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We performed a first-principles study of the electronic, elastic, and thermal properties of the rare-
earth hexaboride CeBg using the local density approximation (LDA) in consideration of the effective
onsite Coulomb parameter U, ¢s. To systemically evaluate the effect of U.¢ on the structure of the
material, the dependences of the lattice parameter ag and bulk modulus B on U.¢s were examined
in the framework of the LDA4+U and GGA(PBE)+U scheme. We obtained a lattice constant ay,
elastic constants C;, and a bulk modulus B at 0 K and 0 GPa that were in good agreement with
the experimental results and other theoretical findings. We focused on the electronic structure by
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analyzing the variation of the density of states with different U.;; values and pressures, which
indicates the metallic characteristic of CeBg. Interestingly, the effect of high pressure was similar to
that of increasing Uy ¢, as the peaks at the bottom of the conduction band moved to the high-energy
region in both cases. The elastic constants C;;, bulk modulus B, shear modulus G, Young’s modulus
FE, shear-sound velocity Vg, and longitudinal-sound velocity V7, were calculated from 0 to 120 GPa.
Additionally, the Debye temperature ©@p and elastic Debye temperature ©@p were systematically
calculated using the thermodynamic methods in the range of 0-100 GPa. This research may provide
a comprehensive understanding of the Kondo compound CeBg and similar rare-earth hexaborides.

Keywords CeBg, structural properties, elastic properties, thermal properties, electronic structure

PACS numbers 71.15.mb, 71.20.-b

tural phase transition occurs when the applied pressure

1 Introduction

Cerium compounds, in which additional electron is a
strongly correlated f electron on the Ce center upon the
reduction of Ce(IV) to Ce(III) [1], attract considerable
research interest. The pressure dependences of the struc-
tural and elastic properties of Ce2O3 [2] and the elec-
tronic and magnetic structures of CeaO2FeSes [3] have
been investigated recently. CeBg has also been inten-
sively studied because of its interesting low-temperature
magnetic phases. Experimentally, CeBg exhibits an an-
tiferromagnetic order below Ty = 2.3 K [4], in advance
of another phase transition at Ty = 3.2 K, in which the
order parameter remains unknown from standard experi-
mental probes such as neutron diffraction [5, 6]. No struc-

is up to 85 GPa, but there is a possibility of structural
changes in the pressure range of 85-122 GPa [7]. Remark-
ably, significantly different values were reported for the
elastic constants; for example, the reported experimental
values for C1o include 16, 19, 53, and 93 GPa [8-10].
The structural properties of CeBg were theoretically
investigated using the plane-wave pseudopotential ap-
proach [11]. Sikora et al. [12] performed a symmetry anal-
ysis of the antiferroquadrupolar order in this substance.
Recently, special attention has been directed to the mag-
netic moment from the 4f electron [13, 14], thermody-
namic properties [15], and electronic structure [16]. To
further understand CeBg, the effective onsite Coulomb
parameter U,y y must be introduced, which yields a dras-
tic improvement in the description of the reduced ceria
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[17, 18]. Because Uy strongly influences the calculated
observables, its optimal value remains under debate. Re-
cently, researchers investigated the Kondo effect in CeBg,
including the observation of a Ce-resonance and its origin
[19, 20].

The main objective of this work was to study the elec-
tronic structure of CeBg by analyzing the density of
states (DOS) and elastic constants from 0 to 120 GPa
under different U.¢¢ and pressure values in order to un-
derstand the effects of the pressure. Furthermore, we
investigated the electronic structure and thermal prop-
erties of CeBg from the viewpoint of the U, ¢ effect. The
remaining parts of the paper are arranged as follows. In
Section 2, we provide the computational details. Section
3 presents our results and discussion, and we conclude
the paper in Section 4.

2 Computational details

The calculations were performed using the Cambridge
Sequential Total Energy Package [21, 22]. The local den-
sity approximation (LDA) proposed by Vosko et al. [23]
for the exchange-correlation potential was used in the
LDA+U variant, where the orbital-dependent LDA+U
functional form is given as

Fupas = Bupa+ oy 3 lxe” — tr(p77). (1)
(e

Here, p° is the density matrix of the f states, and U
and J are the Coulomb energy and the exchange energy,
respectively. As described in this paper, the two energy
parameters integrate into a single meaningful parame-
ter Uess (Ueys = UJ). This method can be regarded as
the introduction of a penalty function that disapproves
of non-integer occupation numbers of the onsite density
matrix. More information about this functional is found
in Refs. [24, 25].

