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The full potential linearized augmented plane wave method (FLAPW) including the spin-orbit coupling has been used to
study the structural, electronic and magnetic properties of GdCos compound. The calculations were performed within the local
spin density approximation (LSDA) as well as Coulomb corrected LSDA + U approach. The study revealed that the LSDA + U
method gave a better representation of the band structure, density of states and magnetic moments than LSDA. It was found
that the spin magnetic moment of Co (2¢) and Co (3g) atoms in the studied compound is smaller compared to the one in bulk
Co. The optical and magneto-optical properties and the magneto-optical Kerr effect have also been investigated.
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1. Introduction

Magnetic and electronic properties of inter-
metallic compounds which contain rare earth (RE)
and transition metal (TM) elements, are of sig-
nificant importance. They are crucial in numer-
ous commercial and industrial applications, includ-
ing high-power, high-temperature permanent mag-
nets, microwave devices with improved perfor-
mance, biomedical materials for medical sensors,
fuel for heterogeneous catalysts, and many other
applications.

New magnetic materials attract the attention
of researchers because of their unusual intrin-
sic magnetic properties, such as significant mag-
netic moment, high magneto-crystalline anisotropy
and high Curie temperatures [1-3]. The studies
have shown that magnetic properties of the ma-
terials are related to the electronic configuration
of their atoms.
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It was found that 4f states form a subset of lo-
calized magnetic moments, while the 3d TM ones
are responsible for metallic bonding and magnetic
ordering. These states are considered as nearly free
states participating in the bonding in the presence
of 4s TM and 5d RE states [4, 5].

For many years, researchers have been studying
rare earth/transition metal (RE/TM) compounds,
including the electronic properties of GdFe;,
GdCoy, (Y,Gd)Coy, YCo,, LayCoy [6-9], and the
magneto-optical properties of different RE/TM
compounds like GdFe,;, HoFe;, ErFe, TbFe,,
DyFe, and YFe; [10, 11]. A magnetocaloric ef-
fect was studied in GdCos alloys which exhibit
magnetic phase transition near the room tempera-
ture [12]. Large magnetic anisotropy and perpen-
dicular orientation of magnetic moment were ob-
served in GdCos [13]. The temperature dependence
of magnetic anisotropy was determined for GdCos
and YCos by introducing the first-principles ap-
proach to calculate temperature-dependent magne-
tization versus field (FPMVB) [14]. This approach
solves the problem of the large value of magne-
tocrystalline anisotropy of GdCos at 0 K.
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This work highlights the electronic, magnetic
and magneto-optical Kerr effect properties of
GdCos based on the first principles calculations,
using LSDA and LSDA + U methods.

2. Computational methods

First principle calculations were performed
using the relativistic all-electron full potential
linearized augmented plane wave (FPLAPW)
method implemented in the WIEN2k code version
14.1 [15]. The local spin density approximation
(LSDA) functional [16] and LSDA + U applied to
the 4f electrons [17] were employed in this work.

It is known that LSDA may lead to a rela-
tively incorrect prediction of magnetic properties.
Therefore, we used LSDA + U calculations with
a spin-orbit coupling (SOC) to distinguish differ-
ent properties of the compound (e.g. ferrimagnetic
vs. ferromagnetic) [17, 18]. In LSDA + U calcu-
lations, we have used an onsite Coulomb interac-
tion with U = 6.7 eV and an exchange param-
eter J = 0.7 eV [19] for the Gd (4f) electrons.
GdCos have a CaCus type structure (P6/mmm,
space group No. 191). The experimental values of
a and c/a used in the calculation were 4.963 A and
0.801 A, respectively [20]. The Gd and Co atom
positions are summarized in Table 1. A mesh of
793 k points in the irreducible part of the Bril-
louin zone has been used for GdCos. A denser
mesh of 2052 k points in the irreducible part of
the Brillouin zone has been chosen for the inves-
tigation of the magneto-optical (MO) properties.
The radii of the muffin-tin spheres are equal to
2.3 and 2.5 for Co and Gd, respectively. The cut-
off parameters are Ryr-Kmax = 7 for the plane
wave and Ryr-Gmax = 12 for the charge density,
Kmax represents the maximum wave number of the
plane wave in the interstitial region, and G, iS
the maximum reciprocal lattice vector. The crite-
rion for total energy convergence is 0.0001 Ry and
the default value of the energy separation between
core/valence is —6.0 Ry.

