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The magnetic, structural, electronic and mechanical properties of DySb in the stable Fm3m and high-
pressure Fm3m phase have been analyzed using full potential (linear) augmented plane wave method.
The local spin-density approximation along with Hubbard-U corrections and spin-orbit coupling has been
used for present calculations. The magnetic phase stability shows that DySb is ferromagnetically stable at
ambient and high pressures. Under compression, it undergoes first-order structural transition from B1 to
B2 phase at 22.2 GPa which shows good agreement with the experimental value of ~22 GPa. The elastic
properties of DySb have also been computed at normal and high pressures. The structural properties
viz, equilibrium lattice constant, bulk modulus and its pressure derivative, transition pressure, volume
collapse and elastic moduli are in good agreement with the experimental data. The calculation shows
DySb to be semi-metallic.
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1. Introduction

In recent years, the rare-earth (RE) compounds with rock-salt
structure have drawn considerable interests of materials sci-
entists due to their diverse structural, transport, magnetic and
vibrational properties [1-16]. Spurred by the search for mag-
netic semiconductors i.e., spintronic materials, we now have a
better understanding of the electronic, magnetic and transport
properties of RE compounds which are, generally, semiconduc-
tors or semimetals. Despite their simple rock-salt structure, they
demonstrate various types of magnetic ordering. Their electronic
structures and magnetic properties are sensitive to temperature,
pressure (strain) and impurity effects. The RE 4f-5d interactions
and the hybridizations between the RE non-4f and pnictogen
p states are responsible for many fascinating phenomena that
occur in them. In contrast to the RE metals, both super exchange
and indirect Ruderman-Kittel-Kasuya-Yosida (RKKY) type inter-
actions coexist in the family of RE compounds while the former
interaction is dominant in heavy RE monopnictides. It is possible
that other exchange coupling mechanisms, such as direct exchange
or double exchange or both may also contribute in these monop-
nictides.

DySb constitutes an interesting system due to strongly corre-
lated electrons with partially filled f orbitals of Dy atom which is
found to be responsible for its anomalous properties. The chang-
ing 4f occupation implies that the RE elements and hence their
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compounds show different magnetic properties and electronic
structures. Due to the unfilled 4f shells of Dy atom, it is a chal-
lenging problem to obtain an accurate theoretical description of
the electronic structure of DySb.

The total magnetic moments have both orbital and spin compo-
nents because forbital moments cannot be quenched by the crystal
field, hence spin-orbital interactions are particularly strong for
many of the RE elements and compounds. The inner shell magnetic
moments are largely aligned through intra-atomic s(d)-f exchange
interaction and weaker inter-atomic s-s (d-d) exchange interac-
tions. The 4f bands are generally very narrow and significantly
different from the bands dominated by s, p and d states; there exists
strong on-site Coulomb repulsion between the highly localized f
electrons [17 and references therein]. This makes the independent
particle approximation no longer valid and calculations based on
local spin density approximation (LSDA) fail to describe the RE
4f electrons correctly. To explain the behavior of RE 4f electrons,
many-body effects must be taken into account and calculations
beyond LSDA are absolutely necessary. Coulomb repulsion (U) as
an additional parameter to the one particle LSDA equations for a
quasi-particle band structure can be introduced for this purpose.

The high pressure structural behavior of binary RE compounds
is of current interest in condensed matter research. The majority
of these compounds undergo first-order structural transition from
NaCl (B1 phase) to CsCl (B2 phase) structure at high pressures.
Recently, Shirotani et al. [1] have investigated the high pressure
structural properties in these compounds up to 60 GPa at room
temperature by powder X-ray diffraction (XRD) using synchrotron
radiation whose profile shows that DySb is stable in NaCl structure
at ambient conditions and transform to CsCl structure at ~22 GPa.
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The aim of the present computation is to perform a comprehen-
sive study of the structural, magnetic, mechanical and electronic
properties of DySb. A survey of the literature reveals that no
theoretical attempts have been devoted so far to predict these prop-
erties of DySb. For making a better account of the on-site f-electron
correlations, we have adopted a suitable LSDA +U approach [18].

