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ABSTRACT

In this thesis we pursued two goals, first, to improve the performance of the
locally self-consistent multiple scattering, LSMS, method and second, to apply the
method to a system of scientific interest.

The first goal was accomplished by placing an effective medium beyond the range
of atoms usually used to calculate the charge density in the LSMS and by optimizing
the speed of the matrix inversion.

The second goal was reached by performing first-principles local spin density
calculations for models of interdiffused Cu/Py multilayers. Multiplez metastable,
noncollinear magnetic structures that showed a reduced contribution to the sat-
uration magnetization consistent with roughly one "magnetic dead” layer at the
interface were found. The net magnetization obtained by averaging the calculated
metastable magnetic configurations gave the total magnetization as a function of

the permalloy layer thickness in good agreement with the experiment.
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Chapter 1

Introduction

For decades, density functional theory (DFT) of Hohenberg and Kohn [1] has
been used in numerous methods to study electronic properties of many-electron
systems. These authors proved that all features of the electronic structure of a
system in a nondegenerate ground state are completely determined by its electron
density. According to the theory, the total energy of a system is a unique functional
of the electron density, and the correct dgnsity distribution minimizes this functional.
Starting from the energy variational principle of DFT, Kohn and Sham [2] developed
the local density approximation (LDA) to DFT. They proposed an approximate
expression for the energy functional, which contains an expression for the exchange
and correlation energy density at a point r, that depends only on the electron
density at r. The local density approximation to density functional theory (DFT-
LDA) produces a system of self-consistent one-particle Schrédinger equations with
each electron moving in an effective potential consisting of the electrostatic and
exchange-correlation potentials arising from the total electron density.

In order to calculate the physical properties of materials a number of band struc-
ture techniques have been developed. These techniques require only the atomic num-
bers and positions of the atoms in a crystal. They are referred to as first-principles

(abinitio) methods. Several of them are based on the use of multiple-scattering



theory (MST) to solve the one electron Schrodinger equation. MST was introduced
originally by Lord Rayleigh [3] in 1892. It provides a general approach to electronic
structure calculations in solids. We notie that MST has numerous advantages: 1) in
principle, it leads to the exact answer; 2) it can be applied to systems with strong
scattering such as transition metals; 3) taking advantage of the Green’s function
technique, it can be used to calculate physical properties of the solid directly from
the Green’s function; 4) it is readily implemented for the Dirac equation to treat
the relativistic limit; 5) it does not require periodic boundary conditions so that a
wide range of systems can be treated. The one shortcoming of MST seems to be in
the somewhat more difficult implementation for potentials of general shape.

An object of primary interest in multiple-scattering theory is the scattering path
operator T . It carries information about all scattering processes within the solid.
Theoretically, the matrix elements of the scattering path operator can be found by
inverting a matrix, which is infinite in both the R, and L = l,m, where R, is a
set of lattice vectors and L is a combination of the angular and azimuthal quantum
numbers [, m. For periodic systems, 7~ can be recast in a form that is infinite only
in L. In practice, the angular momentum index L is truncated at some maximum
value lpg:. In MST, potential dependent quantities are separated from those that
depend on the geometry of the solid. This separation is very convenient since the
structural quantities can be calculated just once for a given geometry.

In MST the total potential is considered to be the sum of the individual poten-



tials making up a system. The potential of each atom is defined to be zero outside
the unit cell corresponding to that atom. There are no restrictions on the shape of
the individual potentials. However, it is easier to implement MST when the poten-
. tials are of spherical symmetry and do not overlap. The so-called muffin-tin (MT)
approximation method divides atomic cells into two regions: MT and interstitial.
Inside the MT region, the effective potential possesses spherical symmetry, while
outside the MT sphere, interstitial region, the potential is assumed to be constant.
For this kind of potential, the multiple-scattering equations can be solved essentially
exactly. Some researchers make use of a second spherical approximation technique
in MST calculations. In this method, known as the atomic sphere approximation
(ASA), the space is approximated by a collection of spheres centered at the nuclei,
whose volume equals to the volume of the corresponding atomic cell. The multiple-
scattering equations are only approximately correct for overlapping potentials.

MST has been applied to a wide variety of systems. Application of the MST to
the electronic structure in periodic solids by Korringa [4] and later on by Kohn and
Rostoker [5] has led to the KKR band theory method.

The Green’s function approach to MST makes it possible to determine observ-
ables of the solid such as the electronic charge density and the density of states
(DOS) if the Green’s function is known. The analytic properties of the Green’s
function allow the energy integrals to be evaluated on a contour in the upper half of

complex plane. Since the Green’s function demonstrates smooth behavior far from



the real axis, the numerical evaluation of these integrals takes less computational
effort.

In another step, the KKR was combined with the coherent potential approxima-
tion (CPA) [6] method resulting in the KKR-CPA method [7, 8, 9]. The KKR-CPA
has proved to be a very helpful technique for calculating the electronic properties
in substitutionally disordered alloys [10]. The theoretical boundaries are that, as
a single-site theory, the KKR-CPA does not address short ranée order (SRO) and
charge transfer effects. After studying some of these problems certain improvements
have been made [11, 12]. Usually, the KKR-CPA assumes an isomorphous model
of an alloy, in which all of the A and B atoms have the same potentials v4(r) and
vp(r), respectively.

There are numerous problems of great importance that call for calculations in
very large unit cells (supercells) where the number of atoms, N, in the supercell is
of the order of several hundreds and more. In conventional LDA, the time required
to carry out electronic structure calculations diverges as N3. Even making use of
powerful computers, LDA calculations in such systems were not realistic. Taking
adventage of massively parallel processing (MPP) computers and the development
of order-N methods, LDA calculations for large and complex systems became af-
fordable. As follows from its definition, an order-N method is one, in which the
computational effort increases linearly with V.

The locally self-consistent multiple scattering (LSMS) [13, 14] technique was
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developed to study extended and complex systéms. It displays order-N scaling in
the solution of the equations of real space MST on unit cells with periodic boundary
conditions. The problem of solving the LDA equations for an N-atom system is
made tractable by decomposing into N linked locally self-consistent subproblems.

The central point of LSMS technique is based on the observation that a good
approximation to the electron density and the density of states (DOS) on a particular
atom within a large condensed system, and thereby the total energy of that system,
can be obtained by considering only the electronic multiple scattering processes in a
finite spatial region centered at that atom. The cluster of M atoms included in the
region is referred to as the local interaction zone (LIZ) of the atom. Outside the LIZ,
the multiple scattering equations are solved approximately, although the long range
Coulomb interactions are taken into account exactly. Every atom in the system is
considered to be at the center of its own LIZ. This fact can be.used to obtain an
approximation to the electron density and DOS, associated with every atom in the
system. The algorithm is specifically designed for application to MPP architectures
and to networks of computing reéources using virtual parallelism packages such as
Parallel Virtual Machines (PVM). Using this method, detailed study of electronic
and magnetic behavior of alloys has been conducted and excellent agreement with
experiment has been reported in the literature [15, 16].

Recently Abrikosov et al [17, 18] have proposed some extentions to improve the

LSMS method. They developed the locally self-consistent Green’s function method.




In this thesis, we come forward with a different extention, namely, the block diagonal
approach, BDA.

There is a growing realization of the importance of understanding the magnetic
behavior of systems in which the magnetic order is noncollinear [19, 20]. By non-
collinear we mean that the magnetic moments associated with individual sites in the
crystal are not aligned along the same axis of spin quantization. This is in contra-
distinction to the simple cases of ferromagnetic order, in which moments are parallel,
anti-ferromagnetic order, in which different site moments align anti-parallel. Non-
collinear magnetism occurs even in ordered systems with no chemical disorder such
as Cr [21] and MnAu; [22, 23] which exhibit heliomagnetism. In disordered systems
such as substitutionally disordered and amorhphous alloys noncollinear magnetism
is more common [19, 24, 25, 26]. In addition, noncollinear magnetism is a feature
of most magnetic system at finite temperature. Fortunately, MST provides a nat-
ural language for describing the electronic states of such spin canted systems. The
locally self-consistent multiple scattering (LSMS) method can be extended to treat
noncollinear magnetic systems. For example, the LSMS has been used to calcu-
late the magnetic structure of a substitutionally disordered fcc FegsNizs alloy that
indicates the existence of a noncollinear ground state [27].

'The above-mentioned extension of the LSMS technique can help us understand
the magnetic structure of the interfaces in magnetic multilayers. An accurate rep-

resentation of the magnetic structure at interfaces can lead to a much better un-



derstanding of giant magnetoresistance (GMR) effect in these systems. There are
experiments [28, 29, 30, 31] and calculations [32] aimed at elucidating the magnetic
structure of magnetic multilayers.