Plane-wave basis sets were used with an energetic cut-
off of 420 eV. For integration within the Brillouin zone,
a9 x 9 x 9 Monckhorst-Pack grid [26] was used. We
employed the on-the-fly pseudopotential for the interac-
tions of the electrons with the ion cores and regarded
the atomic levels of 4f'5s25p®5d!'6s? and 2s?2p' as the
valence electron states for the Ce and B atoms, respec-
tively. In the structure optimization, the criteria for con-
vergence were set as 1 x 1075 eV /atom for the energy,
0.03 eV/A for the force, 0.05 GPa for the stress, and
0.001 A for the ionic displacement. To efficiently obtain
self-consistency, the density-mixing scheme reported by
Kresse and Furthmiiller [27] is recommended for metallic
systems. The spin-orbit interaction apparently has lit-
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tle influence on the structural properties, leading to the
speculation that it is strongly atomic in nature and that
transformations with geometry are non-essential with
the accuracy of current DFT methods, as indicated by
Pickard et al. [11]. Thus, we neglected the spin-orbit cou-
pling in our study. All of the above-mentioned parame-
ters were carefully tested and leading to a well-converged
total energy. We fixed the equilibrium lattice constant for
the obtained value within the traditional LDA scheme
and then optimized the atomic position with an ideal
Uess value of 4 eV for the structure optimization. There-
fore, we only considered the U.s; effect on the atomic
interaction, ignoring its effect on the lattice parameter
for the electronic-structure and thermal calculations.

3 Results and discussion

3.1 Structural properties of CeBg

CeBg is one of the strongly correlated systems sharing
the Pm3m structure of CaBg with the latest experimen-
tally determined lattice parameter ag ~ 4.132 A [7].
The conventional unit cell of the CICs-type structure of
CeBg is presented in Fig. 1. The Ce ions and Bg octa-
hedra are located at the corners and body center of the
cubic lattice, respectively. The lattice parameter ag and
bulk modulus B were obtained by fitting our energy-
volume data to the BirchMurnaghan equation for the
state [29]. Table 1 presents the lattice constant of CeBg
according to a popular theoretical calculation and ex-
periment. The previous theoretical results underestimate
or overestimate ag, especially compared with the latest
experimental result [7]. However, our calculated lattice
parameter ag was 4.121 A (U.;; = 0 eV), which has dis-
crepancies of approximately 0.27% and 0.46% compared
with the experimental values of 4.132 [7] and 4.140 A [28],
respectively. Our result is in good agreement with both
of the experimental results and agrees far more closely
with the latest one. Figure 2 illustrates the dependence
of the lattice parameter and bulk modulus on Uy in the
range of 0-9 eV. Clearly, the GGA calculations exhibit a
somewhat longer ag and smaller bulk modulus B, caus-
ing a slightly less accurate description of the structural
properties. Overall, the LDA yields a better agreement
with the lattice parameter and bulk modulus. There is
a stable increase in the lattice parameter with U.ss for
both the LDA and GGA functionals. The lattice param-
eter ag was overestimated at the simply GGA level (Uey
= 0 eV); thus, considering that Ucs; > 0 increases the
discrepancy with respect to the experiment. However,
the LDA+U method behaves contrarily: the calculation

Mei Tang, et al., Front. Phys. 10(6), 107104 (2015)
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Fig. 1 The conventional unit cell of the ClCs-type structure of
CeBg. Orange and purple balls stand for B and Ce atoms, respec-
tively.
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Fig. 2 Dependence of lattice parameter ag (a) and bulk modulus
B (b) of CeBg on Ugjss. Notice that for three different experimen-
tal values B can be found in the literature.

ignoring U.sy underestimates ag by ~0.011 A compared
with the experiment. Thus, it is practical to introduce
Uess into the calculation of the lattice constant for the
LDA functional.

As shown in Fig. 2(b), the bulk modulus distinctively
increased with U ¢ from 1 to 4 eV, but decreased slightly
from 4 to 9 eV, suggesting that this variable is less sen-
sitive to higher values of Ucys. The bulk modulus val-
ues from the LDA calculation with the above mentioned
range of Uc¢s are primarily located within 166-191 GPa
[8, 9, 34], which offers better consistency with the ex-
periment than the GGA values. For a certain Ucyy value
around 4 eV, both ag and B yield a well-balanced agree-
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ment with the experiment. Hence, we used the LDA+U
method to study the electronic, elastic, and thermal
properties of CeBg with an optimal Uc¢s of 4 eV.

