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Mechanical and magnetic properties of CeAuGa;
from first-principles calculations
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Abstract; In this paper, the structural properties and the mechanical stability of Ce-based intermetallic
CeAuGa; are studied based on the first-principles calculations. The full sets of elastic constants, the as-
sociated macroscopic elastic parameters (bulk, shear and Young’s moduli, Poisson ratio), and phonon
dispersion have been determined, indicating that the I4mm structure is both mechanically and dynamical-
ly stable. By calculating the spin exchange interaction between cerium ions, we have analyzed several
possible ordered spin states of CeAuGa;, and found that the ground state of CeAuGa; prefers to be fer-
romagnetic ordering. The positive (ferromagnetic) exchange couplings within each ab layer play a domi-
nant role, while the third nearest neighbour ferromagnetic interaction between adjacent ab layers of Ce i-
ons is relatively weak.
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tions

play between the single-impurity Kondo effect and the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interac-

It is very attractive to study the Cerium- tions. Especially, the stoichiometric compounds

1 Introduction

based intermetallic compounds, since they exhibit with the general formula CeTX; or CeT X, , (T

lots of interesting behaviors resulting from the inter- is a transition metal, X is a simple metal) have
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recently received great attention, because impor-
tant new features have been observed in addition
to their novel ground state properties which have
been studied extensively. For examples, there is
relatively low Cu-Al atomic site disorder? in
CeCuAl;, which leads to the previous argument
about its true crystal structure of either the Th-
Cr, Si,-typet™ or the BaNiSn;-type:™, and indeed
can influence the electronic properties. CeNiGe;
undergoes antiferromagnetic (AFM) phase transi-
tion below Ty= 5.5 K at ambient pressure and
exhibits a quantum critical point at about 6 ~7
GPa. The superconductivity in this material ex-
ists in a wide range of 1. 7~9. 3 GPa'®"), and the
spin-fluctuations may be not the hidden mecha-
nism at the lower pressure region. Kimura et
al.'™ presented an unconventional pressure-in-
duced superconductor CeRhSi;, where the super-
conductivity and the AFM state coexist, with Ty =
1.6 K at ambient pressure. Another similar ex-
ample is the antiferromagnet CelrSi;, where su-
perconductivity appears in 1. 8~3. 5 GPa', Al-
though most of CeT X;compounds show AFM or-

0] is a scarce

dering at low temperature, CeAgAl;
example of ferromagnetic compound with T =
3.0 K. Further, selected members of this class
offer the new insights that magnetoelastic cou-
pling could result in the formation of a bound
state between low-lying phonons and a crystal
electric field (CEF) excitation. Adroja et al. first
reported the presence of an additional magnetic
excitation in the neutron spectra of CeCuAl;

which
cannot be explained by a pure CEF model. By

measured in the paramagnetic phasel',

generalizing the theoretical model proposed by
Thalmeier and Fulde for the cubic

CeAL ™" to the tetragonal point-group symme-

system

try, a satisfactory interpretation for the magnetic
inelastic neutron scattering spectra of CeCuAl;
can be achieved. In recent studies of
CeAuAl; "), except for the pronounced vibronic
bound state, a well-resolved anti-crossing of the
CEF excitations with the acoustic phonon branch
at zero magnetic field has also been observed by

neutron scattering.

In this work, we present detailed first-princi-
ples calculations of the structural and mechanical
properties of CeAuGa;, which has been rarely
studied and may behave qualitatively similarly to
CeAuAl;. Total energies of different spin ar-
rangements of CeAuGa; have been compared, and
our results show that the total energy of ferro-
magnetic (FM) configuration is indeed the low-
est, i.e. , in the ground state a FM ordering state
is favored. By further analyzing the paths of spin
exchange coupling, it is found that all the spin
exchange interactions are positive ferromagnetic
type. The couplings between the Ce ions parallel
to the ab plane are comparable, while the third-
nearest-neighbour coupling between the Ce ions

within adjacent layers is relatively weak.

