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Magnetocrystalline anisotropy energy of transition-metal thin films: A nonperturbative theory
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The magnetocrystalline anisotropy eneifly,s of free-standing monolayers and thin films of Fe and Ni is
determined using two different semiempirical schemes. Withfiglat-binding calculationfor the 3d bands
alone, we analyze in detail the relation between band structuré&Egpg treating spin-orbit couplingSOQ
nonperturbatively. We find important contributions Eq,,;s due to the lifting of band degeneracies near the
Fermi level by SOC. The important role of degeneracies is supported by the calculation of the electron
temperature dependence of the magnetocrystalline anisotropy energy, which decreases with the temperature
increasing on a scale of several hundred K. In gendfgl, scales with the square of the SOC constant
N\so- INcluding 4 bands and-d hybridization, thecombined interpolation schenygelds anisotropy energies
that quantitatively agree well with experiments for Fe and Ni monolayers ¢@0Qu Finally, the anisotropy
energy is calculated for systems of up to 14 layers. Even after incluslibgnds and for multilayers, the
importance of degeneracies persists. Considering a fixed fct-Fe structure, we find a reorientation of the mag-
netization from perpendicular to in-plane at about 4 layers. For Ni, we find the correct in-plane easy axis for
the monolayer. However, since the anisotropy energy remains nearly constant, we do not find the experimen-
tally observed reorientatiofS0163-1827)00629-7

I. INTRODUCTION restricted to second-order perturbation theory. On the other
hand,ab initio calculations have been madé***and lead
The dependence of the total energy of a ferromagnetito realistic band structures. Most calculations make use of
crystal on the direction of magnetization originates from thethe controversial force theoreth Convergence, however, is
magnetic dipole-dipole interaction as well as from spin-orbitdifficult to achieve; sometimes, additional assumptions are
coupling (SO0, as proposed by van VledkThe magnetic made in order to obtain converged resulssate tracking
anisotropy energy is expected to be enlarged in systems ohethod™)
low symmetry, i.e., at surfaces, interfaces, and thin filors The structure of thin Fe films deposited on (G201 has
in one-dimensional systems such as quantum cotrRe:  been widely investigated, especially the dependence of the
cently, a magnetization easy-axis perpendicular to the filnstructure and magnetization orientation on the temperature.
plane has been observed for a wide variety of thin film sysor films of less than 5 monolaye(dL) deposited at low
tems, for example for thin films of fcc Fe on @01 A4-6  temperatures, a distorted fcc structure is found, with magne-
Some of these systems are promising candidates for magjzation perpendicular to the film plane. At 5 ML, a transition
netic high-density storage media. to in-plane magnetization is observed, as well as a restructu-
In spite of many theoretical attempgts.® the relationship ration of the film. It is still not clear if this reorientation
between the electronic structure and magnetocrystalline arransition is an effect of the structural changes taking place in
isotropy energyE ,,iscould not be fully clarified so far. Some the film at 4-5 ML>*7~%
very important questions are subject to intense discuséion.  In this paper, we investigate a simple quadratic Fe and Ni
Which band structure details lead to significant contributiongnonolayer and fcc multilayer systems up to 14 ML epitaxi-

to E,.i? Especially the treatment of degenerate bands nedlly grown on the C(001) surface and neglect further inter-
the Fermi level has brought up controversigs (i) How  actions with the substrate. The band structures are calculated

doesE s depend on the SOC strengih? (iii) How is it~ Wwithin two different semiempirical schemes, including SOC
influenced by the substrate lattice constant? Moreover, thergompletely nonperturbatively without resorting to degenerate
is no unified thermodynamic and electronic theory to deteror nondegenerate perturbation theory of any ordetight-
mine the temperature dependenceEgf;.. Finally, the cor-  binding calculationof the 3d bands allows for a detailedt-

rect prediction of magnetic anisotropy for real systems stillspace resolved analysis of the role of degeneracies for
remains a challenge, since due to the quenching of orbitdfanis. It is shown that degeneracies located near the Fermi
angular momentum in @ transition metal system&,,<is level can yield significant contributions, if they occur along
several orders of magnitude smaller than other contributionnesin k space. We find for these that generaﬂynisoc)\go

to the total energy of a crystélypically about 0.1 meV  holds. Including 4 bands by means of theombined inter-

per atom in ultrathin filmps polation schenté and fitting the parameters @b initio cal-

The magnetic anisotropy of thin films has been investi-culations, we obtain the correct sign and valueggf, for
gated using two essentially different approaches. In semithe systems considered with this fully convergent method.
empirical calculation$®!%**the magnetocrystalline anisot- That could be achieved neither by a fit using bulk parameters
ropy energyE,nis is determined by means of parametrizednor by employing a real-space density of states calculation,
tight-binding band structures. Usually, spin-orbit coupling isthe so-called recursion methdt.Moreover, we find the
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characteristic scale for the temperature dependence of theandy axes oriented along axes connecting nearest neigh-
magnetic anisotropy to be,, rather than the bandwidth. bors in the monolayer, the spin-polarized Hamilton matrix
This supports the significance of the lifting of degeneraciesas(within the three-center approximatipthe form

at Er by A4, and demonstrates the importance of contribu-

tions to magnetic anisotropy due to Fermi-edge smearing. Hgl: Eo+ A\N/i+ 2B, (cosZ+ c0s2p) — Jed2,

Finally, we calculate the anisotropy energy of multilayer
systems. For systems of tetragonally distorted Fe of 2 to 14
ML, we find a transition from magnetization perpendicular to
the plane to in-plane magnetization at about 4 ML. We con-

HY,=Eq+ 2B,cos Z+ 2Bycos2y—J./2,

clude from our calculation that the experimentally observed Hg3= Eo+2BscosZ + 2'I§2c052;7—J,’EJZ, @
reorientation at five layers is not necessarily caused by a
structural phase transition. For Ni, we find a nearly constant HY,=Eo+ AYe+ 2B,(cosZ+cos2y) — L /2,

anisotropy energy from the fourth layer on, in disagreement
with the results of Schulz and BaberscHkeyho find a re-

d _ \% \% B
orientation from in-plane to parallel magnetization at 7 ML. ~ Mss=Eot AR+ Apet 2Bs(C0SZ + €0527) — Jei2,
In both cases, the degeneracies near the Fermi level are _
found to play an important role for the dependence of the Hg5=Hg4=Hg]m:H‘l‘O’QZZBG(cosz—COSZn),

anisotropy energy on the film thickness.
This paper is organized as follows. In Section Il, the in-and
terpolation schemefll A, 11 B, Il C) and the determination

of Eanis (Il D) are presented. The results obtained from the Hidi=Hid—5,i—5+ Jex for i=6,10,
tight-binding scheme fod bands alone are shown in Sec.
Il A, the role of degeneracies is analyzed in detail in Sec. Hﬂ:Hif‘_Si_5+Jéx for i=7,8,9.