Table 1 Calculated and experimental lattice parameter ag (A),
bulk modulus B (GPa), pressure derivative of the bulk modulus
B’ (GPa), and elastic constants C;; (GPa) of CeBg at 0 K and 0
GPa.

Method Ref. ao B B’ C11 Cia Cyq

This work 4121 167 353 483 10 75
Calc. [11]  4.098
Calc. [15] 4.154 173 391 452 34 98
Expt. [7] 4132
Expt. [8] 168 473 16 81
Expt. [8] 182 508 19 79
Expt. [9] 191 472 53 T8
Expt. [10] 406 93 78
Expt. [28]  4.140
Expt. [30] 166  3.15

3.2 Elastic properties

The bulk modulus B varied over a broad range, with
values including 166 [30], 191 [9], 168, and 182 GPa
[8] among the three experimental results. Our results
are consistent with two experimental results [8, 30] and
slightly lower than another two experimental results |8,
9]. Our calculated pressure derivative of the bulk mod-
ulus B’ agrees better with the experimental result [30]
than that with the recent theoretical result [15]. The elas-
tic constant C7; is in agreement with the results of Refs.
[8] and [9], and Cly4 is consistent with the results of Refs.
[8], [9], and [10]. For the controversial elastic constant
(12, our results validate the experimental results of Liithi
et al., exhibiting no negative values. We predict that the
most probable value of C5 tends to be >10 GPa. Over-
all, our calculated elastic constants agree better with the
experimental results than that with the recent theoreti-
cal results obtained using the ABINIT code [31].

It seems insignificant that elastic and thermal proper-
ties are studied with respect to the effects of U, ¢, as this
method is mainly proposed for studying the electronic
structure of strongly correlated systems. Thus, we ex-
amined both properties under pressure with an optimal
Uesy value of 4 eV. The elastic properties of a material
help determine its Debye temperature and mechanical
stability. The calculated and experimental bulk modulus
B (GPa) and elastic constants C;; (GPa) at 0 K and
0 GPa are listed in Table 1. To the best of our knowl-
edge, the computation of the bulk modulus using the
stress tensor yields a slightly less precise bulk modulus
because of the Pulay stress because of the incomplete-
ness of the plane-wave basis set. However, our results for
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0 K and 0 GPa agree with the experimental results and
other theoretical data because of the sufficiently accurate
approximation.

Table 2 Calculated bulk modulus B (GPa), shear modulus G
(GPa), Young’s modulus E (GPa), Poisson’s ratio o, B/G values,
longitudinal acoustic velocities V7, (km/s), shear acoustic veloci-
ties Vg (km/s), and Debye temperature O (K) of CeBg under
pressure.

P B G B/G E o Vs %3 Or

0 166.8 121.2 1.38 4827 0.018 4.95 8.15 760
10 201.8 132.7 1.52 5485 0.047 5.056 8.54 790
20 234.7 139.2 1.69 607.0 0.069 5.07 881 806
30 267.2 150.3 1.78 660.2 0.088 5.17 9.12 834
40 298.8 158.3 1.89 712.8 0.103 5.22 9.37 852
50 326.5 175.3 1.86 756.7 0.114 541 9.67 892
60 362.3 176.1 2.06 806.6 0.129 535 9.85 892
70 390.8 186.3 2.10 849.4 0.138 5.43 10.06 914
80 428.8 193.1 2.22 896.5 0.152 547 10.31 928
90 4514 198.8 227 934.2 0.155 549 10.42 939
100 479.0 209.6 2.29 973.1 0.161 5.58 10.61 960
110 508.5 219.1 2.32 1012.4 0.168 5.64 10.79 979
120 5427 227.1 239 1051.8 0.177 5.69 10.99 994

Figure 3 shows the pressure dependence of the elastic
constants from 0 to 120 GPa. Here, Cy; varies largely ac-
cording to the applied pressure compared with Ci5 and
Clyy, indicating that C12 and Cyy are less sensitive to the
pressure than C77. In the wide pressure range of 0-120
GPa, the elastic constants Cy1, Ci2, and Cyy, the bulk
modulus B, and the shear modulus Gincreased monoton-
ically with pressure, but Cy4 was relatively stable and
had a similar variation trend to the shear modulus G.
A similar variation phenomenon is also observed for C1q
and C12 in the comparable structure CaBg [32], but Cyy
has some differences. The Cyy of CeBg varies from 75
to 139 GPa, whereas that of CaBg is relatively stable,
remaining within 43-46 GPa.