2 Computational methods

Several different spin configurations of
CeAuGa; were examined by evaluating the ex-
change coupling constants between the Ce ions via
mapping analysis based on first principles calcula-
tions. The Vienna ab initio simulation package
(VASP)!"%) was used, with the standard frozen-
core projector augmented wave (PAW) method,
and the generalized gradient approximations
(GGA) for the exchange and correlation correc-
tions. The plane-wave cutoff energy was tested
and set to 550 eV. According to the Monkhorst-
Pack scheme, the £-point meshes in the Brillouin
zone were sampled by 10X10X5 grids. For the e-
lastic property calculations, a denser A-mesh sam-
pling of 12X 12 X6 was adopted for accuracy. In
order to obtain the phonon dispersion, Phonopy

190 was used and a 2X2X2 supercell was con-

code
structed with the k-point meshes of 4X4X4, Oth-
er parameters included a convergence criterion of
the Hellmann-Feynman force of 0. 01 eV/A, and

107% eV for the total energy tolerance.

3 Discussion

3.1 Spin exchange parameters
According to Mock ez al.™™, CeAuGa;crys-
tallizes in the non-centrosymmetric BaNiSn;-type

tetragonal structure (space group is I4mm, No.
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107). There are 10 atoms in the conventional unit
cell, as shown in Fig, 1. The lattice parameters
area = 4.337 A, ¢ =
of 2. 458. When doing geometry optimization, we

10. 66 A, giving a c¢/a ratio

start with the experimental geometries and calcu-
late the dependence of the total energy E on the
volume V. For the tetragonal structure, we first
calculate total energies for different volumes by
fixing the ¢/a ratio and changing the lattice pa-
rameter a, and do a least-squares fit of the E-V
curve to the third-order Birch-Murnaghan equa-

tion of state (EQOS)P?Y,
3

E(V) = —1—96130 [(4 “B))ys —(14-3B)) »
7/3 , 5/3
i (6 3B } +E, 1)

with E,being the equilibrium energy, V, the equi-
librium volume, and B, the pressure derivative
of the bulk modulus B,. Secondly, we fix the val-
ue of lattice parameter a = 4, 368 A at the energy
minimum, and change the volume by adjusting
the ¢/a ratio, as shown in Fig. 2. After the sec-
ond EOS fit, the lattice parameters of CeAuGa;
are finally determined as a = 4. 384 A, e =
10. 655 1&7 c¢/a = 2. 43, and the equilibrium vol-
ume V, = 204. 75 A®, which are in good agree-

(01 as listed in

ment with the experimental data
Tab. 1. Among the different spin configurations
of CeAuGa; (7. e. , non-magnetic state NM, ferro-
magnetic state FM, and two different AFM
states) , the FM structure has the lowest total en-
ergy, indicating that the ground state prefers to

be ferromagnetic ordering.

Tab.1 Calculated lattice parameters (a,c), the ¢/a ratio,
the equilibrium volume (V) and relative energies
(E;) of CeAuGa;, compared with previous experi-

mental results

a/A /A cla Vy/AS Ej/meV
Experimental _ _
Poho) 4337 1066 2.458  200.51 —
NM 4. 384 10. 66 2.430  204.75 41.074
FM 4,373 10. 74 2. 456 205. 41 0. 000

AFM1 4. 365 10. 78 2.470  205.41 4. 248

AFM2 4. 381 10. 71 2,444 205.54 7.455

Fig. 1 Ordered spin arrangements of Ce ions in the (a)
FM, (b) AFMI and (¢) AFM2 states of CeAu-
Ga; (color online)

The red dashed lines in (a) refer to the three spin
exchange paths J,, J, and J; of Ce ions, respectively.
For the ordered spin arrangement in AFM2 (¢), only
magnetic Ce sites are displayed for clarity in the 2 X 2 X
1 supercell
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Fig. 2 The relationship between the total energy E and the
unit cell volume V' of CeAuGa; (color online)