For some time, the moment as a function of the total amount of magnetic material
deposited in Cu/Permalloy/Cu and Cu/Ni/Cu sandwiches, as well as Ni/Cu and
Permalloy/Cu and other spin valves, has been measured, and the moment found
to be less than expected from the amount of Ni and Fe deposited. In particular,
for nickel thicknesses less than T, (thickness nonferromagnetic) no moment was
observed, but with a further increase in thickness, the moment increased linearly
with a slope given by the bulk magnetization of pﬁre Ni. This showed that a
nonmagnetic region is formed at the interface, and that away from the interface
rela:tively undisturbed ferromagnetic material is present.

The magnetically soft (NiggFeg2) solid solution known as permalloy, Py, is an
extremely important alloy for magnetic device applications because of its extremely
high permeability, its extremely low magnetostriction, and its high anisotropic mag-
netoresistance. It has another interesting attribute that may be important for ap-
plications, namely, it is an extremely good conductor for majority electrons and an
extremely poor one for minority electrons. Py is a leading candidate for the fer-
romagnetic material in spin valves that have possible application in magnetic read
heads, magnetic sensors and nonvolatile magnetic memory. The magnetic moments

in Py are collinear [33], however, there are noncollinear moments near an interface



between Py and Cu [34].

We have used calculations to demonstrate that diffusion at the interface be-
tween Py and Cu resulfs in noncollinear moments [34]. In our calculations multiple
metastable magnetic configurations were found. The agreement between measured
and calculated magnetization for the limited set of solutions obtained gives rise to
a conclusion that the canting of the Fe moments and a reduction of the magnitude
of the Ni moments at the interface is responsible for the measured "magnetically
dead” layers. We also found that placing a small amount of Co at the interface

dramatically increased the collinearity [35].



Chapter 2

Density Functional Theory

In their original paper, Hohenberg and Kohn [1] derived two important theorems.
"The first one is that the electron density p(r) is uniquely determined by the external
potential. By showing that two different external potentials could not lead to the
same charge density, they proved that the reverse is also true, namely that the
external potential is a unique functional of the charge density p(r). Since the ground
state wave function is determined by the external potential, it is also a unique
functional of the charge density, and so is the ground state energy. The second
theorem is that the energy functional assumes its minimum value, the ground state

energy, for the correct ground state density.

2.1 Local Spin Density Approximation

Though exact in principle, the theory as it stands does not bring us any closer to
a solution of the problem of finding the ground state energy or electron density, as
all the information associated with the many-electron problem is contained in the
unknown enéfgy functional. Kohn and Sham [2] developed a method for the treat-
ment of a system of strongly interacting electrons in the presence of nuclei. Their
assumption was that the exchange-correlation energy functional is purely local and

the corrections to the exchange-correlation energy due to nearby inhomogeneities



in the electron density can be neglected. These assumptions lead to the derivation
of a set of single-electron Schrodinger equations, the Kohn-Sham _equations_, with
effective local potenti;als. This method is known as the local density approximation,
LDA. The local spin density approximation, LSDA, is the commonly used extension
of these equations to magnetic systems (see, for instance, Kohn and Vashishta, [36)).

According to the LSDA, the total energy for a system consisting of an arbitrary

number of electrons in magnetic fields B(r) is given by

Elv(x)] = T[p@)] + Ulp(x)] + Bxclv(®)] - [ m(r) - B(r)dr, 1)

and satisfies

SE[v(r)]

) O @)
with the kinetic energy
T = ,ZEC) [ w6 [P dr (3)
and
v(x) = {p(x), m(r)}. (4)

The Coulomb potential is

-2 [yt L Gt o AP = O

and the electronic charge density p(r) is defined as

p(r) = Y o (r) %i(x), (6)

i(occ)
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and the magnetization density m(r) is given by

m(r) = —pp Y oyt (X)9;(r). (7)

i (occ)
Here pp is the Bohr magneton and o is the Pauli spin matrix vector. The 1);(r) are
the solutions of effective single-electron Schrédinger equation. The sums in the last
expressions go over all the occupied states (including states that differ with respect
to spin orientation) of the system with )N, the total number of electrons constrained

by the following condition
N = / p(r) dr. (8)

The effective exchange-correlation energy E;. is given by the local spin density

approximation (LSDA)

Bl [ plr) exv()) i, ©)

where €;(v(r)) is the exchange-correlation energy density in a homogeneous electron
gas of density p(r) and moment m(r). For simplicity, we restrict ourselves here to
the case where both m(r) and B(r) have only one nonvanishing component, say
m.(r) = m(r) and B,(r) = B(r). Taking the functional derivative (Eq. (2)) leads to

the following single-electron Schrédinger (Kohn-Sham) equations
_V2 -+ Vcoul(r) -+ [ch(l') - O'IJB[B(r) - Bxc(r)] ¢io’(r) = €ig ¢io’ (l‘), o==%1 (10)
where

Vcoul(r) = T(r)’ (11)



p(r) = Za: po(t),m(r) = —pp [p41(r) — p-1(r)] (14)

po(r) = 3 W@l (15)

i(occ)

and €;,’s are Lagrange parameters and are viewed as the single-electron energies.

The orbitals 4;,(r) used to construct the electron density in Eqgs. (14) and (15)
are determined by solving the Kohn-Sham equations Eq. (10). The solutions of the
Kohn-Sham equations, in turn, depend on the electron density via the effective
potentials in Eqgs. (11)-(13). To solve for the potential and the charge density, these
equations have to be iterated until the electron density generated by the potential
is identical to that used to construct the potential. This procedure is called the
self-consistent field (SCF) calculation. Self-consistent field calculations are crucial
in the field of electronic structure calculations, and yield measurable quantities such
as the elastic moduli, lattice constants and energies of formation.

Successful investigations of many types of materials as well as calculation of total
energies and magnetic moments within a few percent of the experimental values have
led to the general conviction that the DFT-LSDA is a quantitative theory capable
of calculating total energies and magnetic moments accurately.

We use atomic units throughout this thesis. In atomic units, energy is measured
in Rydbergs, length in Bohr radii, and mass in units of half the electron mass. The

12



effect of this choice of units is to make the replacement /%/2m =1 and €2 = 2.

2.2 Local Density Approximation for Noncollinear Spins

So far we have exploited mathematics of eigenfunctions and eigenvalues to de-
scribe systems under consideration. For sake of compa.c;nass, it would be more
convenient for us to start using Green’s functions. It involves integral equations and
calculations of traces instead of summation.

An essential difference between noncollinear and collinear magnets is the absence
in the noncollinear case of a natural spin quantization axis common for the whole
crystal. Fortunately, close to the i-th atom it is possible to identify a volume, €;,
in which the average magnetic moment points in the same direction over times
long compared to the inter-site hopping time [37]. Accordingly, a unit vector (e;),
that specifies the local moment orientation associated with the i-th site, is defined

through

Jo. Mii(r) dr
= [ M) ] (16)

For the sake of being definite, §2; can be taken as either a muffin-tin or atomic (ASA)
sphere. A general non-collinear local moment state is then specified by a set of local
orientations, {e;} .

For non-collinear systems the Kohn-Sham equations take the form

{IV2 + i - Voss}G(x,1'; ) = 16(r — 1), (17)
b0 =2 [* de G 9fe—m),  (19)
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¥ — 2 ’ p(l") ‘SEzc 2 ‘SEa:c A
Vers = [Vm+e /dr =] + 50() 14+ | Beg + _Jm(r) . (19)

In Eq. 18 jp(r) is the density matrix from which the charge p(r) = Trj(r) and
magnetization m(r) = Tr65(r) can be readily calculated. In these equations O
signifies a matrix in 2 X 2 spin space and "Tr’ denotes a trace over spin, f(e — p) is
the occupation function and B, is the external magnetic field. For a recent review
of LSDA techniques as applied to non-collinear magnetic states see Sandratskii [38] .

It is important to note, even in a muffin-tin (or ASA) model, where 5(r) and V, 5
can be decomposed into a sum of (spherically symmetric) single site contributions
(p(r) = T p(x)wi(r) and Vis(r) = ¥;9%(r)w;(r) where w;(r) is the truncation
function [39] for the Voronoi polyhedron), that the site charge densities, 5(r), and
potentials, #¢(r), are, in general, off diagonal in spin-space when referenced to a
single (global) frame of reference. In the local approximation the spatial variation
in the magnetization direction does not influence the exchange-correlation potential
at a given point in either a muffin-tin or atomic (ASA) sphere. So at any point
we can determine the form of the potential in the local system of this point. For
such a system it is convenient to choose rectangular coordinates with the z axis to
the magnetization direction at the point. In this reference frame j(r) is diagonal on
average and, therefore, one can employ the results of the theory of the ferromagnetic
electron gas (for instance, see [40]) to determine the form of exchange-correlation
potential in Eq. (19). Transformation of the site charge density and potential from

the global coordinates system to the local one can be done by making use of a
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unitary transformation

o a n .| 0, O . Oi 0 .
OO0t =0 | T gt | WO =0, (20)
Opzr Opm 0 Ol
in which O has only up (O%) and down (O}) components. Here, O; can be any site

dependent quantity and the subscripts g and ! refer to global and local frames of

reference. It is also useful to note that, for the single-site potential, Eq.(20) implies
N YR BT R PN S
7= 2(vT+v¢)I+ 2("T v))6 - €;, (21)

where e; is the unit vector defined above in Eq. (16).

