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The spin and orbital moments of the surfaces of Fe, Co, and Ni as well as of overlayers of these metals
deposited on Cu have been calculated using a full-potential linear muffin-tin orbital method in a slab geometry.
With one exception, Ni on G001), the calculated spin moments are considerably enhanced at the surface,
which is in agreement with previous theoretical and experimental work for some of the presently studied
systems. We argue that the Ni-Cu-d hybridization is responsible for the reduced Ni spin moment in the case
of a Ni monolayer on a Q001) substrate. The orbital moment is enhanced at the surface for all of the studied
cases, sometimes by as much as a factor of 2 relative to the value found in the bulk. Based on our theoretical
calculations we propose that an experimental confirmation of an enhanced orbital magnetic moment on a
surface is most likely to be found for a monolayer of Co on g000) substrate or for the F@01) surface
layer. Experimental work on Co on @01 confirm this behavior.

[. INTRODUCTION face and from this point of view the crystal field quenching
of the orbital moment is expected to be reduced, resulting in
During the last decades it has become possible to prepaen enhanced surface orbital moment. Third, the value of the
and measure the magnetism of clean surfaces in ultrahighensity of state$DOS) at the Fermi levelEg, is larger than
vacuum and a number of interesting observations have beef the bulk. Previously it was shown that a large DOS at
made. Developments of theoretical models which treat SUIEL results in an enhanced orbital momé&h# number of
faces have also been quite successful. Of central interest {georetical investigatiodS*>*2have indeed shown that the
the present investigation is the fact that the spin moment 0ghital moment of the surface atoms of Fe, Co, and Ni is
surfaces is very oftefbut not always enhanced relative 10 gnhanced compared to the bulk and present magnetic circular

its value in the bulk material. There have been a number °&ichroism (MCD) measurements on thin Co filklshave

theoretical Investigations addressmg this behavior. For NShown a guantitative enhancement of the orbital moment for
stance, from theoretical work the spin moments of the sur;

face of Fe. Co, and Ni are known to be enhantddMost thin Co films. Earlier MCD measureme_nts have also |nd|-_
; . . cated some enhancement of the orbital moment for Ni
of the attention has been focused on the magnetismdin 3

materials, although the possibility to observe magnetism ir,?ur_:‘_z:]ce%z and tC_o/Pd;ntefrfacf;@. v b tivated by th
4d and 5 elements in a surface geometry has beer‘;fa € present investigation has partly been motivated by the

