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Spin-Polarized DFT Calculations and Magnetism

Rudolf Zeller

Institute of Solid State Research
Forschungszentrum Jillich
52425 Jilich, Germany
E-mail: ru.zeller@fz-juelich.de

The main aim of this presentation is to give an introductioto ispin-polarized density-
functional-theory (DFT) calculations as a method to predied understand the band mag-
netism of itinerant electrons at zero temperature. It wallgminted out that, for instance the
ferromagnetism of Fe, Co, and Ni is correctly predicted lyhstalculations without adjustable
parameters and that the results can be explained in termsiwfde Stoner model. For practi-
cal applications it will be discussed why the convergenceeofsity-functional self-consistency
iterations can be very slow for magnetic systems and howpttublem can be alleviated. As
illustrating examples of recent applications in compotadi nanoscience, results for magnetic
monatomic rows on noble metal substrates will be preseritgtlly it will be argued that the
magnetism in certain materials, for instance in antifemgnets, does not arise from rigid-band
shifts as in the Stoner model, but from covalent interastibetween the electronic states of the
participating atoms.

1 Introduction

Spin-polarized calculations within the framework of déydunctional theory (DFT) are
a powerful tool to describe the magnetism of itinerant etets in solid state materials.
Such calculations are not only the basis for a quantitatigeretical determination of spin
magnetic moments, but can also be used to understand tleenbashanisms, which lead
to the occurrence of magnetism in solid state materialsceSihe original development
of spin-density-functional theory by von Barth and Hedimd Pant and Rajagopgahou-
sands of spin-polarized DFT calculations have been peddramd published and it is thus
entirely impossible to cover even the most relevant parhefit. Therefore, the restricted
aim of these lecture notes is the consideration of some tspézero-temperature spin
magnetism in conceptually simple transition-metal sdifdessystems.

The tendency toward magnetism is determined by a competitetween exchange
and kinetic energy effects. Whereas the parallel alignroétite electronic spins leads to
a gain of exchange energy, the alignment also causes a lagsetit energy. Contrary to
the atoms, which usually are magnetic, most solid statesystire non-magnetic, since
the gain in exchange energy is dominated by the loss in kieetrgy, which arises from
the delocalization of the valence electrons in a solid. Gfrihese electrons are sufficiently
localized, magnetism occurs as, for instance, in the eléahemetals Fe, Co, Ni and Cr.
These metals will serve here as examples to illustrate theiqgtive and explaining power
of spin-polarized DFT calculations. The tendency towardyngism is considerably en-
hanced in “lower-dimensional” systems like metallic saga and interfaces, multilayers,
ultrathin films and wires, and magnetic clusters depositedwfaces. These magnetic
systems have received considerable experimental andeticadrattention in recent years
and have been extensively studied by spin-polarized DFdutations. Out of these cal-
culation, | will consider here one typical “one-dimensiirexample, the magnetism of



nanowires on metal substrates and present spin-densitgidmal results, which have been
obtained by the Korringa-Kohn-Rostoker (KKR) method, whis introduced elsewhere
in this Winter School on Computational Nanoscience.

The outline of my lecture notes is as follows. After an intotion to the underlying
theory of spin-polarized density-functional calculagoit will be discussed how, in terms
of the Stoner model, these calculations provide a basicigéisn of the ferromagnetism
of the elemental metals. This model will then be used totilate, why the self-consistency
iterations for the solution of the density-functional etjoias in magnetic systems converge
often rather slowly and how this can be avoided. Then follewsresentation of some
recent results for magnetic monatomic wires. Finally, ish®wn that the magnetism in
certain solid state systems, in particular in the antifexagnets, can be understood in terms
of covalent interactions between the atoms, but not in texitise Stoner model based on
rigid band shifts.

2 Spin-Density-Functional Theory

If an external magnetic field is applied to an electroniceystit generally couples both to
the electron spin and to the electronic orbital current. a&fework for the description of
spin coupling is provided by spin-density-functional thedo which these lecture notes
are restricted. For the description of orbital magnetisndémysity-functional approaches |
refer to a recent Lettérand the references therein.

The basic variables of spin-density-functional theorytagescalar electronic density
n(r) and the vector of the magnetization densityr). Instead of these four variables,
alternatively the2 x 2 spin density matrixx®?(r) can be used, where the spin indices
a and g can have two values, either for spin up (majority spin) or for spin down
(minority spin). The notatiorf instead of+ and instead of— is also often used in the
literature. The connection betwee(r), m(r) andn®?(r) is given by

n(r) = Z n**(r)  mr) = Zgaﬁnaﬁ (r) (1)
a aB
and by
n®(r) = % (n(r)3°? + my(r)o2? + my(r)os? +m.(r)od?) . (2)

Here2 x 2 matrices are denoted by upper Greek indicesans (0, 0,,0.) is a vector
consisting of the Pauli spin matrices

() ee(E) - em() e

The Hohenberg-Kohn-Sham spin-density functidrias given by
2 !
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as a sum of the kinetic ener@y of non-interacting electrons, the electron-electronrinte
action in the Hartree approximation, the interaction epevigh the external potentia@f
and the exchange-correlation energy. The external paiéf;‘ﬁf contains the electrostatic
Coulomb potential of the nuclei and perhaps the potentiairey from a magnetic field.
The minimum of the functional (Eq. (4)) is obtained by ingegtthe ground-state spin-
density matrix and yields the ground-state energy. Theatian of Eq. (4) with respect
to n®?(r) cannot be performed directly, since the explicit form of tremsity functional
T,[n®3(r)] is not known. This problem can be solved with the help of singarticle
wavefunctions (orbitalspg (r), which allow to represent the kinetic energy functional
T,[n*?(r)] and the spin-density matrix*?(r) as

