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Abstract

The binary alloys formed from the elements of Fd &d like FePd and Fe3Pd, have the strange eléctaoa
magnetic properties, generally used in shape memlwys, Computational chips, Medical purposes ail as
modern technological uses. We used TB-LMTO-ASA Ayaeh for the study of band structure and densistaies
of the transitional elements Fe and Pd and thelered alloys FePd and Fe3Pd. We analyzed metalticnan-
metallic character and occupation of s, p and dtrlas from the band structures and magnetic ptiegethrough
the plot of density of states. Our findings showattall the elements and alloys bear metallic natrereas bulk
Palladium shows non magnetic behavior. SimilarlyaRd both the ordered alloys FePd and Fe3Pd anel faube

magnetic in nature with valueB19g, 349 and 301, respectively. These well agree with experimental as

well as previous theoretical calculations.
© 2014 RCOST: All rights reserved.
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1. Introduction

The physical properties of metal are generally maitged through its electronic structure. In sohere
are large numbers of electrons and nuclei whichnaweually interact with each other, so dynamics of
these patrticles, in general cannot be considenearately. For the simplicity, we have considerexzén
core approximation because the nuclei together witte electrons do not take part in bonding. The
cohesive, electronic, optical, magnetic and supw®taoting properties of solids are dominated by the
behavior of valance electrons moving in the fidldhe@ ion-cores of constituent atoms [1].

Alloys are metallic materials consisting of twornore elements combined in such a way that theyatann
be readily separated by physicals means. If tlog &l formed by a mixture of only two types of agrit

is called binary alloy [2]. Binary alloys may bedered or disordered depending upon atomic positions
ordered alloys atoms are situated by making symymetthe crystals whereas in disordered alloys atom
are situated randomly in the crystals without angstal symmetry. In the present work we are dealing
with alloys and we are also familiar that more t®&npercent of metals used are in the form of alloy
They represent an enormous family of engineeriragenals that provide a wide range of productfwit
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useful properties. Each alloy is distinct fromdmponents, and the properties of each alloy atindt.
Indeed the purpose of forming an alloy is to prevedmetallic substance with physical, mechanicdl an
chemical properties and characteristics that dferdint from those of its components. Fe3Pd alkangs
potentially useful ferromagnetic shape memory niatewith a maximum predicted strain of up to 6.8%.
Shape memory materials have found widespread apipliicin engineering and medicine, and recently
there has been a great deal of interest in theclsdar ferromagnetic shape memory alloys capable of
large reversible strains under an applied magrfitid [3]. FePd alloys have large magnetization and
magneto-crystalline anisotropies and as such aenpally technologically important for applicat®ms
permanent magnets or high-density storage medial g large number of experimental and theoretical
works have been done regarding the characterisities and Pd separately and their alloys.

The rest of the paper is organized as follows.i8edt describes the computational details of thespnt
study. Results and discussions are described tiosd whereas section IV provides the conclusénmd
finally we present references used in the pregedys

2. Computational details

All the systems considered are studied using TBjhding Linear Muffin-Tin Orbitals Atomic Sphere
Approximation (TB-LMTO-ASA). The calculations arearcied out from self-consistent calculations
(SCF) based on density functional theory within filaenework of the local-density approximation (LDA)
[5]. The SCF solve the Kohn-Sham equation usimgetkchange-correlation potential of Von Barth and
Hedin [6] with the help of minimal basis sets aradtial wave method implemented in TB-LMTO-ASA
code. The crystal potential is constructed of amping Wigner-Seitz spheres for each atom in the un
cell. According to the spirit of the TB-LMTO-ASA pcedure, only the energetically higher-lying vakenc
states have been included in the self-consistéotlegions of the effective crystal potential [i.such a
case, the deeper lying core states are treatetbamcdike and hence called frozen core approxiomati
The band calculation technique are divided into tagin approaches; one uses trial wave functionchwhi
is formed as linear combinations of basis functibkes plane waves in the nearly free-electron (NFE)
method expands orthogonalized plane waves fundtittna set of energy-dependent partial waves and
applies a matching condition for partial waves te¢ muffin-tin sphere like the APW [8] and KKR
methods [9]. Actually, the linearized muffin-timbatal (LMTO) method developed by Anderson [10,11]
uses as basis set for expanding the wave funatiegt of orbitals that form a complete basis setafo
muffin-tin potential.