[Il B while the results for the complete andd-band calcu-

lation for Fe and Ni monolayers on @101) and other sub- Here, é= 3k,a and = %kya are the normalized components
strates are given in Sec. Ill C. The influence of crystal fieldof the crystal momenturk, a is the lattice constant of the
splitting is investigated. Some aspects of the temperature deimple quadratic monolayer. For qualitative results it is
pendence of magnetic anisotropy are considered in Sesufficient to use bulk values for the parameters of the para-

11D, and the results for multilayer systems are presented ifmagnetic band structur®;, the crystal field parameter

Secs. I E and Il F. Section IV sums up the most importantA¥_ . and the spin splitting parameteds, and J.,. For

results. Ni, the parameters are taken from Weling and Calla®f&y,
for Fe from Pustogowat al?®?° The B; and AV are listed
in the first column of Table I. We have usdd,=0.1 eV
A. Band structures andJ/,=0.4 eV for Ni andJ,=J.,=1.78 eV for Fe. Due to

. . . the higher symmetry in fcc or bcc bulk crystals, only one
The magnetocrystalline anisotropy enerys depends crystal field parameteh’, (Ay;) appears in the correspond-

sensitively on the electronic structure of the system. To sim- ; L Fe
y y ng Fe(Ni) bulk Hamiltonian. For the monolayer, one would

lify the analysis, the band structure of the monolayer i . ;
gallc)c/ulated in ){wo steps. First, thed®ands are descri)éed ave to consider three differedfs because of the reduced
within a tight-binding scheme. Although the resultigg,; symmetry, but these paramgters are not_known. Hence, only
g g g B At has been considered in E@). The influence of fur-

as a function of the &-band filling ny shows already the X . ,
most important features, thes dands ands-d hybridization ther crystal field effects ok ,,;sin the monolayer, which was
stressed by Bruntf is investigated in Sec. IIl C.

have to be taken into account for a correct numerical evalu o : : .
For a quantitative comparison with experiment, however,

ation of E_c. ) s
ans 4s states have to be includggvithin the so-called “com-

For the 31 bands, the tight-binding formalism introduced bined i lati hemé® d h | q
by Fletche?® and Slater and Kost&is adapted to the mono- 2INed Interpolation scheme’) due to the strong overlap an
hybridization between®and 4 bands in & transition met-

layer. The HamiltonianHY=H,+AU is set up as a _ : .
10x 10 matrix with respect to the basis of Bloch wave func-21S- According to the pseudopotential method by HarriSon,
the 4s electrons are described by a set of plane waves

tions

Il. THEORY

el (k=K1

1 : 1
Poi(r)= J_N; e*Rep (r—R). (1) P (r) = o :
Here,H . is the atomic HamiltonianAU the additional crys- where theK; are a set of reciprocal lattice vectors. They
tal field in the monolayerg;, i=1,...,5(=6,...,10) are  have to be chosen such that at least the lowest eigenstates in
the atomic @ orbitals commonly denoted byy, yz, zx, the considered part of the two dimensional Brillouin zone
x?—y?, and 3?-r?, respectively, together with the spin (irreducible part, see beloware described. For simple qua-
eigenstaté]) (|])) with respect to the spin quantization axis dratic monolayers, this yield&;=(0,0), K,=2n/a(1,0),
zy - In the simple quadratic monolayer, only orbitals locatedK;=2m/a(0,1), K;=2w/a(1,1), Ks=2=x/a(—1,0), and
on neighboring atoms are included. The extension to secondg=2m/a(1,—1). To maintain the symmetry of the prob-
nearest neighbors does not lead to further insighith the  lem (and thus the correct occurrence of band degeneracies
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TABLE I. Band structure parameters within the combined inter-eters are listed in Table I. In order to to reduce the number of

polation scheme for Fe and NDO1) monolayers with lattice con-  faq parameters in the fit, treband parameter8; and AV
~ ’ I
stanta. The parameterB; andAY are taken from Pustogovet al. are still taken from the corresponding bulk crystéee

(Refs. 28 and 2pfor Fe and from Weling and CallawajRefs. 26 above. To obtain correctl-band widths, however, tﬁﬁi are

and 27 for Ni (bulk parameteps The other parameters are obtained . . | !
from a fit toab initio calculations for freestandin@01) monolayers scaled \_N'th the fitted parameteﬁé and S _for the spin-up
and spin-down bands, respectively. Finally, tke and

by Pustogowaet al. (Ref. 31 for Fe and Jepseet al. (Ref. 32 for

NiL d-band widths and-d-hybridization parameters are scaled
with t according to Harrisoft to take into account the Cu
Fe Ni surface lattice constarat
El(e\/) 0.0774 0.152 923 a q_ t 3
B, (V) 0,008 16 ~0.015 135 2 "\ ©)
B, (eV) 0.077 4 0.227 635 ) ] )
—~ with a, the surface lattice constant of Fe or Wj,the corre-
B, (eV) —0.153 24 -0.25 : . ;
—4 sponding hopping parameters, agdoeing —5 for the dd
Es (eV) —0.056 52 —0.071149 parameters;-2 for the ss parameters, ane- 7/2 for thesd
Bg (eV) 0.083 76 0.119380 parameters. The in-plane lattice constant is taken to be that
AV (eV) 0.068 0.059 360 of the Cu substrate for all considered systems=2.56 A).
This is correct for Ni, which is known to have a large
gl 2.06 1.33 pseudomorphic growth rangé.For Fe, however, both an
sl 263 1.52 in-plane nearest-neighbor distance similar to that of Cu and a
Jo (V) 218 0.87 smaller on&* have been reported.
J. (eV) 2.18 1.17
Ey (eV) -0.54 —0.935 B. Spin-orbit coupling
Spin-orbit coupling(SOQ between thel states, leading
a (ev) 200 25.2 to magnetocrystalline anisotropy, is introduced in the usual
Voo (€V) —4.20 —4.60 form asHg=\oJ-S. It can be express@dy the components
Vi (eV) 12 0.4 of the orbital momentum operatdrin the rotated frame
Vi (eV) 1.0 2.0 (Xm»Ym »Zm)- Here,zy, is the spin quantization axis, which
is parallel to the direction of magnetizatiod, ¢).*
B, (eV) 7.5 5.0
B, (eV) 5.1 12.8 B HLJ) H;% s IZM lXM_IlyM
Hoo™ o g =2\ 1 4l = @
a (A 2.76 2.49 so Hso xy Tily, 2

