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One- and two-atom layers of cobalt on a copper (111) surface were found to be magnetic with a
spin polarization close to the bulk value. The calculation was performed in a tight-binding scheme,
with single-site, full orbital interactions treated self-consistently. Antiferromagnetic and ferrimag-
netic 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 0.03 Ry per surface atom
higher. Agreement with photoemission experiments is satisfactory: It is excellent for a one-atom
layer of Co on Cu (111),but a theoretically predicted shift in peak location with Co layer thickness
is not found experimentally. Calculations for both pure Cu (111)and Co on Cu (111)show that the
spectral features observed at the corner of the surface Brillouin zone arise from the totally sym-
metric electronic states.

I. INTRODUCTION

Recently, there has been renewed interest in the magne-
tism 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 d holes is associated
with a drop in the bulk magnetization' per 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
sensitive 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 system, ' but Ni on a Pb-Bi alloy
substrate or on an Al substrate is paramagnetic below
2.5—3 atomic layers. ' However, Co and Fe retained
their magnetic moment on these same substrates, even
when deposited in subatomic layers. ' Theoretical inves-
tigation shows that one layer of Ni on Cu(100) is substan-
tially magnetic, ' while the same system on the (111)sur-
face is not. It is also found both theoretically ' and ex-
perimentally ' that 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. ' This suggests that
the reduction in magnetism for thin films on nonmagnetic
substrates is caused by the substrate and not by the free
surface. In fact, it is believed that the crucial mechanism
acting to suppress Ni magnetization at the Ni-Cu inter-
face 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 im-
mune to this effect.

The particular system addressed in this work [Co on
Cu(111)] has also been studied previously. Gonzalez
et al." and Miranda et al. ' ' used angle-resolved photo-
emission spectroscopy to determine a surface density of
states for one and two layers of Co deposited on a clean,
well-ordered Cu(111) surface. Observations at the surface
Brillouin-zone center produced several large peaks, one of
which is near the Fermi energy and thus not normally as-
sociated with the Cu density of states (DOS). The similar-
ity between this peak and a bulk Co DOS, interpreted as
ferromagnetic by Himpsel and Eastman, ' suggested to
them that Co is magnetic with an exchange splitting of
0.7 eV at the I point of the surface Brillouin zone. The
system was also examined theoretically" with the use of a
tight-binding Hamiltonian with a rigid exchange band ap-
proximation. The magnetization was constrained 'to equal
the bulk Co magnetization, and local charge neutrality
was required. The resultant low exchange splitting (0.7
eV) produced a cobalt DOS with three peaks near the
Fermi 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 have also been examined.
Mossbauer spectroscopy shows that two and four layers of
Co are magnetic when epitaxially grown on Cu(111) sur-
faces. ' Both theoretical and experimental investigations"
provide evidence for the ferromagnetism of a Co overlayer
on a Cu(100) surface, but this time accompanied by a
c (2 X 2) 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-
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layer) Co films deposited on the Cu(111) surface. We use
the Slater-Koster parametrized 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
agreement with both experiment and state-of-the-art cal-
culations. A Green's-function transfer-matrix method al-
lows for representation of the infinite Cu bulk. A two-
atom surface cell permits possible breaking of spatial sym-
metry such as antiferromagnetism, 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 self-consistency should
demand it.

II. CALCULATION

This section describes our calculations. Sections II A
and IIB describe the Hamiltonian and our method of
evaluation, respectively. Section IIIC describes the nu-
merical accuracy of our work and the possible errors in-
troduced by our major approximations.

A. The Haxniltonian

We take our Hamiltonian to be the sum of a one-
electron term Ho and an electron-electron interaction term
H, , For Ho we choose the parametrized tight-binding
scheme of Slater and Koster. ' The Hamiltonian Ho is
written in terms of one- and two-center integrals, which
are treated as parameters chosen to fit the bulk bands
structure. In Co (as in Ni) there is a marked discrepancy
between the calculated and the experimentally measured
bandwidth (photoemission experiments). We have chosen
the calculated paramagnetic band structure of Moruzzi
et a/. ,

' with the belief that discrepancies with photoemis-
sion data are caused by additional many-body effects, as
has been argued' ' for Ni. We include s, p, and d orbi-
tals, with interactions up to second-nearest neighbors. For
the matrix elements between Co and Cu, we take the
geometric mean of the respective Co-Co and Cu-Cu ma-
trix elements. For three of the second-nearest neighbor
elements, the Co-Co element has the opposite sign of the
Cu-Cu element. In this case we use the arithmetic mean.
The two sets of intersite matrix elements are similar, so
the results are insensitive to the precise scheme for choos-
ing the Co-Cu matrix elements.