suggested®° A simple explanation for the tendency to- ct that r(_acently experimental work has beezl performed on
wards enhanced magnetic moments at the surface is that tfe? @nd Ni overlayers on an fcc Cu S“bSt_’%hé' By means
coordination number is lowered at the surface and therefor@f magnetic circular dichroisMCD) experiments, spin and
the width of thed band is reduced. Most often this effect is Orbital moments were extracted for systems with varying
dominating and as a result the spin moment is enhanced. overlayer thickness. The study of Ref. 21 also included a low
The situation is much less clear concerning the orbitacoverage of Co on fcc G001 and this particular system is
moment and little work has been done to extract this quanaddressed theoretically in the present report. For thin mono-
tity. On general grounds one might expect that also this proplayers of Co on fcc C@01) it was demonstrated that the
erty should be enhanced at the surface due to at least thregtio between the orbital and spin moments is enhanced com-
effects? First, at the surface thé bands become more nar- pared to the ratio found for bulk Co. The conclusion from
row, causing larger spin moments. The net orbital moment ishis experiment is thus that there is an enhancement of the
composed of a spin-up and a spin-down electron contribuspin and orbital moments at the surface. MCD measurements
tion, each with a different sign. If one spin band is filled, thefor a Ni overlayer on a C@01) substrate showed that the Ni
orbital moment associated to this band is zero. Thus a largsmoment was constant for systems with 2—6 layers of Ni.
spin moment, which saturates one spin band and has a nobnfortunately this study gave less information for one mono-
negligible occupation of the other spin band, enhances thiyyer of Ni on C001), which is what we have studied here.
orbital moment. Second, the symmetry is reduced at the suifhe experimental findings mentioned above have motivated
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us to undertake the present theoretical investigation of thesgpheres whereas the spin-orbit coupling was included at
materials. each variational step using a’(s) basis. Moreover, the
Since the present paper concerns magnetism of Fe, Cpresent calculations made use of a so-called double basis, to
and Ni in surface geometries we like to mention that duringensure a well-converged wave function. This means that we
the last decade a large number of reports on this subject hayged two Hankel or Neuman functions each attaching to its
been published.*#2'~ own radial function with anr,|) quantum number. We thus
had two 4, two 4p, and two 3 orbitals in our expansion of
the crystal-slab wave function. We note here that even
though we have made use of plane waves in the Fourier
The calculational method presently u$ti based on a expansion of the wave function in the interstitial region, the
slab technique, as done previously by othérs®in combi- ~ matrix size is not larger than 36x36-n, in our calcula-
nation with linear muffin-tin orbitald® The details of the tions, wheren is the number of atoms per cefthe size
technique will be presented elsewh&rand here we only would be 18nx 18- n if we had made use of a single-basis
give the main features of our theory. In short the approach iset, remember that the matrix size is doubled due to the
quite similar to the method published in Ref. 38. No approxi-spin-orbit coupling.
mation is made concerning the shape of the density or po- The direction of the moment is chosen to be perpendicular
tential, and this so-called full potential treatment is quite im-to the surface and we thus neglect the possibility that the
portant when considering surface geometries. In order te@asy axis might be in another direction. Note that one has to
achieve this we adopt a base geometry based on muffin-tine especially careful about the symmetry in these calcula-
spheres, an interstitial region, and a vacuum region. Insidéons since, due to the spin-orbit coupling, spin has a specific
the muffin-tin spheres and in the interstitial region our ex-orientation in space. Thus one has to consider the magnetic
pansion of the density, potential, and wave function is essergroup of the crystal, as for example is done by CrackHell.
tially identical to our full-potential bulk cod® Thus, inside In Ref. 41 it is shown that although it is true that certain
the muffin tins the density and potential are expanded bylements of the magnetic group are products of a rotdton
means of spherical harmonic functions times a radial comrotation followed by space inversipand the time reversal
ponent. In the interstitial region the expansion of the densityperator (anti-unitary elemenjs the space inversion fol-
and potential makes use of a Fourier series. The interstitidbwed by a 180° rotation around tfzeaxis (z reflection is a
basis function is a Bloch sum of Neuman and Hankel func-unitary element for the bcc, fcc, and hcp slabs. We have thus
tions. Each Neuman or Hankel function is then augmentedreated atoms at positions,f/,z) and (x,y,—2z) as equiva-
(replaced by a numerical basis function inside the muffin-tin lent and this means that we only have four inequivalent atom
spheres, in the standard way of the linear muffin-tin orbitaltypes in our seven-layer thick slabs. We did not include the
method® Since a Bloch sum of atomic centered Hankel orantiunitary elements of the magnetic group in these calcula-
Neuman functions is an object which has the periodicity oftions and have thus performed calculations of slightly lower
the underlying lattice one may expand it in a Fourier seriessymmetry than what is needed. Although this does not intro-
something which we have done. Evaluating matrix elementsluce errors in the description of the symmetry properties of
of the Hamiltonian and overlap from the interstitial region our slabs we have performed calculations for an object with
thus involves relatively simple analytical functions: planeslightly to low symmetry.
waves. In the vacuum region the basis function is composed Further, the calculations were converged usi§4 k
of plane waves parallel to the surface times a numerical funcpoints in the two-dimensional Brillouin zone and the number
tion which depends only on thedirection(perpendicular to  of k points were increased until the calculated moments were
the surfacg Thez-dependent part of the vacuum basis func-stabilized within 3%. The sampling of the Brillouin zone was
tion is a solution to the Schdinger equation for a planar done over the irreducible two-dimensional wedge which was
averaged potential. The continuity and differentiability of the1/4 for the cubic materials and 1/3 for the hexagonal ones
wave function at the boundary between the vacuum and théhese numbers would be 1/8 and 1/6, for the cubic and hex-
interstitial is ensured by requiring that each parallel compoagonal systems, respectively, if antiunitary elements are con-
nent of the wave function in the vacuum region match to thesidered. In all calculations we have used a seven-atomic-
corresponding component in the interstiffalTo put things  layer-thick slab(except for the calculations of free standing
simply, the vacuum region may be seen as an extra sphermonolayers In order to investigate if the slab thickness is
with infinite radius, since the Neuman or Hankel functionssufficiently large, to ensure that the central layer is bulklike,
which come from the interstitial region are augmenfest  we checked that the magnetic moment, the occupation num-
placed by numerical functions in the vacuum regigost as  bers, and the density of staté®@0S) for the middle layer
is done inside the sphejeShe vacuum region is typically compare well with data from bulk calculations. Since we
chosen to extend some 10—20 a.u. outside the surface bounttake use of different expansions of the density in the three
ary and at this distance we impose a boundary condition oflifferent regions there may bé&mal) differences of the
the z-dependent part of the vacuum wave function, namelycharge density at the boundary between the interstitial and
that it should equal the analytical solution for a planar, conthe muffin-tin sphere as well as between the interstitial and
stant potential. the vacuum. This difference can of course be made to vanish
Furthermore, the calculations are all-electron as well asimply by increasing the number of functions used in the
fully relativistic. The latter is obtained by including the mass expansion of the density in a certain region, for instance the
velocity and Darwin termgand higher order termign the  number of plane waves used in the Fourier series in the ex-
calculation of the radial functionginside the muffin-tin  pansion of the interstitial charge. Typically, in our calcula-