The present article has been organized as: A brief description
of the methodology used to compute parameters has been given in
the next section followed by discussion on the calculated results, on
a variety of interesting physical properties, in Section 3. The paper
is concluded in Section 4.

2. Theory and method of calculation

Avariety of material properties of DySb have been computed by
employing first principles full-potential (linear) augmented plane
wave +local orbital (FP-L/APW +1o) method [19] using the WIEN2K
code [20] within the frame work of density functional theory [21].
In this method, the unit cell is divided into non-overlapping spheres
centered at atomic sites (muffin-tin (MT) spheres) of radius (Ryr)
and an interstitial region. In the MT spheres, the Kohn-Sham wave
functions are expanded as a linear combination of radial func-
tions x spherical harmonics, and in the remaining space of the unit
cell a plane wave basis set is chosen. The basis set inside each
MT sphere split into core and valence subsets. The core states
are treated within the spherical part of the potential only and are
assumed to have spherically symmetric charge density totally con-
fined inside the MT spheres. The valence part is treated within a
potential expanded into spherical harmonics. The Dy (6s2 5p® 5d!
4f%) and Sb (4d'0 5s2 5p3) states are treated as valence electrons.
We have used 9 as the value for the parameter RyrKmax Which
determines the matrix size, where Knax is the plane wave cut-off
and Ry is the MT radius. The valence wave functions inside MT
spheres were expanded up to Inax =10, while the charge density
was Fourier expanded up to Gmax = 14 (a.u.)~1. All calculations were
spin polarized. For the exchange correlation potential, the LDA form
was adopted [22]. To improve the description of Dy 4f electrons, we
used the LSDA +U (on-site coulomb interaction) method [18]. In
the LSDA + U-like methods, an orbital dependent potential is intro-
duced for the chosen set of electron states, which in our case are 4f
states of Dy. This additional potential has an atomic Hartree—Fock
form but with screened Coulomb and exchange interaction param-
eters. The coulomb potential U=6.3 eV and the exchange coupling
J=0.1eV for the Dy 4f orbitals has been calculated in the super cell
approximation using the method proposed by Madsen and Novak
[23]. The fully localized limit version of the LSDA +U method has
been employed. The spin-orbit coupling (SOC) was included on the
basis of the second variational method by using a scalar relativis-
tic wave functions [20]. A mesh of 4096 special k-points was taken
in the irreducible wedge of the Brillouin zone. The iteration pro-
cess was repeated until the calculated total energy of the material
converged to less than 0.5 mRy/unit cell.

3. Results and discussion
3.1. Magnetic stability

To test the magnetic stability of the material at ambient condi-
tions, we have performed the self-consistent calculations of total
energy for non-magnetic (NM) and magnetic (M) states of DySb in
B1 phase. For this purpose, the minimisation technique has been
used to obtain the optimised values of the total energy at ambi-
ent and high pressure conditions. The optimised values of total
energy thus computed in both NM and M states were fitted to the
Murnaghan’s equation of state [24] V/Vy = (1 + (B, /Bo )P)’l/Bb to

Table 1
The values of lattice parameter (a in A), bulk modulus (Bp in GPa) and its pressure
derivative (By) of DySb in B1 and B2 phases.

a Bo B References
B1 phase
6.12 61.68 412 Present
6.14,6.16 - - Expt. [1,2]
~6.16 64.492 - Others [7]
B2 phase
3.69 66.51 3.74 Present
2 Ref. [9].

obtain the pressure-volume relationship with By (=—V(0P/dV)r) as
the equilibrium bulk modulus (=(0By/dP)r) as its first-order pres-
sure derivative and P (=—0E/dV) as the pressure which is defined as
the negative derivative of the total energy. From the calculations,
it is clear that the energies in NM and M states do not intersect
each other and the total energy remains lower in M phase, hence
ferromagnetic (FM) state is stable at ambient as well as at high
pressures. The equilibrium cell volume in the FM state at ambient
pressure has been estimated as 386.66 a.u.3 which is very close to
the experimental data (390.46 a.u.3) [1].