For the electron-electron interaction we use a single-site
approximation which has been extensively discussed,

f, ~He-e g P UapySCiaaCipa Ciya CiSa''
i, o, cr' a,P, y, S

where c; creates an orbital of symmetry cz and spin o. at
site i.

We treat H, , in the Hartree-Fock approach; we can,
with some approximations, reduce H, , to a simple form
for the on-site potential shifts,

bEd, = ——,(U —J)(md„) ——,J(md )

+ —,( U 2—U'+ J) (nd, nd—)

+ V d ( n n—) + Vdd ( nd —nd ),
AE, =V„(n, n—, )+ V,d(nd —nd) .

Here AEd 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 md we denote the spin
polarization (nd„nd„—) in the d orbital of symmetry v at
a given site, and md =g, md„. The total d occupancy
at the site is denoted by nd =— nd, and the value for
the respective pure metal is nd Q.uantities for s and p or-
bitals are similarly defined. In (2), s refers to the entire sp
complex.

We define U as the on-site direct Coulomb integral be-
tween d orbitals of the same symmetry (rescaled by corre-
lation effects; see below), U' is the integral between d orbi-
tals of different symmetry, and J is the exchange integral.
We define Vdd = U' ——,

' J, which gives the effective (repul-
sive) interaction between d electrons, aside from magnetic
effects. We similarly define an effective interaction V„
among sp electrons, and V,d between sp and d electrons.
We neglect the on-site exchange integrals other than be-
tween d orbitals. The ratios U:U':J are taken to be 5:3:1
as suggested by Herring. ' Similar results are obtained for
the ratios suggested by other estimations ' as long as the
absolute magnitude is scaled to give the correct bulk Co
magnetization, p=1.72pz. Such scaling is necessary in
any case when we work in the Hartree-Fock approxima-
tion, since the effective interaction is reduced by correla-
tion effects.

It is difficult within 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

hn, =And ——0 .

That is, the average on-site potentials of the d orbitals and
of the s and p orbitals are fixed by the requirement that
the total occupancies of the sp and d complexes at any site
not differ from the bulk values. More fully self-consistent
calculations ' suggest a transfer of about 0.1 electrons
per atom from the sp band to the d band at the surface.
By neglecting this, we may expect to exaggerate the sur-
face magnetization by roughly 0. 1@ii per atom, an accept-
able 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 treat-
ed self-consistently. A more detailed description of this
method is provided elsewhere.

The one-atom hexagonal unit surface cell is shown in
Fig. 1(a). A single unsupported Co monolayer would have
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Unit cell TABLE I. Character table for point group C3„.

2C3

A)
A2

A3

1

1

—1

1
—1

0

have missed one or more self-consistent solutions. It is
unlikely, however, that the lowest-energy state would be
missed by our procedure.

We calculated the total energy of each self-consistent
state using the well-known formula

Z=g e„,' —g—H,, (4)

n, k n', k '

Brillouin zone
where e is the one-particle removal energy and the sums

k

are performed over the occupied states. The nonintuitive
term involving H, , corrects for the double counting of
the electron-electron interaction.

FIT+. 1. (a) One- and two-atom surface unit cells used in the
calculations. Open and closed circles represent the Co surface-
layer atoms. Crossed circles are the Cu atoms in the adjacent
layer. Dashed lines denote reflection planes. (b) Surface Bril-
louin zones for the unit cells of (a). Symmetry points are indi-

cated. The hatching shows the irreducible parts of the rectangu-
lar and hexagonal cells.

symmetry C6„', however, the presence of the Cu substrate
reduces the symmetry to C3, . The hexagonal Brillouin
zone with its irreducible ( —, ) wedge is shown in Fig. 1(b).
Table I lists the character table for the group C3, .