Il. DETAILS OF THE CALCULATIONS
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TABLE |. Calculated spin and orbital moment® wg), including the spin-orbit coupling but not the
orbital polarization, inside the MT sphere for the different atomic layers for Fe, Co, and Ni seven-layer slabs.
S denotes the surface layer while the central layer is denoted bynd the subsurface layer 181 and so

forth.

Fe Co Ni
Layer Mg M M /Mg Mg M M, /Mg Mg M M /Mg
S 2.94 0.096 0.033 1.79 0.090 0.050 0.73 0.062 0.085
S1 2.33 0.054 0.023 1.68 0.079 0.047 0.61 0.049 0.080
S2 2.38 0.047 0.020 1.62 0.075 0.046 0.61 0.043 0.070
C 2.25 0.049 0.022 1.63 0.075 0.046 0.59 0.042 0.071
Interstitial 0.16 -0.26 -0.19

tions, the discontinuities at the boundaries between thalso an orbital contribution to the magnetism in this region
muffin-tin sphere and the interstitial region as well as at thébut this moment is very small and was neglected. The total
boundaries between the interstitial region and the vacuurmoment of the slab is the sum of the mome(sgpin and
region is not larger than 0.1% of the density at these pointsrbita) from each layer, the moment from the interstitial
Furthermore, the calculations were based on the local spifegion, and the moment from the vacuum regi@rich is
density approximatio{LSDA) with the von Barth—Hedin Very smal). We note here that both the spin and orbital mo-
parametrization. In our calculations we also included an orments in Tables | and Ilas well as in the results to be
bital polarization correction suggested by Eriksgmral,*2 ~ described beloyvare dominated by thel orbitals. As seen
which has the form AE/,a,m/Z R, ,L,m,. Where from Tables | and Il the spin moment for all laygisurface

A i added he di | el f the Hamil as well as bulkdecrease when traversing the sefies, the
E/.o,m, 1S added to the diagonal elements of the Hamil-p, o e nts follow the so called Slater-Pauling curvhis be-

tonian matrix. The Racah paramet®y , (usually calledB  havior is known to originate from band filling effects. In
for d state$, was calculated self-consistently using the radialorder to illustrate this we show the density of statB©S)
d wave functions for each spin channél, is the orbital  projected on the different muffin-tin spheres of the various
moment for thes-spin channel anth, is the magnetic quan- atomic layersFig. 2). In Fig. 2 it is seen that the majority-
tum number. spin band is almost filled for all layers and eleme(iisbulk
Fe the majority-spin band is not quite as filled as it is in Co
Ill. RESULTS and Ni, see beloy Since Co has one more, and Ni two
more, valence electrons than Fe the minority-spin band be-
comes more filled when the series is travergsiice the
Using the above-mentioned full-potential linear muffin-tin majority-spin band is almost saturajednd the spin moment
orbital method we have performed electronic structure calcutherefore decreases. Moreover, the spin moment is enhanced
lations for bcc FE01 (a=5.42 a.u), hcp Cd000) for the surface layer for all three systeifidg. 1 and Tables
(a=4.74 a.u. and/a=1.62), and fcc Ni001) (a=6.82 a.u). | and Il). The enhancement of the spin moment is 31% for
slabs. The calculated spin and orbital moments for each laydfe, 10% for Co, and 26% for Ni. In absolute values the
are presented in Tables | and Il and in Fig. 1. The numbergnhancement of the moment of the surface atoms is
listed in Table | were obtained by neglecting the orbital po-~0.69ug for Fe, ~0.16ug for Co, and 0.1 for Ni. This
larization term whereas the numbers in Table Il included thés in good agreement with previous theoretical findifg$.
effect of the orbital polarization. The moments of a specificThe reason for the enhanced spin moment on the surface is
layer are taken to be the moments inside the muffin-tinthat the bandwidth of the surface atoms is smaller than the
sphere for the corresponding atdreglecting the interstitial corresponding bandwidth of the bulk atortcentral layer,
momenj. In Tables | and Il we also present the spin momentC), due to the reduced coordination numltee., the lower
contribution from the interstitial region. In principle there is number of nearest neighbgr#\s pointed out above the sur-

A. Fe, Co, and Ni surfaces

TABLE Il. Calculated spin and orbital momen(® ), including the spin-orbit coupling as well as the
orbital polarization, inside the MT sphere for the different atomic layers for Fe, Co, and Ni seven-layer slabs.
The same notation as in Table | is used.

