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We examine the magnetic stability and electronic properties of SrsV2OgFesAss in the antiferromag-
netic order of V, including the A-type (A-AF) and the checkerboard-type (c-AF), within the LDA+U
approximation. Contrary to other reports, our data disclose that A-AF is more stable than c-AF for J
in the range of 1 + 1.2 eV and U between 7 and 8 eV; likewise c-AF is more stable for the (U, J) sets
of J up to 0.2 eV and U in the range of 6 <+ 8 eV. There are numerous energy bands crossing the Fermi
level in the c-AF phase, suggesting a strong inter-band scattering which affects the high T, supercon-
ductivity. Particularly, the calculated band structures expose the formation of a Dirac cone. Besides,
the Fermi surface in both phases shows the multi-sheets character consisting of several hole-like cylin-
ders around I'-Z and electron-like sheets at M and X points. The electron localization function study
reveals that electrons are distributed in the high anisotropic frame and a large itinerant character of

(2020)

Fe 3d and V 3d dominantly favors the superconductivity in Sr4sV2OgFegAss.
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1. Introduction

SryVoOgFeqAsy, first identified by Zhu et al. [1],
is the highest critical temperature (T, ~ 37 K)
superconductor among A;MyOgFesAss (A = Ca,
Sr, Ba and M = V, Cr, Sc) iron-based materi-
als, the so-called 42622 [1, 2|. Similarly to other
42622 compounds, SryVoOgFesAss is built of thick
perovskite blocks of SroVOg, alternated with FeAs
layers in a long distance. As a consequence of
the magnetic V ions, the physical properties occur-
rence in this superconductor can be more compli-
cated than in other Fe-based materials. Until now,
many theoretical [3-7] and experimental at-
tempts [8-10] have been made with the aim to fig-
ure out the real magnetic behavior, the interaction
between electrons (especially in V ions), as well as
their effect on the high-T, superconductivity. It is
worth noting that by using the ®"Fe Mossbauer
spectroscopy measurement Cao et al. [8] showed
the nonmagnetic ordering of Fe. Besides, the an-
tiferromagnetic arrangement in V sites was ob-
served through the neutron-scattering measurement
of Tegel et al. [9] and polarized neutron diffraction
of Hummel et al. [10].

In the theoretical study aspects, the A-type
(A-AF) and checkerboard anti-ferromagnetic
(c-AF) ordering are found to be the most stable
configurations of V among many considered mag-
netic cases [4, 7, 11, 12]. Recently, Nakamura et al.
investigated the correlated behavior of vanadium
electrons on c-AF phase SrysVoOgFesAss using
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the LDA+U method for four sets of Hubbard U
and Hund’s coupling J parameters [12]. Their
obtained results suggest that with the value of
U=5¢eV or U=05.5¢V, the blocking layer be-
comes insulating and the Fermi surface becomes
quite similar to those in other iron-based supercon-
ductors. Although these efforts have exposed some
special clues, many issues disclose a disagreement
and therefore have not been completely clarified.
Obviously, the influence of electrons correlation
strength on the stability as well as the electronic
properties of both A-AF and c-AF SryVoOgFesAss
have not been investigated in detail. Therefore,
in order to carefully determine the stable configu-
ration under the influence of electrons correlation,
we investigate the total energy of both the A-AF
and c-AF arrangement in V sites and non-magnetic
ordering in Fe sites as determined in experiment
data for SryVoOgFes Aso, where the U ~ (0+8) and
J ~ (0 +1.2) are taken into account. Moreover, to
study the electronic behavior upon the correlation
effect, the comparison of electronic properties
of the most stable state between two of these
magnetic configurations is performed.