3.2. Phase transition properties

To compute the phase transition properties of DySb, the total
energy of the system has been computed self-consistently as a func-
tion of volume for B1 and B2 phases in FM state. The calculated
results in B1 and B2 phases are plotted in Fig. 1. It is seen from this
figure that it is stable in B1 phase at ambient conditions due to the
fact that the energy in this phase is lower as compared to that in
B2 phase. On further compression, beyond B1 — B2 transformation,
the energy of B2 phase depresses more as compared to that of B1
phase showing first-order phase transition at high pressures which
is consistent with experiments [1]. It is clear from this figure that
convergence occurs at a value very close to the experimental lat-
tice constant. The correct description of lattice constant confirms
that the interactions considered in the present computation and the
process of self-consistent field approach are capable of predicting
correctly the minimum total energy of the compound in the parent
(B1) phase. The calculated values of equilibrium lattice parameter,
bulk modulus and its pressure derivative have been presented in
Table 1 and compared with available experimental [1] and other
theoretical [7] data.

The calculated value of equilibrium lattice constant deviates
marginally by 0.3% from the measured value for DySb. This variation
lies within the limits of DFT with LSDA. Under ambient conditions, it
crystallizesin B1 phase with bulk modulus (By = 61.68 GPa) which s
smaller than the value (Bg =66.51 GPa) in the compressed B2 phase.
The values of By and its pressure derivative (Bj) are of academic
interest at present due to non-availability of measured data.

To determine the phase transition pressure at T=0K (i.e., ignor-
ing the entropy of the crystal), Gibbs free (GF) energies (G=E +PV)
of B1 and B2 phases have been calculated at different pressures.
The pressure at which the two GF energies cross each otheri.e., AG
(=Ggp — Gg1) becomes zero has been indicated as phase transition
pressure (Pr). It is clear from Fig. 1 that at zero pressure, the B1
phase is a thermodynamically stable state and remains stable until
the pressure reaches Pr (=22.2 GPa). At pressures above Pr, the B2
phase becomes stable with more minimum GF energy while the B1
phase becomes thermodynamically unstable with comparatively
higher GF energy.

We have plotted the variation of reduced volume (V(P)/V(0))
with pressure (P) to get the equation of state/phase diagram in
Fig. 2 for DySb along with the available experimental data. It is
clear from this figure that the volume decreases smoothly up to
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Fig. 1. Total energy vs. cell volume in B1 and B2 phases of DySb calculated by LSDA + U.

22.2 GPa. At this pressure, an abrupt decline in volume is observed
while similar change has been observed experimentally at ~22 GPa.
This discontinuity is associated with first-order structural phase
transformation (B1 — B2). The value of % volume collapse at Py
(AV(Pr)/V(0)) is reported in Table 2 along with experimental data.
It is seen that these values are quite close to the measured values

[1].
3.3. Elastic properties

The elastic moduli have been calculated from the variation of
the total energy under volume-conserving strains, on the lines as
implemented in WIEN2K code [20].

The computed values of elastic moduli for DySb in B1 phase have
been presented in Table 3 which satisfies all the necessary condi-
tions for mechanical stability (C1; — C12)>0, (C11 +2Cq2)>0,C11 >0,
C44 >0 [25] for cubic crystal structures such as rock-salt; hence it
is mechanically stable in B1 phase. Besides this, we have also com-
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Fig. 2. Equation of state/phase diagram of DySb.

Table 2

The calculated values of the phase transition pressure (Pr in GPa), the % volume
collapse at P (AV(Pr)/V(0)), energy of structures at zero pressure with respect to
the rock-salt phase (AG in Ry/unit cell/atom) and the equilibrium volume (V; in A3)
for DySb.

Properties Present Expt. [1] Others [9]
Pr 222 ~22 23.6
AV(Pr)[V(0) 2.00 1.91 6.8
B1 phase B2 phase
Present Expt. [1] Present
AG 0.00 - 0.05
Vo 57.30 57.87 50.15

puted various combinations of these second-order elastic constants
viz., shear and stiffness constant (Cs and Cp), isotropic shear (G),
Young’s (Y) moduli, Kleinman parameter (&), Poisson’s ratio (o),
elastic anisotropy factor (A) and Cauchy’s relation at ambient con-
ditions by using the relations and conditions listed elsewhere [8].
Our values agree well with the measured data [2] and better than
those calculated earlier by empirical model [9].