Expressed in the basis of EQ{.), Hs, is a matrix function of
the magnetization directiond(¢). The SOC constant, is
taken from the corresponding atoiyg,= 70 meV for Ni and
50 meV for Fe®®

Unlike in usual tight-binding calculatiof€1%4S0C is
Voot a(k—K)2 for i=j, included nonp(_arturbatiye?f/in our treatment. Thus, we ob-
tain important information on ho ;s scales with the SOC
constant\ ¢, which contributes to our analysis of the origin
of E,isin terms of band structure propertiesee below.

that turn out to be very important fét,,;), symmetry factors
F; have to be introduced into the Hamilton matfixThis
leads to

HE = (el H Y ) =

VKJ_,KiFiFj else.

Voo, Vi, V11, V12, andVy, are the Fourier components of
the pseudopotentialy is the dispersion of thesdband. The _
symmetry factors are C. Multilayers

We build up the Hamiltonian of a system bflayers by
i=1

sinzy for »=0, coupling | monolayer Hamiltonian$d!~> "' together. The

F]_:l, F2:Sin2§, ng{

0 else, coupling of the layers is described within the tight-binding
. nearest-neighbor formalism used for the monolayer. Because
sin2np for <0, of the missing periodicity in the direction, we obtain terms

Fe=FaFs. that depend only o and #. For the sake of simplicity, we

take only o bonds into account and obtain the following

Thes-d hybridizationH®® between states of parallel spins is terms for the coupling of the orbitgl of the monolayei
calculated according to Hodges al** with the parameters \ith the orbitalk of the monolayei + 1, H}'ik“:

B, andB,. To obtain accurate parameters, we perform a fit

to the full-potential linear muffin-tin orbitald MTO) calcu- Hii 1= — 2B, cos2y
lation for a free-standing Fe monolayer by Pustogetval 3! 22 . ’
and to the linear augmented plane wak&PW) calculation . -

for a Ni monolayer by Jepseet al? The resulting param- H3s "= —2B,cosZ,

Fa=FaFs, FSZ[O else
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withi=1---1—1. The (22X 22) coupling matrix thus has

7 - .
only elements in thel-1) (22x22) blocks just above and E(k) 4 A
below the diagonal. The paramefy is the same as used for 61
the monolayers, but it yet has to be scaled to the interlaye —~ 5}
distance of the tetragonally distorted system, according t g al
Eq. (3). We consider equidistant layers. For Ni, we take into ®
account the reported compression of 3.2% to scale theinte & 3}
layer hoppings? For Fe, we assume an expansion of about 2 5|
5% as reported by Mler et al!® E
@
D. Anisotropy energy g
w
The magnetic anisotropy energy per atom is defined as
Eanidn):=Eo 6=0;n) — E( 6= 7/2,¢9;n), (5
whereEy( 6, ¢;n) is the ground-state energy per atom with 4 6 8 10
a total ofn 3d and 4s electrons per atom, and the magneti- number ngof 3d-electrons per atom
zation directior® is denoted by ¢,¢). The in-plane angle
¢o is chosen such that the resulting,,d is the largest FIG. 1. Dependence of the magnetocrystalline anisotropy en-

possible. At first, the anisotropic dipole-dipole interaction isergy E,;s on the 3i-band filling nq for a monolayer with param-
neglected, since it hardly depends on the electronic structureters referring to Fe, calculated within the tight-binding scheme
Nevertheless, it may be of the same order of magnitude asolid curve. Negative values oE;s yield perpendicular anisot-
the magnetocrystalline anisotropy resulting from SOC andopy. The origin of the peaks denoted by A, B, and C can be traced
will thus be included later to obtain quantitative results. Theback to degeneracies in the band struct(gee text, Fig. 3, and
total energy per atori,, (with the k-space resolved energy insed. The dashed and dotted curves show the contributig}i
E,) is given by and E2nP to E, ;s from the spin-orbit coupling between parallel
spins and antiparallel spins, respectively. Inset: Occurrédtiia

1 line) and lifting (thick line) of a “line” degeneracy for two differ-
Ewt(0,¢;n)= Nzk: Ex(6,¢:n) ent directions of magnetizatioraijI and z,\E,1 , respectivelyk, corre-
sponds to one particular direction knspace. Perpendicular tq,
1 the intersecting bands are nondispersive throughout the BZ. The

= NE Enk(0,0)fol En(0,d) —Eg(6,¢;n)], energy gained by the lifting of this degeneracy is given by
m.k AEams=% NsoF, if Eg falls in between the two subbanddotted

(6) line). Here,F is the fraction of the involved states lnspace. If

) . . . E¢ lies below or above the two subbands; ;s is zero.

with N the number of atomg(AE) is the Fermi function at

zero temperature artd:( 6, ¢;n) is the Fermi energy which, ) )

for a given band fillingn, is determined self-consistently by €*clude any parts of the BZ to obtain convergence, unlike

Wanget al!? Adding s electrons ang-d hybridization im-
1 plies a coupling of non-SOC-coupled states with the SOC-
n= NmEk fol Emk(6, ) —Er(6,¢:n)]. coupledd states and results in a reduced symmetry. It is then

necessary to perform the summation over 1/2 of the BZ. We
Emnk(0,¢) is themth eigenvalue with crystal momentukn  then need 150 000 points to obtain the correct fourfold sym-

and magnetization alongd(¢) of the Hamiltonian metry of the in-plane anisotropy energy as a function of the
g magnetization direction in the plangos4p). Fortunately,
Hmone=H"+Hso the out-of-plane anisotropy enerdy,,s as defined by Eq.
for the monolayer in the tight-binding scheme and (5), which is larger by two orders of magnitude in our cal-
culation EMPa"e~1.2 ueV for Fe* already converges for
Hmong= HS+HI+ HSd+ H about 7000 points, so that calculations for systems of up to

. . . . 14 layers are feasible.
for the monolayer in the combined interpolation scheme. For y

multilayer systems, we have the following Hamiltonian:

IIl. RESULTS AND DISCUSSION

_pyl
H= Hmon .- @ Hrr]nono"' Hcoupling-

In Eq. (6), we use the so-callefdrce theoremthe validity of A. Monolayers within the tight-binding scheme

which has been assumed in all calculations of the magneto- In Figs. 1 and 2, results foE,,s as a function of the 3
crystalline anisotropy so far. d-band filling ny are presentedsolid lineg for the param-
The complete Brillouin zonéBZ) summation ovek is  eters of Fe and Ni monolayers, respectively. We use the lat-
performed as a weighted summation over the irreducible patice constant of 2.56 A to simulate epitaxial growth on
of the BZ (for an arbitrary direction of magnetizatiprFor ~ Cu(001). These figures demonstrate the correspondence be-
thed electrons with SOC, that means a summation over 1/4ween electronic structure and magnetic anisotropy and show
of the BZ. About 2000 points of the 1/4 BZ are then suffi- that our method will yield convergent results for the whole
cient to achieve convergence. Note that we do not have ttransition metal series and for largee) and small(Ni) ex-
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constaniA ,: Eanisoc)\ﬁo. The first order vanishes due to time

reversal symmetri® (i) The contribution of the lifting of

degenerate bands, which are shifted linearly with, de-

pends on the fraction of states linspace influenced by the

degeneracy. Whether this fraction is of the orderigf,

- which would yield? E,e<\3,, or of lower order which

& would yield important contributions tB s, }*"**has been a

controversial question. Anyway, the scaling Bf,s with

N\so CaN present important information about the dominant

contributions toE,,s. Thus, it is very useful not to restrict

calculations to second-order perturbation theory as has been

: ] frequently doné®* Remarkably, we findE 5, ng) A2, for

o d E most of theny values in agreement with Ware al'? Un-

8 : Y ) like stated by those authors, however, this does not rule out
0 2 4 6 8 10 contributions toE,,s of the lifting of degeneraciesi). In

number ngof 3d-electrons per atom Sec. Il B and Fig. 1, we show explicitly that such contribu-
tions play a very important role fdE ;s in the monolayers

FIG. 2. Dependence of the magnetocrystalline anisotropy enconsidered. This is true as well for the multilayésee the

ergy E,nis on the 3l-band filling ny for a monolayer with param-  discussion in Secs. Ill E and F

eters referring to Ni, calculated within the tight-binding scheme  The dependence @, on the scaling of alb-electron

(solid curvg. Negative values oE, yield perpendicular anisot- hopping parameters with a common parameterwas

ropy. The orig'in of the peaks denoted by E and F can be traced bacé(hecked. We found that the overall shape of the curves

to degeneracies in the band structysee text The dashed and E..{n) will not change ift is varied.|E,J increases for

H : Ega_r antipar ) A A . .
dotted_ curves Shov‘.’ the contributioByys anfj Eanis 10 I_Eamsfrom . decreasing (decreasing bandwidthThis leads to the gen-
the spin-orbit coupling between parallel spins and antiparallel spins

respectively. Inset: Irreducible part of the two-dimensional Bril- eral trend of Eyd Increasing with Increasing Iit_)tlce constant
louin zone of Fe for the tight-binding schenwis the lattice con- a of tgg monolayer, sinceis proportional toa™ (see Sec.
stant of the monolayer. The main contribution &g, at n=8.8 I c).

(corresponding tany=7.6 in the tight-binding calculatiorresults

from the lifting of degeneracies along the lib¢'. B. The electronic origin of E ,i

Eanis (MmeV per atom)

In this chapter we discuss in detail how the magnetocrys-
change coupling. They will be analyzed in the following. talline anisotropy energy can be related to the electronic
Yet, the numerical value dE,sfor Fe and Ni monolayers band structure. A 8-band degeneracy can make large con-
cannot be extracted from these figures until teetectrons  tributions toE s, if (i) it is lifted by SOC for one direction
are includedsee Sec. Il ¢ since the exact@band filling  of magnetization £5;) and remains for anotheeg,), (ii) it is
of the monolayers is not known. located near the Fermi levEk, (iii) it runs along a line irk

Splitting the spin-orbit coupling matriXt, into two  space, andiv) the degenerate bands have no or very little
parts, one of themHE2") containing only coupling between dispersion along this line. Before showing that such degen-
states of parallel spin, the other oré¥""®) between states eracies indeed occur in the band structures, we estimate their
of opposite spin, and recalculating,.s as a function of contribution within a linearized band structuigee inset of
ng with either of the two matrices instead ofs, itself, Fig. 1. If Eg is situated below or above the two subbands,
we obtain the curvesEP¥(ny) and E2"P3(n,), respec- o contribution toE,ysresults,AE,q¢=0. The maximal con-
tively (Figs. 1 and 2, dashed and dotted lines, respecmyewtributi_on occurs when the degeneracy lies exactly at the
Note that to a good approximatioBay(ny)+EanPa(n,) ~ FermilevelEg and amounts to
~Eanidng) is valid. For Fe parameter&2n.(ny) is very
small due to the large exchange splittihg that completely Nso ,[ B ™

; tipal . . AE..=—F=\%| — —
separates the spin subbands. THE&P*(ny) is ineffective anis™ 9 SD( 9k, a
and may therefore be neglected for further analysis. The
curve ERA(ng) ~E.idNng) consists of two parts of equal since the fractionF of involved states in the irreducible
shape, viz., fomye[0;5] (spin-up bany and nye[5;10] quarter of the Bz is F=(Ak,/w/a)(w/alm/a)
(spin-down banf In the case of Ni,EP¥(ng) and =2\sJ(dE/dk;)(m/a)]™*. The preferred direction of mag-
E3P3( ) are of the same order of magnitude, since there igietization iszy .
a considerable overlap between the spin-up and spin-down Thus, AE,qis proportional tox2, for a degeneracy that
subbands. occurs along dine with the involved bands being nondisper-

The curvesE,,{ng) show a number of pronounced peaks sive along that line. This agrees with the scalingEf,s
(A, B, C, E, Fin Figs. 1 and)2the origin of which has to be observed above. In their estimate of the contribution of de-
clarified. Two possible contributions f,,;sare discussed in generacies, Wangt al*? implicitly assume that the degen-
the literature''*3(i) The SOC-induced shifting of occupied, erate bands are dispersive in either dimensiork afpace.
nondegenerate bands leads to contributionsEtg;s in  This would lead toF «\2, and E o\ 3) and justify the ex-
second-order perturbation theory with respect to the SOCIlusion of degeneracies from their calculation in order to