2. Computational details

Sr,VoOgFesAsy superconductor crystallizes in
the tetragonal structure with the space group
P4/nmm (No. 129) [1]. Based on our measurement
results, the crystallographic data of this compound
are the following: a = b = 3.9318 A, ¢ = 15.6910 A,


http://doi.org/10.12693/APhysPolA.138.740
mailto:t.l.mai@intibs.pl

The 100 years anniversary of the Polish Physical Society — the APPA Originators

zgr1 = 0.1903,  zgo = 0.4145, zy = 0.3081, and
also  zp1 = 0.2922, 2zps = 0.4318, zr. = 0.0000,
zas = 0.0909. To fully perform the calculations
of the antiferromagnetic ordering of V, A-AF
(ions on the neighboring layers have opposite mo-
ments) and c-AF (the neighboring magnetic ions
on the same layer have opposite moments) as pre-
sented in [12], the unit cell was expanded along ab
plane to V2a x v/2a x 1c¢ size containing 32 atoms.
The whole calculation procedures were carried out
using the LDA+U method implemented in the Vi-
enna ab initio simulation package (VASP) [13],
where the effective Hubbard U.sy and Hund’s cou-
pling J were taken into account. The Brillouin zone
was used as 4 x 4 x 2 Monkhorst—Pack grid includ-
ing 220 k-points and the plane-wave energy cut-off
was 400 eV. The self-consistent loops were finished
when the different energy fell down by 5 x 107> eV
and the force was under 0.01 eV /A.

3. Results and discussion

To compare the stability of SryVoOgFesAss in
the magnetic state upon the strong correlation ef-
fect of V electrons, in Fig. 1 we present the dif-
ferences in energies between two antiferromag-
netic configurations as the function of U and J.
This comparison indicates that magnetic stabilities
depend strongly on (U, J) values. It turns out that
A-AF is more stable for J in the energy ranges
1.1+1.2 eV and U between 7 and 8 €V, while c-AF
is more stable for the (U, J) sets of J up to 2 eV
and U = 7 + 8 eV. One important finding is that
the calculated magnetic moment of V is 1.3 ug/V
in A-AF and 1 ug/V in ¢-AF which is fairly smaller
than those in other cases of (U,J) of Nakamura
et al. results for the c-AF state [12], respectively.
Otherwise, we have not found any magnetic ar-
rangement in Fe sites that is similar to the observa-
tion in ®"Fe Mossbauer spectroscopy measurement
of Cao et al. [8]. In the following, we investigate
the electronic properties of SrysV,OgFesAss with
Ug =U —J =1¢eV, where J = 1.2 eV.
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Fig. 1. Differences in total energies between two
AF magnetic configurations as a function of Ues
and J.
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Fig. 2. Electronic band structures of A-AF in (a)
(4 x4 % 2) k-mesh and (b) in (6 x 6 x 3) k-mesh, and
(¢) c-AF in (4 X 4 x 2) k-mesh of Sr4V2OgFezAss.

The electronic band structures of two consid-
ered magnetic configurations of Sr;VoOgFesAss are
demonstrated in Fig. 2, where the bands overpass-
ing the Fermi level are presented in the color for-
mat. There are four bands crossing the Fermi
level (Er) in the A-AF state (Fig. 2a, b) and they
increase to ten bands due to a slight split of bands
around I'-Z line in c-AF (Fig. 2¢). A larger number
of bands overpassing Er in c-AF denotes a stronger
inter-band scattering as compared to those in A-AF.
It is recognized that bands 1 and 2, 3 and 4
in the A-AF phase seem to coincide with each
other along X-M and R-A, suggesting a weak
spin splitting (spin polarization) in the direction of
the Brillouin zone. Besides, in the A-AF phase,
the crossing bands form the electron-like pockets
around M and A points but in the c-AF phase
they form the electron-like pockets around X and
R points. Moreover, the density of states (DOS)
close to Er in A-AF is dominantly contributed by
bands 3 and 4, whereas bands 5 to 8 mainly con-
tribute to the DOS around Er in c-AF. Especially,
bands 2 and 3 in A-AF and bands 4 and 5 in c-AF
bend at some points near the Fermi level, noted
in the black rectangle which forms the shape of
a Dirac cone separated by a small gap. The width
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Fig. 3. Fermi surfaces in 3D and the 2D-
quasi configuration of (a) A-AF and (b) c-AF
SI‘4V206F62ASQ.
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of this gap depends on the change of input pa-
rameters such as k-mesh size, Hubbard U, Hund’s
coupling J or cut-off energy value (ENMAX), etc.
In the case of (Uesr, J) = (1,1.2) €V, 4x4x 2 k-mesh
with ENMAX= 400 eV, the energy gap is around
5 meV (as shown in Fig. 2a). Otherwise, that be-
comes larger than 13 meV when Ueg = 5 €V, 15 meV
when ENMAX = 500 eV or up to 38 meV when
the 6 x 6 x 3 k-mesh size is chosen (see Fig. 2b).
It is necessary to note here that the same obser-
vations of a Dirac cone have been made for other
iron-based superconductors [14, 15]. Therefore,
further measurements are encouraged to examine
SI"4V206F62ASQ.