P=% [ew (——w, ) )

and as
=> @* 3 () (1) ©6)

where the sum over includes all occupied orbitals. The last two equations @®an
implicit representation of the kinetic energy in terms of #pin-density matrix and the
minimum of Eq. (4) can now be found by variationBfn®? (r)] with respect to the single-
particle wavefunctions. This leads to the Kohn-Sham equnati

__Vrcpz — Z ‘/;afljt _ = €;¥; (—) ’ (7)

where thee; represent Lagrange parameters, which guarantee that thefumations are
normalized ag " (¢, ¢$) = 1. The potentlal/eo}f, which is defined as

Q a n /r—l ! a
v =a0e [ 2L e Vel + VS, ®

represents an effective one-particle potential. Usefplraximations for the exchange-
correlation energy functional can be given in terms of tiyeevalues ™ (r) andn—(r) of
the spin-density matrix*?(r). This matrix can be diagonalized as

> U (r)nF (r)UPF (1) = 6P n(r) ©)
IBI

whereU*3(r) are spin-1/2 rotation matrices and(r) the eigenvalues. Note that these
matrices and eigenvalues generally depend on the positisnmany applications, for in-
stance in ferromagnetic and antiferromagnetic solidsnanson magnetization axis exists
for all atoms. Ther axis can then be chosen globally along the direction of thgnagc
field and the spin-1/2 rotation matrices in Eq. (9) are indeleat ofr. This has the sim-
plifying consequence that the energy and all other physiosérvables are functionals of
the density and of the magnitude of the magnetization dens{i) = |m(r)| rather than
of the vectorm(r). For a discussion of the more general situation of non+oedir mag-
netism, where the magnetization axis changes within thesyd refer to the presentation
by Bihlmayer elsewhere in this Winter School on Computatldtanoscience.



In terms of the spin up and spin down orbitgl$ (r) and; (r), the spin densities
n™T(r) andn—(r) can be represented as

= Z loE () (10)

and the Kohn-Sham equations (7) for the orbitals can beesris

[ R V2 _ + +
—o Vet Vi (0] 9 (1) = €797 () (11)

with the effective potential
- Vi, vE
eff =€ /l —T"d + ex + wc( ) (12)

In an externally applied magnetic field, the external potentidl’ £, contains a field term
—(xusH), where the negative sign means that the majority (spin-dpelectrons are
energetically favored compared to the minority (spin dows):electrons. The exchange-
correlation potentiaV, (r), which is defined by the functional derivative of the excheng
correlation energy as

(5E$c [’I’L+ (f)? n- (E)]
dnE(r) ’

can have different values for the two spin directions evethevit an external magnetic
field. This is, for instance, realized in the ferromagnetnsition metals Fe, Co and Ni.
The spin-density-functional theory presented above isteraprinciple, however the
functionalsE,. andVt, in which all complications of the many-electron system/zce
den, are not known and must be approximated. Useful appegiomlike the local-spin-
density approximatioh* ® (LSDA), which depends locally on the spin densities, and the
generalized gradient approximation (GGA) which also depends on the gradients of the

spin densities, have been developed and shown to be ratherasefor many applications.

Vi) =

(13)

3 Stoner Model for Ferromagnetism

It has independently been shown by several authbrthat the spin-density formalism can

be used to derive a Stoner model, which includes correlatifetts, and to calculate the

relevant Stoner parametér For this derivation it is convenient to switch from the spin
densitiest (r) andn = (r) to the electron density

n(r) = n*(r) +n(r) (14)
and the magnetization density
m(r) =n* () —n~(r) (15)

as variables to describe the system. Usually the magnietizat(r) is a small parameter
compared to the density(r). This means that the exchange-correlation potential can be
expanded in terms of:(r), which leads to the approximation

Vie(r) = Vio(o) F m@)V (n(r)) , (16)



where the higher order terms in(r) are neglected and whefé’ (r) is the exchange-
correlation potential for non-spin-polarized electrore average value df (n(r)) is
positive such that a more attractive potential acts on thienityaelectrons (with spint)
and a less attractive potential on the minority electrongh(spin—). Compared to Eq. (16)
the Stoner modét—*4uses the approximation

1
Vielr) = V(o) ¥ 5IM (17)

where the potential difference is simulated:byndependent constants. Hebé is chosen
as the local moment

M= /Qm([)df, (18)

which is given as an integral of the magnetization density) over the atomic unit cell
2, and! is the exchange integral (= Stoner parameter). In ferromtgmaterials the
momentM has the same value for all atoms. While the constant charfgbe potential

in (17) do not affect the wavefunctio@t(g), which are identical to the non-magnetic
ones, all eigenvaluef::?F are shifted by a constant amoup%IM. In periodic crystals the
wavefunctions and eigenvalues are characterized by wetargé and band indices such
that

1
i, (1) = 93, (r) €y = € F 5 1M (19)

holds. The constant shift of the eigenvalu§§ describes an exchange-splitting= M
between the spin up and spin down bands and leads to the fofjo@presentation

n(B) =) - §(E — €,)dk = n° (Ei%IM) (20)

for the spin densities of states in terms of the density déste (E) of the non-magnetic
system, where the integral in Eq. (20) is over the Brillousme (BZ). A good approxima-
tion of the constant shifit%IM can be seen in in Figure 3, where realistic densities of
states are shown, which were obtained by density-fundt@aieulations in the local-spin-
density approximation. From Eq. (20) one obtains the nunibearf electrons per atom
and the momend/ in the unit cell by integration over all occupied states tetlbe Fermi

energyEr as
Er 1 1
N:/ n’(E + §IM)+n0(E—§IM) dE (22)
and as
Br 1 1
M = n’(E + §IM)—n°(E—§IM) dE . (22)