Table 2 presents our calculated bulk modulus B, shear
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Fig. 3 Pressure dependence of elastic constants of CsCl-type
structure from 0 GPa to 120 GPa at 0 K from LDA+U calcu-
lations with U = 4 eV.
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modulus G, Young’s modulus E, Poisson’s ratio o, B/G
values, longitudinal acoustic velocities V7, shear acoustic
velocities Vg, and Debye temperature @ of CeBg under
hydrostatic pressure in the range of 0-120 GPa at 0 K.
The bulk modulus and shear modulus indirectly indicate
the hardness [33]. Generally, a superhard material has a
high bulk modulus, high shear modulus, and high shear
strength. Thus, we predict that CeBg has high hardness.
Table 2 shows that the bulk modulus B increased grad-
ually with the increasing pressure, demonstrating that
the CsCl-type structure CeBg became more difficult to
compress as the pressure increased. A high (low) B/G
value is associated with ductility (brittleness), and the
critical value that separates ductile and brittle materials
is ~1.75. Overall, the calculated B/G values increased
with pressure, and the pressure at which this substance
transformed from brittle to ductile was predicted as 27
GPa. The pressure can undoubtedly improve the duc-
tility of a material. The Young’s modulus F is used to
determine the stiffness of solids. A stiff material has a
large E. Information about the bonding force can be ob-
tained using Poisson’s ratio o. The Young’s modulus E
and Poisson’s ratio o are defined as

9BG 1(3B—2G)

“3B+G 7T 2\3B+G )

At the ground state, F = 482.7 GPa. As the applied
pressure increases, E gradually increases, demonstrat-
ing that the pressure enhances the stiffness of the sub-
stance. The Poisson’s ratio o is 0.018 at 0 GPa, indi-
cating that the inter-atomic forces within CeBg are non-
central, as the low limit of Poisson’s ratio ¢ for central-
force solids is 0.25 [34]. As the pressure increases, the re-
maining Poisson’s ratio o remains less than 0.25, suggest-

E

ing that the inter-atomic forces in CeBg are non-central
at higher pressures. Additionally, many crystals present
elastic anisotropies to some extent. The percentages of
the compression anisotropy Acomp and shear anisotropy
Aghear are defined as [35]

By — Br
Acomp = =———— x 100%,
P BVJrBRX %
Gy — Gr
Ashear = =——— x 100%. 3
g Gv + Gr x i’ ®)

The maximum and minimum values of Acomp and Agpear
are 100% and 0%, respectively. A zero value indicates
isotropy, whereas 100% indicates maximum anisotropy.
At the ground state of CeBg, Acomp is 0, and Agspear is
15.21%, indicating that there is isotropy in compression,
but anisotropy in shear. The mechanical-stability condi-
tions in cubic structures can be expressed with regard to
the elastic constants as

Mei Tang, et al., Front. Phys. 10(6), 107104 (2015)
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Ciu >0, Cpi> ‘012‘ , C11 +2C12 >0, (4)

where é“ = Z—ifP(Z‘Zl,Zl), and 012 =Cpp+P. A
strong increase in the temperature dependence of the re-
sistance at 122 GPa was reported, which may signify a
structural change around 85-122 GPa [7]. All the elastic
constants given in Fig. 3 satisfy these stability condi-
tions, indicating that CeBg remains mechanically stable
up to 120 GPa.

3.3 Sound velocities and thermal properties

The Debye temperature is an important fundamental
quantity that is closely related to many physical proper-
ties of solids, such as the specific heat and melting tem-
perature. Above the Debye temperature, the quantum ef-
fects can be ignored, whereas below the Debye tempera-
ture, the quantum mechanical effects are very important
for understanding the thermal properties of materials.
According to the quasi-harmonic Debye model [36], we
can obtain the Debye temperature @p of CeBg under dif-
ferent pressures and temperatures. In the quasi-harmonic
Debye model, the non-equilibrium Gibbs energy under a
pressure p and temperature T' is written as