The ductile/brittle nature of the material may be distinguished
on the basis of o [26]; if it is <0.33 the material is brittle else ductile.
Our calculated value of ¢ is below the critical value showing DySb
to be brittle. The value of A lies well below unity and hence DySb
is anisotropic. For metallic bonding, the Cauchy pressure must be
positive while for directional bonding with angular character, it

Table 3
Calculated values of elastic properties (in GPa), and o, A and £ are dimensionless for
DySb in B1 phase.

Parameters Present Expt. [2] Others [9]
C11-C12 145.1 148.0 115.9

Cay 24.9 26.0 26.2

G 44.0 45.2 -

A 0.3 03 -

Cs 72.5 74.0 -
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Fig. 3. Variation of elastic moduli with pressure for DySb.

should be negative [27]. The calculated value of Cauchy pressure is
—11.62 GPa which confirms directional nature (partial covalent) of
DySb.

The pressure variation of the SOECs and their combinationsin B1
and B2 phases has been shown in Fig. 3 to analyze the mechanical
strength of DySb. It may be seen from this figure that C;; increases
linearly in the B1 phase with an abrupt decline at Pr whereafter it
againincreasesin B2 phase. The shear moduli (C;; and C44) decrease
with pressure followed by an abrupt increase at Py although the
variation in C44 is almost imperceptible as compared to other mod-
uli. This decrease shows that the phase transition is accompanied
by shear deformation arising due to lattice instability. It reflects
the strong weakening of bonding forces. The pressure variation of
o (not reported here) shows decrease in B1 phase up to Py followed
by an abrupt jump at Py beyond which it increases in B2 phase
which shows that the material britility increases in B1 phase while
the ductility starts dominating over it at Pr and further increases in
B2 phase. Hence, the material which was brittle initially in parent
phase (B1) becomes ductile in B2 phase.

To visualize the effect of pressure on the cation-cation and
cation-anion distances, we have plotted the variation of Dy-Dy
and Dy-Sb distance with pressure in Fig. 4. The Dy-Sb distance
in B1 phase is 3.06 A at the ambient pressure. This distance is much

45
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.
_ — + | —Dysb
< —Dy-Dy
[-*]
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=
«<
; o
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g 35
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Fig. 4. Variation of atomic distances vs. pressure for DySb.

shorter than the sum of ionic radii of Dy3* (0.99 A)and Sb3~ (2.45 A).
The Dy-Sb distance is slightly shorter than the sum of the atomic
radius of Dy (1.77 A) and the covalent radius of Sb (1.38 A), longer
than the sum of the covalent radii of Dy (1.59A) and Sb (1.38A).
Thus, the chemical bond between Dy and Sb atoms has the covalent
character. When the B1-B2 transition occurs at 22.2 GPa, the Dy-Sb
distance suddenly increases and becomes 3.058 A in B2 phase. This
agrees with the Dy-Sb distance (3.06A) in the NaCl-type struc-
ture at ambient pressure. It is clear that the Dy-Dy distance shows
an abrupt decline at B1-B2 transition. This distance (3.53 A) in B2
phase agrees with the sum of atomic radius of Dy (1.77 A). On the
other hand, Dy-Sb distance shows an abrupt increase at Pr. This
increase in interionic distance gives rise to weakening of Coulomb
force in B2 phase, also counteracted by nearest neighbour repulsive
forces. The short-range repulsion due to next-nearest neighbours
also decreases with pressure showing that the ions come closer
with compression thereby giving rise to increase in the repulsion.
This increase in repulsion due to the cation-cation is capable to
deform the lattice by reconfiguring the atoms within the lattice,
i.e., structural change at transition pressure. It may be concluded
that the cation in these compounds is more compressible as com-
pared to anion at Pr and hence the Dy-Dy distance shows larger
change as compared to Dy-Sb at Pr.