Table 1. Lattice constants and atomic positions (X y z)
of GdCos [20].

GdCos
a[A] 4.963
c[A] 3.973
atoms positions
Gd 000
Col (2¢) (1/32/30)
Co2 (3g) (1720 1/2)

3. Results and discussion

3.1. Magnetic properties

The calculated spin magnetic moments, based
on experimental geometry, are shown in Table 2.
The previous calculations made by both LSDA and
LSDA + U methods proved that Gd and Co mag-
netic moments are antiparallel to each other [2, 5].
Thus, the band structure and density of states
(DOS) were calculated to better understand the
magnetic properties of GdCos (Fig. 1a and Fig. 1b).

Within LSDA + U approach, it was found that
the strongest DOS peaks for the majority spins are
located at —7 eV below the Fermi level, while for
minority spins the peaks are located at 4 eV above
it. These peaks consist of the Gd (4f) state. For mi-
nority spins, this state is hybridized with d and p
bands of Co, while it is unhybridized in the case of
majority spins [6].

The f band in LSDA approximation is located
at —4 eV for the spin up and 1 eV for spin down.
Thus, it is shifted towards higher binding energies
for the spin up and towards the positive energies for
the spin down (Fig. 1c and Fig. 1d).

The DOS width of the Gd (4f) state in the
GdCos compound calculated by LSDA + U
method is equal to 0.5 eV for both majority and
minority spins. This value is comparable to that of
an isolated Gd atom. The exchange coupling has
significantly been enhanced with the introduction
of the Hubbard parameter U.

The calculated spin magnetic moments and the
density of states (DOS) at Fermi level Er are pre-
sented in Table 2. The spin magnetic moments
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Fig. 1. (a) band structure and total density of states for LSDA spin up, (b) band structure and total density of
states for LSDA spin down, (c) band structure and total density of states for LSDA + U spin up, (d) band
structure and total density of states for LSDA + U spin down.

of Gd atom in GdCos are equal to 7.32 pg and
7.07 ug for LSDA + U and LSDA, respectively. In
this compound we observed a reduction in the spin
magnetic moment of Co (Table 2) due to the filling
of the minority spin d states through hybridization,
which explains the increase of Co (3d) magnetic
moments in GdCos in comparison with pure Co.

The contributions of Co (3g) and Co (2c)
atoms to the spin magnetic moment are 1.89 ug,
1.77 pg for LSDA + U and 1.58 pg, 1.54 pg
for LSDA calculations. Hund’s rule suggests that
Gd has a zero orbital magnetic moment so we
can neglect it. However, we have calculated it and
found that the orbital moment of Gd remains very
small (0.03725 pg in LSDA + U and 0.00419 pp
in LSDA + U + SOC). These results are in
good agreement with those obtained in previous

studies [8, 21]. The cobalt spin magnetic moments
have been found to be lower than their experimen-
tal values.

Fig. 2 shows the Gd (5d) and Co (3d) contribu-
tions in the partial density of state PDOS. Accord-
ing to 4f-5d-3d model [22], the Gd (4f) electrons
polarize their 5d bands. There are also Gd (5d) —
Co (3d) short-range exchange interactions. The Gd
(5d) states are occupied mostly through the 5d-3d
hybridization [5], while the localized 4f states are
located around 5 eV below the Fermi level. In addi-
tion, these states are shifted more to around 7.5 eV
if the Coulomb interaction U is added. When the
magnetization is parallel to c-axis, the SO interac-
tion will slightly widen the f states.

In the antiparallel orientation calculation,

the energy difference before hybridization
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Fig. 2. (a) the calculated partial DOS of GdCos with-
out spin-orbit coupling (SOC), (b) the calcu-
lated partial DOS of GdCos with spin-orbit
coupling (SOC). All the calculations were per-
formed within LSDA and LSDA + U. The ar-
rows indicate the spin majority (up) and spin mi-
nority (down).

of spin-minority 5d and 3d states will be smaller
than the energy difference between 5d and 3d
spin-majority states. Also, the 4f-5d intra-atomic
exchange interaction will always orient the 5d spin
magnetic moments parallel to the 4f spin magnetic
moments [5].