The lines represent a least-squares fit to the third-or-
der Birch-Murnaghan equation of state. The black stars de-
note that the data are obtained by fixing ¢/a = 2. 458, and
the red cycles correspond to the case of fixed a = 4. 368 A

Based on the total energy calculations, one
may analyze the magnetic state in terms of three
spin-exchange parameters, i.e., the exchange
coupling J; between the nearest-neighbour Ce i-
ons along the a(b) direction, the exchange cou-
pling J, between the next-nearest-neighbour Ce i-
ons along the diagonal path within the ab-plane,
and the exchange coupling J; between the third-
nearest-neighbour Ce ions between the adjacent
//ab layers, as denoted in Fig. 1(a). To extract
the values of the spin-exchange parameters, we
express the total spin exchange interaction ener-

gies of the three ordered spin states in terms of
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the effective Heisenberg Hamiltonian, E(e) — E, +%2Cgeie} 6)
i

H=->17;S:+S (2)

where J; denotes the spin exchange parameter
(from J, to J;) for the spin exchange interaction
between the spin sites 7 and j, S; and S;are the
spin angular momentum operators. By applying
the energy expressions obtained for spin di-

[22-24]

mers , the total spin exchange energies of the

three ordered spin states can be obtained as

EFM :Eo _50_]1_25_]2 _5OJ<; (3)
E s =E, —50], —25], +507]; €Y
EAFMZ :E0_175_]1 _62 5_]2 _ZOOJg (5)

By mapping the relative energies of the three-
ordered spin states determined by first-principles
calculations onto the corresponding relative ener-
gies determined from the above spin-exchange en-
ergies, one can obtain J; = 0, 572 meV, J, =
0.414 meV and J;= 0. 043 meV listed in Tab. 2.
All the spin exchange parameters J,, J.,, J; are
positive, indicating ferromagnetic interactions be-
tween the Ce ions, and further supporting the
ferromagnetic ground state of CeAuGa;. The ex-
change coupling between the nearest-neighbour
pairs J; and that of the next-nearest-neighbour
pairs J, dominate, while the third-nearest-neigh-

bour exchange coupling J; may be negligible.

Tab. 2 CeCe distances associated with the spin exchange
paths J1 ~J; of CeAuGas, and the values of J;~
J3 determined by mapping analysis based on the
present first-principles calculations
J1/meV J2/meV J3/meV
Ce-Ce distance/A 4.337 6. 133 6. 149
Exchange coupling 0.572 0.414 0. 043

3.2 Elastic properties

For tetragonal structures, there are six inde-
pendent elastic constants, i. e. , C;; = Cys Ciy,
Cis= Cy,y Cy35 Cyy= Css5 and Cg. Under small
deformations, the total energy E of a crystal as-
sociated with a strain e can be expressed as fol-

lows:

where ¢; and e; are components of the strain e=
(e1s €55 €35 €45 €55 €5). According to Eq. (6),
all the elastic constants C; can be deduced by fit-
ting the strain energy for particular deformations.
We employ six different strain states for elastic
constants calculations as listed in Tab. 3. For
each strain type, 14 symmetric values of strains
from §=—0. 0175 to 0. 0175 are taken to make the
strain energy fit with a step of 0. 0025. The cor-
responding energy-strain data is shown in Fig. 3,
and the calculated elastic constants are summa-
rized in Tab. 4.

Tab. 3 Strain states used to determine the elastic con-
stants of CeAuGa;
Strain state AE/V to O(8%)
1 e= (6,6, 0,0, 0, 0) (Ci1 +Cri2)8?
2 e= (0, 0,0, 0,0, 8 %Cﬁﬁaz
_ 1 2
3 e= (0, 0,8, 0, 0, 0) 7(:333‘
4 e= (0, 0,0, 8,0, 0 Cis6”
5 e 0:0,80,0,0 (G HCut2Ca+ S
6 e= (0, 8, 8, 0, 0, 0) Ly + S
0.16
—0— ¢=(0,0,0,0,0,0)
—8— ¢=(0,0,0,0,0,0)
0.12 —A— ¢=(0,0,0,0,0,0)
—¥— ¢=(0,0,0.0,0,0)
—— ¢=(0,0,0.6,6.0)
—*— ¢=(0,0,0,0,0,9)
- 008
L
3
<
0.04 1
0.00 -~