Sincen®(E) is determined by the non-magnetic calculation ahdy the condition of
charge neutrality, the two equations (21) and (22) can be tosgalculate the two unknown
variablesEr and M. Equation (21) implicitly define®&r = Er(M) as function ofM .
The momenf\/ can then be determined by the equation

M =F(M), (23)



Figure 1. Graphical solution for the Stoner model. The seetion off’( M) with the straight lineM determines
the solutionM. The intersection ab/ = 0 is always a trivial solution.

where the functior (M) is defined as
Er(M) 1 1
F(M) = / [nO(E + 5IM) = (B = 5IM)| dE . (24)

From the definition (Eq. (24)) one can easily derive that thecfion (M) satisfies the
four conditions

F(M) = -F(-M), F0)=0,

F(400) = + Mo , F'(M) >0,

where the last condition arises from the fact that the dgnstE) is always positive. Here
M, is the saturation magnetization for full spin-polarizatiavhen all majority states are
occupied and all minority states are empty. This situatiomesponds to the atomic limit,
where according to Hund’s first rule the spin moment is makima

Two different possibilities fo#'(M) are shown in Figure 1. For the function denoted
by (A), the equationd = F(M) has only the trivial non-magnetic solutiold = 0.
For the function denoted by (B) three solutions exigt= + Mg with a finite spontaneous
magnetization and/ = 0. This non-magnetic solution is however unstable. Fromi€du
it is clear that a solution with finite magnetization alwayssts, if the slope off'(M) at
M = 0 is larger than one. ThuB"(0) > 1 is a sufficient condition for ferromagnetic
solutions. From Eq. (24) the derivati¥& (1) can be calculated as

P =3 [n"(EF + 3 TM) +n®(Bp %IM)] (25)
+ [nO(EF + %IM) —n°(Bp — %IM)] C:l% .
For M = 0 the last equation simplifies to
F'(0) = In°(EF) , (26)
and the sufficient condition for ferromagnetic solutidrig0) > 1 can be written as
In°(Ep) > 1. (27)



This is the famous Stoner criterion, which shows that a laxgghange integral and a
large density of states’(Er) are properties, which are favorable for ferromagnetism.

The Stoner model can be extended to include the effects oftannal magnetic field
H. This allows to determine the spin susceptibily; which according ta\l = XH
describes the behavior for small magnetic fields. Instedttjo{17) the relevant potential
then is given by

1
VErD) =V°(r) ¥ ;IM F upH (28)
and instead o = F'(M) the equation
2upH
M=F(M+ ”IB ) (29)

must be solved self-consistently. Linearizing (Eqg. (299uad M, which would be the
magnetic moment without field, leads to

AM:M—M(J:F(M+2M?H

) — F(Mp)

~ F'(Mo) (AM + 2unll ) (30)

1 2/1,BH

N F'(My)ZEEE
1— F'(M,) (Mo)=7

For My = 0 the derivativeF’ (M, = 0) is given by Eq. (26) and one obtains from Eq. (30)
the result

]' o
M= mn (EF)2/J/BH . (31)
With X = M/ H the spin susceptibility is then given by
1 [ — o
X = T Tno ()" (ErF)2pup = SX°, (32)

where X° = n°(Er)2up is the Pauli spin susceptibility, which is obtained for non-
interacting electrons if the exchange interaction is ndgk The exchange interac-
tion leads to a Stoner enhancement facoe= [1 — In°(Er)]~!, which diverges for
In°(Er) = 1. The non-magnetic state is stable fa°(Er) < 1, whereas the ferromag-
netic state is stable fain°(Er) > 1. Ferromagnetic behavior is therefore favored, if the
exchange integrdl is large, and even more important, if the density of statd¥/r) at
the Fermi energ¥r is large in the non-magnetic calculation.

The density of states usually shows a rather detailed sireicHowever, in a simple
approximation one can assume that the density of statesssoakrsely to the bandwidth
W. This inverse relation is exact for a constant density destasince the integral of the
density of states over the bandwidth

/ n?dE =21 + 1 (33)
w

is determined by the number of states for a given quantum purhbfrom which
ny = (21 4+ 1)/W follows. For delocalized electrons the bandwidth is large the den-
sity of states is small, whereas for more localized elestthe bandwidth is smaller and



atomic number

Figure 2. Schematic illustration for the bandwid#h of the transition metals3¢, 4d and5d electrons), the rare
earth metals{f electrons) and the actinideSf{ electrons). The shaded rectangle represents the regiorafde

for itinerant magnetism. Above the rectangle magnetismppressed and below the rectangle localized (atomic)
magnetism is preferred.

the density of states larger. In the atomic limit the bandkigbes to zero, the Stoner crite-
rion is always satisfied and the magnetic moment attainsatsmmum according to Hund'’s
first rule. Figure 2 shows a schematic representation fobéimelwidths of théd, 4d and
5d transition metals, the rare earth metals and the actinitles5 f electrons of the early
actinides and th8d electrons of the late transition metals from Cr to Ni haveraéncy
for band magnetism, whereas the late actinides and the aatte metals show localized
magnetism with almost atomic moments in good agreementhiitid’s rules.

The exchange integrdlis an intra-atomic, element specific quantity, which in diesp
approximation is independent of the local environment,clvhineans independent of the
structure and the site of a given atom, e.g., a surface, buikpurity atom. According
to Gunnarssol and Janak the trend for the exchange integrals of thé 4d and 5d
transition-metal series is

Iyg > Iy > Isq

which means that magnetism in tBé elements is more likely than in th&d and 5d
elements. The same tendency for magnetism arises fromethe tr

n3g > Niqg > Nig
for the density of states, which corresponds to the bandvidhavior
Wiqg < Wag < Wisq .