Fe Co Ni
Layer Mg M, M /Mg Ms M, M, /Mg Mg M, M /Mg
S 2.94 0.184 0.063 1.79 0.158 0.088 0.73 0.093 0.127
S1 2.33 0.096 0.041 1.68 0.129 0.077 0.61 0.067 0.110
S-2 2.38 0.077 0.032 1.62 0.123 0.076 0.61 0.058 0.095
C 2.25 0.082 0.036 1.63 0.123 0.075 0.58 0.058 0.100

Interstitial 0.16 -0.26 -0.19
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50 Co has a lower symmetry already in the bidind therefore
) a larger bulk orbital momehtnd the relative lowering of the
i_\k————%\% symmetry at the surface is therefore not as pronounced. The
20 F—% Spin 1 validity of these arguments can be inspected from the DOS
Fe S Dol o of for instance bcc Fé&Fig. 2) where the bulk DOS shows the

0.20 characteristic two-peak feature which originates from the
0.10 crystal field splitting of ad level intoey andt, states. This

iél/

0.0 "o splitting is reduced at the surface of Egnce the two-peak

—~ 0 = > ; .

K W = structure is abseptrevealing a reduced crystal field quench-
— 15— . ‘GE) ing of the orbital moment at the surface. This was also
g Co € pointed out in Ref. 9. A third effect which tends to enhance
c10r 10:20 g the orbital moment for the surface atoms was pointed out in
g 05 B\B\B——-a 010 T Refs. 20 and 43. There it was argued that the orbital moment
c P/ e o = will to some extent depend on the value of the DOS at
£ o)

n O

Er; a large DOS aE&g should result in a large orbital mo-
M ment. An inspection of the value of the DOSE¢ for the
P different atomic layers and the different metdBig. 2

Ni shows that the DOS is normally enhanced at the surface
0.4 i\é'\.:g__:g 0.08 (since the bands normally are narrower at the sujfdeig-