The 3D and 001-configuration Fermi sur-
faces (FS) topologies of SryVoOgFezAsy in both
the A-AF and c-AF phases are depicted in Fig. 3.
Obviously, the FS shows a multi-sheets charac-
ter containing several hole-type cylinders around
the Brillouin zone center formed by band numbers 3
and 4 in A-AF or band numbers 5 to 10 in c-AF.
Moreover, we found that there are two electron-type
sheets coming from bands 1 and 2 at the corner of
the Brillouin zone (M point) and another one from
band 3 at X point in the A-AF state. Otherwise,
in c-AF all of electron-type sheets from bands 1 +4
locate around X point. Generally, the FS disper-
sion in c-AF is mostly larger than the dispersion
in the A-AF configuration. Patently, the differ-
ence in the FS between the two phases is related
to the change of magnetic arrangement of V.

In order to examine the nature of atomic bond-
ing and its character, the electron localization func-
tion (ELF) of SrysV2OgFegAsy is also investigated.
Figure 4 shows the 3D visualization and iso-surfaces
cutting in some special planes in which the ELF
values of 0 and 1 correspond to the perfect de-
localization and localization of electrons. Gen-
erally, ELF maps reveal the dramatic change of
value suggesting a high anisotropy distribution of
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Fig. 4. 3D visualizations of crystal supercell and
the ELF iso-surface cutting in the (001)-, (100)-,
(—110)-plane Of SI‘4V206F62ASQ.

electrons. The highest ELF value of 0.9 is found
in As sites (shown in —110 iso-surface) or 0.8 in
Sr, O sites (shown in 001, 100, —110 iso-surface),
indicating that the electrons are mostly localized
around these atoms. The ELF approximating 0.5 in
the V atoms (shown in 001 and —110 iso-surface)
or even 0.1 in Fe ones (shown in 100, —110 iso-
surface) reveal the delocalization of electrons. Ob-
viously, the itinerant behaviors of Fe 3d and V 3d
electrons, where Fe plays a dominant role, assist
the superconductivity.

4. Conclusions

We have investigated the dependence of the to-
tal energy of the A-type antiferromagnetic (A-AF)
and the checkerboard-antiferromagnetic (c-AF)
SryVoOgFeaAsy on the effect of electrons correla-
tion of V using the LDA+U method. The total en-
ergy comparison between the two considered mag-
netic phases indicates that A-AF is more stable
than c-AF for Uesg > 7 €V and J > 1.2 eV, whereas
c-AF is more stable for U.g =~ 8 €V and J < 0.2 eV.
In both AF cases, there are numerous bands cross-
ing the Fermi energy, suggesting strong inter-band
scattering. Especially, the bands exhibit a Dirac-
cone shape near the Fermi level which calls for a fur-
ther experimental confirmation. The Fermi sur-
face is characterized by several hole-type cylinders
at the I' point and electron-type sheets around M
in the A-AF state or around X point in c-AF. Ad-
ditionally, the ELF map reveals a high anisotropy
of electrons’ distribution. Furthermore, a low ELF
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value in Fe and V sites suggests the itinerant char-

acter of their electrons.

These Fe 3d and V 3d

electrons are responsible for the superconductivity
of SI‘4V206F62ASQ.
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