'The problem of the self-consistent determination of the density matrix is usually
solved within an iteration process employing one of the modem methods of solving
the Kohn-Sham equation (17) with the effective potential (19). In the next section
we give a very detailed description of one of such methods, namely, the LSMS

technique [14].
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Chapter 3

Multiple Scattering Theory

The multiple scattering theory (MST) has been used extensively in studying
the electron behavior in solids. In the one-electron model, solids can be considered
as an assembly of individual scatterers. Each scatterer is described by a local po-
tential v;(r) which is determined according to the local density functional theory
[1, 2]. Applications of MST to ordered and disordered solids lead to the Korringa-
Kohn-Rostoker(KKR) band theory method [4, 5] and the KKR coherent potential
approximation method [6, 41}, respectively. Compared vﬁth other approaches, MST
has proved to be the most elegant way to the electronic structure calculations. No
restriction is imposed by the theory on the spatial arrangement of the constituent
potentials. It is, however, much easier to implénent the MST wh;a}iv‘:the individual
potentials are boundéd by spheres that do not overlap. In this chapte;, the MST is

briefly reviewed.

3.1 Multiple-scattering equations

In the multiple scattering theory, the ensemble potential V(r) is taken as the

sum over non-overlapping potentials v;(r) centered at each site [10],
N

V(I‘) = z ’Ui(l‘,'), (22)

i=1
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where v;(r;) are assumed to be zero outside a bounding sphere of radius R. The
Green’s function for the crystal, valid for 7' either inside or outside the bounding

sphere, can be written as [42]

G(r, (r');e) = LZL: Z3(r, &) 8 () ZL (') ) — ; Zi(r,)J3(() .9,  (29)

where the functions Z}(r,€) and Ji(r,€) are regular and irregular solutions of the
Schrodinger equation in the ith Wigner-Seitz cell. The superscripts on the elements
of the scattering path operator 777, [43] refer to the cells centered at the lattice sites
R; and R;, and the subscripts are the angular momentum indices. The presence

of of the variable ¢ explicitly indicates the energy dependence of the scattering path

operator. The scattering path operator is obtained from the inverse of the matrix
M=m-g, (24)

i.e., 7= M~. The only non-zero elements of matrix m are diagonal blocks m’
corresponding to ¢ = j. The matrix m is the inverse of the scattering ¢-matrix for
the atom on site 5. For spherically symmetric potentials, elements of m are given
by

miy = (—KcotBi +iK)dLr, (25)
where K = /€. The phase shifts §; are energy dependent and contain all the
scattering information. The elements of g are free electron propagators for s, which

are defined in the real space as

920 (€) = —dmkd 'Y CFL i7" B (k|R: — Rj]) Y20 (Ri — R;)(1 — &;).  (26)
LII
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The matrix elements of diagonal blocks (i = j) are equal to zero. The C;, are the

Gaunt factors given by
Qﬁﬁ=/}QKDYh«D}}GDdQ, (27)

where Yz and hj” are the spherical harmonics and Hankel functions. The Gaunt
factors are equal to zero unless [ + I’ + [" is even, and they also vanish if I >
I'+1 (recall that L = {l,m} ). It is conventional to truncate the angular momentum
expansions at some /.. If there are IV atoms in the crystal, the dimensions of M
are N (lmaz + 1)® X N(lmaz +1)%. The matrix elements TI";’};, are the ¢j, LL' elements
of M~1. Once the Green’s function is determined from Eq. (23), the charge density

and the density of states are calculated from

p(r) = —%_—Im [:o G(r,r,€) de, (28)

and
1
Md——#mAmenda, (29)

respectively. In the above equations, ep is the Fermi energy and €2, is the volume
of the Wigner-Seitz cell.

The electronic structure calculations based on the MST have been simplified
conside_rably by using spherical potential approximations for the constituent po-
tentials. The MT and the ASA methods have been very successful in predicting
physical propertiesl of many materials. Nevertheless, each approach has problems

that limits its applications to certain systems. The long range Coulomb energy is
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calculated with sufficient accuracy within the MT approximation, but the method
runs into difficulties with large charge transfers in alloys. The reason is that the
interstitial charges are averaged over all the cells in the system. As for the ASA,
because of the overlap of the atomic spheres, the assumptions in th;: proof of the
multiple-scattering equations are not valid. In the following section we discuss the

MT energy functionals.

3.2 Muffin-tin approximation

In the muffin-tin approximation, described here for the case of one atom per unit
cell, the electron charge density in each unit cell is replaced by its spherical average
within the inscribed sphere of radius R,; and by a constant charge density p, in

the interstitial region,

me (T ifr < Ry
nie) = om0 - (30)

Po ifr € Qupe
In the above expressions, the MT and interstitial quantities are represented by

subscripts mt and int respectively. The charge neutrality requires
Rm: . 2
pOQint =7 - 47(/0 T p(T) d’l", (31)
where the interstitial volume €2;,; is given by
4 3
Qint = Q'ws - ? (-R4nt) . (32)

The electron charge density is taken to be the same in each of the N unit cells of
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the crystal, therefore, the potential energy term in Eq. (5) takes the following form

Z/WSII_R'n,ld +Z/m/ws p(x)p(r) ldrdr’+

r—r' —

TR

The integrals over the Wigner-Seitz cell can be broken up into integrals over the MT
spheres, within which the charge density is spherically symmetric, and integrals over
the interstitial regions, where the charge density is constant. The Coulomb energy

per unit cell can be expressed as

. Rt 2
ulp] = —87TZ/0 rp(r) dr + 2(4%)2/0 drrp(r / dr' 7' p(r') — -;—C’ (Pogimt)

(34)
In the last expression, a is the lattice constant, and C, which is different for each

crystal lattice, is given by [44]

. Q,?MA 6Qws+49int R4nt 2
¢= Qfm [21ra3 B 5 ( a ) ’ (35)
The constant A is expressed by
(36)

and can be evaluated by the Ewald method [45]. The prime on the sum excludes
the R,, = Oterm.

The one-electron potential in each unit cell is expressed as

v(r) _ 'vcoul(r) + 'Uzc(Pmt(r)) if r S R4nt , (37)

Vo + Vzc(00) ifr € Qint
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where, the potentials v, (r) and vy are calculated by taking the functional deriva-

tive of the Coulomb energy per unit cell,

Ou[pme, po]

Veoul (T) ‘= met (’I‘) ) (38)
and
vy = M, (39)

dpo

The constant potential vo + v5c(py) is known as the MT zero, and the Fermi level
is measured with respect to this quantity.
Using the local density scheme of Kohn and Sham, the exchange-correlation

energy is of the form
Byo= [ p(t)euc(p) dr, (40)

and the kinetic energy term Eq. (3), is calculated from the following

ULEDILEDS /Q w(e) pi(r) dr, (41)

where v(r) is the one-electron potential. The first term is the sum of the one-electron
energies €, of the occupied states.

The local potentials and charge densities are determined from self-consistent
field calculations. An initial guess for the local potenti‘al in the Schrédinger equation
determines the one electron wave function ;(r) , from which the local charge density
is obtained. The charge density is then used to calculate a new potential. This
iterative process continues until the difference between the new and the previous

potential falls within the desired tolerance.
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The MT approximation has been applied to many systems of interest and has
given the total energy and elastic constants for transition metals [46] with reasonable

accuracy.

3.3 The LSMS method

One derives the electric charge density in LSDA calculations from the single-
electron Schrédinger equation Eq. (10). For almost all of the conventional methods,
the CPU time required for matrix manipulation increases as O(N3) for a system of N
atoms. The energy properties of a number of small systems have been treated with
great precision using conventional techniques. Nevertheless, there are important
class_es of problems where it is necessary to treat the interactions between several
hundred or even thousands of atoms. These classes include disordered and amor-
phous alloys, grain boundaries, surface and interface structures, and non-collinear
magnetic structures in metals, alloys, layered systems and so on. It is obvious that
even great accomplishments in the CPU speed can’t handle the codes that scale
like N3 because it will still be too time consuming for some N. The locally self-
consistent multiple-scattering (LSMS) method, in which O(N) scaling is achieved
using the parallel algorithm [47], was developed to treat these very large systems.
It extends the standard reciprocal space band structure algorithm for solving the
LSDA Schrodinger equations to unit cells consisting of hundreds or thousands of

atoms, and is designed specifically for the implementation on massively parallel pro-
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cessors (MPP). The parallel algorithm assigns a compute noJe to each site in the
system to decompose the N-atom problem into N linked sub-problems. Based on
the real space multiple-scattering theory, the LSMS uses the analytic properties of
the single particle Green’s function and the stationary properties of a LDA free
energy functional [48], and approximates the electron density and the density of
states (DOS) on each site by considering the scattering processes in a cluster of M
atoms within a finite spatial region. The charge density for the entire system can
be found for all sites in the system. Since calculations of the single-site quantities
can be assigned to each node, and each node requires the inversion of a matrix of
dimension (lyqz + 1)? M the overall scaling is proportional to M3 N .

