

By fitting the corresponding E — V data to the
spinodal EOS proposed by Baonza et al [
K* _
V:‘/spexp{ - |:1ﬂjl (p_psp)l B}a (10)

Vi, voexp{ (1)

)
(1-p8)ByJ’
where Py, and Vy, are the spinodal pressure and vol-
K*, and 3 are the fitting

parameters (it is customary to use 3=0.85), we ob-

ume, respectively, Py,

tain the isothermal bulk modulus By and its pressure
derivative B(, of LiBC at P=0 and T'=0, which are
also listed in Table 1 together with other theoretical
results.['?] Tt is found that by using LDA method the
bulk modulus By and its pressure derivative B( are
about 27% and 21% larger than those obtained from
the full-potential linearized muffin-tin orbital method
respectively by Liu et al,['? while using GGA method
the bulk modulus By is slightly lower and its pres-
sure derivative Bj is slightly larger than those by Liu
et al.l'?l In the following, we will only apply GGA
method for our calculations.

The pressure dependence of the normalized lat-
tice parameters a/ag and ¢/cg, the axial ratio ¢/a, and

the normalized volume V/V; of LiBC are illustrated
in Fig.1, where ag, cg and Vj are the zero-pressure
equilibrium lattice parameters and the primitive-cell
volume respectively, P is the pressure in GPa. It is
shown that the compression along the c-axis is consid-
erably larger than that along the a-axis in the basal
plane. As pressure increases from 0 to 550 GPa, the
¢/a ratio decreases by 34.89%. The interlayer linear
compressibility, d(Inc)/dP=0.00231 GPa~! is about
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g . "KA\A\A (l/ 20 I
) - —
- k.
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3 - *.
~ \*
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Pressure/GPa

Fig.1. Ratios of a/ag, ¢/co, ¢/a, and V/Vj of LiBC versus
pressure at 0 K.
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3.467 times the basal plane value, d(Ina)/dP =
0.000666248 GPa~!. It means that the lattice con-
stant ¢ is more sensitive to pressure than the lattice
constant a, this is consistent with the comparatively
weaker Li—B bonds and Li—C bonds which determine
the interlayer distance together.

3.2. Thermodynamic properties

The isothermal bulk modulus is defined by oK 7
1400 —— 600K
Br(P.T) = -V (%)T. (12) p 100K
% 1000
From Eq.(12), we have By=179.93 GPa (T=0), this =
is well consistent with By=175.58 obtained by the é
spinodal EOS.*4 By fitting the B — T data to a % 600
fourth-order polynomial, we have the following rela- e
tion (P=0GPa) 200

By =179.93 — 0.00448T — 2.62857 x 10~ °T>

+1.59078 x 107872 — 3.89278 x 10127,
(13)

Obviously, By decreases as temperature T increases.
When T <
T >100K, By decreases dramatically as T increases.

100K, By decreases slowly; when
The relationship between bulk modulus B and pres-
sure P at different temperatures T=0, 600, 1800 K are
shown in Fig.2. They are all nearly linear. The bulk

modulus increases with pressure at a given tempera-
ture and decreases with temperature at a given pres-
sure. All these results suggest that increasing pressure
has exactly the opposite effect on the bulk modulus of
materials as increasing temperature does. This result
can be easily understood from the quasi-harmonic De-
bye model. The obtained B — P curves show the weak
temperature dependence for LiBC.

0 100 200 300 400 500
Pressure/GPa

Fig.2. Bulk modulus of LiBC versus pressure at 0, 600,
and 1800 K, respectively.

The obtained Debye temperatures at various tem-
peratures (300, 800, 1300, 1500 and 1800 K) and pres-
sures (0, 100, 200, 300, 400 and 500 GPa) are listed
in Table 2. It is found that, when the temperature is

constant, as pressure increases, the heat capacity Cy

Table 2. Some thermodynamic quantities of LiBC over a wide range of temperatures 1" and pressures P.