G (Vip;T) = E(V) +pV + A, (0p(V);T), (5)

where E(V) is the total energy per formula unit, pV' cor-
responds to the constant hydrostatic-pressure condition,
Ayip is the vibrational Helmholtz free energy, and @p is
the Debye temperature @p, which is given as
h B
Op = —(6m2V20) 3 (o) ] ==, 6

b= Y8 fon | 72 (6)
with the assumption of an isotropic solid having Pois-
son’s ratio . Here, M is the molecular mass per formula
unit, By is the adiabatic bulk modulus, and f(o) is given
as

flo)=43 [2 <§11_+2"0>3/2+ (% ig)wj _
(7)

Additionally, the elastic Debye temperature [37] can be
obtained using the elastic constants. The Debye temper-

1/3

ature @ is estimated as

1/3
h [3n (Nap
O JM(MH Vi, (8)

where h is Planck’s constant, k is Boltzmann’s constant,
N4 is Avogadro’s number, n is the number of atoms per
formula unit, Mis the molecular mass per formula unit,
p is the density, and V,, is obtained as [38]

Mei Tang, et al., Front. Phys. 10(6), 107104 (2015)

NHCE

Here, Vs and V7, are the shear and longitudinal sound ve-
locities, respectively. The probable values of the average
shear and longitudinal sound velocities can be calculated
using Navier’s equations as follows [39]:

Vs—\/; b IB+( 4/3 (10)

Here, a Cauchy solid ratio of 0.25 is used as Poisson’s
ratio o.

The obtained shear and longitudinal sound velocities
are 4.95 and 8.15 km/s, respectively, at 0 K and 0 GPa
(Table 2). Clearly, the shear sound velocities increase
slowly, and the longitudinal sound velocities increase
relatively quickly. These effects are associated with the
shear anisotropy and compression isotropy, respectively.
Because the sound velocities are directly proportional to
the elastic modulus of the medium, the shear and lon-
gitudinal sound velocities exhibit variation trends quite
similar to those of the shear modulus G and elastic mod-
ulus F, respectively.

To obtain typical and persuasive energy-volume data
points for the thermal-property calculation, every energy
value at the corresponding volume was obtained from the
novel point of the U.y¢ effect on the atomic interaction.
According to the quasi-harmonic Debye model, the bulk
modulus B is 181.3 GPa, which agrees with the exper-
imental value of 182 GPa [8], confirming the validity of
our results. Here, the Debye temperature ©p was 718
K at 0 K and 0 GPa, which agrees with the previously
obtained elastic Debye temperature O = 760 K for
CeBg. The Debye temperature increased monotonically
with pressure up to 100 GPa (Fig. 4). With pressure
below 12 GPa, the difference between the two Debye

1200

+T1
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O

(=3

S
I

Debye temperature (K)

e}

(=3

(=)
I

700 T T T T
0 20 40 60 80 100

Pressure (GPa)

Fig. 4 Pressure dependence of the Debye temperature ©p (T1)
calculated by thermodynamic methods and elastic Debye temper-
ature O (T2) of CsCl-type structure CeBg at 0 K from LDA+U
calculations with U = 4 eV.
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temperatures decreased. However, at higher pressures—
especially above 50 GPa—this difference increased. This
suggests that the anisotropy of the cubic structure de-
creased before 12 GPa and increased after 12 GPa, which
is consistent with the fluctuation of the shear anisotropy
Agheqr under pressure. This is partially because the De-
bye temperature ©p was obtained under the assumption
that the material was isotropic.

3.4  Electronic structures and magnetic properties

We focused on studying the electronic structure by an-
alyzing the DOS with different values of U, and pres-
sure. The DOS plays an important role in the analysis of
the physical properties of materials. To precisely deter-
mine the energy positions of Ce-4f with respect to the
Fermi level, we illustrate the calculated DOS with dif-
ferent approximations (LDA, LDA4U with U = 4 eV,
and LDA+U with U = 8 ¢V) in Fig. 7(a). Obviously, the
main peak of the Ce-4 fstates was located at 0.5 eV in the
conduction band, which is not in good agreement with
the experimental result. According to Neupane et al., the
peak is located around 2 eV in the conduction band [16].
The inappropriate treatment of the Ce-4f states within
the LDA scheme largely causes this error. The main peak
of Ce-4f transformed toward a higher level as Ugyy in-
creased. When the position of the Ce-4 f peak was consis-
tent with that of the experiment, as shown in Fig. 7(a),
the obtained value of Ucss also agrees well with that re-
ported in Ref. [13]. Thus, it is reasonable to calculate the
physical properties with an optimal Uss value of 4 eV.

