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Calculation of the magnetic states of cobalt overlayers
on copper (111)

R.H. Victora and L.M. Falicov
Materials and Molecular Research Division, Lawrence

Berkeley Laboratory and Department of Physics, University
of California, Berkeley, California 94720

One- and two-atom layers of cobalt on a copper (111)
surface were found to be magnetic with a spin polariza-
tion close to the bulk value. The calculation was
performéd in a tight-binding scheme, with single-site,
full orbital interactions treated selfconsistently.
Antiferromagnetic and ferrimagnetic states with a two-
atom periodicity were examined. A new type of "spatially
modulated" state was found. The density of states and
the spatial distribution of magnetization were obtained
for each configuration. The ferromagnetic state was
found to have the lowest total energy; the energy of the
spatially modulated state was, however, calculated to
be only 0.03Ry per surface atom higher. Agreement
with phofoemission experiments is satisfactory: it is
excellent for a one-atom layer of Co on Cu(lll), but
a theoretically predicted shift in peak location with
Co layer thickness is not found experimentally. Cal-
culations for both pure Cu(lll).and Co on Cu(1ll1ll) show
that the spectral features observed at the corner of
the surface Brillouin zone arise from the totally sym-

metric electronic states.



I. 1INTRODUCTION

Recently, there has been renewed interest in the
magnetism and related properties of thin magnetic transition-
metal layers deposited on nonmagnetic substrates. These
metals (Fe, Co, Ni) are itinerant ferromagnets; that is,
their magnetization derives from the spin polarization of
the itinerant d electrons. In crossing the periodic table
from Fe to Ni, there is an increase in the number of these
d electrons and an accompanying decrease in the d band
widths. The diminishing number of 4 holes is associated
with a drop in the bulk magnetization 1 ﬁer atom from
2.22 Bohr magnetons per atom in Fe, to 1.72 in Co and 0.61
in Ni. The magnetic properties also greatly depend on the
electronic structure because the d electrons are very sensi-
tive to local environment. Consequently, differing substrates,
overlayers and structure of the interface yield a large
variety of observed phenomena.

Experimental evidence shows that two layers of Ni on
Cu form a magnetic systeﬁ\aii/f but Ni on a Pb-Bi alloy
substrate or an an Al substrate is paramagnetic below 2.5-3
atomic layefé\i;i/{ However, Co and Fe retained their magnetic
moment on these same substrates, even when deposited in
subatomic layér§\3:§/< Theoretical investigation shows
that one layer of Ni on Cu(l100) is substantially magnetia\sil/,
while the same system on the (111) surface is nof\a/. It is

also found both theoreticall§\<;9/énd experimentally?@ythat



-the surface layer of a magnetic metal is magnetic. In
addition, (hypothetical) unsupported monolayer films are
theoretically found to have even greater magnetization than
bulk\z:i9< This suggests that the reduction in.magnetism for
thin films on nonmagnetic substrates is caused by the sub-
strate and not by the free surface. In fact, it is Believed\s/
that the crucial mechanism acting to suppress Ni magnetiza-
tion at the Ni-Cu interface is hybridization of the Ni d-band
with the Cu sp-band, which changes the shape of the band

edge and reduces the "effective™ number of d holes. Both

Fe and Co, which have many more holes, should be relatively
immune to this effect.

The particular system addressed in this work [Co on
Cu(111)] has also been studied previously. Miranda”eg‘gi\ii;ig/
used angle-resolved photoemission spectroscopy to determine
a surface density of states for one and two layers of Co
deposited on a clean, well-ordered Cu(lll) surface.
Observations at the surface Brillouin zone center produced
several large peaks, one of which is near the Fermi energy
and thus not normally associated with the Cu density of
states [DOS]. The similarity between this peak and a bulk
Co DOS, interpreted as ferromagnetic by Himpsel and Eastman\{;f
suggested to them that Co is magnetic with an exchange
splitting of 0.7eV at theT point of the surface Brillouin
zone. The system was also examined theoretically 11 using
a tight-binding Hamiltonian with a rigid exchange band

approximation. The magnetization was constrained to equal



the bulk Co magnetizafion and local charge neutrality was
required. The resultant low exchange splitting (0.7eV)
produced a cobalt DOS with three peaks near thé Ferﬁi
energy, superposed on a normal Cu background. Several very
weak structures near the main experimental Co peak are
interpreted as support for the ferromagnetism of this system.