The LSMS has been applied to the calculation of the total energy of disordered
alloys, which resulted in the excellent agreement with experimental measurements.’
The exteﬁsion of the LSMS method to treat noncollinear magnetic systems has given
rise to some results for the magnetic structure of a substitutionally disordered fcc
FegsNigs alloy that indicates the existence of a noncollinear ground state [27]. Also,
the above-mentioned extension has helped to find noncollinear moments near an
interface between Py and Cu [34].

The LSMS algorithm and its implementation on the parallel supercomputers are

discussed in the following subsections.
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3.4 Algorithm

It is well-known that the quantity of interest in the LDA is the electronic charge
density p(r). By noting that the total energy is stationary with respect to variations
in p(r), LDA calculations for large systems are greatly simplified in the LSMS
procedure. It leads to the possibility to make use of an approximation to the exact
charge density without producing a large error in the total energy of the system.

The center point of the LSMS method is to consider the electronic multiple
scattering processes only in a finite spatial region centered at each site. The cluster
of M atoms included in the region is referred to as the local interaction zone (LIZ)
of the atom. Within each LIZ, the Schridinger equation (10) is solved to obtain
the electronic charge density and the density of states (DOS) on the central atom.
Outside the LIZ, the atoms are replaced by a constant background potential. Every
atom in the system is taken to be at the center of its own LIZ. This fact is exploited
in the LSMS to obtain an approximation to the electron density g%, and DOS 7, (€)
associated with every atom in the system (i =1,2,...,N).

According to the above algorithm, the electronic structure problem can be re-
duced to that of calculating the single particle Green’s function at the central site
of a finite size cluster. For a LIZ of M atoms, the scattering path matrix T [43] in

real space is given by
({8 6) = (53 (€} ©) — g6, 8)] (42)

where the symbol {£}; denotes the configuration of atoms within the LIZ of atom
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¢, and € is the single-electron energy parameter. The real space structure constant,
G344(3,€) , is composed of a M X M array of free-particle propagator subblocks g3 (€)
that connects sites jand k. The ¢-matrix, T4,({¢}:, €) , has M non-zero subblocks
on the diagonal, each of which corresponds to a single-site scattering mafrix t7,
where j,k = 1,2,..., M. The spin-dependent electronic charge density on the ith
atom can be found from the imaginary part of the one-electron Green’s function

(Eq. (23)) as follows

pi(T) = -}rlm /_ : de f(e — p) {Zzi’i(r, )l ({€} i 20 (x,€) —

L

LY 2, U, e)}. (43)
L

Everywhere above the symbol s stands for spin. Given the electron density for each

spin channel, the magnetic spin moment, u;, can be calculated using

w= [ dlolie) - i@}, (44

where QF is the atomic cell volume of site i. Once the p*(r), the charge density
associated with the site 7 is known, one can determine the total charge density p(r)

by adding up contributions from each site in the system,

pr) =3 p*(r). (45)

The LSDA one-electron potential to be used for the next SCF iteration is then recon-
structed, which involves solving Poisson’s equation, with an appropriate boundary

condition on the large cell boundary, for a total electric density made up of a sum
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of the single site densities. The ground state total energy is obtained from

Ep®) = [ en(e,olo@)]) £ - u)de — [ polp(e)] dr +Ulo(e)] + Eaclo(z)] -
_ / m(r) - B(r)dr, (46)

where f(e — p) is Fermi function, 4 the chemical potential determined from N the

number of electrons in the system

N=[ px)r, (47)

and U[p(r)] and E;[v(r)] are the Coulomb and exchange-correlation energies, v(r)
is defined previously in Eq. (4).

The above method is highly scalable on parallel supercomputers, since the task
of calculating the 7 -matrix, the electron density, and the DOS on each site can be
assigned to a compute node. In calculating the matrix elements of 7", each node
is required to invert a matrix of dimension (/j,; + 1)2M . Since M the number
of atoms in the LIZ is independent of the system size N, the overall scaling is of
order-N. Compared to the reciprocal space KKR method that inverts a matrix of
dimension (/;,z+1)? X N at a sufficient number of k-points to converge necessary BZ
integrations, order-N scaling of the LSMS method is a clear advantage for M < N.
It ought to be noted that the LSMS has the same range of applications as the KKR

band theory method for the treatment of ordered solids.
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3.5 Extension to Noncollinear Magnetic Systems

Assuming that the exchange field orientation is sufficiently constant over some
volume surrounding each atomic site, it is possible to define for each atom a local,
site dependent, frame of reference in which the iocal magnetic field aligns in the
local "up” or "down” direction e. In this local frame, conventional techniques for
calculating the scattering matrix for a single site can be applied. Since each site
has its own local frame, unitary transformations are necessary in order to construct
the scattering path matrix required when calculating the Green’s function. In the

vicinity of site ¢, the Green’s function is given by

Gu({&,e}ir,€) = 3 Zi(x, ©)ltu({6, e}, iy Z(r, 6)—21; Zi(r,€)Ji(r.€), (48)

LI
where 7a7({£,e}:,€) is the scattering path matrix for a M-atom LIZ centered on
atom i, € is the one-electron energy parameter, and {¢, e}, represents a chemical
and exchange field configuration of the LIZ. The functions, Zi(r,e) and Ji(r,¢),
are regular and irregular solutions of the Schrédinger equation (17) for the local
potential. Note that in the above expressions the Green’s function is a 2 X 2 matrix

in spin space (denoted by “) due to noncollinear magnetic interactions.
Given the Green’s function in either the local or the global frame, the electron

density and the magnetic moment density can be found by using

#e) =1t Ts | [7 Gulle ehor, ) fle- ke | (49)
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and
i 1 *® é N
wi) = 21T | [ Gulleehomdosle-ae|, @
where ¢ is the Fermi energy and each component of the vector & correponds to a
Pauli matrix. The new local exchange field orientation €' for each site is determined
by

el = /E _drm¥(r)/ . (51)

/}: | drm’(r)

As the LDA SCF iterations proceed, € will rotate in order to minimize the total
energy. Thus we can visualize a noncollinear magnetic structure in which the orienta-
tions of the local moments vary from site to site. In calculating the matrix elements
of T, each node is required to invert a matrix of dimension 2(lpez + 1)2M twice as

large compared to a collinear system.

3.6 Parallel implementation

The LSMS technique has been implemented on the Intel MP Paragon XP/S
systems. The mapping of the LSMS algorithm onto a MPP platform for a one atom
per node case is discussed next.

Let us consider the ith atom of an N-atom system. An initial guess for the
potential and electron density at site ¢ and the positions of all the atoms are fed
to the ith node. Each node determines all the nodes within its own LIZ. It then
calculates the -matrix (¢*) corresponding to the potential at site i. It receives the ¢-

matrices from other nodes and sends its own t-matrix to the nodes for which it is one
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of the atoms in the remote node’s LIZ. The ith node now has sufficient information
to calculate the real space 7 p({{}:,€) matrix Eq.(42),and the gi;(r) Eq.(43).
After this procedure is executed by all the nodes, the total electron density can be
determined from Eq. (45), and the potential for the next iteration can be constructed.
Tlﬁs process is repeated to self-consistency. A schematic representation of the above
procedure is provided in Fig. 1.

The convergence properties of the LSMS as a function of LIZ size are among the

main topics of the next section.

29







Chapter 4

Energy Convergence of LSDA Calculations using
the Locally Self-consistent Multiple Scattering

Method

In the study of solid solutions, amorphous metals, defected crystals, and other
complex structures it is often useful to perform first principles local density calcu-
lations of the same sort that are routinely carried out for small unit cell ordered
crystals. However, for complex structures hundreds or thousands of atoms will be
required to adequately represent the structure. Unfortunately, the number of opera-
tions required by standard techniques increases as the third power of the number of
atoms, N. This problem is overcome by the locally self-consistent multiple scatering
method, LSMS, which can solve the Kohn-Sham equations associated with a cell,
containing N atoms in a number of operations that grows linearly with N. This is
accomplished by using multiple scattering theory to calculate the charge density
on each particular atom with the approximation that there is no scattering from
atoms outside a limited set of surrounding atoms. The set is referred to as the local
interaction zone, LIZ of the atom. The potential is taken to be constant beyond
the LIZ. The critical parameter that determines the accuracy of the solution is the

number of atoms, M, in the LIZ. For many applications, M can be as small as a few
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tens of atoms, for others a few hundred may be required. Because the number of

operations increases as M? it is desirable to keep M small.