02 0.04 ure_2 shows that the strongest enhancement of the DOS at
' ' Er is found for bcc Fe and according to the arguments pre-
00 sented in Refs. 20 and 43, this is consistent with the fact that
S S-1 S-2 C the enhancement of the orbital moment is largest for this
surface(Tables | and Il and Fig.)1 In Fig. 1 we show that
FIG. 1. Calculated spin and orbital moments for Fe, Co, and Nialso the orbital moment takes its “bulk value” only a few
seven-layer slabs. The scale on the left side shows the values for ti@omic layers below the surface. Also for this property we
spin moment while the right scale shows the orbital moment valueshave found small oscillation in K801 when penetrating the
The spin moments are marked by asterisks. The squares show theaterial from the surface to the bulk.
calculated orbital moment when both spin-orbit interaction and or- We now compare our calculated spin and orbital mo-
bital polarization is used while the circles show the calculated orments, and especially their ratio, with other theoretical data
bital moment when only the spin-orbit interaction is used. as well as with experiment. If we compare our calculated
orbital moments obtained when not treating the orbital polar-
face moment of Fe is more enhanced than for Co and Ni. Thiation (Table ) we find good agreement with the previous
reason for this can be seen in Fig. 2. Namely, bcc Fe has surface studies; in most cases within 10—-20 % of the data of
majority-spin band which is less saturated than the correBruno? Erikssonet al,? and Wuet al*? Our calculated or-
sponding band in Co and Ni. A narrowing of the band at thebital momentgusing orbital polarization, Table)lare ~ 40
surface will therefore result in a larger increase of the moto ~ 90 % larger than the orbital moments calculated by
ment for Fe compared to Co and Ni. In Fig. 1 we demon-Bruno? Erikssonet al.® and Wuet al!? On the other hand,
strate the spin profile when we are penetrating these matergur bulk momentscentral layer compare well with the bulk
als from the surface to the bulk. We observe that fai0P®  calculation of Sderlindet al** as well as with experimet.
there are small oscillations in the spin moment. Thesd his result demonstrates the importance of the orbital polar-
Friedel-like oscillations have earlier been found in bcc Fe byization correction used in the present investigation. Wu
means of similar theoretical calculatioh? However these et al*? calculated the ratio between the orbital and spin mo-
oscillations have very small amplitude and bulk spin mo-ments in the center of a seven-layer thick slab and found it to
ments are found after only 3—4 layers. For Co and Ni we dde 0.024, 0.042, and 0.081 for Fe, Co, and Ni, respectively.
not see this oscillatory behavior. These numbers may be compared to bulk MCD measure-
From Tables | and Il and Fig. 1 we note that the orbitalments, listed by Carret al,*® which give an experimental
moments are strongly enhanced at the surface. In the calcvalue of this ratio of 0.067, 0.065, and 0.095 for Fe, Co and
lations which include the orbital polarization the enhance-Ni, respectively. However, later MCD measureméfitéor
ment is 120% for Fe, 30% for Co, and 60% for Ni. This Fe and Co, give the ratios 0.044 and 0.096, respectively.
enhancement originates partly from the enhanced spin maAlso, experimental data for the,)/(s,) ratio, deduced from
ment, as discussed above. However, there are additional regreasurements of thgefactor (using the de Haas—van Alphen
sons for enhanced orbital moments at surfaces. The lack oftachnique, published by Bonnenberg al.*® give the ratios
large orbital moment in transition metals is traditionally ex-0.044, 0.097, and 0.09& for bulk Fe, Co, and Ni, respec-
plained as due to a large crystal field quenching of the orbitalively. When we compare our calculated ratios for the central
moment. However, for the surface atoms the local symmetrjayers (including the orbital polarizationin Table Il with
is lowered and the crystal field quenching of the orbital mo-experiment we observe that the agreement between the pres-
ment is therefore less effective. This results in an enhanceently calculated bulk data and experinféifis fair, and it is
orbital moment at the surface. The reason for why the orbitatlear that at least part of the difference between the previous
moment in Co is relatively less enhanced than in Fe and Niheory 2 and experiment is due to the neglect of the
(Fig. 1) can also be understood using these arguments sinegbital polarization.

o
o

o
)
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FIG. 2. Calculated layer- and spin-projected density of states for seven-atomic-layer-thick $@isedbc¢001), (b) Co hcg0001), and
(c) Ni fcc(001). S denotes the surface layer while the central layer is denoted &gd the subsurface layer 1871 and so forth. The upper
panel for each layer shows the DOS for the majority spin while the lower panel shows the minority spin DOS.

For completeness we also present our calculated worktrate. The overlaygione atomic layeris assumed to have
functions for the Fe, Co, and Ni surfaces, and they are 4.8he same crystal structure and lattice constart6.82 a.u)

eV, 5.2 eV, and 5.7 eV, respectively. This is in good agreeas the C(001) substrate. The calculated spin and orbital mo-
ment with other calculated values and experinfefi€®2%®  ments for each layer are presented in Tables Il and IV. In
Table Il we show results obtained when neglecting the or-
. bital polarization whereas in Table IV we present results
B. Fe, Co, and Ni overlayers on C(001) from galculations treating the orbital poIarizaFt)ion. The DOS
We have also carried out electronic structure calculationprojected to the overlayer atoms is shown in Fig. 3. The
for an overlayer of Fe, Co, and Ni on a fcc ©01) sub-  major part of the interstitial contribution to the spin moment
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TABLE IIl. Calculated spin and orbital momen(® ug), including the spin-orbit coupling but not the
orbital polarization, inside the MT sphere for the different atomic layers for Fe/5Cu/Fe, Co/5Cu/Co, and
Ni/5Cu/Ni seven-layer slabs. The same notation as in Table | is used.

Fe/5Cu/Fe Co/5Cu/Co Ni/5Cu/Ni
Layer Mg M, M /Mg Mg M, M_/Ms Mg M, M /Mg
S 2.81 0.071 0.025 1.85 0.121 0.065 0.45 0.055 0.122
S1 0.05 0.03 0.01
S2 —-0.01 -0.01 ~0
C ~0 ~0 ~0
Interstitial 0.11 -0.06 -0.02
comes from the region close to the overlayer atoms. For the C. Fe, Co, and Ni free standing monolayers

overlayer of Fe and Co on Cu the spin and orbital moments ., 4o 5 compare with the overlayer calculations we
are enhanced compared to the corresponding values in the .
bulk material. The reason for the enhanced spin and orbite{l‘ave also calculated the electronic structure for a free stand-