Several related systems havé also been examined.
Mossbauer spectroscopy shows that two and four layers of
Co are magnetic when epitaxially grown on Cu(1lll) surfaceé\ii/ﬂ
Both theoretical and experimental investigatioﬁ\\ii///brovide
evidence for the ferromagnetism of a Co overlayer on a
Cu(100) surface, but this time accompanied by a c(2x2)
reconstruction. This is interpreted as being caused by
ferromagnetically-induced charge-density waves .

In this paper, we present results of calculations for
the magnetic and electronic properties of thin (one and two
layer) Co films deposited on the Cu(lll) surface. We use
the Slater-Koster parameterized'tight-binding scheme in which
the one- and two-center integrals are fitted to the bulk
band structure. The exchange interaction is treated self-
consistently in a single site approximation. This scheme
has been previously used and produced excellent agreemént
with both experiment and state-of-the-art calculations.

A Green's function transfer matrix method allows for repre-

sentation of the infinite Cu bulk. A two-atom surface cell



permits possible breaking of spatial symmetry such as anti-
ferromagnetism, ferrimagnetism, etc. The total energy of
various configurations is evaluated. It is to be emphasized
that our technique allows for breaking of the rigid band

approximation, if selfconsistency should demand it.

IT. CALCULATION

This section describes our calculatibns. Parts A and
B describe the Hamiltonian and our method of evaluation
respectively. Part C describes the numerical accuracy of
.our work and the possible errors introduced by our major
approximations.

A. The EHamiltonian

We take our Hamiltonian to be the sum of a one«electfon
term H0 and an eiectron—electron interaction term Hee’
For HO we choose the paramterized tight-binding scheme of
Slater and Koster‘ga/. The Hamiltonian Hy is written in terms
of one- and two-center integrals, which are treated as para-
meters chosen to fit the bulk bandstructure. In Co (as in
Ni) there is a marked discrepancy between the calculated and
the experimentally measured bandwidth (photoemission ekperi—
ments). We have chosen the calculated paramagnetic band-
structure of Moruzzi et §l>&jy, believing that diécrepancies
with photoemission data are caused by additional
many body effects, as has been arguea\iflig/for Ni. We

include s, p, and d orbitals, with interactions up to second-



nearest neighbor. TFor the matrix elements between Co and
Cu, we take the geometric mean of the respective Co-Co and
Cu-Cu matrix elements. TFor three of the second-nearest
neighbor elements, the Co-Co element has the opposite sign
of the Cu-Cu element. 1In this case, we use the arithmetid
mean. The two sets of intersite matrix elements are similar,
so the results are insensitive to the precise scheme for
choosing the Co-Cu matrix elements.

For the electron-electron interaction we use a single-

site approximation which has been extensively discussed 20 ,
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where ciac creates an orbital of symmetry a and spin ¢ at
site 1.

We treat H_, in the Hartree-Fock approachj; we can, with
some approximations, reduce Hee to a simple form for the
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Here AEdvc is the on-site potential shift for a d orbital
of symmetry v and spin o, measured relative to the value

for the pure paramagnetic metal. By m we denote the

dvao

spin polarization (nd _ndva) in the d orbital of symmetry

Vo

v at a given site, and Myg= The total d occupancy

viavg

at the site is denoted by ndEz and the value for the

v,ondvo’
respective pure metal is ng. Quantities for s and p orbitals
are similarly defined. 1In (2), s refers to the entire sp
complex.