Fig. 3 Energy-strain data for CeAuGas, lines connecting
data points are shown to guide the eye only(color
online)
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Tab.4 The calculated elastic constants C; s bulk modulus B, shear modulus G, Young’s modulus Y and Poisson’s ratio v

of CeAuGa;

Cy1/GPa Ci2/GPa C13/GPa C33/GPa Cy1/GPa Cs6/GPa B/GPa G/GPa Y/GPa v
118.76 54. 96 69. 11 114. 90 42.09 33. 84 70.53 11.07 31.55 0. 43
One can find that all the predicted elastic GVZZC“ +Cyy —C1y —2C15 +6C4 +3Ce
constants fulfill the well-known Born-Huang sta- 15
bility criteria ™, (13
_ _ Cy JrClzcss *ZC%s
Ch—Ci,>0 ) Bk Co+Con+2C0 —1Cs (1
GGy =2C15 =0 (®) Gr =15/[18By/(Cy +C1,Cay —2C3) +
Cu=0s C3>0, Ciu=>0, C=>0 ) 6/(Cii —C12) +6/Ciy +3/Ces ] (15)
2C) +Cy3 120, +4C13>0 (10) The Young’s modulus Y and Poisson’s ratio

which confirms that CeAuGa; is mechanically sta-
ble. We have also checked the dynamical stability
by the full phonon dispersion relation calcula-
tions **! using the small displacement method"*"’,
as shown in Fig. 4. There are in total 15 phonon
branches, and all the calculated phonon frequen-
cies along the high-symmetry directions I-X-R-S;-
T and T-M-S-N-P-G-M in the Brillouin zone are

positive, suggesting a dynamically stable struc-

ture.
>
Q
£
&)
Wave vector
Fig. 4 Phonon dispersion curves of CeAuGa; along high

symmetric directions

Based on the obtained six single-crystal elas-
tic constants of CeAuGas, one can further obtain
its polycrystalline average isotropic bulk modulus

B and shear modulus G according to the Voigt-

Reuss-Hill approximation®**"/,
:BV;BR’ :GngR (1D
BV:2C11 +Ca ZZCM +4Cy;4 an

y can be obtained as

9BG _ 3B—2G
3B+G’ Y 2(3B+G%)
The calculated bulk modulus, the shear mod-

Y= (16)

ulus, Young’s modulus and Poisson’s ratio for
CeAuGa; are also summarized in Tab. 4. For
polycrystalline phases, a high (low) ratio of bulk
to shear modulus B/G is associated with ductility
(brittleness) of the material®. The value of
CeAuGasis as high as 6. 37, suggesting a high
ductility of this compound.

4 Conclusions

Based on first-principles calculations, we
have studied the structural properties for several
different magnetic states of CeAuGa;. The total
energy comparison shows that its ground state
prefers to be ferromagnetic ordering. By mapping
analysis of different spin states, one can find that
all the exchanges between Ce ions are positive
(ferromagnetic type). The exchange coupling be-
tween the nearest-neighbour pairs and that of the
next-nearest-neighbour pairs of Ce ions dominate,
while the third-nearest-neighbour interaction be-
tween the Ce spins within adjacent //ab layers is
relatively weak. In additions, we have checked
the mechanical and dynamical stabilities by com-
puting the elastic properties and phonon disper-
sion, respectively. Our results imply that CeAu-
Ga; is both mechanically and dynamically stable,
since all the calculated elastic constants satisfy the

well-known Born-Huang stability criteria, and

054005-5
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without any imaginary phonon modes for all the

wave vectors in the Brillouin zone.
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