For the calculation of Fe (BCC) and Pd (FCC) stireetsame basis set were used at which (8x8x8) k-
points were sampled in the irreducible wedge ofl@rin zone (BZ). These parameters are sufficient i
leading to well converged total energy and othdateel parameters. The magnetic moment was
calculated by differentiating up and down DOS. Afiee convergence of SCF we analyzed all the data
required for band structure, total energy, DOS Attthe calculations were iterated to self-cormsmnsty

with accuracy of 16 Rydberg.

3. Results and discussions

This section contains the result and discussiomain findings for the band structure and density of
states of elemental solid Fe, Pd and the ordetegsalormed by them like FePd andsPd.

A. Band Structureof Feand Pd

Presently, we used BCC structure of Iron which bg$oto the space group Im-3m with space group
number 229. The energy minimization curve for Fé Bd are shown in Fig. 1.
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Figure1: Plot of energy versus lattice constant for Fe )lafid Pd (right

[0}
From the left panel of Figl) we found that the lattice parameter of Fe atimiim energy is 2.8 A

[0}
(5.34 a.u.). This value of lattice parameter is91%3 less than the experimental va 2.87 A [12]. In
case of Palladium we have used FCC structure wihédbngs to the space group -3m. The energ
minimizationcurve for it is shown in right panel of F (1). We found out that lattice parameter of P

[0}
minimum energy is 3.8&\ (7.28 a.u.), this value of lattice parameter is/@7ess than the experintal

[0}
value 3.89A [12]. The band structures and density of statehede clusters are calculated with the t
of these parameters.
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Figure2: Energy band structures of Fe and Pd along symragey with reference to the Fermi ene

The band structe of Fe and Pd are shown in left panel and rigimepof Fig. (2) respectively, which €
plotted with reference to the Fermi energy, O ortizal axis represents Fermi energy of the iromdi
below the Fermi energy are valance bands and tebws he Fermi energy are conduction be.
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In case of Fe there are all together 9 bands. T&weémum energy is at conduction band having value
45.36 eV and minimum value of the energy lies denmee band which has the value -8.67eV. The
difference between maximum value of energy of catidn band and minimum value of energy in

valance band is found to be 54.01 eV. Conductiamdbend valance bands are overlapping within this
range showing Fe as a metallic nature. Due tdile symmetry of the crystal at the maximum energy
of the conduction band and minimum value of enafghe valance band occurs at the Gamma point.

Fat band structure calculations were carried ootder to know the s, p and d orbital contributionshe
band structure of Fe. Fig. (3) shows the contrdrubf s and p orbitals on the band structure of Fe.

Inergy (eV)
[nergy feV)

Figure 3: Fat band structure of s-orbital (left) and p-abitight) of Fe, horizontal dotted line represethis fermi
level.

nergy eV
Fnergy (¢V)

Figure 4: Fat band structure of t2g-orbital (left) and ebitl (right) of Fe, horizontal dotted line repratethe
fermi level.
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It shows that s and p-orbitals do not contributecimin the band structure of Fe, there is a greater
contribution of p-orbital to the conduction ldaim comparison to the valence band, white t
contribution of s-orbital is negligible in both aduction and valence band. S band contributiorttier
electronic structure concerntrayed as the G poifitee contribution of P band elongates from N tanié
crosses Fermi energy through N. Figure (4) showasdkorbitals overlap between the valence bands and
conduction band at the fermi energy level, it hagreater occupancy at valence band and less at
conduction band, this indicate that d-orbital ciimites significantly to the total band structure.isl
mainly due to majority of electrons are in d-orlsitaf Iron.