We define U as the on-site difect Coulomb integral
- between d orbitals of the same symmetry (rescaled by correlation
effects, see below), U' is the integral between d orbitals of
different symmetry, and J is the exchange integral. We
define VddEU' - % J, which gives the effective (repulsive)
interaction between d electrons, aside from magnetic effects.
We similarly define an effective interaction VSS among sp
electrons, and VSd between sp and d electrons. We neglect
the on-site exchange integrals other than between d orbitals.
The ratios U:U':J are taken to be 5:3:1 as suggested by
Herriné\i}/. Similar results are obtained for the ratios
suggested by other estimationg\zzlzé/és long as the absolute
magnitude is scaled to give the correct bulk Co magnetiza-
tion, u = 1.72ug. Such scaling is necessary in any case

when we work in the Hartree-Fock approximation, since the

effective interaction is reduced by correlation effecté\ig/(



It is difficult wifhin the tight-binding approximation
to treat charge transfer accurately at the surface. To
avoid this problem and still treat charge transfer and
potential shifts at the surface in a simple way, we impose

upon our potential the constraint
An = An., =0 . _ (3)

That is, the average on-site potentials of the 4 orbitals,
and of the s and p orbitals, are fixed by the requirement
that the total occupancies of the sp and 4 complexes at any
site not differ from the bulk values. More fully self-
consistent calculationg\gigyéuggest a transfer of about 0.1
electrons per atom from the sp band to the d band at the
surface. By negleéting this, we may expect to exaggerate
the surface magnetization by roughly 0.111B per atom, an
acceptable level of error.

B. Method of Evaluation

Our calculation uses a Green's function transfer matrix
method to represent the Co overlayers on the semi-infinite
bulk Cu crystal. This scheme treats most of the infinite
number of substrate layers as unaltered bulk Cu atoms, with
only a finite number of layers near the surface treated
selfconsistently. A more detailed description of this method

is provided elsewheré\s/.



The one-atom hexagonal unit surface cell is shown in
Fig. 1(a). A single unsupported Co monolayer would have symmetry

C however, the presence of the Cu substrate reduces

6v>
the symmetry to C,,. The hexagonal Brillouin Zone with its
irreducible (1/6) wedge is shown in Fig. 1(b). Table I 1lists
the character table for the group C,,.

The two atom rectangular unit surface cell is also
shown in Fig. 1(a). The presence of two unlike atoms leaves
only the symmetry of a single vertical reflection plane.
The corresponding rectangular Briliouin Zone 1is half the
size of the one-atom hexagonal Brillouin Zone [Fig. 1(b)].
Note that it divides into only two irreducible (rectangular)
pérts.

The search for a selfconsistent solution was begun at
a variety of starting points and thus a large portion of
variational parameter space has been mapped. Nevertheless,
it is entirely possible that, within our 10-dimensional

space consisting of 5 d-orbital spin polarizations per atom,
we may have missed one or more selfconsistent solutions.
It is unlikely, however, that the lowest energy state would
be missed by our procedure.

We calculated the total energy of each selfconsistent

state using the well known formulé\aj/:

- 1
E= X (ef -7 X2 Hee) > (4)
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where e is the one-particle removal energy and the sums
are performedbover the occupied states. The non-intuitive
term involving Hee corrects for theldoublecounting of the
electron-electron ‘interaction.

C. Accuracy

Here we discuss, first, the numerical accuracy of our
calculations and, second, the crucial approximations in our
Hamiltonian and their effect on the reliability of the model.

Convergence of our’calcuiation is required in the
summations of both the energy and wavevector variables.

The energy integration consists of 48 points chosen along a
complex contour with the aid of the method of Gaussian
quadratureé\ii/; Our criterion for achieved selfconsistency
of the potentials is set equal to the estimated accuracy of
our integration: 0.0l electrons. TFor calculations involving
a two-atom unit surface cell, reasons of economy demanded a
slightly less accurate 2i4-point integration.

Convergence with respect to wavevector sample is pro-
vided by 12 wavevectors evenly distributed throughout the
irreducible two-atom rectangular half-cell. This corresponds
to 24 wavevectors in the one-atom irreducible wedge. We
also experimented with specially chosen wavevector samples
to help insure that our two-atom states were not some unwanted
consequence of the wavevectors chosen.

