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ABSTRACT

The pseudo-potentiel method based on density functional theory (DFT) using the generalized gradient approximation (GGA) is applied
to study the structural and electronic properties of the interface Ag/BaFe,As, (001) between the iron pnictide superconductor BaFe,As,
and silver. In this study three configurations of the structure are considered. The variation of interaction energy with respect to the
distance separating the two materials endorses the possibility of interface formation. The deposition of silver atoms on the intermediate
sites of the superconductor surface averred to be the most stable configuration. The comparison between the obtained total and partial
electronic densities of states before and after the formation of the interface shows a slight change in the distribution of electronic states
with a shift in the vicinity of the Fermi energy. In this study we consider the interface as metallic, in spite of the coexistence of the

covalent-like and metallic bonds as shown by the analyses of the distribution of the electronic charge density.
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INTRODUCTION

The metal-superconductor conventional interfaces have been subjected to a growing research nowadays owing to recent experimental
developments in preparation and characterization techniques at the atomic scale under ultrahigh vacuum [1-3]. Systems like metal-
superconductor interfaces have been studied theoretically by several methods such as first principles techniques which are used to solve the
atomic and electronic structure of complex systems [4-6]. When they are used in electrical circuits, the very intense electric currents flowing
through the superconducting metal interface require very good electrical contacts. These systems have various properties that promote their
application in many areas of technology such as spintronics, magnetic memories [7], instruments based on superconductors and in high
magnetic field instruments such as nuclear magnetic resonance (NMR) equipments [8]. The generation of high intensity magnetic fields
requires electric current densities in the range of 104-106 A/m2 [9-11]. Many studies have been carried out on the new iron-pnictide

15



Hassaine 1., et al. Der Pharmacia Lettre, 2021, 13(3):14-20

superconducting compounds such as LaOFeAs and AFe,As, (A=K, Ba, Sr, and Cs) as a function of doping or applied pressure [12].
The BaFe,As, system, also known as the 122 compound [13], exhibits a superconducting critical temperature at about 55 K [13]. The crystal
structure of BaFe,As,, made by alternating FeAs planes and Ba layers, is tetragonal with the 14/mmm space group. At T ~ 143 K, BaFe,As,

undergoes a structural phase transition from tetragonal to an orthorhombic phase of the Fmmm space group [14].

This superconductor is considered as a model system in the pnictide family. It is subjected to numerous experimental and theoretical studies
[15-17] where the investigation was focused on structural, electronic and magnetic properties. There is also the challenge of discovering the
microscopic mechanisms give these systems their superconductor state which is recognized to be different from the conventional
superconductors [18]. Despite the numerous studies on the different bulk properties of this superconductor, no studies on metal/BaFe,As;
interfaces are available to our knowledge. The present study is interested mainly with the structural and electronic properties of the interface
between a noble metal (silver) and the BaFe,As, surface.

MATERIALS AND METHODS

Although structural and electronic properties of the tetragonal phase (4 mm) of BaFe,As, were investigated both experimentally and
theoretically in previous studies, not much is known about their properties when interfaced with other metals. In this study, we have
performed DFT calculations using the ‘pseudo-potential’ method [19] implemented on the Quantum ESPRESSO PWSCF computer code
with the generalized gradient approximation (GGA) parameterized by Perdew, Burke and Ernzerhof [20].

In order to calculate the interaction energies between a metallic film and a superconductive substrate, we used the ‘ultra-soft’ pseudo-
potential type. An abrupt interface model between the Ag film and the pnictide superconductor is proposed where the Ag atoms are
positioned on top of the Ba termination surface of the superconductor. The optimized structure of the iron based pnictide superconductor
BaFe,As, was achieved by the relaxation of a tetragonal unit cell containing 10 atoms. The obtained unit cell parameters a, b, and ¢, were
3.960, 3.960 and 13.010 A respectively. The equilibrium atomic positions were also determined [21]. For the silver structure, we used the
experimental estimated unit cell parameter of 4.09 A. The Ag film is supposed to be rigid (the atoms occupy their bulk positions) and is
represented by 5 atomic monolayers parallel to the (001) surface of an FCC unit cell. These monolayers are distributed symmetrically on the
top and the bottom of the BaFe,As, surfaces as shown in Figure 1. This structure is adopted to save the mirror symmetry of the substrate.
The electronic configuration used for As, Ba, Fe and Ag were 4524p3, 5525p65d06s22522p3, 2p63s13pl, and 3d74s1, respectively. The cut-
off energy and the k-points mesh were optimized using the experimental unit cell parameters of the BaFe,As, unit cell, ranging from 20 to
100 Ry. it is found that 35 Ry is reasonable and provides a good compromise between accuracy and computation time. The k-points mesh is
optimized to a 9 x 9 x 3 sampling of the first Brillouin zone of the reciprocal space corresponding to the supercell of the model. It should be
noted that during the minimization of total energy of the studied systems, we imposed a value of 10-6 eV as a convergence energy threshold.
The maximum tolerated force on each atom is below 10-3 eV/A.