We have calculated the Debye temperature (6p) for DySb using
[28,29] 6p =(h/kg)[3n/47 V4] Uy where the constants have their

Energy (eV)

-10
W L r

0 5 10
DOS (States/eV)

Fig. 5. Band structure and DOS of DySb for LSDA in B1 phase at ambient conditions. Solid lines; majority spin, dashed lines; minority spin. The position of the Fermi level is

set at zero.
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Fig. 6. Band structure and DOS of DySb for LSDA + U in B1 phase at ambient conditions. The position of the Fermi level is set at zero.

usual meanings. Here, V; is atomic volume while average speed
of sound (vp) in the polycrystalline material is given as vy =
[(1/3)((2/v3)+ (1/1)13))]71/3 with v; and vy as the longitudinal and
transverse sound velocities, obtained by using SOECs (C;1, C12 and
C44) and p is the mass density per unit volume.

" \/ [Cn +(2/5)(2C44 + C12 — C13 )}
| =

)

0

v = \/[C44 +(1/5)(2Ca4 + C12 — C11)]
0

The calculated sound velocity and Debye temperature as well
as the density for DySb are given in Table 4. The calculated val-
ues of fp are slightly higher than the experimental [2] values due
to the fact that our value of density is larger than the experimen-
tal [2] value. Besides this, the discrepancy may be due to the fact
that we have calculated these values at ambient conditions while
the experimental data on elastic constants is available at 200K on
which Debye temperature [2] is based.

3.4. Electronic properties

The spin-polarized electronic structures have been investigated
in B1 (at the equilibrium lattice constant) and B2 (just after the
phase transition) using LSDA and LSDA + U schemes. The spin direc-
tion (4 and |) is taken as the direction of the RE spins (majority 1
and minority | ). The full band structure and total density of states
(DOS) within LSDA for DySb has been shown in Fig. 5 for majority
(solid lines) and minority spins (dashed lines). The band structure
of DySb in the FM state with on-site 4f Coulomb repulsion (Hubbard
U) has also been calculated and shown in Fig. 6.

It is found that the LSDA + U strategy has significant impact on
the overall LSDA band structure particularly on the energy levels of

Table 4
The calculated values of density (p in gm/cm?), the longitudinal, transverse and

average sound velocity (v, Uy and Uy, in m/s) and Debye temperature (6p in K) for
DySb in B1 phase.

Properties Present Expt. [2]
P 8.2 8.1

[ 3822.3 -

Ut 2310.9 -

Um 2554.5 -

Ob 249 241

the occupied and unoccupied 4f states. In LSDA scheme, the occu-
pied 4f states (spin up channel) are placed about 3.4-4eV below
Eg (Fig. 5) which are strongly hybridized with Sb 5p states, while
the partially occupied 4f states (spin down channel) are located
around 1eV above Er (Fig. 5). There is no direct photoemission
data available for DySb single crystal but experiments have been
performed on GdX (X=P, As, Sb, Bi) [30]. We have compared our

1.5

I
Ss, p states of Sh| p
0.75 1

0 <

-0.75 1

—S

-1.5
1.5
1 5d states of Dy |

—d

—d-t2g

0.5

-0.5

DOS (States/eV)

-1.5
15

4f states of Dy

Energy (eV)

Fig. 7. The I-projected DOS of DySb for LSDA+U in B1 phase. Spin minority states
are of negative values. The position of the Fermi level is set at zero.
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Fig. 8. Band structure and DOS of DySb for LSDA +U in B2 phase just after the phase transition. The position of the Fermi level is set at zero.

Table 5
Total and local magnetic moments (M and m) (Bohr magneton w3 ) as function of pressure (GPa) for DySb B1 and B2 phase.
Pressure B1 phase B2 phase
mDy me m[nterstitial mDy me m]nterstitlal M
0 5.022 —0.022 0.307 5.307 5.023 —-0.023 0.314 5314
10 5.002 -0.027 0.323 5.298 5.003 —0.029 0.331 5.305
20 4.932 —0.031 0.384 5.285 4.936 —0.032 0.395 5.299
30 4.902 —-0.035 0.415 5.282 4.904 —-0.037 0.419 5.286

results with GdX because Dy is the second next element to Gd in
the lanthanide series. Yamada et al. [30] have reported that in GdX
the occupied and unoccupied 4f levels are situated around 8-10 eV
below and 5-6 eV above Eg. Furthermore, the X-ray photoelectron
spectroscopy (XPS) experiment on GAN shows that the Gd 4f lev-
els lay 7.8 eV below Eg [31]. Thus the LSDA calculation fails to give
the correct binding energies of the 4f energy levels. This situation
is much improved by the LSDA + U method.