P/GPa
T/K 0 100 200 300 400 500
Cy 53.38102 35.59630 26.77860 21.35055 17.70467 15.08760
6p 808.92 1255.98 1527.58 1735.05 1904.69 2049.91
300 1.74839682 0.44989883 0.23699352 0.14894857 0.10339455 0.07646437
o' 1.624 1.232 1.141 1.074 1.021 0.977
Cy 71.27013 66.43091 62.83784 59.85366 57.30545 55.07495
6p 794.08 1250.45 1523.71 1732.08 1902.33 2047.87
800 2.51453430 0.84640717 0.55921717 0.41925134 0.33557116 0.27958954
o' 1.663 1.234 1.143 1.075 1.021 0.977
Cy 73.51324 71.51570 69.96433 68.61686 67.41935 66.33007
6p 776.29 1243.56 1518.50 1727.78 1898.74 2045.23
1300 2.85350870 0.91861126 0.62623716 0.48275968 0.39604626 0.33728818
¥ 1.715 1.236 1.144 1.076 1.022 0.978
Cy 73.85804 72.33206 71.14254 70.10202 69.17125 68.32022
6p 768.34 1240.71 1516.31 1725.94 1897.16 2043.76
1500 3.00113417 0.93213667 0.63822251 0.49404207 0.40680849 0.34767580
¥ 1.740 1.237 1.145 1.077 1.023 0.978
Cy 74.17531 73.09470 72.25252 71.51091 70.84338 70.23027
©p 755.67 1236.37 1512.95 1723.14 1894.76 2041.53
1800 3.26131926 0.94652438 0.65040411 0.50529013 0.41740929 0.35784760
¥ 1.784 1.239 1.146 1.078 1.024 0.979
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decreases, and the Debye temperature @p increases.
When the applied pressure increases from 0 to
500 GPa, the heat capacity Cy decreases by 71.74%,
22.72%, 12.49 %, 7.50 %, 5.32% at T = 300, 800,
1300, 1500 and 1800K, respectively. When the ap-
plied temperature increases from 300 to 1800 K, the
Debye temperature ©p decreases by 6.583%, 1.561%,
0.958%, 0.628%, 0.524% and 0.409% at 0, 100, 200,
300, 400 and 500 GPa, respectively. The heat ca-
pacity Cy in this work is 808.92J-mol~1-K~! at zero
pressure and ambient temperature. We can find that
Cvy increases quickly at low temperature, and then
becomes smoothly at high temperature, and is close
to the Dulong—Petit limit Cyv=9Nkp, where N repre-
sents the Avogadro’s constant.

Thermal expansion parameters are important for
Thus in this
work we also present the thermal expansion coefficient
a of LiBC under various temperatures (300, 800, 1300,
1500 and 1800 K) and pressures (0, 100, 200, 300, 400
and 500 GPa). The thermal expansion coefficient of

predicting thermodynamic properties.

LiBC at a given temperature decreases swiftly with
increasing pressure up to 100 GPa, then trends to a
constant. Under a given pressure, « increases dra-
matically below 400 K and then gradually approaches

to a linear increase at higher temperatures.

Another important thermodynamic quantity is

ORELI
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the Griineisen parameter 7, which can describe the
vibration of volume by pressure changes. It has been
widely used to characterize and extrapolate the ther-
modynamic properties of materials at high pressures
and high temperatures. In Table 2, we present the
Griineisen parameter v of LiBC under various pres-
sures and temperatures. In the range of temperature
from 0K to 1800 K, the Griineisen parameter v shows

the weak temperature dependence for LiBC.