One way to accelerate convergence in M is to replace the constant potential
beyond the LIZ with a medium that provides a more realistic description of - the
scattering from the remainder of the system. The locally self-consistent Green’s
function method, LSGF, recently developed by Abrikosov et al[17], embeds the LIZ
in a coherent potential medium [6].

The coherent potential approximation, CPA, is a mean field theory for configura-
tion averaged quantities in random solid solutions. In the CPA, an initially random
alloy is replaced with an ordered lattice of effective scatterers, thus restoring the
ideal periodicity of the problem. The properties of effective scatterers are deter-
mined self-consistently from the condition that the individual atoms of the alloy,
when substituted into the effective medium as impurities, do not scatter electrons
on average. The method gives in general a satisfactory description of random alloy
properties, including Fermi surface effects. However, as a result of the single-site
approximation in CPA, most real space aspects (local environment, short-range or-
der effects and so on) are lost. Nevertheless, the CPA effective medium seems to
represent the alloy properties rather satisfactory on the average.

There are several possible selections for the surrounding CPA medium, for ex-
ample, the single-site scattering matrices could be taken from a totally independent

self-consistent CPA calculation. However, the authors of the LSGF adopted the pro-
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cedure of computing the CPA medium using a number of components equal to the
number of atoms in the large unit cell used for the LSMS. At each LSMS iteration,
the medium is recalculated. For example, a 64 atom cell might be used to model a
fcc binary random alloy; in such a case a 64 component fcc CPA calculation would
be used to determine the medium. Each atom in the cell would be considered a
component with concentration & .

With the LSGF, energies of mixing of solid solutions are converged to tenths
of mRy with LIZs of only one or two atomic shells. This rapid convergence can
be attributed to the fact that the CPA does an excellent job of representing the
scé.ttering in random alloys. The LSGF provides a convenient way to include the
influence of short range order and charge transfer on alloy stability. However, it does
not perform as well in the calculation of energies of formation of ordered compounds.
This weakness indicates that its performace should be closely monitored for systems,
not necessarily ordered, that differ significantly from random solid solutions. This is
not surprising; the CPA is not expected to provide such a good representation of the
scattering of systems other than solid solutions. Furthermore, there are situations
such as amorphous materials, solid solutions with displacement short range order,
and surfaces where it is not feasible to embed the LIZ in a CPA medium of a simple
ordered lattice.

We propose an alternative approach, the block diagonal approach, BDA, in which

the LIZ be surrounded by an additional set of atoms, which we refer to as the sur-
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rounding LIZ, SLIZ. This approach is straightforwardly applicable to all structures.
In the BDA, all scattering paths that traverse atoms only within the LIZ are in-
cluded in determining the electron density of the central atom. All scattering paths
between the LIZ and SLIZ are also included. However, some paths between atoms
in the SLIZ are excluded. By excluding certain catagories of scattering paths we
can reduce a large part of the KKR matrix to block diagonal form. A matrix of this
form can be inverted much faster and requires much less memory. This is accom-
plished by dividing the SLIZ into several zones; all scattering paths that cross from
one zone to another are excluded. There are many possible ways to select the LIZ,
SLIZ, and zones within the SLIZ. We have chosen a simple procedure. All atoms
inside a sphere of radius ryyz are in the LIZ . All atoms outside the LIZ and within
a sphere of radius rgpyz are in the SLIZ. Rays a;re defined that emanate from the
central atom and pass through the corners of a regular polyhedron. For 4, 6, or 8
zones a tetrahedron, octahedron, or cube are used, respectively. An atom belongs to
the zone, associated with the ray to which it is closest. There is freedom in choosing
the orientation of the polyhedron. We pick orientations that balance the number of

atoms in each zone for each shell of atoms.

4.1 The block diagonal approach

In this section we will discuss the BDA in more detail and give examples of its

application with comparison to other calculations. The three logical comparisons

34



would be to exact results, the LSGF, and the standard LSMS unsupplemented with

an embedding medium. This is what we have done but with a few caveats. In
the LSMS, exact results for a muffin-tin Hamiltonian are approached as the LIZ
size goes to infinity. We assume that exact results are well represented by taking a
very large LIZ (more than 200 atoms). Futhermore, we have avoided the work of
developing a LSGF code by using the average -matrix approximation instead of the
more complicated CPA for the embedding medium. We refer to this method as the
ATA-LSGF.

In the region beyond the LIZ each scatterer is replaced by the average t-matrix
where the average is over all the sites in the unit cell. This differs from the LSGF
method only in that the average t-matrix, ¢ 474, is used instead of the CPA ¢-matrix.
The two are expected to give very similar results in the examples described here.
A complete discussion of the averaged t-matrix approximation had been given by
Beeby [49]. Once all scatterers outside the LIZ have been given identical ¢-matrices,
the multiple scattering problem becomes one of a periodic array of scattering centers
with a localized defect cluster. The scattering path operator for the periodic system,
TaT4, can be calculated using conventional k-space” methods. This path operator
can then be used to calculate the site diagonal scattering path operator for the

system with the localized defect [50] according to the equation:
T=[t" — thy + Tapal (52)

Our intent at the time of this work is not to implement a production version of the
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ATA-LSGF but to use it as a gauge of the accuracy of the BDA. For this purpose
we found it pragmatic to simply define a very large region around each atom (we
will refer to it as ATA-LIZ) that consists of the true atomic scatterers of ﬁumber M
inside the LIZ and all other sites out to a very large distance (the ATA-LIZ) having
tara assigned to them. This is an inefficient manner to implement the ATA-LSGF
but it is fine for our testing purposes as long as the ATA-LIZ is large enough to
approach convergence. From previous work comparing the ATA to the CPA and
from published results of Abrikosov et al [17, 18] that compare the ATA-LSGF and
LSGF, we are confident that for the materials studied here comparison to the ATA-
LSGF, implemented as described above, provides us with an adequate comparison
to the LSGF.

In the BDA only a small region, the exact LIZ, ELIZ, around the central atom (a
few shells of neighbours) is treated exactly, while an outer surrounding region, SLIZ,
is divided into n blocks and the direct scattering effects between atoms in different
blocks are completely neglected. All scattering effects between the ELIZ and SLIZ
are included. This procedure leads to a great number of zero off-diagonal subblocks
in the matrix 1 — T57 ({€}i;€)Gum(i;€). The next step is to rewrite this matrix in
block-diagonal form so that we can easily take advantage of its sparse form. The
block-diagonalization can be achieved by a proper relabeling atoms in the SLIZ,
which leads to the row and column intercha.ng%.in the matrix. Recall that for each

atom a large inverse is being performed but that only the elements of the inverse
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that are diagonal in the atom index of the atom at the center of the LIZ are needed
to construct its charge density. If we require only part of the inverse of a matrix,
which we can take to be its upper left corner subblock elements corresponding, for

example, to the cental atom or the ELIZ we can exploit the general relation:

-1

] = || M M = M1 ~ MMz M| (53)

1m-
My My
11
We see that the elements of interest can also be found as a result of inversion of
a much smaller matrix. In the BDA, we take M,; to be the ELIZ so that we can
take advantage of the special block diagonal form of M,,. Because we neglect all
scattering between the 7 regions on the SLIZ, each region contributes only a diagonal

block A; to My, and all off-diagonal blocks are zero. Therefore, My, has a completely

block-diagonal form that can be inverted rapidly.

A O

0 A

A,; O

\ o A
A;, A, -+, A, are square matrices. In the BDA the term, —Mjo My, Ma; , is the
embeding medium into which the ELIZ, M;; , is embedded. In this way the main

goals of BDA are acheived. We can make use of a medium based on very many
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surrounding atoms because of the efficiency of the inversion for block diagonal ma-

trices.

If one attempted to perform by brute force a standard LSMS including as many
atoms one would run into limitations of computer time and memory. There are
three advantages of the BDA compared to the conventional LSMS with a very large

LIZ. The time required for calculating of inverted elements in the M, is given by

aourNZ, + n(ary(Ft)d + gy N (Meut)2 + oy N7, Noue ),
Tgps =

ary NG, + n(oy(82)? + 0y Nin (M252)? + i N2, Heut),

where Nj, and N,y are the sizes of square matrices M;; and Mao, respectively; n is
the number of blocks M,, is divided into, a;gar and ary are numeric coefficients of
QMR and LU matrix inversion methods, ayp, and oy are numeric coefficients for
substitution and multiplication subroutines. On the other hand, the conventional

LSMS spends for finding the same elements the time period

T agmr(Nin + Now)?,

aLU(Mn + Naut)a-

Therefore, the first achievement of the BDA is to decrease the computation time
by an order of magnitude in typical situations (see Figure (2)). Secondly, there are
additional time savings, because there is no need to calculate subblocks that are
going to be zeroed. Thirdly, the BDA requires much less memory.