To establish the most favorable deposition sites for Ag atoms on the superconductor surface, i.e. barium sites or hollow sites, we have
determined the interaction energy between the two materials forming the interface, the Ag film and the substrate, with respect to the

separation distance at the interface. The interaction energy can be calculated by the following equation:
1
Eint(d) =3 (Etor — EAg - Esup) @

Where d is the distance separating the superconductor and the metal Figure 1.
Etot, E Ag and E sup in this formula mean the total energies of the supercell, the metal layer with its surface and the substrate with its
surface BaFe,As, respectively. The factor % in this equation is due to the existence of the two interfaces in the supercell.
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Figure 1: Systems used to calculate the interaction energy for each configuration of the interface. Figure 1A and 1B: separated metal and
superconductor systems, Figure C: The super cell representing Ag/BaFe,As, (001) interface where d is the vertical distance of separation

between the metal and the superconductor.

RESULTS
Structural optimization of BaFe,As,

The structure of BaFe,As, with tetragonal symmetry was optimized for the non-magnetic state. The atomic structure was
obtained after a relaxation process where all the atomic positions and lattice parameters were optimized. The results are reported
in reference [21]. We used these results to construct the interface between Ag and a BaFe,As, substrate which we considered to

be rigid as shown in FigurelA.
Ag/BaFe,As; interface

The results of the atomic structure of the Ag/BaFe,As, (001) interface at the atomic scale are presented. Three of high symmetry
configurations as illustrated in Figure 2 will be used to determine the interaction between the silver film and BaFe,As,. The first
configuration of the interface is related to the state in which surface Ag atoms are on top of Ba atoms of the (001) surface while
the second one concerns the Ag atoms in the middle of the rib connecting two atoms of barium Ba-Ba. The third configuration
deals with an intermediate state between configurations 1 and 2. Refer to states (1), (I1) and (111) of Figure 2 respectively.

The variation of the interface interaction energy for these three configurations with respect to the distance between the two
materials Ag and BaFe,As, is displayed in a Morse- type potential is used to fit the effective interactions between atoms of both

sides of the abrupt interface. The analytical form of our Morse potential is given by:
Eine (d) = Ag[(e24100742) — 2¢=M(@=42)] g)

Where Aq and A, are the constants used to determine the energy and distance of separation at minimum energy. The fitting shows
that the intermediate state is the most favorable with a separation distance d = 2.944 A and an interaction energy of -0.0835 Ry,
while the results of separation distance and interaction energy for the first and the third configurations are (3.143 A, 3.015 A) and
(-0.0683Ry, -0.0795Ry) respectively.

The variation of the interface interaction energy for these three configurations with respect to the distance between the two
materials Ag and BaFe,As; is displayed. A Morse- type potential is used to fit the effective interactions between atoms of both

sides of the abrupt interface.
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The analytical form of our Morse potential is given by:

Eine (d) = Ap[(e741(4742) — 2e~M(d=42)] - )
Where Aq and A, are the constants used to determine the energy and distance of separation at minimum energy. The fitting shows
that the intermediate state is the most favorable with a separation distance d = 2.944 A and an interaction energy of -0.0835 Ry,
while the results of separation distance and interaction energy for the first and the third configurations are (3.143 A, 3.015 A) and
(-0.0683Ry, -0.0795RYy) respectively.