The spin polarization at the Fermi level (Ef) is
given by the relation [23]:

Ny (EF) —N|(EF)
Ny (EF)+ N, (EF)

where N4 (Eg) and N|(Ef) are the density values
for majority and minority spin states, respectively.

pP=

)

The values of the spin polarization at the Fermi
level are 84.48 % for LSDA + SOC and 85.52 %
for LSDA + U + SOC. These large values indi-
cate a strong exchange coupling between Gd (4f)
and Co (3d) electrons, which leads to a high mag-
netocrystalline anisotropy [4].

3.2. Magneto-optical properties

We calculated the dispersion of the optical con-
ductivity tensor 04p (W), where w is the frequency
of the incoming electromagnetic radiation. The
calculation was performed from the energy band
structure by means of the Kubo-Greenwood [24,
25] linear response [26]:

Cap ((D):

—ie? —fleg) Ty (T, (®)

m2hvV e ;% o (k) o-o /(k) iy
2

where V. is the unit-cell volume, f(ey) is the
Fermi function, €, and €, are the Kohn-Sham en-
ergies at the point k for the band n and n’, respec-
tively. hw,y = €y — €k 1S the energy difference
for the two bands n and n’, [T, (k) is the dipolar
optical matrix element, y = % is the lifetime pa-
rameter, and T is the relaxation time parameter.

The imaginary part of the non-diagonal el-
ements of the conductivity tensor describes the
magneto-optical absorption. For the polar Kerr ef-
fect the magnetization is perpendicular to the sur-
face of the sample and parallel to z-axis.

The dielectric tensor is expressed as:

Ex €y O
€= *exy Exx 0 (3)
0 0 g

where €y and €, are the diagonal components
and ey the off-diagonal component of the dielec-
tric tensor. The optical conductivity tensor 0yp =
(1) d+ G( )
equatlon

is related to the dielectric tensor by the

Ari

Eap (w) = 606[3 +— G(XB (@) 4)
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Table 2. Spin magnetic moments calculated in the antiferromagnetic configurations for GdCos and spin magnetic
moments of Gd and Co (pg). The calculated DOS at Fermi level Er for majority and minority spin.

System N+(Er) Ny(Ef) P% Hoa Hco p& uégo Wotal
LSDA + U
Gd 0.98 2.97 5037 7.04 -— - - 7.04
Co 0.33 1.78 68.78 — 1.74 - - 1.74
GdCos 1.05 9.83 80.7 732 -— -1.77 -1.89 -0.97
LSDA
Gd 1.01 1.24 102 693 - - - 6.93
Co 0.24 1.65 7460 — 1.71 - - 1.71
GdCos 1.7 0.76 38.20 7.07 - -1.54 -1.58 -0.20
LSDA + U + SOC
Gd 1.76 9.27 6797 6.72 -— - - 6.72
Co 0.30 1.65 68.61 - 2.18 - - 2.18
GdCos 12.30 0.96 85.52 7.02 - -1.48 -1.51 -0.40
LSDA + SOC
Gd 1.38 3.29 40.74 7.06 — - - 7.06
Co 0.37 1.48 59.74 - 1.63 - - 1.63
GdCos 12.6 1.06 8448 6.84 — -1.46 -1.49 -0.47

For the linear polarization, the solution of
Maxwell equation gives the relation between the
complex Kerr angle and the dielectric tensor. As-
suming that Oy and €y are small, they are given by
the following relations [27, 28]:

O, =0, +ig; 5)

_ny

O/ 1+ () oy

where 0y is the Kerr rotation and €, the Kerr
ellipticity.

In order to study the magneto-optical behav-
ior of the system, the spectral calculation of the
Kerr effect in polar geometry has been performed
(P-MOKE).

It is known that the magneto-optical effect orig-
inates from interband and intraband transitions.
The intraband transition of 3d transition metals or
5d rare earth and the interband d-f or d-p con-
tribute to the Kerr rotation spectra [29]. Generally,
the net spin polarization, the spin-orbit coupling
and even the density of states near the Fermi level

0, +ic, =

(6)

are important factors contributing to the magnitude
of the Kerr effect, which is determined by the off-
diagonal components of the conductivity tensor.

Fig. 3 shows the diagonal and off-diagonal op-
tical conductivity (oyx(w) and oyxy(w)) for the
compound calculated using both LSDA+SOC and
LSDA + U + SOC methods with spin-orbit cou-
pling and the broadening of 0.7 eV. The most suit-
able broadening parameter can be chosen by trying
different values and comparing their relative sharp-
ness. A small value of the broadening indicates
weaker scattering. Fig. 3a and Fig. 3b show the ab-
sorption curve ol and the dispersive part o2, of
optical conductivity in the range of 0 to 14 eV. The
curves obtained by both methods are very similar.
Inthe 1 eV to 6 eV energy range, the corresponding
peaks are practically at the same positions, but the
magnitude of the peak is higher in the framework of
LSDA + SOC. The two peaks are the strongest and
originate from the p-d interband transition [29, 30]
located around 2 eV and 5.5 eV. The third peak is
located around 9 eV.