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 Brillouin zone is
half the size of the one-atom hexagonal Brillouin zone
[Fig. 1(b)]. Note that it divides into only two irreducible
(rectangular) parts.

The search for a self-consistent solution was begun at a
variety of starting points and thus a large portion of varia-
tional parameter space has been mapped. Nevertheless, it
is entirely possible that, within our ten-dimensional space
(five d orbitals, two spin polarizations per atom), we may

C. Accuracy

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

Convergence of our calculation is required in the sum-
mations of both the energy and wave-vector variables.
The energy integration consists of 48 points chosen along
a complex contour with the aid of the method of Gaussian
quadratures. Our criterion for achieved self-consistency
of the potentials is set equal to the estimated accuracy of
our integration: 0.01 electrons. For calculations involving
a two-atom unit surface cell, reasons of economy demand-
ed a slightly less accurate 24-point integration.

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

We now recapitulate the most crucial approximations in
our Hamiltonian, and consider their effects. The most ob-
vious approximation here is (3), in which the self-
consistent change in the potential is approximated by an
on-site term, determined by imposing a zero-charge-
transfer condition on the sp- and d-projected subbands
separately at each site. Comparison with fully self-
consistent calculations' ' suggests that this is an excel-
lent approximation. Still, the uncertainty of up to 0.1

electron in the local d occupancy corresponds to a possible
error of up to 0. lpga, which may be measurable for Co
systems. However, there is no evidence that any available
methods are accurate to better than 0. 1pz for inhomo-
geneous systems in any case. Approximation (3) also
neglects the crystal-fi. eld splitting of the on-site potential.

Our Hartree-Fock treatment necessarily exaggerates the
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TABLE II. Spin polarization and splitting by orbital for one layer Co on Cu(111).

Bulk symmetry
Degeneracy
Surface symmetry
Degeneracy
Radial wave function

Aj
1

xy +yz +zx

f2g

3

A3
2

2xy —yz —zx;
yz —zx

eg
2

A3
2

2z —x2 2 2

x

Spin polarization
Splitting at zone center'

0.14
0.210 Ry

0.36
0.246 Ry

0.41
0.234 Ry

'Mixing occurs between all A3 states and between the d orbital of symmetry AI and the sp orbitals.
Those peaks which contain the largest contribution from a particular column are used to generate the
splitting value.

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(111): One-atom surface cell

Bulk Co is believed 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 on the Cu(111) surface, the
spin polarization 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 po-
larization is essentially unchanged from the bulk. This is
in interesting contrast to the case of Ni on the Cu(111)
surface in which the Ni magnetization is greatly
suppressed. Of course, there is no contradiction present
since previous calculations hive shown that small
changes in substrate orientation or material composition
can produce large effects. This is attributable to the deli-
cate balance between two competing effect~: enhancement
by the surface and suppression by the substrate hybridiza-
tion.

The d orbitals of the Co layer can be classified uniquely
by specifying their bulk and surface symmetries. This fa-
cilitates detailed examination of the distribution of mag-
netization among orbitals (Table II). One notes that the
orbital of symmetry A& has significantly less spin polari-
zation and exchange splitting than the orbitals of symme-

A3 This is presumably due to its geometric orienta-
tion perpendicular to the (111)plane, which means that it
points directly into the Cu substrate. In addition, its sym-
metry is the same as most of the Cu sp electrons, which
facilitates hybridization. One interesting conclusion to be
drawn from Table II is that rigid-band exchange splitting
is only approximately obeyed in this Co on Cu(111) sys-
tem. This contrasts to the bulk system, where our calcula-
tions found only negligible (less than l%%uo) exchange-
splitting difference between orbitals.

We also performed our calculations for two layers of Co

on Cu(111). 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 al-
though, relative to the A3 states, the AI orbital has a
slightly enhanced (-0.06) value in the surface layer and a
slightly suppressed (-0.05) value in the second layer.
The Cu atoms have negligible spin polarization (-0.01)
independent of the number of Co overlayers.

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 0.006 Ry 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.