This behavior can be explained by the larger hybridizatietwleend orbitals of larger
guantum numbers because of their larger spatial extent ansequence of the orthogo-
nality condition, which these orbitals must satisfy witlspect to the energetically lower
lying orbitals ofd and ofs andp character.



metal | n°(Er)[Ry~"] | I[Ry] | In°(Er) | S=X/X,
Na 6.2 0.067| 0.42 1.71
Al 5.6 0.045| 0.25 1.34
Cr 9.5 0.028| 0.27 1.36
Mn 21. 0.030| 0.63 2.74
Fe 42, 0.034| 1.43 -2.34
Co 27. 0.036| 0.97 38.2

Ni 55. 0.037| 2.04 -0.98
Cu 3.9 0.027| 0.11 1.12
Pd 31. 0.025] 0.78 4.46

Table 1. Densities of states’(E ) at the Fermi energy, exchange integfatheir product/n®(EFr), and the
Stoner enhancement factSrfor some selected metals. These result have been obtairghsity-functional
calculations by the KKR method (from Ref. 15).

metal | Mrspa[ps/atom] | Mspin[pp/atom] | M{up/atom]
Fe 2.15 2.12 2.22
Co 1.56 1.57 1.71
Ni 0.59 0.55 0.61

Table 2. Magnetic moment/;,sp 4 for Fe, Co and Ni calculated with the local-spin-density ragpmation
in comparison with the experimental values for the spiryanbmentsM,,;, and for the total momenta/
including the orbital contributions (from Ref. 17).

Quantitative results of non-spin-polarized density-tiowal calculation® in local-
spin-density approximation for the density of state&atand for the exchange integral
I are given in Table 1 for some selected metals. The resultalafeTL show that Fe and
Ni satisfy the Stoner criteriofin®(Er) > 1 and that Co with/n°(Er) = 0.97 almost
satisfies this criterion. It is discussed in Ref. 15 that thleulated values in Table 1 pro-
vide a lower bound to the susceptibility and that the Co vdlw& Er) = 0.97 does not
contradict the observed ferromagnetism for this metal. As#er of fact in spin-polarized
calculation$® 1’ which do not use the Stoner model and do not rely on an estiofdh,
the ferromagnetic state of Co has been found to be more stabighe non-magnetic state.
Thus these early spin-density-functional calculatiorsamsistent with the observed fer-
romagnetism of Fe, Co and Ni. The fcc metal Pd also has a laogeEfactor and is almost
magnetic. The experimental Stoner factor for Pd is evenamately twice as large as
the one given in Table 1 in agreement with the fact that thdeaoy for magnetism is
underestimated by the approximation foused in Ref. 15.

Figure 3 shows densities of states obtained by spin-defigitstional calculations for
bce Fe and fcc Co. The densities of states have rather sighitgyes for both spin direc-
tions and are only shifted with respect to each other by tlvhaxge splittingd = M.
Thus Eq. (20) is satisfied in good approximation and the Storeelel can be well applied
for these metals. Fcc Ni has a similar density of states ab@ayith a smaller exchange
splitting. The majorityd states for Co and Ni are fully occupied, whereas in the miyori
states 1.7 electrons are missing for Co and 0.6 electrondifdrhis leads to moments of
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Figure 3. Density of states for bcc Fe (left picture) and fec(@ght picture) from spin-density-functional cal-
culations. The density of states for majority-spin ele$rds plotted upwards and for minority-spin electrons
downwards. States for negative energies (below) are occupied, states for positive energies (abbye are
unoccupied. The dotted curves represent the integratesitgen states (from Ref. 17).

1.7 up per Co atom and 0.6 per Ni atom. The moment for Fe is calculated as 2s2
Table 2 shows that the calculated moments agree remarkadilywvith the experimental
values, in view of the fact that the only input to these caltiohs are the atomic number
and the crystal structures. Whereas the majafistates for Co and Ni are completely
occupied, there are some empty majodtgtates in Fe. This difference has been histori-
cally characterized astrongmagnetism for Co and Ni andeakmagnetism for Fe, since
emptyd states make the magnetism less robust against environinsbateges or, for in-
stance, against pressure. However, it has been pointeg ddalmzemoffet al 18 that the
pseudogap near the Fermi level in the minodtgiensity of states for Fe also has a large
stabilizing effect on the magnetism of Fe.

Figure 4 displays results of band structure calculation$do Co. The band structure
is shown for high symmetry directions in the Brillouin zonEor each spin direction a
separate band structure is obtained with a more or lessamnisand splitting. (In the
Stoner model the splitting is independentioficcording to Eq. (19).) The splitting in
Figure 4 is only significant for thé bands. The parabolicbands are barely split. Figure 4
shows that the majority bands are completely belowy in agreement with the fully
occupiedd density of states of Figure 3.

10
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Figure 4. Band structure for fcc Co from spin-density-fiumal calculations. Bands for majority electrons are
indicated by large points and for minority electrons by drpaints (from Ref. 17).

4 Self-Consistency Iterations

The density-functional equations (6-8) or (10-12) must dleex] self-consistently, since
the density is given in terms of the orbitals, which depenthereffective potential, which
again depends on the density. The resulting nonlinearcsei§istency problem, which
may be written in the form

n(r) = F;[n] (37)

can only be solved by iteration
Nip1(r) = Fr[ng (38)

since other methods are not available. Very often, howévisrstandard iteration process
diverges and leads to density oscillations of increasinglimde. Then the iteration pro-
cess must be modified to damp these oscillations. A dampiobtaned if the iteration
(Eq. (38)) is replaced by a modified iteration

nit1 = aFp[n;] + (1 — a)n; (39)

11



with a suitably chosen mixing parameter It has been showh that the convergence
behavior of (38) is determined by the eigenvaldesf a matrix f(r, r’), which is defined
as the functional derivative df,.[n] with respect tan(r'). It has also been showhthat
these eigenvalues are real and that they must satisfy 1, where this inequality arises
from the stability condition for the solution ef = F.[n].