The results of the atomic structure of the Ag/BaFe,As, (001) interface at the atomic scale are presented. Three of high symmetry
configurations as illustrated in Figure 2 will be used to determine the interaction between the silver film and BaFe,As,. The first
configuration of the interface is related to the state in which surface Ag atoms are on top of Ba atoms of the (001) surface while
the second one concerns the Ag atoms in the middle of the rib connecting two atoms of barium Ba-Ba.
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Figure 2: Structure of Ag and BaFe,As, (001) surfaces, (2): the three configurations of high symmetries: () silver atoms are on
top of barium sites, (1) Ag atoms are on the middle of the rib connecting the two atoms of barium, and (I11) configuration
concerns an intermediate situation between configuration (1) and (11).1, 3 and 5 are the numbers of atoms in the structure of

silver.

Charge density

The charge density is calculated and presented in the form of contours for the three interface configurations. Focusing our study on the

surface containing the barium and silver atoms, the results obtained for the three configurations (1),(I1) and (I11) are shown respectively.
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However, this plane does not give enough information about barium and silver atoms in configurations (I11) that is why we have added
another plane. We note that in all cases the valence electronic charge for the Ba-Ba bond is concentrated around barium atomic positions in
the three configurations, while it is very minimal in the region between the atoms (0.0063, 0.0073 and 0.0066) electrons/A3 .On the other
hand, the Ba-Ag bond is polarized closer to the more electronegative silver atoms (0.4076, 0.4025 and 0.4046) electrons/A3.

The high concentration of electrons in the regions between the nearest neighbor atomic sites represents the polar covalent bonds between
these atoms. With regard to the electronic distribution in Ag-Ag bonds, the electron density around silver atoms varies around the values
0.4025, 0.0301 and 0.4076 electrons/A3 for the three monolayers respectively. The same fact is observed for the bonds between iron atoms
which are is characterized by a high charge density around Fe ions which is due to Fe-3d orbitals. Each Fe atom forms three bonds with
arsenic atoms (As—Fe—As) in tetrahedral directions.

To sum up we can infer that the results of charge density concerning the Ba-Ba and Fe-As bonds are in good agreement with our study of
charge density for the BaFe,As, substrate compounds. The presence of metallic and polar-covalent bonds leads to the most stable third
configuration, characterized by the lowest interaction energy

DISCUSSION

In this section, we compare the total density of states (DOS) and partial density of states (PDOS) for the original BaFe,As, compound and
Ag/BaFe,As, (001) interface for the three configurations (1), (11) and (lI1).

We note that the contribution of iron in the three configurations is very similar to the original compound [21, 22], especially the Fe-3d
orbital, opposing to the contribution of Ba-6p, which is slightly increased in the energy range between -3 and 3 eV. The same facts are
observed for the As-4p orbital which is characterized by an increase of density of states at -3.3 eV and -4.6 eV peaks. We also note that there

is no change in the PDOS for all BaFe,As, atoms in the vicinity of the Fermi energy.

A slight shift of the iron 3d peak is observed for the configurations (1) and (I1) in the interface with respect to the bulk while it is identical to
its shape within the bulk for the third configuration. The iron atoms prefer not to be involved in the formation of the interface. For the silver

atoms, the most contributing orbital is 4d. Six silver atoms are present at the interface as shown on Figure 2.

Each two atoms are equivalent and hence have the same contribution which varies depending on the atom position with respect to the
interface. The first and third atoms have the same contribution in the three configurations where there is a hybridization between Ag-4d

(atom 1), As-4p and Fe-3d at -3.2 eV, while the fifth atom is characterized by the existence of four peaks where the highest appears at -4.62.

CONCLUSION

The density functional theory (DFT) as implemented in the Quantum ESPRESSO PWSCF code was used for the study of the Ag/BaFe,As,
(001) interface. First, we calculated some electronic properties of the superconducting interface using the Generalized Gradient
Approximation (GGA).The results obtained by calculating the distance between silver and superconducting BaFe,As, showed that the most
favorable sites for the deposition of silver atoms are intermediate sites. We found that the PDOS of Fe-3d and As-4p become close to each
other indicating a strong hybridization of Fe-3d and As-4p states at the Fermi level region. This behavior is somehow similar to the density
of state variation for BaFe,As,. The analysis of charge density reveals valuable information about bonding between atoms. States originating
from Ag-4d orbitals, which become discernible at the lower part of the spectrum, are characterized by hybridization with Fe-4d and As-4p.

Calculations of the electronic structure of the interface showed that the charge density increased slightly near the plane containing iron.
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