-1

)
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duced by SOC for a given direction of the magnetization
M, we analyze the form dfl,in Eq. (4). States with parallel
spins are coupled if they contain equal orbital momenta with
respect to the spin quantization axjg, whereas states with
opposite spins must show a difference of one in the orbital
momenta to yield nonvanishing ODE’s. The real space com-
3 ponents of the atomic states, i=1,...,5, are composed of
eigenstates ofl, with the eigenvalues (2,2), (—1,1),
(—1,1), (—2,2), and 0, respectively. In terms of eigenstates
05} SN MIEX -~ of I, one has the eigenvalues-(,1), (—2,2), (—1,1),
-l N e ol - (—2,0,2), and 2,0,2), respectively. This yields a coupling
SN e M/X\ . et TH ] for M||z within the groups of stateg; with i =1,4,5,7,8 and
05L - | T T with i=2,3,6,9,10, and, in the case ®|x, within the
o T groups of stateg); with i=2,4,5,6,8 and=1,3,7,9,10, re-
r X M r Y M spectively. In both cases, the Hamiltonian can be split into
two 5X 5 blocks, and subbands belonging to different blocks

FIG. 3. Band structure of thed3minority spin band of the Fe Wil intersect. Between states of the same block, the degen-
monolayer, calculated within the tight-binding scheme. The magneeracies will usually be removed. Especially the subbands
tization M is directed along the layer normal (upper part and 1 and, (and, correspondinglyys and ¢;) change their

in-plane alongx (lower parl. The degeneracies denoted by A, B, roles if the magnetization is changed framto x and vice
and C contribute to the peaks A, B, and C in Fig. 1. TIEdOtted linesyersa, because the orbitaly andyz have different orbital
denote the Fermi level fomy=7.6, respectively.I'=(0,0), momenta with respect to theandz axes. These subbands
X=(mla,0), Y=(0,r/a), and M =(=/a,w/a) are the high sym- will thus be involved in the lifting of degeneracies by alter-
metry points of the irreducible part €k, , k,<w/a) of the Bril-  ing magnetization and possibly, as shown above, yield im-
louin zone.a is the lattice constant of the monolayer. portant contributions tdE . In the case of Fe parameters,
the situation is even simpler since coupling between states of
improve convergence. In the light of our results, howeveropposite spin ¢; and ; with i<5<j) can be neglected.
this assumption is incorrect and it neglects very important As an example, peak A in the cuni&,,{n) of Fe at
contributions toE ;. n=7.6 (Fig. 1) results from the degeneracy (Kig. 3 of the
In Fig. 3, some degeneracies are shown in the band strugypbands corresponding to the statesand (i, #10). Thus,
ture of the Fe monolayer. For example, the degenemcy i ,cc s forml|2, and is lifted forM|X, since in the second
that occurs fotM|z and is lifted forM||x is located at the case the subbands belong to the same block of the Hamil-
Fermi level forny=7.6 (dotted lines in Fig. Band leads to  tonjan, whereas in the first they do not.
the peakA in Fig. 1. It runs along a line ik space, which is As a conclusion, it has been shown that-Band degen-
shown in the inset of Fig. 2. According to EQ7), with  eracies along lines of constant energy result in important
9El9ky=0.6 eV/m/a (taken from the band structyrethis  contributions tcE,,if they occur near the Fermi level. They
contribution should b\E,¢~4 meV, which agrees in the can favor in-plane and perpendicular magnetization and need
order of magnitude with the calculated value not occur near high symmetry points of the BZ. Thus, for
EanidNg=7.6)=6 eV. (009) layers, it is not sufficient to consider only bands at high
Several tests have been made to support that hypothesisymmetry points as was done by Daaldetpal’® for a
Excluding the states influenced by the degenerd¢.3%  Co(111) monolayer. Furthermore, for such contributions
of the total of 3l state$ from the calculation oE,s, the  from degeneracies,EamSOC)\go and, approximately,E s
height of peakA is reduced to 40%. Thk-space resolved o 1/9E/ gk, is valid (the band dispersiosiE/dk; is approxi-
analysis ofEandng=7.6) also shows clearly thd.s re-  mately proportional to the scalingof the hopping param-
sults from the states near the degeneracy. etery which agrees with the observations reported above.
Analogous degeneracies are found in the Ni band strucyote that the analysis is very simple due to the analytic form
ture contributing to the peaks E andFg. 2). Note that the  and low dimension of the @ tight-binding matrix, which is

liting of degeneracies can favor in-plane as well as perpenan advantage of the semiempirical scheme. It remains valid

of Daalderopet al. for a Cq111) monolayer' who state that o _

degeneracies should always favor perpendicular magnetiza- € The results of the combined interpolation scheme

tion. Results forE,,{n) obtained from the combined inter-
Since the 8-band degeneracies are so important forpolation schemdincluding s andd bands as well as-d

Eanis, We analyze in the following the occurrence and lifting hybridization for the monolayer are presented in Fig. 4

of degeneracies in the band structure. It can be shown that, @r Fe parameters and Fig. 5 for Ni parameters with the

terms of the basis of Eq1), the Hamilton matrixH® [Eq.  lattice constant of the @Q01) surface in both casesolid

(2)] has the simplest block diagonal form with only four curves; the discussion of the curves for two and three layers

off-diagonal element§ODE’s) H-=H{, and, equivalently, is postponed to Secs. Il E and II)FThese results for

H$ 10=H{oe. To find out which additional ODE's are intro- the monolayer are similar to the curves férbands only
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35 , , . . , with the easy axis perpendicular to the monolayer for Fe and
in-plane for Ni. Note that correspondirap initio results for

a free-standing Fe-monolayer yielded0.42 meV%!? but
previous tight-binding calculations gave the too large value
of —5.5 meV

g In the case of Fe, the perpendicular easy axis of ultrathin
IS Fe films on C@001) is reproduced correctly. Direct compari-
4 son with a Fe monolayer on Q@0J) is difficult due to film
E growth problem$. It is common to separate the anisotropy
= energy of thin films into a volume and a surface terff:
5
2K
Eanis(d)zKu+Ty (8)

The first term, K,, describes the thickness-independent
contributions to the anisotropy energy and the secénd,

FIG. 4. Magnetic anisotropy energy of Fe as a functionghe the thickness-dependent contributions and the surface ef-
andd-band filling for one layefsolid curve, two layers(dasheyy ~ fects. Fowler and Barth measured the following anisotropy
and three layergdotted. Peaks A and D are caused by the respec-constants: K,=0.132 meV/atom an ;=0.11 meV/atom
tive degeneracies in the band structure shown in Fig. 9. for the distorted fcc films at 100 K. The value