The convergence of the iteration process (Eq. (38)) regtiirat the eigenvaluesare
in the range—1 < A\ < 1, which is, however, often not satisfied, since large negativ
eigenvalues can exist. On the other hand, the iterationegeo(Eq. (39)) requires that the
eigenvalues are in the range defined by

—-l1<ar+1-a<l. (40)

This condition can always be satisfieddf > 0 is chosen small enough. By rewriting
ad+1—a < 1asal < a, itis clear that the right inequality in Eq. (40) is satisfied
positivea because of the stability condition < 1. By rewriting—1 < aA +1 — «a as
a(l—X) <2orduetol — X >0as

2

a< = (41)
where the right-hand side is positive becausa 6f 1, it is clear that the left inequality
in Eq. (40) can be satisfieddf is chosen small enough. Thus the largestor which the
iteration process still converges, is determined by thatiegeigenvalua with the largest
absolute value. Unfortunately, this value can be rathgelégading to rather small’'s, in
particular if charge transfer occurs between the atomssicdimsidered system. Also intra-
atomic charge transfers, for instance betweenhand5d shells of rare-earth metals, can
lead to rather small values of suitahiés. The main disadvantage of small values for
is that only a small amount of the output densiy[n;] is mixed with the input density
n; in Eq. (39). Thus the iterations only slowly move away frore first guessy, for
input density and many iterations are required to find thiecsisistent solution. It is well
known that more sophisticated mixing schemes can be usegetedshe iterations, for
instance the Anderséhand BroydeA! mixing schemes. A comprehensive discussion of
these schemes can be found in Refs. 22 and 23.

The slow convergence of the density iterations (Eq. (399 tua small mixing pa-
rametera is a particular problem in spin-density functional caltidas, if the system
is near the threshold between a magnetic or non-magnete& stéis can be illustrated
by the Stoner model. Figure 5 shows the iteration proddss, = F(M;) for the so-
lution of M = F(M) for two possible situations, if a magnetic solution existper
picture) and if the system is almost magnetic with(0) ~ 1 (lower picture). The iter-
ationsM;;1 = F(M;) always converge, sincE’(M,) < 1 is valid at the solution\/,
but near the threshold many iterations are necessary toagpthe solutiod/, = 0. If
now, as required by the density iterations (Eq. (39)), thrmtion process is modified into
the much slower iteration proced$; .1 = oF(M;) + (1 — a)M;, the convergence is
extremely slow and an enormous number of iterations is requi

This problem can be solved to some extent by the observdttbat neard, = 0
the convergence of the density and the convergence of theetiagtion are practically
decoupled because ei(r) < n(r). This decoupling allows to introduce two different

12
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Figure 5. Schematic representation of the iteration pdds,; = F(M;) for a magnetic system (above)
and a non-magnetic system (below). Both iteration prosessaverge, sinc&”’ (M) < 1. The convergence is
illustrated by the straight lines, where the arrows indi¢he direction of the iteration process. Lines with vettica
arrows represent the mapping fravfi to F'(M) and horizontal lines the choice &f(M) as the inpufM for the
next iteration (from Ref. 19).

mixing parameters,, anda,, for the density and the magnetization

Nit1 = oanL[nz-, Mi] + (1 — an)ni (42)
M1 = amFr[ng, Mi]+ (1 — ap)n;

wherea,,, can be chosen much larger thap, which considerably improves the conver-
gence near the threshald (0) = 1. It should be noted that for the Anderson and Broyden
mixing schemes a choice of different mixing parameters taiseful, since these schemes
are based on a simultaneous minimization of the errors oflémsity and the magnetiza-
tion in a multidimensional space and this minimization awdtically adapts to the differ-
ent iteration behavior of the density and the magnetizatiimthe other hand, contrary to
Eq. (39) which converges to a stable solution, the AndersarBroyden mixing schemes
can also converge to unstable solutions. This means theg gEhemes can easily miss a
magnetic solution near the threshditi0) =~ 1 by improperly converging to the unstable
non-magnetic solution.
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5 Nanowires

Whereas atoms are usually magnetic, the occurrence of risigria the elemental solids

is rather an exception. For instance, none ofghbonded elements and only five of 30
bonded transition metals are magnetic in their bulk criisaphase: Co and Ni are ferro-
magnetic, Cr is antiferromagnetic, and Mn and Fe are fergmatic or antiferromagnetic
depending on their crystal structure. The main reason ptexgmagnetism is the over-
compensation of the gain in exchange energy by a loss inikiaeergy which occurs for
small values of the density of state$(Er) at the Fermi level. Since the exchange integral
I is more or less independent of the local environment of a atdire solid, magnetism in
alloys, at surfaces, for impurities in bulk systems and éfatams at surfaces occurs mainly
because of larger values af (Er) arising from smaller bandwidths. The reduced band-
width in these system is a consequence of reduced atomidication numbers, which
leads to less hybridization between the electrons. Thidbeagxplained by simple nearest-
neighbor tight-binding models, where the bandwidth sciesiV ~ /N.. For instance,
the coordination numbel, of an atom in a fcc crystal i&, = 12, for an atom in the
(100) surface of a fcc crystal it i&V, = 8, and at thg(100) x (111) and(100) x (110)
step edges at terraces on the (t80) surface (see Figure 6), the coordination numbers are
N, =TandN, = 6.

(100) x (111)  (100) x (110)
Figure 6. Step edges at the fcc (100) terrace. The step owtatim Ref. 24 is used.