Sandeep et al. [13] calculated the magnetic moment of
CeBg as 1.03 up, which agrees with the results of Singh
et al. [40]. Our results for the magnetic moment of the
system, originating from the spin of the Ce atom, also
indicate a value of 1.03 up at 0 GPa, whereas the mag-
netic moment decreased slightly to 0.97 up at 85 GPa.
In magnetic materials, anti-parallel coupling between
the magnetic moment and conduction electrons yields a
non-magnetic Fermi liquid phase, which is known as the
Kondo effect. Using neutron-diffraction experiments on
CeBg single crystals, Rossat-Mignod et al. [41] detected
that there is a homogeneous moment reduction because
of the Kondo effect in low-temperature phase III. This
reduction is consistent with our results. A comparison
between Figs. 5(a) and (b) suggests that through the
general shapes of the DOS for both spin directions, the
magnetic moment did not vary significantly with pres-
sure. There was a decrease in the intensity of the peaks
with an absence of the DOS in the energy range of 7.5
17.5 eV at 85 GPa compared with that at 0 GPa. There
was also a new small peak for spin-up electrons, which

107104-6
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Fig. 5 The projected DOS for spin-up and spin-down electrons
of CeBg at 0 GPa (a) and 85 GPa (b) from LDA+U calculations
with U = 4 eV.

may cause the formation of the magnetic moment at this
pressure.

Figure 6 depicts the band structures of spin-down
and spin-up electrons at 0 GPa. Obviously, there is no
bandgap between the conduction band minimum (CBM)
and valence band maximum (VBM) for spin-up elec-
trons, whereas there is a small gap for spin-down elec-
trons. According to recent experiments by Neupane et
al. [16], the Fermi surface of CeBg comprises large oval-
shape pockets at the X points within the Brillouin zone,
and the Ce quasi-particle states participate in the forma-
tion of hotspots at the Fermi surface, yielding an overlap
between the CBM and VBM around the X points. The
antibonding states, comprising the most localized Ce-4 f
states, have the smallest interaction with the neighbor-
ing atoms and thus have the smallest energy spread.
Consequently, the un-localized Ce-5dstates and localized
Ce-4f states correspond to the dispersive bands and flat
bands, respectively. In Fig. 6, we observe dispersive Ce-
5d bands and flat Ce-4 f bands in the vicinity of the Fermi
level with the Ce-5d and 4 f states across the Fermi level

Mei Tang, et al., Front. Phys. 10(6), 107104 (2015)
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Fig. 6 The bulk band structure along the high-symmetry direc-
tion M-R-X-I'-M at 0 GPa from LDA+U calculations with U = 4
eV; (a) is for spin-up electrons and (b) is for spin-down electrons.

along the high-symmetry direction. Moreover, one addi-
tional energy band appears in the valence band shown in
Fig. 6(a) compared with that shown in Fig. 6(b), which
agrees with the case where spin-up electrons contribute
more to the DOS than spin-down electrons, as shown
in Fig. 5(a). Our results show that the Ce-4f band is
mainly above the Fermi level in the conduction band,
whereas the ARPES data show that the 4f states are
below the Fermi level. There are two reasons for this dis-
crepancy: 1) ARPES only measures the states below the
Fermi level; ii) the theoretical band structure indicates
that the maximum weight of the f bands are above the
Fermi level [16], which agrees with our calculated DOS
and band structure. One cannot exclude the possibility
that the 4f states are above the Fermi level.

Figure 7 shows the calculated total DOS (TDOS) and
partial DOS (PDOS) at 0 and 85 GPa. At both pres-
sures, the DOS in the vicinity of the Fermi level is pre-
dominated by the Ce-4f and Ce-5d states. The typical
characteristic of the TDOS for transition-metal borides
may be what is regarded as a pseudogap (a sharp valley
around the Fermi level) [42], which appear in crystalline
solids [43], amorphous alloys [44], and quasi-crystals [45].
The two mechanisms were proposed for the formation of
pseudogap in binary alloys. One is of ionic origin, and
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the other involves a hybridization effect. However, there
is no noticeable pseudogap in CeBg and no distinctive
hybridized peak between the Ce 4 f45d states and B 2p
states shown in Fig. 7, which indicates the weakness of
the covalent bonding between these two types of atoms.
According to the atomic Mulliken population shown in
Table 3, 2.34 and 2.72 electrons are transferred from Ce
to B at 0 and 85 GPa, respectively, indicating that the
Ce-B bonds have more distinctive ionic characteristics at
85 GPa. The electronegativity difference between Ce and
B is high; hence, the ionicity strongly affects the bond-
ing behavior. To further clarify the bonding property, the
total charge densities at different pressures are shown in