K,+2Ks=0.352 meV/atom is comparable to our result.
(Figs. 1 and 2 n is the total filling of thes andd band  This result has been calculated with the measured anisotropy
(n=8 for Fe andn=10 for Ni). We find for a Fe mono- fi(—?ld using the bulk saturation magngtization_of bcc Fe. For
layer E.{Fe/Cuy=—0.41 meV per atom and for Ni, Ni,our resultalso agrees very well with experiméftshich
Eand Ni/Cu)=0.10 meV per atom. The dipole-dipole inter- Yields EandNi/Cu)=0.125 meV at 300 K. The anisotropy
action is included under the assumption of a point dipoleconstantsks and K, are temperature dependent. Measure-
located at each site, carrying the magnetic moment of th&ents of the anisotropy constants as a function of the re-
unit cell. The(spir) magnetic moment per atom is calculated duced temperature have been métieut the correct ex-
from the band structurem(Fe/Cu)=3.3ug and m(Ni/Cu)  trapolation tor=0 K is not known yet. While in experiment,
=0.91ug]. The dipole anisotropyequivalent to the shape the values ofK, andKg have to be compared at the same
anisotropy in the mono'ay)—ea'ways prefers in_p'ane magne_ reduced temperature because of the thickness dependence of
tization. Altogether, we obtain for the total magnetic anisot-Tc. the theoretical values arerf@ K and thus independent
ropy energy per atom of a Fe and Ni monolayer with theof the difference of absolute and reduced temperature.
lattice constant of G@01) Note that in Fig. 5, the curv&,,{n) for the Ni mono-
layer (solid curve has zeros near= 10. Hence, the numeri-
EC (Fe/Cy=—0.17 meV cal result for Ni is not very stable and the excellent agree-
ant ment with experiment should not be overemphasized.
and Nevertheless, for Fe and Ni, the sign and the order of mag-
nitude of E,,sturn out to be remarkably stable upon param-
tot /N _ eter variations: Sign changes do not occur upon variation of
Eanid NVCW)=0.12 meV the pseudopotential areld hybridization parameters by as
much as 40%. Moreover, we find in agreement with Wang
4 " " : - T et al1? a perpendicular easy axis also for Fe monolayers tak-
ing (001) surface lattice constants imposed by substrates
such as Pd, Ag, and \2.77, 2.89, and 3.03 Arespectively.
This stability again demonstrates the validity of our results
for E,nis. The good agreement of the results both wath
initio theories and experiments is due to the fact that the
parameters were obtained by a fitab initio calculations for
Fe and Nimonolayergather than takindulk parameters.

To investigate crystal field effects, an additional param-
eterA is introduced’ to take into account the different effect
of the monolayer geometry on orbitals that lie in the plane of
the monolayer Xy and x>—y?) and out-of-plane orbitals
(yz, zx, and ¥2—r?). In addition to Eq.(2), the on-site
-4 s . , , . energies of the latter are lowered Bywith respect to the

band filling n former. The dependence &f,,son A is shown in Fig. 6 for
Fe and Ni parametersolid and dashed curve, respectively

FIG. 5. Magnetic anisotropy energy of Ni as a function the Remarkably,A=0.2 eV changes the sign &, for both
andd-band filling for one layersolid curve, two layers(dashed] systems considered. Thus, it is important to determine
and three layergdotted. from theab initio band structures. In the case of Fe, the fit of

band filling n

Eganjs (meV per atom)
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FIG. 6. Dependence of the magnetocrystalline anisotropy eni-ng ng=6 (d-electrons only, dashed curyesnd for three layers

ergy E,nis on the crystal field splitting for the Fe monolayer on \(/jwthhbznd f'”'”gnTBF(S aqdd elle(.:trons, SOIILd I"?b For the uppfer h
Cu(00D, n=8 (solid curve and the Ni monolayer on GQOJ), ashed curve, only Fermi statistics are taken into account, for the

n=10 (dashed curve Negative values of,,. yield perpendicular middle curve the lattice expansion is added, and the dotted curve
ans includes the effects of Fermi statistics, lattice expansion, and en-

anisotropy. The vertical line denotes the best fit foffor the Fe Th lculation for three | includes Fermi istics. |
monolayer. In the case of Ni, the fit cannot be improved by thelfOPY- The calculation for three layers includes Fermi statistics, lat-

introduction ofA (see text tice expansion, and entropy ferandd electrons.

T because of the lattice expansion of the substigite,the
entropyS(T), and(iv) the effects of spin-waves, resulting in
a temperature dependence of the magnetizafi¢m). In this
dWork, the first three effects are analyzed. More precisely, the

thermal expansiofii) of the lattice constard(T) is included

by means of the empirical lava(T)=a(T=0)(aT+1).
a=2x10"%/K is the expansion coefficient for the Cu
substraté! The expression for the entrogiji) of noninter-
acting particles is

the 3d bands near th& point of the BZ can be significantly
improved by choosing A=0.08 eV. The resulting
E.nid Fe/Cu) amounts te-0.30 meV, still with a perpendicu-
lar easy axis even if the dipole-dipole interaction is adde
For Ni, the introduction ofA doesnotimprove the fit. Those
results forA differ substantially fromA=—0.5 eV given by
Bruna'® which has been determined by a fit to the(1Ni1)
monolayer but employed for both Fe and(001) monolay-
ers also. Pick and DreysSestate that fo001) monolayers a
crystal field parameter is not necessary. For Ni, this is sup-
ported by our result; even in Fe, our value &fis small
compared to other band structure parameters. Gihal* S=—kBEk (N NN + (1= (M) IN(L = (M)
reportA=—0.14 eV for the Nj001) monolayer. m

Finally, a detailed investigation of the band structdtes
shows that the analysis given in Sec. Ill B fod dands is With (M) = f1[Emic(6,¢) — (6, 6;n)]. In analogy to Eqg.
still valid for the combined interpolation scheme. As evi- (9, the free magnetocrystalline anisotropy enefgy;s is
dence, consider Figs. 1 andolid curvey: There is a one- defined as the difference in the free enefgy E—TS for
to-one correspondence between the peak&jg in both  two different directions of magnetization. _
curves. This correspondence can be shown to result from Figure 7 showsF.,;{T) (d-band calculation for the
similar band structure details. In particular, the role ofmonolayer, Fe parameters,=6). Including only Fermi sta-

3d-band degeneracies stressed in Sec. Ill B remains the sarfjgtics [(i) dashed curvg the characteristic energy scale for

which corresponds to the energy\g, but not to the 3
d-band width of approximately 3 eV. This becomes imme-

One of the greatest challenges in the investigation of magdiately plausible if one notices that the SOC-induced lifting
netic anisotropy is the calculation of reorientation transitionsof degeneracies occurs near the Fermi level. Thus, one ex-
with temperature. Up to now, a complete electronic and therpects a measurable effect &1, due to Fermi statistics as
modynamic theory is lacking. Here, one-particle effects ofsoon akgT becomes larger than or comparable to,2 In
temperature are investigated. It turns out that they again sugddition, we must conclude from our results that shifting of
port the role of degeneracies for magnetic anisotropy andsubbands far below the Fermi level is not so important, since
moreover, are comparable in order of magnitude with théhenF .5 could not be essentially lowered on such a small
many-particle aspects usually considef®d. temperature scale.