3.3. Electronic structure properties

The band structure of LiBC at 0K and 0GPa
(a/ap=1) along high symmetry lines in the Brillouin
zone is shown in Fig.3(a). The valence bands are sep-
arated from the conduction bands by a calculated gap
of 0.856 eV, with the valence band maximum occur-
ring at I', and the conduction band minimum occur-
ring at H. At zero pressure, it bears many similarities
to that of MgBs. They both have nearly flat bands of
po character at the top of the valence bands between
I" and A as well as bonding and anti-bonding po bands
near the Fermi level (which cross it, to form Fermi sur-
face “webbed tunnels” in the case of MgBs) near the
M and K regions.['53%] For MgBs, these two Fermi
surface features are characterized by different super-
conducting energy gaps, making it a two-band super-

conductor with a transition temperature of 39 K.[3
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Fig.3. Band structures of LiBC at various pressures: (a) 0 GPa, (b) 60 GPa, (c) 120 GPa, and (d) 400 GPa.

LiBC is shown experimentally to remain stable
crystal structure at ambient pressure up to at least
60 GPa.['5l As pressure increases from 0 to 60, 120
and 400 GPa , the corresponding ¢/a changes from 1
to 0.8, 0.7 and 0.5, and the calculated Fermi-levels
are 0.45811, 0.64475, 0.76242 and 1.13386 (in Ry), re-
spectively. The band structures show little difference
below 60 GPa (corresponding to a/ap=0.80). The oc-
cupied po bands drop in energy with respect to the C
7w bands, losing their flatness between I' and A, and
dropping even further below the Fermi level. The un-
occupied pm bands drop in energy at L and H, while
increase between I' and M and between I' and K,
and finally overlap to become semimetallic at 120 GPa
(corresponding to a/ap=0.70). This is an indirect gap
closure, and the direct gap near M and K becomes
larger under pressure. After metallization, the density
of states at the Fermi level increases rather rapidly,
but none of these states come from the ¢ bands, which
are of primary importance for superconductivity in the
case of MgB,. The examination of the electronic be-
haviour alone indicates that we are very unlikely to see
that LiBC becomes superconducting under pressure
experimentally. We list the band gap corresponding
to band structure in Table 3. It is found that the in-
direct band gap becomes smaller with pressure, while
the direct band gap becomes larger.

Table 3. Calculated band gap (in eV) of LiBC at
various pressures P (GPa).

P/GPa 0 60 120 400
Direct (H) 1.352 1.501 1.579 1.740
Indirect (I'H) 0.856 0.431 0.092 0

To further elucidate the nature of the electronic
band structure, we have also calculated the total den-
sity of states (TDOS) of LiBC by using the modified
tetrahedron method.[?”] We should emphasize that

r (a) 0Gpa

!

NO —~ N W
;

L (b) 60 GPa

!

r (c) 120 GPa

i

(d) 400 GPa

7

Density of states (states/eV)
wo  m

|

|
—_
<

|
ot
<
ot

Energy/eV

Fig.4. Density of states of LiBC at various pressures: (a)
0 GPa, (b) 60 GPa, (c) 120 GPa, and (d) 400 GPa.
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there are three distinct structures in the density of
states separated by gaps at 0 GPa. We give a com-
pare of TDOS under different pressures in Fig.4. It
is found that the gap near Fermi level narrows at
60 GPa, nearly disappears at 120 GPa and then links
to a whole at 400 GPa. We can also find that the gap
at valence bands becomes narrower and locomotes left
with increasing pressure. These characters can easily
be found from the electronic band structure.

4. Conclusion

We have determined the equilibrium structural
parameters of LiBC under zero pressure and high pres-

sure both in the GGA and LDA. The calculated lattice
constants agree well with other theoretical results and
the available experimental data. The obtained depen-
dences of the normalized lattice parameters a/ag and
¢/co, ratio ¢/a, normalized primitive volume V/Vj on
pressure show that the lattice constant ¢ is more sen-
sitive to pressure than the lattice constant a, this is
consistent with the comparatively weaker Li—B bonds
and Li-C bonds which determine the interlayer dis-
tance together. The bulk modulus B, variation of heat
capacity Cvy, Debye temperature ©@p and thermal ex-
pansion « under high temperature and high pressure
are also discussed. At last, we have examined and
analysed the band structure and the density of state
for LiBC under pressure.
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