From these coordination numbers one expects the bandvecitthes like
W(100)x(110) : Waooyx11) : W(oo) : Wyee =0.71: 0.76 : 0.82 : 1.00

and that the densities of states scale like

T(100)x(110) * T(100)x (111) * T(100) * M fcc = 1.41:1.31:1.22:1.00.
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Thus the tendency toward magnetism should be larger atcagfan in bulk crystals,
larger for atoms in step edges than for atoms embedded inuitétces and larger for
adatoms on surfaces than for the atoms in step edges. Evdrrscoardination numbers
appear in free-standing monolayers and monowires and anlakger tendency toward
magnetism can be expected for these systems. Of coursexpleeiraental realization
of such free-standing systems seems to be difficult, but vaueh layers or wires are
supported on non-magnetic substrates, the tendency tonagdetism can still be rather
high, if the hybridization with substrate electronic s&itesmall. Examples for such sys-
tems are transition-metal layers and wires on noble metadtsates. For a discussion of
magnetic properties of thin layers | refer to recent revi@wéand the references therein.
Spin-polarized DFT calculations for magnetic nanowiregehtzeen performed by Weinert
and Freematt already in 1983 and by many groups in the last few y@&at$ where this
list of references is certainly not complete. Since a disicusof these studies is beyond
the scope of the present lecture, | will present here onlyesofrour own resulfs for 4d
monatomic wires on the Ag surface. These results have bewinet by the screened
Korringa-Kohn-Rostoker (KKR) meth84>4 which is well suited for such calculations
because of its linead(V) scaling as discussed elsewhere in this Winter School on Com-
putational Nanoscience.

Figure 7. The fcc (711) vicinal surface with decorated sepan example of periodically repeated monatomic
wires, here at th€100) x (111) step edge (from Ref. 33).

In our calculations we have exploited the concept of stepiddion on vicinal surfaces.
These are surfaces with high Miller indices, for instaneefttc (711) surface shown in
Figure 7. The same concept of step decoration is also eggloitthe experimental prepa-
ration of extended ultrathin nanowires, where the arrayzaoéllel steps on these vicinal
surfaces are used as templates along which the depositedahean nucleate. The darker
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spheres in Figure 7 represent the Ag atoms and the lightereplthe monatomic rows of
4d transition-metal atoms. The same geometry can also be osgekstribe monatomic
rows on the middle of the terraces, if some rows of Ag atomsderright-hand side of the
transition-metal row are removed.

(100) x (111)

a) @ terrace

3] B step edge |

Magnetic Moment (1LB)

Figure 8. Magnetic moments dfd monatomic rows on the fcc Ag(711) vicinal surface. Resu#tealed by
circles are for rows in terrace and results denoted by sqdar@ows in step edge positions (from Ref. 33).

The calculated magnetic moments per atomdidmagnetic monatomic wires on fcc
(711) and fcc (410) Ag vicinal surfaces are shown in Figs. @ @nA direct comparison
between the magnetic moments for the two different stemtaimns shows that the mag-
netic moments fof100) x (111) wires are smaller than for tH&00) x (110) wires for all
elements except for Rh. The main reason for this differesitled increased hybridization
of the 4d states between the atoms in the more closely pa¢ke@) x (111) wires (see
Figure 6), which leads to larger bandwidths and smalleritien®f states:°(Er). For Rh
the situation is different. Whereas in non-magnetic calttohs the local density of states
for the Nb, Mo, Tc, and Ru wires shows a peak near the Fermi, ledéch due to broad-
ening is reduced in height leading to a lower value®fEr) in the close-packed rows,
the non-magnetic density of states for the Rh wires has alpelakv the Fermi level such
that broadening leads to an increase®fEr). Pictures for these non-magnetic densities
of states can be found in Ref. 33.

Another feature evident in Figs. 8 and 9 is that the rows atstap edges (solid lines)
have smaller moments than the rows on the terraces (dastes). liThis can be explained
by an increase in the hybridization between the exteddeatbitals of the row atoms and
the sp like valence electrons of the substrate Ag atoms. Sincextemeof thedd orbitals
is larger at the beginning of thkl series, this effect is more pronounced at the beginning
of the4d series. The importance of the hybridization with the Ag $tate has also been
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(100) x (110)

b) ‘ i ® terrace

B stepedge |

Magnetic Moment (uB)

v J
Ir Nb Mo Tc Ru Rh Pd

Figure 9. Magnetic moments dfd monatomic rows on the fcc Ag(410) vicinal surface. Resuéaaled by
circles are for rows in terrace and results denoted by sqdareows in step edge positions (from Ref. 33).

observed in spin-polarized DFT calculations 4ardimers®, where the magnetism of free
dimers from the beginning of th&d series (Y, Zr, Nb) is completely quenched, if they are
adsorbed on the Ag(100) surface.

In addition to the ferromagnetic solutions shown in Figsné 8, we have also found
antiferromagnetic solutions for Nb, Mo, and Tc wires, whitre atoms in the rows have
moments of alternating sign. In general, our results ar@odg@greement to similar calcu-
lation by Spisak and Hafn&; who have used a quite different computational approaeh, th
Viennaab initio simulation packag€ ®’ (VASP) in a projector augmented-wave (PAW)
representation. Both methods, KKR and VASP, have shownahtfferromagnetism is
preferred for Nb and Mo wires, that the ferromagnetic andfembmagnetic states for Tc
wires are almost degenerated in energy and that ferromiagnistpreferred in Ru and Rh
wires. Compared to the KKR calculations, the VASP calcatsihave found somewhat
larger moments and larger magnetic energy differenceglditian, the VASP calculations
have found a metastable ferromagnetic solution for Nb wairess a metastable antiferro-
magnetic solution for Ru wires. These differences are bb@lated to the inclusion of
gradient corrections to the exchange-correlation paéimtiRef. 39 and to the spherical
potential approximation used in Ref. 33.