In the BDA, even after one applies the relation (53) to the inversion of matrix M,
the resulting matrix M, — Mis Mz My, can still recjuire significant time to invert.
We can reduce this time by repeated application of relation (53) dividing M;; into
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Figure 2: Time required for the inversion.

39



3 or 4 partitions. This simple innovation yields at least 30% speed-up in LSMS or

BDA calculations. Let M, be this small block and M»; be divided into n subblocks.
Then the relation (53) is exploited n times until the new matrix of the same size as
M;; . At this point, the only step left is to invert that newly calculated matrix. As
can be seen from Figures (3) and (4), the above-described process is optimized if
n=3orn=4.

The path operators in MST can be analytically continued to complex energy. It
can be shown that they are analytic in the upper half of the complex energy plane.
This property is maintained in the LSMS, because the path operator includes all
scattering from a perfectly reasonable cluster of atomic scatterers. However, the path
operator in the BDA although based on a similar but typically larger cluster does not
include some scattering paths. It is well known, from attempts to construct effective
scattering theories for disordered systems, that selectively excluding scattering paths
can result in non-analytic behavior and negative densities of states. One of the
important features of the CPA is that it is guaranteed to have the appropriate
analytic behavior and positive density of states. For the BDA, there are no such
guarantees. Some comfort can be taken in the fact that as the ELIZ is made larger
proper analytic behavior must be approached as the size of the SLIZ goes to zero.
For large ELIZ we can assume that the poles of the path opperator are not far from
their limiting positions. Even in this case, it would be unwise to rely on results for

energies near the real axis where a pole may be spuriously displaced into the positive

40



. . g "

X * 1. I : RIS - gt

§ -~ e RS

. ) \WLH«CT w.
: o o
% E RS

e P =
H w25 o~
{ =t -
| et B i b=
. RN 5 ,.:-mm.mb. Ty w&ﬁw ..olb.

m :
L ]
o A
. m
: :
: . Q
: ; = ,
: m =
S 44 N ﬁ.m
-

. \ m
| g
, .m
. PR -]
: e Gdas . T g
m e m |
g |
H A U .m ;
H : =

i : 3

g ; 5

el TOU] UQIS) L







half plane by the BDA. Fortunately, in almost all cases calculations can be avoided
near the real axis where troublesome behavior may occur.

In practice, the quantity calculated in the LSMS is the diagonal part of the Green
function at a set of complex energies, {z;}. For calculations at zero temperature the
z; are points of a contour integration mesh that begins‘ on the real axis below the
bottom of the valence band and ends on the real axis at the Fermi energy. At
finite temperature, T, the z; may include both points on a contour of integration
and poles of the occupation function. There are many possible choices for z;; for
us, the important distinction between finite and zero temperature is that, at finite
temperature, none of the z; needs to be near the real axis. The imaginary part of 2;
can always be greater than 7 KgT'.

Let us demonstrate the behavior of the poles in the BDA for the one-dimensional

model of é-function potentials, namely,
V(z) =->_ A(z — na). (54)

In this simple model results can be obtained analytically. For example, if the ELIZ
is chosen to be only the central site and the LIZ has in addition only the two
neighboring sites, the site diagonal scattering path operator on the central site has

poles at:

E, = —2(3 +2v2)\? (55)

and

Ey = -}1(3 —2v2))2, (56)
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These poles are not located in the upper half plane so that the proper analytic

behavior is maintained for this example. The BDA poles can be compared to the

conventional LSMS using a three site LIZ. The LSMS poles are:

Ey=-X (57)
and
)2
E, = - (58)

They don’t lie in the upper part of complex plane as was guaranteed.

We have performed many self-consistent calculations with the BDA and have
not observed any anomalous behavior that we might associate with non-analitic
behavior. In an especially difficult case, namely, pure Ni, these calculations have
been performed at finite temperature in order to avoid energies near the real axis.
Our view based on eiperiencw with calculations at both zero and finite temperature
is that typical energy integration contours will not be adversely affected provided

adequately large ELIZs are used.

4.2 Results

Recall that our plan is to compare the BDA with exact results, the LSGF, and
the LSMS with the caveats discussed above. Our first example is Cu-Zn which has
been a proving ground for theories of substitutional disorder. It is known that the

CPA works very well for this system. We have modeled the Cu-Zn alloy with the
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lattice constant a= 6.90 a.u. by a supercell of 4 atoms on a fcc underlying lattice at

a concentration of 1. The sites were occupied according to the L1, structure which
is the quasi-random structure for the 4 atom case on this lattice at this stoiciometry.
It has the same first nearest neighbor coordination as the random alloy.

Firstly, we obtained what we consider essentially exact results by using a large
loca.l. interaction zone of 201 atoms (ten shells). Secondly, the BDA was applied
for a series of successively larger ELIZs. In all of these BDA calculations the total
LIZ was taken to contain 201 atoms. Observe that as the LIZ increases convergence
to the "exact” result is guaranteed and, therefore, the ultimate convergence should
not be used as a measure of the merit of the BDA. Thirdly, the ATA-LSGF was
computed using a series of successively larger LIZs; the atoms beyond the LIZ but
within the 201 nearest atoms were replaced by ATA single-site -matrices. Again,
ultimate convergence is guaranteed. Finally, the standard LSMS was applied for a
series of successively larger LIZs. Once again, convergence is guaranteed. In all cases
the calculations were self-consistent muffin-tin calculations. The convergence with
respect to. the. size of the ELIZ or LIZ has been studied within three techniques,
namely, the BDA, ATA-LSGF, and conventional LSMS. In Fig.5 we present the
total energies of the ordered fcc Cu-Zn alloy as a function of ELIZ for the BDA and
LIZ size for the ATA-LSGF and LSMS. One can easily see that while the LSMS
converges very slowly with respect to the size of LIZ, the ATA-LSGF and BDA

converge much faster with about the same accuracy of less than 0.1 mRy beginning
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with the second shell (19 atoms). For the same level of energy convergence, the BDA

consumes much less CPU time than the LSMS and has a CPU consumption similar
to that of an efficiently implemented ATA-LSGF or standard CPA based LSGF.

Next we discuss the case of ordered bee NiAl alloy with a= 5.45a.u., which
has been modeled by a supercell of two atoms. We performed the same sets of
calculations as for Cu-Zn but we took the "exact” result to be achieved with an
LIZ equal to 229 atoms(twelve shells) for all energy poiﬁts. Again, a somewhat slow
convergence of conventional LSMS with LIZ size can be seen in Fig.6. At the same
time, the BDA converges much better than the ATA-LSGF. In fact, it does not
become clear that the ATA-LSGF converges at all until we have obtained results
for more than 8 shells. We note that NiAl is hard to converge at zero temperature
because of somewhat steep profile of its density of states near the Fermi level.

A more difficult test case is provided by bece Mo for which the chemical potential
falls in the middle of the d-band complex. The lattice constant for this metal
a= 5.80a.u. We made the total size of the LIZ, which defines our ”exact” result,
be equal to 259 atoms (13 shells) for all energy points. One can see in Fig. 7 that
the conventional LSMS converges very unacceptable at zero temperature. It shows
a new peak in the total energy when the LIZ includes 8 shells. This peak was
not detected earlier in [14] because they mistakenly assumed near convergence at
a smaller LIZ. To the contrary, the BDA does an eJ;cellent job for this material.

It converges pretty fast without having sharp peaks. Because there is only one
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component, the ATA-LSGF is exactly equal to the LSMS result for an LIZ of 259
atorms.

To test the BDA for pure fcc Ni, which has a density of states that decreases
most abruptly near Fermi level at zero temperature, we take advantage of the finite
temperature, T', Harris-Foulkes-like [51, 52] free energy functional, Fy, developed
by Nicholson et al [48]. This functional is stationary with respect to the occupation
function f(e — p) and T, as well as to all of parameters that specify it. The former
property allows us to use the approximate conduction band Fermi function of Nichol-
son et al [48] to enable the efficient calculation of Fy(T) at large fictitious electron
temperatures, whilst the latter allows the Fy(T') calculated at these temperatures
to be extrapolated back to T' = 0°K , thereby permitting the ground state energy to
be evaluated. Thus we can compare the results of three different methods, namely,
the conventional LSMS and the DLM (disordered local moments)-LSGF-ATA and
the BDA, for the total free energy of Ni with the lattice constant a= 6.65a.u. in
Fig.8. The size of the LIZ that defines the ”exact” result was chosen to be equal
to 135 atoms (7 shells) for all energy points. It is clear that the BDA converges
to an accuracy of better than 0.1 mRy with only two shells included, while the
DLM-LSGF-ATA demonstrates signs of lack of convergence even after six or seven
shells are includec"L This can be explained if one compares the embedding medium
in these two techniques with respect to the presence of magnetic moments at their

sites. While all sites in the BDA SLIZ have nonzero moments aligned ferromag-
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Figure 8: Total energy of fcc Ni(a= 6.65a.u.) as a function of ELIZ size at T = 1000° K.
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netically with the moments in the ELIZ, the ones with the DLM-LSGF-ATA have

no moment on average. The iteration processes for the DLM-LSGF-ATA and BDA
methods cannot also be converged at zero temperature. The conventional LSMS -
iterations converge at zero temperature. However, the LSMS converges with respect
to the size of the LIZ only with seven or more shells included as can be seen in
Fig.8.