We now recapitulate the most crucial approximations in
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our Hamiltonian, and consider their effects. The most obvious
approximation here is (3), in which the selfconsistent change
in the potential is approximated by an on-site -term, deter-
mined by imposing a zero-charge-transfer condition on the
sp~ and d-projected subbands separately at each site. Com-
parison with fully selfconsistent calculationgigfg/éuggests
that this is an excellent approximation. Still, the uncer-
tainty of up to 0.1 electron in the local d occupancy
corresponds to a possible error of up to O.luB, which may be
measurable for Co systems. However, there is no evidence
that any available methods are accurate to better than Q,luB
for inhomogeneous systems in any case. Approximation (3)
also neglects the crystal-field splitting of the on-site
potential. |

Our Hartree-Fock treatment necessarily exaggerates
the exchange splitting, which is reduced by correlation
effects. This is not a serious problem in the calculation
of the magnetization since the majority band would be sig-
nificantly below the Fermi energy in any case. However,
it may distort the DOS and make comparison with photoemission
experiments somewhat difficulf.

The  use of a tight-binding Hamiltonian should
be analyzed with care. This method provides a rather good
treatment of the d band, but the handling of the sp band

is less accurate. Since sp-d hybridization plays an impor-
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tant role here, the tight-binding approximation introduces
some risk of reduced quantitative accuracy.

Finally, it is important to note that, if many-body
effects are important, the one-electron DOS which we calculate
may not be the same as the excitation spectrum which is
measured by photoemission. In particular, bulk Co and Ni
exhibit a compressed photoexcitation spectruﬁ\&i:iz:gg/
compared to calculated DOS. Since the Fermi energy is fixed,
it is the lowest energy peaks which experience the largest
displacement. In the Co on Cu(lll) system, this effect is
probably reduced due to the considerable hybridization of
the majority Co peaks with the Cu d bands as well as normal
sp~d hybridization. Nonetheless, substantial deviations
between calculated and measured band structures are possible,
particularly at the lower energies.

Ultimately, we must base our assessment of overall
accuracy upon comparison with reported results of fully
selfconsistent calculations for simple systems, and with
experiment. Such comparisons are few, but they suggest that
our methods reliably predict the quantitative magnetization
of heterogeneous systemgvz Other important conclusions
which we draw either involve comparisons of different systems,
in which case our errors should approximately cancel, or

appear to be model independent.
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III. RESULTS

In this section, we discuss the results of our calculation
and compare them with the photoemission experiment of
Miranda et gi\ii:i;/. Part A discusses our preliminary
calculation of the clean Cu(l1ll) surface. Later parts consider
the combined Co on Cu system employing a one-atom (part B)
and two-atom (part C) unit surface cell.

A. Clean Cu(lll) Surface

As an aid to the interpretation of the Co on Cu(l1ll)
experiments, Miranda et giS&i;ig/%irst examined the-angle-
resolved density of states for a clean Cu(lll) surface. Of
special interest is the off-normal measurement made at the
K point in which a sharp narrow peak was observed at 0.16Ry
below the Fermi energy. Seeking to understand the nature of
this unusual peak before attempting the more complicated Co-on-Cu
~system, we performed a preliminary calculation for the Cu(11l1l)
surface. We compared our results for the total DOS with the
calculation of Appelbaum and Hamann\iﬁ/énd found the maximum
disagreement on peak location to be 0.02Ry. This can be
taken as some indication of our accuracy with respect to sur-
face effects.

Figure 2 shows the layer projected angle-resolved DOS at
the K point. The symmetry at this point is the same as for
the whole surface (Cj,) which permits the contiﬁued use of

the familiar Al, A2, A3 labels. The normal selection rule
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for s-polarized light, i.e. only states of symmetry A3
measured, fails here because the final state is at an angle
from the surface normal and thus does not have'C3v symmetry.
We find that a bulk-like peak of symmetry Al falls very near
the experimental peak location, while no other peak is within
the error bars stated earlier. Thus the peak is clearly
identified and comparisons can be made with the Co-Cu system.

B. Co on Cu(lll): One-Atom Surface Cell

Bulk Co is believed\ig/to possess a spin polarization
of 1.56. The effect of the free surface is to make the
surface Co more like a free atom and hence substantially raise
the spin polarization. On the other hand, the coupling of
the Co atoms to the Cu substrate may be expected to produce
a large decrease in the polarization. Our calculations show
that for one layer Co dn the Cu(lll) surface, the spin polar-
ization of the Co atom equals 1.63. However, our approximation_
(3) may exaggerate this polarization by approximately 0.1
which suggests that the actual spin polarization is essentially
unchanged from the bulk. This is in interesting contrast to
the case of Ni on the Cu(lllj surface in which the Ni mag-
netization is greatly suppressed. Of course, there is no
contradiction present since previous calculationé\s/have shown
that small changes in substrate orientation or material com-
position can produce large effects. This is attributable

to the delicate balance between two competing effects:
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enhancement by the surface and suppression by the substrate
hybridization.