moments in these two systems is the same as discussit) monolayer of Fe, Co, and Ni with the same lattice geom-
above for the metal surfaces. However, for the Ni overlayelry and interatomic spacing as for the overlayers in the pre-
the spin moment is decreased to a value of Qug5(com- vious section. Such calculations are not entirely of a
pared to~0.6ug for the bulk spin moment of Niwhereas hypothetical nature since it has been demonstrated that epi-
the orbital moment is increased compared to the bulk valugaxial growth of for instance Fe on MgO yields a surface
This unexpected behavior of the spin moment will be dis-magnetism which is almost “two dimensional,” i.e., which
cussed in detail in Sec. Il D below. Concerning orbital mag-in many ways behaves as a free standing monof&yEhe
netism we note that the orbital moment of the Co overlayer ifpresent analysis may be viewed as a precursor for such a
much larger than for the Fe and Ni overlayers. The reason fofore realistic study. The spin and orbital moments from the
|tth:§ ';:;rliﬁi E)re]lertlglgsfoal&nd fI(;]r tthhee ?n(?nsofilaflsg.iﬁ) t\;‘; hn%reis monolayer calculations are presented in Tablgspin-orbi

F ty-sp and VI (spin-orbit and orbital polarizationIn the case of

larger in Co on C(001). A similar behavior, with a large . i .
DOS atEr, is found for Ni, but in this case the increase of free standing monolayers we notice that both the spin and

the orbital moment is not as pronounced because of the r&rbital moments are enhanced compared to both the over-
duced spin moment in this system. However, as a consdayer calculations as well as to the metal surfaces. However
guence of the large peak Bt the M /Mg ratio is relatively it is interesting that the enhancement of the spin moment is
large for Ni on Cy001). not as strong as the enhancement of the orbital moment. The
Let us now compare our theoretical resu(@@ble V) reason for this is that these systems have almost saturated
with the MCD measurement in Ref. 21. Experimentally it Spin moments. As a result the spin moments of the monolay-
was observed that the ratio between the orbital and spin mers (Tables V and V] are enhanced with- 5-35 % com-
ments for a monolayer of Co on GQfcc) is enhanced com- pared to the data in Tables I-Ihot comparing with Ni on
pared to the bulk ratio. From Table IV we extract the calcu-Cu). The orbital moment of the monolayers is enhanced con-
lated ratio to be 0.141 for the Co overlayer on Cu which is insiderably more, sometimes by over a factor of 2. The strong
fair agreement with the experimental ratio 0.19. Notice thatnhancement of the orbital moment is partly an effect of the
the experimental ratio is obtained from an extrapolation ofincreased spin moment as well as the increased value of the
Co films which are= 3 atomic layers thick, a procedure DOS atEg. However, these two effects alone cannot explain
which may introduce a small uncertainty. the trend of the orbital moments in Tables V and VI since the
The work functions for the Fe, Co, and Ni monolayers onorbital moment(which has a maximum for Qodoes not
Cu(001) are calculated to be 5.9 eV, 5.3 eV, and 5.1 eV,follow the trend of the spin momen(strictly decreasing
respectively. This is in good agreement with other theoreticawhen the series is traversedor the trend of the DOS at
results?6.28:2° Er (not shown and it appears that the monolayer calcula-

TABLE IV. Calculated spin and orbital momentis wg), including the spin-orbit coupling as well as the
orbital polarization, inside the MT sphere for the different atomic layers for Fe/5Cu/Fe, Co/5Cu/Co, and
Ni/5Cu/Ni seven-layer slabs. The same notation as in Table | is used.

Fe/5Cu/Fe Co/5Cu/Co Ni/5Cu/Ni
Layer Mg M, M /Mg Mg M, M, /Mg Mg M, M /Mg
S 2.81 0.126 0.045 1.85 0.261 0.141 0.45 0.087 0.193
S1 0.05 0.03 0.01
S-2 -0.01 -0.01 ~0
C ~0 ~0 ~0

Interstitial 0.11 -0.06 -0.02
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larger orbital moments for Co compared to Fe and Ni, some-

Fe thing which very often is observed experimentally.
If one would be able to grow for instance Co on a sub-
W\/\/J strate such that the electronic structure of Co maintained a
two-dimensional character, Co on MgO might be a good ex-

ample, one should be able to observe large orbital moments
(of the magnitude listed in Table YIAs a consequence it is
likely that such a material might display a large surface mag-
netocrystalline anisotropy, Kerr rotation angle, and other ef-
fects which are related to orbital magnetism and relativistic

effects.