The free magnetic anisotropy enery,s depends on The characteristic increase |5 ,,{ with increasing tem-
temperaturel due to(i) the Fermi distribution of electronic perature forT<500 K is a direct result of the lifting of
statesf(AE), (ii) the hopping integrals, which depend on degeneracies. Consider again Fig. 1. Mdzy; (lifted degen-

D. Temperature dependence
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FIG. 8. Magnetic anisotropy energy of Fe and Nickel as a func-
tion of the number of layers calculated in the combined interpola- g 9. Monolayer band structure of the and 4s band for Fe
tion scheme. The calculation for 1/4 BZ for Fgashed “”?Yi?lds parameters, calculated within the combined interpolation scheme
periodic oscillations caused by the incorrect symmetrEfs™™.  with the magnetizatioM parallel to the layer normain the upper
Summation over 1/2 BZsolid line) corrects this problem. For the  part and in-plane paralled in the lower part. High symmetry points
Fe bilayer, the square and diamond are calculations with 15 356 ange the same as in Fig. 3.
108 228 points in the 1/2 BZ, respectively. For Nicketoken line:

1/2 BZ, squares: 1/4 BZthe convergence is better. ) )
for Fe films of 1 to 14 layers. Calculations for both 1/4 BZ

eracy, which is the energetically favored case, Fermi statis:2"d 1/2 BZ are included. The values obtained when the sum-

tics induces only little changes in the occupation of the elecMation overk is performed over 1/4 BZ lead to periodically
tronic states, if ksT<Ae,; for the degenerate bands r€curming positive values d& ;s (for films of 2, 6, 9, and 12

(M||Z),\(/|), however, states in the upper band are significantl)Jayers' The positive value for a film thickness of 2 layers
occupied even forkgT<\A,. Thus, the total energy for can be traced back to the occurrence of degeneracy A at the
S0 ’

MHZ>,\<,| rises with respect td =0 in this temperature range. Fermi level. For the ot_her positive values, the easy and hard

: : S . : axes are found to be in-plane, an effect of the wrong sym-
This leads to an increase ¢Fayg with increasingT, if metry resulting from the summation over 1/4 BZ, leading to
ke T<Aeo=50 meV (T<500 K). y 9 ' 9

; ; L ; in-plane
The inclusion of lattice expansiditii) solid curve in Fig. 2" overestimation of thén-plane anisotropy Eays™ . We
7] has only a small effect of .. The narrowing of bands perform thek_—space summation again, this t_'”.‘e over 1/2 BZ,
with increasing temperature due to the scaling of the hopgm.s rezpectlntghthg symtmetry Off (';Bed hybr|d|zid s;:jstem.f. d
pings leads to an increase [iR,,d for small T, which was IS reduces the importance of degeneracy A and we Tin
already discussed foF=0. For larger T, the influence of positive values only at 2 and 6 ML. It turns out that a new

Fermi statistics on narrowed bands is larger, leading to %egeneracy D is re_sponsi_ble fqr the negative values. In_order
stronger decrease ¢F ' 0 demonstrate this relationship between the easy axis and
anig *

The entropy(iii) dotted curvé has a damping effect on the band structure for the multilayer systems, we go back to

_ L . the monolayer at a slightly different band filling. The degen-
the curve FandT), but maintains the features OIISCussederacy A observed for the monolayer in the tight-binding

above. This results from the fact that, in the case of degen-Cheme is easv to recoanize in Fia. 9. and a new degenerac
erate bands, the entropy is larger than for nondegeneratQ‘e y 9 9- 9 9 y

bands, since states located nearer to the Fermi level hafe is found near thé/ point for M|[x. Degeneracy D is lifted
larger entropy. for M|z, thus leading to a negative anisotropy energy. The

F..idT) was also calculated for three layers within the k-space analysis of the anisotropy energy confirms the im-
combined interpolation schentEig. 7), taking into account portance of degeneracy D, which causes the ring-shaped dip
all three mentioned effects and shows a decrease with ireroundM. The structure seen along the lihd.’ (see the
creasing temperature on the same scale as for the monolayéset of Fig. 2 is the onset of the positive peak in the anisot-
Hence, this analysis d¥,,{T) shows the significant contri- ropy energy caused by degeneracyske Fig. 4 Summa-
bution of temperature-induced changes of the degeneracidon of the contributions of thi points in the tenth of the BZ
to the anisotropy energy. It is remarkable that the three temRear M already gives half of the total anisotropy energy.
perature effects mentioned above, and particularly the eledVultilayer systems show per se more degeneracies than
tron temperature dependence of the Fermi function, are ahonolayers, and the contribution of these to the total anisot-
equal magnitude as the temperature effects of spin waves gopy energy is not as clear as for the monolayer. Still, for a
M(T). three layer system, we find again degeneracy D at the Fermi
level, and recognize also in thespace resolved anisotropy
energy the characteristic structure it causes ardind

Taking Fig. 8 again and excluding the points of wrong
Figure 8 shows the calculated magnetic anisotropy energgymmetry(easy and hard axes in-plarend the points where

E. Fe Multilayers
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F. Ni multilayers

In this paragraph, we discuss the thickness dependence of
the magnetic anisotropy energy of Ni and thus refer to the
remaining curves of Figs. 5 and 8. The anisotropy for Ni
bilayers and trilayers as a function of band filling is shown
by the dashed and dotted curves in Fig. 5. Although the
general shape of the curves closely resembles that of the
monolayer, the peak positions and thus the direction of the
easy axis at a given number o64nd 3 electrons may
differ. The magnetic anisotropy of Ni calculated for systems
of 1 to 14 ML is shown in Fig. 8. We include again calcu-
lations using 1/4 of the BZ and 1/2 BZ, but this time no point