The 4 orbitals of the Co layer can be classified uniquely
by specifying their bulk and surface symmetries. This
facilitates detailed examination of the distribution of
magnetization among orbitals (Table II). One notes that the
has significantly less spin polarization

1
and exchange splitting than the orbitals of symmetry Aj.

orbital of symmetry A

This is presumably due to its geometric orientation perpen-
dicular to.the (111) plane, which means that it points
directly into the Cu substrate. In addition, its symmetry is
the same as most of the Cu sp-electrons, which facilitates
hybridization. One interesting conclusion to be drawn from
Table 2 is that rigid band exchange splitting is only approxi-
mately obeyed in this Co on Cu(ll1l) system. This contrasts
to the bulk system where our calculations found only negligible
(<1%) exchange splitting difference hetween orbitals.

We also performed our calculations for two layers of
Co on Cu(lll). The top and second layers have spin polariza-
tions of 1.65 and 1.58 respectively. The spin polarization
is distributed much more evenly between orbitals although,
relative to the A; states, the A4 orbital has a slightly
enhanced .(v0.06) value in the surface layer and a slightly
suppressed (n0.05) value in the second 1éyer. The Cu atoms
have negligible spin polarization (~0.01) independent of the

number of Co overlayers.
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Figure 3 shows the calculated one-electron DOS for one
and two layers of Co on Cu. As in all angle integrated DOS
Plots in this paper, the curves are smoothed with a Lorentzian

of halfwidth 0.006Ry at half maximum. One notes that the majority

Co peaks have approximately the same energy as the Cu peaks.
This leads to significant distortion of the Cu minority
peaks where they hybridize with the Co. v

Comparison with the experiment of Miranda et gi\ii:ié/
is facilitafed by Figs. 4 and 5. The agreement between
experiment and theory for the most significant peaks of
oﬁe layer Co on Cu is excellent. At the T point, the three
largest peaks coincide to within 0.01Ry, while at the K
point the two largest calculated peaks of Al symmetry match
the experimental results to the same accuracy. The reduced
contribution of the A5 states also occurred in the clean
Cu(1l1ll) surface as discussed earlier, and is presumably
caused by a small photoemission dipole matrix element.

The results from two layers of Co on Cu show much poorer
agreement, essentially because our calculation shows the Co
minority peaks shifting as the number of Co layers increases
from one to two. The experiment shows no such shift. We
find the discrepancy difficult to explain. Calculations of
Ni on Cu show considerable differences between one and two
layers of the magnetic material on the substrate. However
direct comparison is difficult because the Ni spin pqlariza-
tion is affected in these systems more subétantially than

the Co magnetization is in ours. In any case, experiment
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should observe band narrowing in the surface layer as is
the case with the clean Cu(lll) surface.

Another qualitative difficulty in comparison with the
experiment of Miranda et al is their observation of disper-
sion in the single Co layer'as they change the energy of their
photons. We, of course, find nondispersive peaks and are
puzzled by their result.

C. Co on Cu(lll): Two-Atom Surface Cell

Through the employment of the two-atom rectangular unit
surface cell discussed previously,‘we have found three locally
stable configurations for the system consisting of one layer
of Co on Cu(ll1l). The simplest of these is the ferromagnetic
arrangement discussed in section B. In this state, both of
the atoms in the unit cell possess equal polarizations and
are identical in all respects.

We also examine an antiferromagnetic state in which
the spin polarizations of the two atoms in the unit cell have
equal magnitude (1.51 per atom) but opposite orientation.
Those states which possess a positive reflection symmetry
are found to have the lowest spin polarization, presumably
due to their hybridization with the Cu s-states. The total
energy of this configuration is found to be considerably
higher (0.15Ry per &ﬁfameaicm)than that of the ferromagnetic
system which implies that it 1is not the ground state.