Ni
W\(—/J/\ D. Decreased spin moment in the Ni overlayer on Cu

Co

{

Density of states (arb. units)

F—, In this section we will return to the decrease of the spin

. moment of the Ni overlayer on the fcc @MO1) substrate.

04 02 00 02 This decreased Ni moment is well known from thedf$>>°
Energy(Ry) However the cause of it has been a source of confusion. In

Ref. 27 the spin moment for the Ni overlayer on(QQd)

FIG. 3. Calculated layer- and spin-projected density of states fowas calculated to be 0.3@ which agrees well with our
the overlayer of a seven-atomic-layer-thick slabs of Fe/5Cu/Feresult. In that paper the decrease is claimed to be due to a
Co/5Cu/Cu, and Ni/5Cu/Ni. In all cases the geometry wagfet).  change in the 8 occupation number of the Ni overlayer
The upper panel for each layer shows the DOS for the majority spimtoms compared to bulk Ni as well as to the surface of Ni
while the lower panel shows the minority spin DOS. metal. An alternative explanation was provided in Ref. 50

where, by means of a tight-binding model, the decrease of
tions serve as a good example for illustrating the effect othe Ni spin moment was claimed to be an effect of strong
band filling on the orbital moment. Above we have discussedhybridization between the NidBelectrons and the Csiand
several reasons for finding enhanced orbital moments; rep electrons. This difference in the explanation of the de-
duced symmetry, a large value of the DOSEgt, and en- creased Ni moment on a Cu substrate has motivated us to
hanced spin moments. For the monolayers the symmetry isvestigate this effect in more detail. First of all we observe
the same for Fe, Co, and Ni and the spin moment is saturatefiat in our calculations we cannot find any significant change
and decreases therefore withl wg from one element to the in the occupation number of the monolayer compared to the
next in the series. The trend displayed by the orbital momentsurface atom of Ni metal or to the Ni atom on the Cu sub-
which is much larger in Co than in Fe and Ni, can thereforestrate. Thal occupation of the surface atoms is a little higher
not be explained from symmetry arguments nor from thefor the overlayer systems compared to the metal surfaces,
spin moment. Moreover, the value of the DOSEatis simi-  which would suggest a decreased Ni moment on the Cu sub-
lar for the three elements and thus the trend cannot be estrate. However, the difference in occupation number be-
plained from this effect either. However, as indicated abovaween the Ni overlayer and the Ni metal surface is far from
the explanation lies in the particular filling of the orbitals sufficient to explain the large reduction in moment.
(band filling effec}. To illustrate this we consider the ex- Next, we analyze the effect of hybridization for the
treme case of infinitesimally narrow bands, i.e., the Fe, CoNi/Cu(001) system. A very useful estimate of the hybridiza-
and Ni free atoms. If the@level of Fe, Co, and Ni occupies tion between states of,() and ¢’,|") character { stands for
6.5, 7.5, and 8.5 electrons, respectively, one expects orbitatom type and stands for angular momentynhas been
moments of 2.5, 3.0ug, and 2.5, respectively. Thisis suggested by Anderseet al>! This analysis is based on
the same trend as one finds in Tables V and VI. Due to thatommon concepts in the linear muffin-tin orbital method in
these atomic levels broaden irtmarrow) bands in the mono- the atomic sphere approximatidASA). We now study the
layers the orbital moments are reduced considerably conmhybridization in the Ni/C(001) system by means of the
pared to the atomic values but the trend is the same as omeethod outlined in Ref. 51. First, the amount ofl{ char-
expects from the atomic limit. The data in Tables V and Vlacter present in thet{,I’) band(which is a measure of the
therefore illustrate the importance of band filling effects onhybridization can be estimated from the following expres-
the orbital moments. Quite generally this effect tends to givesion:

TABLE V. Calculated spin and orbital momentg{), including spin-orbit coupling but not the orbital
polarization, inside the MT sphere for a free standing monolayer of Fe, Co, and Ni.

Fe Co Ni
Layer Mg M, M /Mg Mg M, M, /Mg Mg M, M /Mg
S 2.96 0.094 0.032 2.07 0.142 0.069 0.99 0.122 0.123

Interstitial 0.06 -0.01 -0.01
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TABLE VI. Calculated spin and orbital momenti® wg), including the spin-orbit coupling as well as the
orbital polarization, inside the MT sphere for a free standing monolayer of Fe, Co, and Ni.