The off-diagonal conductivity curves (Fig. 3c
and Fig. 3d) oy (w) and w-oy(w) (Fig. 3e)



Ab initio study of GdCos magnetic and magneto-optical properties

187

54 —— LSDA+SOC
—— LSDA+U+SOC

(@)

[10"sec™]
w

1
XX

G
o
L

(b)

[10"sec]

2
c
XX
o

T T T T T T T T T T T T
0 2 4 6 8 10 12 14

Energy [eV]
— 0,0 P //_ \
A V
2
o —— LSDA+SOC
© F; —— LSDA+U+SOC
=
_®
© 05 (©
02
T o1
o 011
[
» 00+
o
e 01
N
Nb -0,2 H )
'013 T T T T T T
0 2 4 6 8 10 12 14
Energy [eV]
B9 () —— LSDA+SOC
—— LSDA+U+SOC
10
—
)
® s
(2]
-
N
o P 7
-
R
>
= 'W
b 59
*
<]
-10 4
-15 4
T ¥ T L T % T . T L T

6 8 10 12 14

Energy [eV]

o
N
IS

Fig. 3. (a) and (b) absorption optical conductivity

ol (w) and the dispersive o2, (w) part; (c)
and (d) calculated real off-diagonal Gly(w)
and imaginary off-diagonal Giy (w); (e) off-

diagonal optical conductivity w.(r%y (w).

carry information about the Kerr rotation and el-
lipticity. The obtained result is also proportional
to the difference in the absorption rate of the
left and right circularly polarized light (LCP and

RCP) [31, 32]. Its sign is directly related to
the spin polarization of the states responsible for
the interband transitions producing the structures
in the spectrum.

In order to find the origin of the studied Kerr
spectra, it is useful to consider the absorptive part
of the off-diagonal optical conductivity Giy(w),
since it plays an important role in Kerr effect (equa-
tion 6). When comparing w - 0%, (w) with the Kerr
rotation, it was found that the signature of O'iy de-
pendence is stronger than the o, dependence [29].

It is interesting to note that the w - crfy(w) spec-
trum and the Kerr rotation in Fig. 3e and Fig. 4a
have a similar line shape. The numbers of dominant

and prominent peaks are equal in both spectra.
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Fig. 4. Calculated (a) Kerr angle and (b) Kerr ellipticity.

Fig. 4 shows the Kerr rotation and ellipticity.
The two graphs are related to each other. A zero
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value in ellipticity corresponds to a peak in the Kerr
rotation [32]. A vanishing ellipticity means that the
light waves remain linearly polarized at these fre-
quencies [33]. In LSDA + U + SOC we observe
a main peak of 0.5° located at 5 eV having a large
width of 1.5 eV, a second peak of —0.7° located
at 7 eV and another peak of 0.5° at 9.5 eV. For
LSDA + SOC we found a similar structure with
smaller angles. The two main peaks are located at
5.5eV and 7 eV, and a weaker peak is located at an
energy range greater than 10 eV.

4. Conclusions

The full potential linear augmented plane wave
method including the spin-orbit coupling has been
used to study the structural, electronic and mag-
netic properties of the GdCos compound. The cal-
culations were made within the local spin density
approximation LSDA and Coulomb corrected lo-
cal spin density approximation LSDA + U. It was
found that the value of magnetic moment is in
agreement with the experimental results within the
LSDA + U approximation. The hybridization of
the minority spin d states of Co in GdCos leads
to a decrease in the Co magnetic moment. The
contributions of Co(3g) and Co(2c) atoms to the
spin magnetic moment are (1.89 ug, 1.77 ug) and
(1.58 pg, 1.54 pg) for LSDA + U and LSDA cal-
culations, respectively. It was also observed that the
values of Reoyy (w) obtained by LSDA + SOC and
LSDA + U + SOC methods are very similar and
the corresponding peaks are practically at the same
position but the magnitude of the peaks in the case
of the LSDA + SOC method is higher.
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