@ 12 [ Cefu=0ev
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»n 81| —Ce-fU=8¢eV
< —Ce-d U=4 ev
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0 .
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Fig. 7 The CsCl-type structure CeBg calculated total and local
DOS, TDOS and LDOS from LDA+U calculations with U = 4 eV,
at 0 GPa (a) and 85 GPa (b), respectively; The Ce-f component
of the TDOS at 0 GPa is calculated with three different approxi-
mations: LDA, LDA4U with U = 4 eV and LDA+4+U with U = 8
eV.
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Fig. 8 The charge density difference of CeBg for a selected (110)
plane from LDA+U calculations with U = 4 eV; Slice 1 is at 0
GPa and Slice 2 is at 85 GPa.

Fig. 8. Clearly, the electrons gradually accumulated at
the B atoms and Ce atoms at 85 GPa compared with 0
GPa, suggesting that the charge transfer still dominates
the bonding at a high pressure. This result agrees well
with the population analysis.

It is clear that the traditional LDA method incorrectly
predicts the DOS of CeBg in the vicinity of the Fermi
level, making the peak of DOS closer to the Fermi level.
According to Fig. 7, the inclusion of the Hubbard U term
in the LDA functional causes the peak of the DOS to
shift away from the Fermi level and moves the energy
ranges of Ce bd+4f states to the higher-energy region
in the conduction band. This also occurs at 85 GPa. We
can observe the difference in the DOSs of CeBg between
0 and 85 GPa. First, at 85 GPa, the TDOS and PDOS
decrease over the entire range of their distribution. Sec-
ond, the valence band and conduction band broaden at
85 GPa. Moreover, the peak at the bottom of the conduc-
tion band moves to the higher-energy region compared
with that at 0 GPa. In conclusion, we find it interesting
that the mechanism of high pressure is similar to that
of increasing Ucrs because the peaks at the bottom of
conduction band move to the high-energy region in both
cases.
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Table 3 Mulliken atomic orbital population (s, p, d, f), total
population (Total), charge transferred (Charge) (unit: e) and spin
magnetic moment (Moment) (unit: up) of CeBg under pressure P

(GPa).

P Species s p d f Total Charge Moment
0 B 0.82 2.57 0.00 0.00 3.39 -0.39 0.00
0 Ce 1.825.221.48 1.14 9.66 2.34 1.06
8 B 0.72 2.73 0.00 0.00 3.45 -0.45 0.00
85 Ce 1.63 4.80 1.68 1.17 9.28 2.72 1.00

4 Conclusions

We evaluated the structural, elastic, and electronic
properties of the Kondo compound CeBg by using the
LDA+U method according to density functional the-
ory. It seems reasonable to conduct calculations of the
physical structure and properties with an optimal Uy
value of 4 eV. Our calculated lattice constant and elastic
constants are in good agreement with the experimental
results and other theoretical findings. The U,y depen-
dence of the lattice constant and bulk modulus, as well
as the elastic constants under pressure, were investigated
for the first time. The important conclusions of our cal-
culations are as follows. i) There was a stable increase
in the lattice parameter as U.ss increased, whereas the
bulk modulus was less sensitive to higher values of Uy
for both the LDA and GGA functionals. ii) The pressure
at which this substance transformed from brittle to duc-
tile was predicted as 27 GPa. In contrast to experiments
speculating the possibility of a structural change in the
range of 85-122 GPa, our results indicate that CeBg is
mechanically stable up to 120 GPa. iii) We estimated a
Debye temperature Op of 718 K using thermodynamic
methods, which is close to the elastic Debye temperature
Or of 760 K obtained with elastic constants at 0 K and
0 GPa. iv) The magnetic moment of this system was
insensitive to the pressure, according to the calculations
and TDOS analysis. The Ce-B bonds had a more dis-
tinctive ionic characteristic at 85 GPa than at 0 GPa.
The mechanism of high pressure is similar to that of
the increase in Uy for the movement of the peak to the
high-energy region at the bottom of the conduction band.
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