6 Beyond the Stoner Model

The explanation of spin magnetism in terms of the Stoner inasleliscussed above is
restricted to ferromagnetic materials, where all atomsehdentical moments as in the
elemental ferromagnets, and to ferromagnetic systemsradgnetic overlayers, wires and
impurities in contact to non-magnetic system, if the maigngolarization of the non-

magnetic atoms is small and its contribution can be negledt®r instance, it has been
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showr?® that a Stoner criteriofin?, .(Er) > 1 very similar to Eq. (27) can be used to char-
acterize the behavior of magnetic impurities in non-maigneaterials. Herey) (E) is
the local density of states obtained by integrating thetededistribution over the impu-
rity cell and neglecting contributions from the non-magmébst atoms. The exchange
integrals (Stoner parameters) for impurities are rathesilar to the ones given in Ta-
ble 1. This discussion for impurities is easily generalimmdmagnetic monolaye?$ and
monowires$3, which are supported on non-magnetic substrates or feeeistg in vacuum.

However, in magnetic systems, which consist of atoms wiffeidint moments, like
magnetic alloys, antiferromagnets, magnetic monolayegsraonowires on magnetic or
almost magnetic substrates, or magnetic impurities in ratigor almost magnetic hosts,
the discussion within the Stoner model can fail. The failariges in systems, where the
main assumption of Stoner model, which is the rigid-bandt sifithe spin-dependent
densities of states, is not satisfied. In these systems tgaetiam cannot be explained by
the Stoner model, but alternatively by spin-dependentgéain the covalent interactiéth
between the electronic states of neighboring atoms.

€
A STONER

Qa
) t l t

—> M
o

B R P TE T N e e

Figure 10. Schematic changes in the majority dnd minority () spin densities of states, which lead to mag-
netism (from Ref. 60).

The distinction between "Stoner” or "covalent” magnetisrillustrated in Figure 10.
On the left the densities of states are given for the non-mtigand on the right for the
magnetic situation. Whereas in the Stoner model the denrsifistates are shifted and mag-
netism occurs because a high density of states at the Farehinekes the non-magnetic
state unstable, for covalent magnetism the density ofstdtine Fermi level does not play
a special role and magnetism is connected with a spectrighivehift of the densities of
states. The physical mechanism for the spectral-weiglfit &l be seen in its simplest
from in the states of a diatomic molecule as illustrated guFé 11.

When the states of the individual atoms interact, bondirdy amti-bonding hybrids
are formed. When the interacting states are degenerated €,), the spectral weight is
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Figure 11. Changes in energy levels (left) and wavefunatieights (right) of covalent bonds caused by a relative
displacement of the individual atomic levels andes (from Ref. 60).

evenly distributed in both hybrids (upper right-hand pmrtdf Figure 11). When one of the
interacting states is displaced relative to the othek( e;), for instance as a consequence
of a larger moment on atom 1, the spectral weight is shiftatiizvieach hybrid (lower
right-hand portion of Figure 11). The bonding hybrid obtaimore weight on atom 1
with the lower energy leved; and the anti-bonding hybrid obtains more weight on atom
2 with the higher energy leveb. This spectral-weight shift leads to a charge transfer and
is responsible for the covalent magnetism. Note that Figdreefers to the interaction of
states of only one spin direction, for the other spin diata similar picture applies with

€1 > €. The combined effect of both hybridizations leads to thesitess of states shown

in the lower right-hand portion of Figure 10.

The different hybridization behavior between ferroma@adty and antiferromagneti-
cally aligned atoms has also been explained in detail for-ppiarized DFT calculations
for interacting impurity pairs in Cu and &Y In antiferromagnetic systems the special sit-
uation occurs that, although the atoms are chemically atpniv with the same exchange
integrall, they are magnetically different with alternating momeitsand— M. The es-
sential quantity, which decides upon the stability of thifarromagnetic state, is again the
spin-dependent susceptibility, which in first order pdsation theory connects the moment
with the magnetic field

M =XarH, (45)

whereAF' denotes antiferromagnetism and where the fictive field israss to point into
the same direction as the moments thus representing anatltey staggered field. The
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magnetic field and the magnetic moments lead to potentials
+ o + 0 1
VE Vo4 AVE— i(§IM+uBH> (46)
and
+ 0 + o 1
Vor=V?+ AV =V :F<§IM+MBH), (47)
whereV; stands for the potentials on the atoms in the sublattice odith indices and

Vst for the potentials on the atoms in the sublattice even irdicEhe self-consistency
conditions for the moment of atoin= 0 is given by

Er (M)
M= [ i (B) g (BB “8)
as above in Eq. (22), but with the difference tlnéi(E) cannot be obtained by a simple
shift from the non-magnetic density of states. By using basoperties of the Green

function of the one-particle Schrodinger equation, whach given in the appendix, the
moment)M in (48) can be calculated as

1 Ep(M)
M==ttm [ [GH(B) - GolBIE
=25 [ GaE) (A - AVT] GR(BNE + 0(AV) . (49)
Linear in AV the last equation can be written as
IM
M= Xjp (— + H) ; (50)
2up

WhereAVijE from Egs. (46) and (47) was used and where the susceptililjty for non-
interacting electrons is defined as

2up Er(M) [
Xy =21 [ | Y GHEIGH(E) - ¥ GiBYGH(B)| 4B ()
Leven i oddi
This susceptibility can also be written as
2uB Ep(M) [
Xgr =21 [ | Y GaBIGH(E) -2 Y GR(E)GH(E)|dE. (52
Lall ¢ odd i

Here by use of Eqgs. (64) and (62) the first term can be exprdss#te density of states
n°(Er) andX g, can be written as
Xir =2ps [a(EF) —n’(EF)] , (53)
where the functiom(EF) is defined second term in Eq. (52). If Eq. (50) is solvedX6y
one obtains
IX%F%
Z,UB

—1
M=XapH = (1 ) X9 H = SapXSH , (54)
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which shows that the spin susceptibili 4, similarly as in ferromagnets, is enlarged
compared taXg by an enhancement factSi 7. The criterion for a stable antiferromag-
netic state is

IX9r
2/1,3
By using Eq. (53) the criterion can be written as

>1. (55)

I'la(Er) —n°(EF)] > 1 (56)

which shows that a high density of state¥ Er) at the Fermi energy is unfavorable for
antiferromagnetism.