Fe Co Ni
Layer Mg M, M /Ms Mg M, M, /Mg Mg M, M /Mg
S 2.96 0.199 0.067 2.06 0.338 0.164 0.99 0.235 0.237
Interstitial 0.06 -0.01 -0.01
AtIAt’I’|St|f|r|2 strate, and single layer slabs of Fe, Co and Ni. Figure 4
tlzﬁz—_ 1) shows a summary of the calculated magnetic properties,
(Ceir=Cu) Ms,M_, andM_ /Mg, of Fe, Co, and Ni, in the different

In the equation abov€, is the center of thet(l) band, geometries discussed here. We have found that with one ex-
A, is a bandwidth parameter, adsilm 2 is normally re- ception, Ni on C(001), the spin moments of Fe, Co, and Ni

ferred to as the second moment of the structure constants2'€ enhanced at the surface. The orbital moments are found

The latter quantity can be calculated in real space using thi? P enhanced at the surface for all systems, sometimes with

expression in Ref. 51. The hybridization between thedNi more than a factor of 2 relative to the bulk value. The im-
band and the Cis. Cu b, and Cud bands can thus be POTtance of treating orbital polarization effett8?~>4is also

estimated from Eq(1) and this analysis reveals that the Ni- demonstrated. The enhanced spin moments are caused by

d—Cu-d hybridization is dominating. Next, we analyze the band narrowing effects at the surface due to a reduction of

. . T . the coordination number. However, in the case of Ni on
shifts of the Nid bands due to the hybridization with the Cu R .
d states. We start out by considering thed\states from the Cu(001) we have showed that the @+Ni-d hybridization

monolayer calculation. In this case, where of course there [0 some extent guenches the exchange splitting, producing a

no hybridization between Cdi states, the Nd minority-spin tsr?;? t?grgﬁﬁngch;ﬁ?eﬁtlg‘}f"g:&?;”ﬂ'{;brl:gi.sNr'nmsetca;' \é\f dat:guoene
band is centered at 0.100 Ry and the Nd majority-spin ' gnetism 1 u y

band is centered at 0.035 Ry . The exchange splitting is or more of the following mechanisms; enhanced spin mo-
thus 0.065 Ry for the monolayer. If we now consider thements, lowered symmetry at the surface, large value of DOS

presence of Cul states, which are centered a0.180 Ry, atEg, and band flll!ng effects. The observathn that several
. s . effects are responsible for the surface behavior is somewhat
one can estimate the shift in energy of thed\iband due to

the hybridization with the Cil band using the expression unfortunate since it would be much simpler to predict this

AtIAt'I'|S:|'|/|2 2 3.0
(Cir—Cy)-ny(21+1)°

wheren;, is the number of atoms of tygen the unit cell. We
have inserted into this equation the band positions mentioned

5Et| =

N
o

*—% 3d surface

above. A real space summation |<$§',|,|2 gives a value of ~ 10 | & 3dicuoot) O
~ 75 for this quantity and the values a&f;, and A,,, are f? & - A3d free-monolayer o
approximately 0.015 Ry. With these values we estimate that < 0.0

the Ni d majority-spin band is pushed upwards an amount g M A

0.041 Ry and the Nd minority-spin band by an amount gos L - T~ 1
0.023 Ry, due to the hybridization with the Gl states. .% 02

Therefore, as a consequence of the hybridization with the Cu g

d states, the exchange splitting of the dNband is reduced £ o1

from 0.065 Ry to 0.047 Ry. An inspection of Fig. 3 shows
that the fully self-consistent value of the exchange splitting 0.0
of the Ni d states on the Cu substrate is very close to our

estimate. Thus we conclude that the dNiCu-d hybridiza-

tion is responsible for the reduced moment of the Ni atoms

on the Cu substrate. The hybridization with the Cu states also
tends to reduce the magnetic moments of the Fe and Co
overlayers, but in this case the narrowing of the bands due to
the lower coordination number is sufficient to produce large

spin moments.

IV. CONCLUSIONS FIG. 4. Summary of calculated properties for the surface layers
in different geometries for Fe, Co, and Ni. The upper panel shows
In the present work we have studied the spin and orbitajhe calculated spin momenM(), the middle panel shows the or-
magnetism for the metal surfaces of Fe, Co, and Ni, monobital moment (1,), and the lower panel shows the ratib /M.
atomic overlayers of these materials on a Cu@6d) sub- In all cases the orbital polarization term is used in the calculations.
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surface property if one effect would dominate over the oth-experimental spin and orbital moments for bulk, interface,
ers. As it turns out one has to perform extensive calculationand surface systems.

in order to obtain a reliable estimate of the orbital moment.
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