Comparison with the experiment of Miranda and co-
workers" ' is facilitated by Figs. 4 and 5. The agree-
ment between experiment and theory for the most signifi-
cant peaks of one layer Co on Cu is excellent. At the I
point, the three largest peaks coincide to within 0.01 Ry,
while at the E point the two largest calculated peaks of AI
symmetry rnatch the experimental results to the same ac-
curacy. The reduced contribution of the A3 states also oc-
curred in the clean Cu(111) 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 ex-
plain. Calculations of Ni on Cu show considerable differ-
ences between one and two layers of the magnetic material
on the substrate. However, direct comparison is difficult
because the Ni spin polarization is affected in these sys-
terns more substantially than the Co magnetization is in
ours. In any case, experiment should observe band nar-
rowing in the surface layer as is the case with the clean
Cu(111) surface.

Another qualitative difficulty in comparison with the
experiment of Miranda and co-workers is their observa-
tion of dispersion 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.
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layer: Co interface-layer projection. (b3) Co dilayer: Cu interface-layer projection. Solid lines are minority states; dashed lines are

majority states.

C. Co on Cu(111): Two-atom surface cell

Through the einployment 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{111). The simplest of these is the
ferromagnetic arrangement discussed in Sec. III B. In this
state both of the atoms in the unit cell possess equal polar-

izations and are identical in all respects.
%'e 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 orien-
tation. 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
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FIG. 6. Real-space magnetization density of a Co monolayer on Cu(111): the Co surface layer for {a) ferromagnetic state; (b) spa-
tially modulated state; (c) antiferromagnetic state. Spin-up density contours are plotted in solid lines; spin-down density contours in
dashed lines. All graphs are projections on the Co(111) plane of the magnetization of the "vacuum" half-space.

stant background.
Figures 7 and 8 show the total DOS for the two-atom

configurations. An interesting point is that, although the
spatial distribution of magnetization is quite different be-
tween the ferromagnetic and spatially modulated states,
the total DOS for both spatially modulated atoms and the
ferromagnetic atom are remarkably similar. Figure 9
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FKx. 7. Projected total density of states for the antiferromag-
netic state of a Co monolayer on Cu(111) in the double 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. )

FIG. 8. Projected total density of states for the spatially
modulated state of a Co monolayer on Cu(111) in the double cell
of Fig. 1. (a) Projection on one of the Co atoms. (b) Projection
on the other Co atom.
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FIG. 9. Projected density of states at the I point of the sur-
face Brillouin zone for the spatially modulated state of a Co
monolayer on Cu(111) in the double cell of Fig. 1. (a) and (b):
projections on the two Co atoms. (c) and (d): projections on the
two interface Cu atoms. Curves include a Lorentzian broaden-
ing of halfwidth 0.022 Ry at half maximum.

bulk value. The rigid-band model is only approximately
obeyed. The ferromagnetic state has the lowest total ener-

gy, but, within our margin of error, a spatially modulated
state could be the ground state instead. The ferromagnet-
ic, spatially modulated, and antiferromagnetic states all
have approximately equal spin polarizations.

Agreement between our theory and the experiment of
Miranda and co-workers is considerable, but discrepancies
do exist. The quantitative correspondence between
theoretical and experimental peak locations for one layer
Co on Cu is excellent. The photoemission spectra at the K
point for both this system and for the clean Cu(111) sur-
face can be consistently explained by theoretical states
which transform according to A~, the identity representa-
tion. More disappointing is the experimentally observed
absence of the theoretically predicted shift in peak loca-
tions as an additional layer of Co is added. The experi-
mentally observed displacement in Co peak location with
photon energy is also puzzling, since monolayer states can
have no dispersion.

Analysis of our results suggests some additional points
of interest: (a) 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 mono-
layer; (b) the quantitative values of the magnetic moment
in the various phases —ferromagnetic, antiferromagnetic,
and spatially modulated —indicated that Co monolayers,
which are itinerant magnetic systems, should behave in a11

respects as fairly weakly coupled localized moments of al-
most 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 local-
ized magnetic moment in the paramagnetic high-
temperature phase.

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 effects' ' ' ' (relaxation, exciton formation,
Hund rules, Auger processes) inherent in the photoemis-
sion process of highly correlated transition-metal atoms.
These effects lead to band narrowing, resonant photoemis-
sion, and formation of tails and satellites.
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