In case of Pd, valance bands lie below the Ferrarggnare found occupied, bands above the Fermi
energy are unoccupied conduction band. Valancesand conduction bands overlaps with each other.
Along G axis maximum value of energy of conductlmmnd is 28.17 eV and minimum value of the
energy of valance band is -7.72 eV, difference betwthese two energies is 35.89 eV. Maximum value
of energy of conduction band is 30.45 eV. Fig.q4i6ws that energy levels at some points are degiener

=0 AR 30 . -
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Yyt 7 | .
Figure5: Fat band structure of s-orbital (left) and p-orbtaght) of Pd , horizontal dotted line represettits fermi
level.
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Figure 6: Fat band structure of t2 g-orbital(left) and egHad(right) of Pd, horizontal dotted line repretethe
fermi level.
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We studied the fat band structures of s, p ancbdads of Pd in order to know their contributions e
band structure. Dark and shaded portion of Figsf®ws the occupancy of s and p electron. Occypanc
of the s-orbital is negligible in comparison withet p orbital, occupancy of p-orbital is greater at
conduction band and less at the valence band(&)ighows that the occupancy of the d-orbital os@ir
the valence band, while its occupancy at the cammludand is almost negligible due to which it laas
significant contribution to the band structure. ibhgl properties of the solid such as electricad an
magnetic properties, is contributed due to thehital

B. Band Structure of FePd and Fe3Pd

We deal with the ordered structure of the FePdFrmBd alloys, both have a simple cubic structure with
the space group Pm-3m ( Space group no. 221)[13k1i5he present calculation
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Figure 7: Plot of Energy vs lattice constant for FePd andHAee3
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Figure 8: Band structure of simple cubic FePd and Fe3Pdysdgmmetry axes with reference to the Fermi energy.
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(0]
the lattice constant of FePd for the minimum enesgybtained as 3.0A (5.68 a.u.). Similarly the lattice

[0}
parameter for the lowest energy value ofHeeis found to be 3.56A (6.70 a.u.). The energy
minimization curves for both FePd andsiPeé are shown in Fig. (7). All the further calcutats are done
using these optimized lattice parameters.

The band structure of FePd and Fe3Pd obtainedthierpresent study is shown in the left and righmteha

of Fig. (8). In case of FePd, we found 18 band& wétlence and conduction bands overlapping witlh eac
other, showing FePd has metallic nature. The mimmmalue of energy of valence band is -4.25 eV, and
the maximum value of energy of conduction bandli2 eV, at G point. Similarly, In case ofsPd we
found 36 bands contributing s, p and d orbitalse Thalence and conduction bands also found to be
overlapped with each other showing metallic natafeFesPd alloy. The maximum energy of the
conduction band lies at G point having value 3X%6and minimum energy of valence band at G point
which has a value of -6.72 eV. To know the effextcontribution of individual orbital we have to
analyze density of states.

C. Density of Statesfor Feand Pd
The plots of total density of states and partiaisity of states for s, p and d orbitals calculatsithg
optimized parameters for Fe and Pd are shown tiratef right panel of Fig. (9).
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Figure9: Projected density of states of Fe and Pd widreace to Fermi energy.

From the figure it is found that there is negligildontribution of s band for the magnetization welasr
slight asymmetric nature of p orbital below thenfetevel shows that p contributed less. There eagr
asymmetry in up and down spin of DOS of d orbitaficating that overall magnetic behaviour of Fe is
dominated by d electrons. The vertical dotted &heero represents Fermi energy. The large nuwiber
peaks lies below the Fermi energy and few peakatl@e the Fermi energy in left panel of Fig. (e
peaks in the DOS indicate the large number of statt¢he certain energy level, which can be occlipie
large number of electrons. The magnetic momentdaaned by integrating the difference of density of
states between up and down spin states up to Femsrgy. From the present calculation magnetic
moment of Fe found to be equal @19u, which is 1.35% less than the experimental pR2dbtained

by W. Zhong et al. [16] which shows that Fe is sgly ferromagnetic. Partial density of state plat the
s, p and d orbital of Fe shows that there is aifsigimt difference between the up and down spinsdgn
of state plot of the d-orbital which give rise toet magnetic moment.

In case of Pd, we found up spins and down spinsigeof states are nearly symmetrical with eaclenth
due to which the net magnetic moment of Pd is gemto, hence Pd is non-magnetic in nature. Partial
density of state plot for s and p orbital shows thhas a minimum difference of energy betweerang
down spin hence it does not contributes to the m@ggproperties while in case of d-orbital up amsvd
spin DOS curves are almost symmetrical and themoigny significant differences of energy in the
density of state plot and hence contribution to ritegnetic moment is almost negligible. This support
the arguments given by band structure plot.
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D. Density of states of FePd and Fe3Pd.