The band structure within the LSDA + Uy.p, scheme in B1 phase
is shown in Fig. 6. It is observed that the crystal field splitting of
Dy-4f bands within LSDA is quite small and difficult to identify due
to hybridization with itinerant bands. From LSDA + U, all 4f major-
ity states and two of the seven 4f minority states are occupied
and reside 7.8-10.15eV and around 5eV below Er and unoccu-
pied 4f minority states are around 2 eV above Er which are strongly
hybridized with Dy 5d states.

The I-projected density of states (DOS) plot (Fig. 7) provides an
even clearer picture of the elemental contributions to the electronic
structure of DySb. In view of this figure, the bands lie around —8.7 eV
are mainly due to Sb-5s states hybridized with occupied 4f majority
states and those top valence states right below the Fermi level are
predominantly Sb-5p states. The Dy 5d states, however, also make
a noticeable contribution. In our calculation both 5d eg and 5d tyg
states participate in the hybridization with Sb 5p states, though the
contributions to the bottom of the conduction band(s) are domi-
nated by 5d tyg states. Here, we would like to catch the attention
that the Dy 5d-Sb 5p hybridization is important in establishing the
physical properties of DySb. This hybridization results in magnetic
moments on pnictogen sites and is responsible for the intriguing
magnetic orderings and transport properties. Another by-product
of the above Dy 5d-Sb 5p hybridization is the induced magnetic
moments on antimonide atoms. Actually, the induced magnetic
moment on the pnictogen atom is a typical feature of RE monop-
nictides. It may also be seen from Fig. 6 that there is no gap appears
between the Dy 5d and Sb 5p states at the I" point for both the
majority and minority spin hence we may say that DySb is seen to
be semi-metallic.

To see the effect of high pressure on the electronic structure
we have also computed the band structure and DOS in B2 phase
(just after the B1 — B2 transition) and plotted in Fig. 8. It is seen
that 5p states of Sb split under pressure, out of which some of them
crosses Er showing metallization. Furthermore, in spin-up channel,
the fbands of Dy lie below the Fermi level similar to Fig. 6 except
that they all come closer with decrease in f bandwidth. In spin-
down channel, occupied f-bands lie below Er and hybridized with
5p states of Sb while band broadening occurs in unoccupied f~-bands
(above Ef).

The spin-polarized self-consistent band structure calculations
have been very successful in predicting the magnetic moments by
LSDA +U scheme. The calculated values of magnetic moments in
B1 and B2 phases are listed in Table 5. It is clear that the total and
local magnetic moments (M and m) decrease with the increase in
pressure except for the magnetic moment in the interstitial region.
The contribution to the total magnetic moment is mainly due to 4f
electrons of Dy, while the contribution of Sb is almost negligible.
But it is interesting to note that the magnetic moment contributed
by Sb-atom is negative, which indicates that the contribution from
5p states of Sb atom is anti-parallel to the magnetic moment con-
tributed by Dy-4f states.

4. Conclusions

We have performed ab initio calculations of structural, magnetic,
electronic and elastic properties of DySb in the B1 and high pressure
B2 phases using LSDA + U method. It is found to be stable in ferro-
magnetic phase at ambient and high pressure conditions. Under
compression it transforms from six fold coordinated B1 phase to
eight fold coordinated B2 phase. We have investigated elastic prop-
erties atambient and high pressures conditions. The material which
is brittle at ambient conditions becomes ductile in B2 phase and
its ductility increases under pressure. The LSDA +U method gives
semi-metallic nature of DySb at ambient conditions with the proper
splitting of f~-bands in spin-up and down channels. We wish to point
out that the Coulomb repulsion (U) strongly influences the elec-
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tronic structure of DySb particularly in the treatment of correlation
effects. The calculated local and total magnetic moment decreases
with increasing pressure. Our calculated results on DySb are gener-
ally in good agreement with the available experimental data. Such
types of effort are very scantly dedicated for RE monopnictides and
hence require more experimental attention.
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