From the point of view of the conventional LSMS, the magnetic moment at an
atomic site has nonzero value with at least four shells included, as shown in Fig. 9.
To the contrary, in the DLM-LSGF-ATA and BDA methods the very first shell
is enough for that. As one can see, the latter converges better than the former.
Of course, the conventional LSMS iterations converge even at zero temperature.
However, its convergence with respect to the size of the LIZ is even worse than at
T = 1000° K. The Fermi energy calculated in four different approaches is shown in
Fig.10. The total size of the ELIZ and SLIZ was the same in last two Figures as in

Fig.8.
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Chapter 5

Application to CuPy Interface

Recently there has been great interest in the transport properties of magnetic
materials which are inhomogeneous on the scale of the electronic mean free path.
This interest has arisen because of the discovery of a new form of magnetoresistance
called giant mé.gnetoresista.nce (GMR). GMR is a change (usually a pronounced
decrease) in the electrical resistance of an inhomogeneous system that is observed
when an applied magnetic field causes an alignment of the magnetic moments in
different parts of the material. GMR has been observed in several geometries. It
was first observed in artificially layered systems [53, 54]. Later, it was observed in
systems consisting of magnetic inclusions in a non-magnetic matrix [55, 56]. It has
also been recognized that numerous antiferromagnetic compounds exist in a natural
layered structure and show a large decrease in resistivity (GMR) in the presence of
a magnetic field strong enough to align their moments [57, 58] .

GMR is generally considered to arise from spin-dependent scattering, that is,
electrons of one spin are believed to be scattered more strongly than those of the
other. Consider, for example, a hypothetical layered system consisting of layers of
ferromagnetic metal, F, alternating with layers of normal metal N, and with current
flowing perpendicular to the layers. Suppose, further that the majority spin elec-

trons are hardly scattered in the ferromagnetic material whereas the minority spin
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electrons are very strongly scattered. Suppose further that the potentials seen by
the majority electrons hardly differ between the F and N layers while the atomic
potentials seen by the minority spin electrons in the F and N layers are quite differ-
ent. We would expect that such a system would show a much larger conductivity
when the F layers are aligned parallel than when neighboring F layers are aligned
antiparallel because in the case of parallel alignment the majority spin electrons
experience an effective short-curcuit [59] .

A giant magneto-resistance (GMR) spin valve consists of two ferromagnetic layers
separated by a thin layer of nonmagnetic metal. These three layers are mounted
on an antiferromagnetic substrate that pins the moment direction in the adjacent
ferromagnetic layer. There can be a large change in the electrical resistivity when
an external magnetic field flips the orientation of the magnetization of the free layer
relative to the pinned layer.

Spin valves have possible application in magnetic read heads, magnetic sensors,
and non-volatile magnetic memory. The magnetically soft NiggFeg.o solid solution
known as permalloy, Py, is a leading candidate for the ferromagnetic material. Cu or
Cu alloys are common choices for the non-magnetic layer. The GMR ratio depends
not only on the choice of materials for the layers but also on their thickness and
on the details of the interfaces between them. For example, it has been observed
that the placement of less than a monolayer of Co at the ferromagnet-metal layer

interface significantly improves the GMR ratio in Py/Cu/Py spin valves [28].
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The importance of the interface is also evident in the reduction of GMR ra-
tios caused by annealing [28]. This reduction is usually ascribed to anneal induced
interdiffusion at the interfaces. Also associated with interdiffusion are so called mag-
netically dead layers that occur when a thin magnetic layer is sandwiched between
nonmagnetic layers. It is observed that there is a minimum number of atomic planes
of magnetic material below which the magnetic planes have no magnetization[28].
Above this minimum number of atomic planes the moment increases linearly with
the number of planes and the increase per plane is equal to the magnetization as-
sociated with a plane in the bulk magnetic material. It is known that magnetically
dead layers are very detrimental to GMR. It is therefore important to understand

this phenomenon and search for ways to avoid its occurrence.

5.1 Model Construction

Ni differs from Fe and Co in that it loses its moment as a substitutional impurity
in Cu. At low temperature, the solid solution moment per atom is observed both
experimentally [60, 61, 62] and theoretically [63] to decrease from its value of 0.6u5
in pure Ni at about 0.1up per atomic fraction Cu. This decrease is due both to
the dilution of Ni by Cu and to the decrease of the Ni moment, which vanishes at
around 60% Cu. At room temperature the moment decreases faster, disappearing
at about 30% Cu.

Let us study a model [64] in which Cu atoms migrate into the magnetic layer,
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where they reduce the surrounding moments. To model interfaces with different

amounts of intermixing, and to make connection to the annealing data, we consider
initially abrupt interfaces that we allow to interdiffuse for increasing amounts of
time, resulting in more intermixing. For Ni/Cu, the atoms are of similar size, and
the equilibrium phase above 322°C is a slightly clustering solid solution. Therefore,
it is reasonable to assume that hopping probabilities are almost species independent.
Thus, the concentration on a layer should obey a one-dimensional diffusion equation
of the form
dc

1
i op[—ck + E(Ck—l + k1)), (59)

where ¢y, is the concentration of Cu on the kth atomic plane and op is the number of
out of plane jumps per second per site. This equation is easily solved in terms of the
dimensionless time, opt, for an initially perfect periodic multilayer consisting of nc,
planes of Cu followed by ny; planes of Ni. Unfortunately, op is not available, and
since the experimental deposition and annealing includes several successive temper-
atures, the mapping frgm T to t is not even linear. However, the mapping should be
independent of ncy and ny;. This allows us to qualitatively compare our calculated
loss in moment and interfacial width with those obtained from magnetometry and
x-ray reflectance [65].

The underlying concentration profiles are evolved from ny; perfect [111] atomic
planes of Ni embedded in Cu. As 7 increases, mixing occurs and the concentration

profile evolves. To obtain a rough picture of the dependence of the moment on the
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thickness of the Ni layer we approximate the moment on a Ni atom by the average
Ni moment in a random alloy, with the same average number of Ni nearest neighbors
as the Ni atom under consideration. With this assumption, the total moment can
be determined as a function of intermixing, calculated from Eq. (59) for different
numbers of Ni planes. In Fig.11, we represent the total moment per unit cell of a
multilayer consisting of 25 Cu planes followed by ny; planes calculated as a function
of 7 using the room temperature data for the moment as a function of concentration.

Armed with the moment as a function of 7 we can fix the value of 7 by requiring
that the number of magnetically dead layers agrees with the experiment. Gurney et
al. [29] found that at room temperature Cu/Ni/Cu has 5 magnetically dead layers;
this fixed the only parameter in the simple diffusion model which then becomes
applicable for any number of Ni atomic layers.

These results show that, depending on 7(i.e., intermixing), when only a few Ni
layers are present, there is no moment, but as Ni layers are added, a point is reached
when the moment appears; the moment then increases almost linearly. In Fig.12,
the diffusion model’s net moment versus the number of Ni layers is plotted for 7 = 5,
along with room temperature measurements. The value, 7 = 5, was chosen to give
the best agreement with the measurements.

A system of greater pra.étical importance is Cu/Py/Cu because it contains inter-
faces of the type actually used in GMR devices. Above we have described a model for

Ni/Cu'interfaces that relies on one parameter 7 that describes the effective number
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to 20 at the top.
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Figure 12: Magnetization (expressed in terms of an equivalent number of planes with
bulk moments) versus number of planes deposited. Calculated and experimental results

are shown for Cu/Ni/Cu sandwiches.
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of atomic hops that take place while the interface is formed. For Cu/Py interfaces
formed under similar conditions we can hope that the same value of the parameter
7 will describe the interdiffusion. This can be expected to work because of the sim-
ilarity in size and interactions between Fe, Ni and Cu. We, therefore, assumed that
Cu, Ni and Fe have similar diffusion constants and simply replaced Ni randomly
by Fe in the Cu/Ni/Cu model until concentrations appropriate to Cu/Py/Cu were
obtained. To recap, we started with 5 perfect Ni layers in Cu and let the Cu and
Ni diffuse until the calculated moment went to zero. This specified how long to let
model configurations diffuse for an arbitrary number of Ni layers. Following the as-
sumption that Fe diffuses at the same rate as Ni we also constructed configurations
corresponding to the deposition of arbitrary amounts of Py. This model can only be
valid if Py and Ni samples were spuftered under the same conditions of ion energy,
substrate temperature, etc.