F \ AF+F / F
/W
NM AF NM
T T |
—2Ep/W 2Ep /W

Figure 12. Phase diagram for a model with a rectangular tenfistates. The stability region for the non-
magnetic state is indicated by NM, the stability regions tfee ferromagnetic or antiferromagnetic state are
indicated by F or AF.

For a simple model with a rectangular density of stategr) = 1/W for —-W/2 <
E < W/2andn°(E) = 0for |E| > W/2, itis possible to determing Er) approximately
from the imaginary and real part of the Green funct® E) and to derive the phase
diagram shown in Figure 12. The imaginary part of the Greaetion for this model is
given byImG§,(E) = —n/W for -W/2 < E < W/2 and vanishes foE| > W/2. The
real part follows from the Kramers-Kronig relation (Eq. Jpas
E - W/Q‘

(57)

w

1
ReGSO(E) =——1In ‘m

To evaluatey( Er) approximately, the main contribution arising from atoms 0 is taken
into account and the contributioG}; (E)G%,(E) of all other atoms # 0 are neglected,
since they decay with increasing distance between the at@md0. FromIm(G§,)? =
2ReG,ImGy, the result

a(EF)—mo)(EF)=l li/EF ln‘E_W/2‘dE—1

—_— 58
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Density of states (1/eV)
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Energy relative to the Fermi energy (eV)

Figure 13. Density of states for one atom in antiferromagnietc Cr (solid curves) compared to the density
of states for one atom in nonmagnetic bcc Cr (dashed lines)dEnsity of states for majority-spin electrons is
plotted upwards and for minority-spin electrons downwar®e density of states for the other atom are obtained
by interchanging spin up and spin down curves.

follows for | Er| < W/2. The stability criterion (Eq. (56)) can be written BS> [a(EF) —

ng(Er)]~! or as
I 2Er /W r—1
— 2 1 -1 59
W > [ /_1 n pours ‘da: , (59)

1

which is obtained from Eq. (58) by the substitution= 2E/W. The right-hand side of
Eq. (59) defines a functiofi(2Er /W), which is shown as the bended curve in Figure 12.
Above this curve the antiferromagnetic state is more stabtbabove the straight line at
I/W the ferromagnetic state is more stable than the non-magstete. FolEr = 0 at
center of the band, the functiogi(2Er /W) attains its minimum with the valugIn2 —
1]7! = 0.564... < 1. This shows that a position of the Fermi enefgy near to the band
center makes antiferromagnetism more favorable thanrfexgmetism.

For the3d metal Cr, the Fermi energy is in the middle of #héand and furthermore
lies in a pseudogap with a reduceti E) such that antiferromagnetism should be even
more preferred for Cr than for the model with the phase diagyBFigure 12. To illustrate
the situation for Cr, | have performed self-consistent @gsfsnctional calculations in
the local-spin-density approximatibby the full-potential KKR method as described in
Ref. 62 using .. = 3 for ¢t matrices and Green functions ahgl,, = 6 for the density
and the potential. To calculate the densities of states shiovrigure 13, | have used a
lattice constant of 0.294 nm, which is two percent largentie experimental value 0.288
nm. This leads to a moment of 1.Q@ and increases the differences shown in Figure 13
compared to calculations for the experimental lattice tamtswvith a moment of 0.38 5.
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The calculated density of states clearly shows the spestght shift for the occupied
states. Thus Figure 13 illustrates that the mechanism ddlenv interaction discussed
above (compare Figure 10) explains the antiferromagnetion.

Note, however, that the real ground-state of Cr is not thdeareamagnetic state, but
an incommensurate spin-density wave state. The consioeret this state is beyond
the scope of my presentation and | refer to Refs. 63 and 64 fhis@ssion about the
applicability of spin-polarized DFT calculations for tiebmmensurate spin-density wave
state of Cr.

Appendix

Green-Function Properties

The Green functioid”(E) for a Hamilton operatot is defined by the operator equation

1
G=—— 60
TR (60)
where the energy is chosen as a complex quantity. For real energies it is sacg$o
perform a limiting process. Then the real enefgis replaced by + ie and all equations
are understood in the sense that the limit»> 0+ must be performed in the end. The
relation

. 1 1
S Erre—n - PEog OB, (61)

whereP denotes the principal value, establishes the connectioveles the imaginary part
of the Green function and the density of stat€&) = 6(E — H) and also the Kramers-
Kronig relation between the imaginary and the real part ef@neen function

1
E—-FE

ImG(E) = —mn(E), ReG(E) = —%P / h ImG(E')dE .  (62)

Another useful relation for the Green function is given by
dG(E) d 1 1 1

iE —dEE—H - E-—HE_j - “BGCE, (63)
which leads to
Br 4Goo(E 2

where explicitly the position dependence was denoted. TieeiGfunctions for the po-
tentialsV*(r) = V°(r) + AV*(r) are connected with the Green function for the non-
magnetic state with potenti®l°(r) by the Dyson equation

G* =G° 4+ G°AVEGT (65)
which follows from the fact that the inverse operatg®) !, (G*)~! can be written as

(G) t=E-H°, (GH) ' =E-H*. (66)
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where the Hamilton operators accordingHe = H°+ AV differ by AVE = VE Ve,
This leads tqG*)~!' = (G°)~! — AV*, which solved forG* gives equation (65). For
small potential differences the expansion of Eq. (65) iegily

Gt -G~ =G (AVT —AV7)G° + ... (67)
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