E 4nis (meV per atom)
(=1
w
w
T

045 has to be excludedE ;s of the second layer is much bigger
than that of the monolayer, a fact which perhaps indicates
055 03 07 0% 08 1 that the influence of the substrate cannot be neglected. The

Wlayers anisotropy then drops again and remains approximately con-

FIG. 10. Magnetic anisotropy energy of Fe as a function of theSta‘nt at a value of about 0.14 mewhich is still bigger than

11 (I: number of layers Including the dipole-dipole anisotropy the value obtained for the monolayerSchulz and

energy, we obtain in-plane magnetization from the fourth layer OnlBaberscth report for Ni a transition from in-plane to per-

A linear least square fit yield&,=—0.17 meV per atom and Pendicular magnetization at 7 ML, due to a laige which
K.=—0.14 meV per atom. favors a perpendicular orientation of the magnetization. Our

theory does not reproduce this reorientation.

i ) ) ) For Fe, the behavior of the films as a function of thickness
we find degeneracy A at the Fermi level, we obtain the filmgq 4 pe related to the degeneracies occurring at the Fermi
thickness dependence of the magnetic anisotropy energyyel. The contribution of these degeneracies to the total an-
shown in Fig. 10.E,;s is plotted as a function of IL/We  isotropy of the film would be expected to decrease with in-
expected a linear behavipsee Eq(8)] and thus performed a creasing number of layers, as their weight in the summation
linear least-square fit to the data. Although it is obvious thabver all atoms(number of points in the BZ< number of
the calculated values do not exhibit the linear behavior veryayerg decreases: that is in fact what we find for Fe. For Ni,
well, our fit yields K,=—0.17 meV per atom and however, the contribution of the degeneracies to the anisot-
Ks=—0.14 meV per atom, which is in very good agreementropy energy is not so evident. The minority and majority spin
with Fowler and BartH. bands mix much more than in the case of Fe because of the

Including the dipole-dipole anisotropy energy as cal-small exchange coupling. This is a possible reason for the
culated by Szunyogtet al,'®> we find for Fe a change of nearly constant anisotopy energy we obtain. The occurrence
the easy axis from perpendicular to in-plane at 4 MLOf a degeneracy of &times degenerated band would also

[EP (4 layerg=0.59 me\l. Our result indicates that the ex- probably lead to a thickness independent contribution to

perimentally observed transition at 5 ML might be an intrin- Eanis- )

sic quality of fct films grown at low temperature. Szunyogh | So far, no other monolaygr calculation lead to the correct
et al. calculated the anisotropy energy of thin fcc-Fe filmsm'pl"’lne anlsotrolpy fo;?th? Ni monolayer. [n a calculation for
on Au (001) and also observed oscillations and strong devia-’[he fct bulk, Erikssoft finds a perpendicular easy axis,

tions from the expected linear behavior. They obtained hhli(;h 'T‘ clort:e;:]t ;‘]orwfc\t/ I\rll.t#pon v?k:ylrng :he/re]\ [)"’llt'ot n btain
reorientation transition from perpendicular to in-plane mag-, €ir caicufation, however, these authors are unabie to obta

netization at 4 ML in the limit of fcc Ni (c/a=1) the correct easy axis, which is

In order to compare our calculated dependenck gf, of along the(111) direction. The same problem occurred in a
Fe on the 8- and 4s-band filling n with experiment, we go Elr'e“\f?rlﬁ total energt))/ calculanorll of tt?le saTe”grO:Jp lfqr fce
back to Fig. 4. For the monolayer atsaandd-band filling - IS seems to € a general problem ot all calcu ations.
of N=8. we are near a zero of the curve. anchat8.2 we We obtain the correct in-plane anisotropy for the monolayer,

already have a positive value B, caused by the growing but the wrongK, . So, a three-dimensional calculation for fct

influence of degeneracy A. We would thus expect a monoN' and variablec/a ratio also does not really tackle the prob-

. - .. lem of fcc Ni and cannot explain the behavior of the magne-
layer of a FgCo,_, alloy to have an in-plane magnetization tization
already at small Co concentrations. This was in fact mea-"".". .
; 42 - . Ni is a delicate system. Maybe many-body effects cannot
sured by Dittschaet al.** for x=0.95. We would predict an )
be neglectedi.e., theforce theoremdoes not work wel)l

incr_ease of the anisotropy energy with increasing Co conceny, o dependence between the anisotropy energy and the band
tration. For three layers, we would expect the same behavior .
structure seem to be very subtle and the smallest details

the structure of the curvig,,{n) nearn=8 being similar to . $5.46
that of the monolayer. This alloying behavior found both can influence the results:
theoretically and experimentally supports the relevance of
degeneracies for the anisotropy energy, as claimed by Daal-
deropet al. and disputed by Wang, Wu, and Freeman. In the A calculation of the magnetocrystalline anisotropy energy
case of FgCo;_,, there is no doubt that the magnetic mo- E,;;; of Fe and Ni monolayers on @01 is performed. In
ment persists. agreement with experiments, we find a perpendicular easy

IV. CONCLUSIONS
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axis for Fe and an in-plane easy axis for Ni. The results aréen the combined interpolation scheme respectivély, the
fully converged without any additional assumption to im-temperature dependen¢ie characteristic energy scale for
prove convergence. SOC is included nonperturbatively. It ithe decrease of the free magnetocrystalline anisotropy energy
an important result that large contributionsig,scan result |F,.,d as a function of the temperature is determined by
from the SOC-induced lifting of degeneracies occuring along\g,), (iii) the finite anisotropy energy at., and (iv) the
linesin k space at the Fermi level. The contributions of thosealloying behavior of FeCo;_,. We obtain for Fe a reorien-
degeneracies scale with the square of the SOC constatdtion transition from perpendicular to in-plane magnetiza-
Aso: @s contributions from nondegenerate bands do. The odion at 4 ML, which is independent of any restructuration of
currence and lifting of degeneracies in thé Band has been the fct film. Since it can be seen from Figs. 4 and 5 that both
discussed in general. Evidence for the important contributioire and Ni do not exhaust the maximal anisotropy possible,
to E,nis Of the degeneracies at the Fermi-level érethe  our calculation oE 4, should also be important for the tech-
groove and the ring-shaped dip in thespace resolved an- nologically relevant maximization of magnetic anisotropy by
isotropy for the monolayer in the tight-binding scheme, andappropriate surface-alloy formation.
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