We have performed calculation of density of statksrdered binary alloy FePd and Fe3Pd. Fig. (10)
shows the total density of state plot of orderathty alloy FePd. All the up and down spin density o
states of FePd are plotted with reference to theniFenergy at which vertical line at zero in thgufe
represents Fermi energy of the system. Densitytatés on positive side of the vertical axis aneup
spin, and on negative side are for down spin st@fté®Pd. Fig. (10) shows that there is large nurolbe
peaks lies below the Fermi energy and few peakab@ve the Fermi energy for the up spin. The highes
peak of Up spins lies above the Fermi energy Rodn spins lies below the Fermi energy.
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Figure10: Total and Projected density of states of FePd weiterence to Fermi energy.
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The DOS of down spin shows that the curve above-treni energy is almost smooth having no peaks
while below the fermi level it has a large no obke There is a significant differences betweenughe
and down spin DOS in FePd which results in thedarmggnetic moment. From data obtained for density

of states of FePd, the d magnetic moment of FeRdfevand to be 3.< Mg . The density of state plot for s
and p-orbital shows that it has a minimum diffeent energy between up and down spin hence it does
not contributes to the magnetic moment while ther@ significant differences between the up andrdow
spin in the DOS of d-orbitals indicating that magmenoment mostly come from the contribution of d
electrons.

Total density of states of the binary ordered allg3Pd from the experimental work and present
calculation are projected in left and right parfefFig. (11) respectively. From the right panelad. (11)

we found that there is large number of peaks lievbehe Fermi energy and few peaks lie above the
Fermi energy. The highest peaks of up spins as agellown spins are below the Fermi energy. The
significant differences between the up and down siginsity of state in Fe3Pd up to the Fermi energy
gives the magnetic moment which is found to be bgu#&.01 uB .S and P contributions are almost
negligible. In case of up spin density of statet pliod-orbital has large humber of peak lying beliws
Fermi energy and the curve is almost smooth abbgeFermi energy without any peaks. Down spin
density of state plot of d-orbital shows that numiepeaks below the Fermi energy is greater theove

the Fermi energy. Every peaks and nature of theeptecalculation is exactly matches with the
experimental obtained DOS by R. A Stern et alsfgwn in left panel of Fig. (11). The slight diféece

in number of states is due to the effect of appnation used in theory and constrained used to
experimental works like pressure, temperature [etom this we considered that overall that DOS is
dominated by d projected DOS in Fe3Pd and hengsctefame behaviour to magnetic moments.
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Figure11: TDOS (Ref:3) and PDOS (present calculation) @&Hekbwith reference to Fermi energy.

4. Conclusions and concluding remarks

The present work gives the calculation of bandcstime and density of states of elemental solidsiieke

Pd and ordered binary alloy FePd andHeeusing TB-LMTO-ASA approach. In all elementalid® Fe
and Pd along some symmetrical axis we have founé bands with valance and conduction bands
overlapping with each other. This is due to thetgbation of minimal basis set used LMTO. In cade
ordered binary alloys FePd andsPd we have found 18 and 36 bands respectively vatance and
conduction bands overlapping with each other. Bhisws that all the elements and their binary alloys
behave metallic nature.

The band structures and DOS plot show that theitian metals have patrtially filled d-shells aneéithd-
bands extend through the Fermi surface. Since 4b@nds are narrow and contain more levels than free
electron bands, the density of states at the Flenal become very high. The magnetic moment istdue
asymmetric distribution of d bands in the fermidevihe density of states of up and down spind=gr
FePd and F®d are found to be quite asymmetric in nature whalses a net magnetic moment and thus
they are magnetic in nature. While up and down @OBd is symmetric in nature giving a total maganeti
moment nearly zero, due to which it is non-magnieticature.

The magnetic moments for Fe, FePd and Fe3Pd amdfdo be 219u,;, 3494 and 301y,
respectively, which are comparable to experimentalculated value.
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