Our third configuration is a new kind of state which we
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call "épatially moduléted". This state possesses an approxi-
mately equal palarization of 1.60 on each atom of the unit
cell, but it is distributed differently between the orbitals.
The first three orbitals, which form the t2g representation
in the bulk, have equal polarization on both atoms, but the

last two orbitals, the "e_ orbitals", switch the polarization

g
between them as one moves from one atom to the other. This
redistribution in space leads to the expression "spatially
modulated". It is not to be confused with ferrimagnetic
states which possess opposite and unequal spins on the two
atoms of the unit cell. The total energy of the spatially
modulated state is calculated to be .0.03Ry per surface
atom above the ferromagnetic state. Distinctions of this
small magnitude are probably not within the accuracy of our
approximations. Consequently, we conclude that either the
ferromagnetic or spatially modulated state could be the
groundstate.

Figure 6 illustrates the spatial distribution of magnetiza-
.tion. The plots were calculated by multiplying.the spin
polarization by the correct spherical harmonic and an atomic
radial function. Most trivially, the figures exhibit the
Cav symmetfy‘of the ferromagnetic configuration (one reflec-
tion line is vertical, the other two at 120° to it) and the

single vertical reflection line of the other two configurations.

The wave-like modulation of the spin polarization in the
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antiferromagnetic case is also.clearly visible. More inter-.
esting is the asymmetric accumulation of magnetization density
above the middle Co atom in the spatially modulated state,
leading to the concept of a small wave of periodicity equal to
two atoms, superposed on a more constant background.

Figures 7 and 8 show the total DOS for the two-atom con-
figurations. An interesting point 1is that, although the
spatial distribution of magnetization is quite different
between the ferromagnetic and spatially modulated states, the
total DOS for both spatially modulated atoms and the ferro-
magnetic atom are remarkably similar. Figure 9 shows the angle-
resolved DOS at the T point for the spatially modulated state.
Note that the symmetry breaking produces additional small

peaks which may be difficult to resolve experimentally.

IV. CONCLUSION

One and two layers of Co on a Cu(lll) surface are mag-
netized with a spin polarization essentially equal to the
bulk value. The rigid band model is only approximately
obeyed. The ferromagnetic state has the lowest total energy,
but, within our margin of error, a spatially modulated state
could be the groundstate instead. The ferromagnetic, spatially
modulated, and antiferromagnetic states all have approximately
equal spin polarizations.

Agreement between our theory and the experiment of

Miranda et al is considerable, but discrepancies do exist.
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The quantitative correspondence between theoretical and.
experimental peak locations for one layer Co on Cu is
excellent. The photoemission spectra'at the f.pbint for

both this system and for the clean Cu(lll) surface can be
consistently explained by theoretical states which transform
according to Al, the identity representation. More disappointing
is the experimentally observed absence of the theoretiéally
predicted shift in peak locations as an additional layer of
Co is added. The experimentally 6bserved displacement in Co peak
location with photon energy is also puzzling since monolayer
states caﬁ have no dispersion.

Analysis of our results suggests some additional points
of interest: (&) the closeness in energy between two con-
siderably different states -- ferromagnetic and spatially
modulated states -- indicates the presence of low-energy
excitations and the likelihood of easily accessible phase
transitions in the magnetic configuration of the monolayers;
(b) the quantitative values of the.magnetic moment in the
various phases -- ferromagnetic, antiferromagnetic and
spatially modulated -- indicate that Co monolayers, which
are itinerant magnetic systems, should behave in all respects
as fairly weakly coupled localized moments of almost constant
value; (c) as a consequence-of (a) and (b) a fairly low Curie
temperature should be expected for these systems, but there

also should be persistence of the localized magnetic moment
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in the paramagnetic high-temperature phasé.

Finally, in order to improve the comparison between our
theory and photoemission experimental data, it 'is necessary
to include in the theory the several proposed many-body
effecfg\&giii;ii;i;/frelaxation, exciton formation, Hund
rules, Auger processes) inherent in the photoemission
process of highly correlated transition-metal atoms. These
effects lead to band narrowing, resonant photoemission and

formation of tails and satellites.
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TABLE I. Character table for point group C

3v—

E 2C, 30
Ay 1 1 1
A, 1 1 -1
A
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TABLE II. Spin polarization and splitting

by orbital for one layer Co on Cu(lll).