Zhou and Wadley [66] have also obtained atomic structures, but by atomic sim-
ulation of alternately sputtering Ni layers in Cu. They used realistic values of the
energy of the impinging atoms but were forced by computational requirements to
deposit material at rates that greatly exceeded experimental rates. Their simulated
concentration profile closely resembles that from the simple diffusion model. Mag-
netic moments for the simulated model calculated with the LSMS[14] method and
values calculated with the layer KKR [67] for the diffusion model agree with each

other and with experiment [68]. The consistency of these results convinced us that
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the diffusion model gave a reasonable model for Ni-Cu interfaces.

5.2 Results

As described above we extrapolated from Cu/Ni/Cu structures to Cu/Py/Cu
structures by randomly replacing 20 % of the Ni atoms by Fe atoms. If this is
a valid procedure, the calculated magnetization should agree with measured val-
ues. The saturation magnetization of Cu/Py/Cu spin-valves was calculated with
the LSMS,(local interaction zone of 57 atoms), as a function of Py thickness and
compared to experiment. Obviously, the magnetization at zero Py thickness is zero
and at infinite thickness the derivative of the moment with Py thickness is just the
magnetization of a layer of bulk Py. In addition to these two trivial data points
we constructed two samples, one with nominally 2 layers and one with nominally 4
layers of Py. The first sample consisted of 8 [111] hep layers each with 25 atoms; the
second sample had 10 [111] hep layers each with 25 atoms [34]. Periodic boundary
conditions were used.

In the course of trying alternative methods for iteratively solving the Kohn-
Sham equations for the 4 Py layer case we obtained four different metastable mag-
netic structures for the same atomic configuration. In Fig.13 the energies of these
metastable magnetic structures are plotted versus the collinearity. Energy is mea-

sured relative to the energy of the collinear case. We define the collinearity:

_ T — Trandom (60)

c=
1 — Trandom
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N

Ei:l m;

; (61)

=

m; is the vector magnetic moment on site 7, and N is the number of atoms in the
unit cell. The value of Zysngom is found by averaging z over many sets of moment
directions chosen randomly but with the moment magnitudes kept fixed at the
values appropriate for the magnetic configuration under investigation. For example,
one can find that for a system with the identical moments Zrapgom = 1, if N = 1,
and Trangom = %, if N = 2. The systems under investigation are described with
Trandom ~ 0.23. As the number of atoms in the unit cell increases the value of
Zrandom 806§ to ze;‘o. This definition (Eq.(60)) adjusts for the fact that a small
number of moments randomly oriented will have a nonzero value of z even though
the infinite system being modeled would have a zero value of z if the moments
were randomly oriented. We measure the collinearity using the random case as a
reference. Also shown is the energy of the sample when the iteration proceeded
from the initial state with randomized moment directions and the moments were
not allowed to change direction. This magnetic state has roughly zero collinearity.
The fact that the random configuration has a.nha.pprecia.bly higher energy than the
metastable or collinear configurations demonstrates that the correlation among the
moment directions was important in stabilizing the noncollinear structure. The
most significant result was that the collinear state was not stable; there was some

noncollinearity due to interdiffusion at the interface.
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The plot in Fig.14 of the magnetization as function of deposited Py layers is
consistent with experiment [28]. It is difficult to make definitive statements about
the agreement because we have performed the calculations for only one atomic con-
figuration at each of the Py layer thicknesses and we cannot do a full search for
all metastable magnetic configurations. We infer from these calculations that other
atomic configurations and other metastable magnetic structures would fall roughly
in the range of those that we have thus far calculated. The magnetic structure
corresponding to the lowest degree of collinearity for the 4 Py layer case is shown
in Fig. 15. There appear to be pairs of moments that are ferromagnetically aligned
while others have a canted relationship. These correlations are partially preserved
from one metastable state to another.

Non-collinear moments are detrimental to GMR; we are thus motivated to look
for additions that will promote collinearity [35]. It has been observed experimen-
tally that a ”dusting” of Co at the interface improves GMR. The reason for this
improvement is not understood but makes Co a good candidate for an addition that
promotes collinearity. The cobalt layer at the interface between the copper layer
and the permalloy layer was thought to be advantageous in at least three ways, by
increasing the contrast (compared to nickel) between the magnetic and the spacer
layers in the minority channel as can be seen in Figure 16, by acting as a diffusion
barrier since cobalt and copper are immiscible, and finally, by assisting in maintain-

ing exchange coupling in the magnetic layer as illustrated in Figs. 16 and 17.
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Figure 14: Total spin magnetization per Py atom in the model as a function of the number

of atomic planes of Py embedded in Cu. Values are shown for several metastable magnetic

configurations. The moments are given in terms of the moment per Py atom in bulk Py.
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Fe x1

Ni x10

Cu x100

Figure 15: Atomic positions and site magnetic moments for one magnetic configuration
of 4 atomic planes of Py interdiffused into Cu. The distances are angstroms and the
moments are in Bohr ma.gneéons. The small filled circles represent Ni, the small open
circles represent Cu, and the large open circles represent Fe. All Fe moments, as well as,
Ni moments greater than 0.154p and Cu moments larger than 0.015up are depicted to

the right with the indicated multiplying factors.

68



x1

x10

Cu x100

Figure 16: Two layers of permalloy in a copper matrix. The copper and permalloy have
been allowed to interdiffuse. Copper atoms are small solid circles, nickel atoms are larger
solid circles, iron atoms are large open circles and have luée magnetic moments indicated
by arrows. The three sets of clasters of arrows to the side of the figure indicate the size of

the moments and their directions for the Fe, Ni, and Cu atoms, respectively.
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Co x1

Fe x1

Ni x10

Cu x100

Figure 17: Two layers of permalloy in a copper matrix with cobalt at the interface. In
this case cobalt (smaller open circles with arrows) has replaced approximately one half of
the copper atoms on the layers above and below the two ”permalloy” layers. In both this
and the previous figure the layer stacking used in the calculation was hep (0001) rather

than fec (111). This should have little effect on the calculated moments.

70




Some of the difficulties that arise when the interfaces interdiffuse are illustrated
in Fig.16 which shows the zero temperature ground state magnetic configuration
of two layers of permalloy in a copper matrix after interdiffusion has occurred.
The large arrows indicate the Fe moments from the permalloy. These moments
are about the same size as in pure permalloy, but their directions have become
disordered. These misoriented and ”1oose” moments will contribute to spin mixing
and spin-flip scattering. Furthermore, the nickel moments are much smaller than
for pure bulk permalloy so the_ majority channel does not match nearly so well to
copper. When cobalt is added at the interfaces (Fig.17) the prospects for GMR
are improved significantly; the iron moments are in much better alignment and the
nickel moments are closer to their bulk values. These calculations were perfomed

using the LSMS.

71



Chapter 6

Conclusions

We have developed the BDA, which is applicable to general atomic arrangements
such as ordered intermetallics, substitutionally disorderd alloys, amorphous alloys,
layered systems, surfaces etc.. It is an order of magnitude faster than straightforward
use of a large LIZ and requires much less memory. With the BDA LIZ sizes as large
as a few thousands atoms, depending on the CPU RAM size, can be realized. The
ideas in the developing the BDA code helped us accelerate the execution of LSMS
code at least 30% speed-up in CPU time.

For the first time it is possible to solve the Kohn-Sham equations for both canted
and collinear. magnetic arrangements to a high level of convergence. It is found that
diffusion at the interface between Py and Cu results in noncollinear 'magnetic mo-
ments. Multiple metastable magnetic configurations for two and four layers of Py in
a copper matrix are obtained. The canting of the Fe moments and a reduction of the
magnitude of Ni moments at the interface are responsible for the measured "mag-
netically dead” layers. The calculated noncollinear total spin magnetic moments as
a function of the number of Py layers are in good agreement with the experiment.

Also we have discovered that the adding of small amount of Co at the interface
can dramatically increase the collinearity. This Co induced increase in collinear-

ity is consistent with improved GMR ratios and observed tolerence greater to the
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detrimental effect on GMR ratios of annealing. Calculations of this type appear to
provide a very promising tool for design of interfaces. This advantage may, how-
ever, be limited because of the presence of multiple metastable magnetic structures.
Furthermore, the computing resourses required to perform calculations of this type
on the large number of atoms needed to model interfaces will restrict the number of

configurations that can be studied.
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