Bulk Symmetry

Degeneracy

Surface Symmetry

Degeneracy

Radial Wavefunction

Spin Polarization

Splitting at Zone Center#*

tog g
3 2
A1 A3 A3
1 2 2
2Xy=-yz=-2X} 222—x2-y2;
xXytyz+zx A 2 9
yz-2X X =y
0.1y ' 0.36 0.u41
0.210Ry 0.246Ry 0.234Ry

*Mixing occurs between all A3 states and between the d-orbital

of symmetry A, and the sp orbitals.

Those peaks which contain

the most contribution from a particular column are used to

generate the splitting value.
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FIGURE CAPTIONS

Figure 1 (a) The one- and two-atom surface unit cells used

in the calculations. Open and full circles reﬁresent the

Co surface-layer atoms. Crossed circles are the Cu atoms

in the adjacent layer. Dashed lines denote reflection planes.
(b) Surface Brillouin Zones for the unit cells of (a). Sym-
metry points are indicated. The hatching shows the irreducible

parts of the rectangular and hexagonal cells.

Figure 2 Projected density of states for an ideal Cu(11ll)
surface at the K point of the surface Brillouin Zone.

(a) Surface layer; (b) second layer; (c) third layer (not
selfconsistent). Curves include a Lorentzian broadening

of halfwidth 0.022Ry at half maximum. The peaks are labeled

according to symmetry.

Figure 3 Projected total density of states for the ferro-
magnetic state of a one- and two—étom Co layer on Cu(lll).
(al) Co monolayer: Co projection; (a2) Co monolayer:

Cu interface-layer projectioh. (bl) Co di-layer: Co
surface-layer projection. (b2) Co di-layer: Co interface-
layer projection. (b3) Co di-layer: Cu interface-layer
projection. Full lines are minority states; dashed lines

are majority states.

Figure 4 Projected density of states at the T point for the

ferromagnetic state of a one- and two-atom Co layer on
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Cu(lll). (al) Co monolayer: Co projection. (a2) Co monolayer:
Cu interface-layer projection. (bl) Co di-layer: Co surface- |
layer projection. (b2) Co di-layer: Cd interface-layer
projection. (b3) Co di-layer: Cu interface-layer projection.
Full lines are minority states; dashed lines are majority
states. Curves include a Lorentzian broadening of halfwidth
0.022Ry at half maximum. The peaks are labeled according

to symmetry. Some Al peaks are greatly obscured by the much

larger A3 peaks.

Figure 5 Projected density of states at the K point for the
ferromagnetic state of a one- and two-atom Co layer on

Cu(1l1ll). See description of Fig. 4.

Figure 6 Real-space magnetization density of a Co monolayer
on Cu(lll): the Co surface layer for (a) ferromagnetic
state; (b) spatially modulated state; (c) antiferromagnetic
state. Spin-up density contours are plotted in full linesj
spin-down density contours in dashed lines. All graphs are
projections on the Co(11ll) plane of the magnetization of

the "vacuum" half-space.

Figure 7 Projected total density of states for the antiferro-

magnetic state of a Co monolayer on Cu(lll) in the double
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cell of Fig. 1. The projection is on one of the Co atoms at
the surface. (The other atom is identical if spin-up and

spin-down labels are interchanged.)

Figure 8 Projected total density of states for the spatially
modulated state of a Co monolayer on Cu(lll) in the double
cell of Fig. 1. (&) Projection on one of the Co atoms.

(b) Projection on the other Co atom.

Figure 9 Projected density of states at the T point of

the surface Brillouin Zone for the spatially modulated state
of a Co monolayer on Cu(lll) in the double cell of Fig. 1.
(a) and (b) Projections on the two Co atoms. (¢) and (d)
Projections on the two interface Cu atoms. Curves include

a Lorentzian broadening of halfwidth 0.022Ry at half maximum.
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Angle resolved DOS at K (arbitrary units)
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Angle resolved DOS at I (arbitrary units)
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Angle resolved DOS at K (arbitrary units)
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(a) Ferromagnetic State (b) Spatially Modulated State (c) Antiferromagnetic State
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Angle resolved DOS at T (arbitrary units)
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