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Our recently developed linearized augmented-plane-wave thin-film method is used to
determine the electronic structure and magnetism of Ni overlayers on Cu(001). Accurate
ab initio self-consistent spin-polarized semirelativistic band calculations are reported for
(i) a clean five-layer Cu(001) slab and (ii) the same Cu slab plus one or two p (1)&1) layers

of Ni on either side. Results presented include charge and spin densities, work function,

band structures, projected density of states, magnetic moments, and direct and transferred

hyperfine fields. Both surface and interface effects are found to be important. The Ni

overlayers are not magnetically dead: The Ni layer adjacent to the Cu has its moment

decreased from the bulk value to 0.39p& for the single Ni overlayer and to 0.47@~ for the
two-Ni-thick layers; the surface Ni layer in the two-layer Ni on Cu film has its moment

increased somewhat to 0.68p~. This reduction in moment for the interface Ni arises pri-

marily from charge transfer onto Ni sites from the Cu substrate. By contrast, the in-

crease in moment of the Ni surface atoms arises in large part due to the dehybridization

of the p electrons from the d-band electrons; these p electrons become more delocalized

and spill out into the vacuum region. A similar effect was also observed for an unsup-

ported Ni monolayer. In the case of the Ni monolayer on Cu, the total number of Ni

electrons is almost the same as for bulk Ni. Here, the loss of electrons due to the dehy-

bridization of p electrons is nearly canceled by the increase from its interface with the Cu

substrate; the decrease in magnetic moment (to 0.39pz) agrees with electron-capture ex-

periments.

I. INTRODUCTION

The unique chemical and physical properties of
the transition metals and their alloys and com-
pounds have made them prime candidates for ex-

perimental and theoretical studies. Recently, this
interest has focused on achieving a better under-
standing of the properties of transition-metal ma-
terials on the microstructure scale, such as super-
fine particles, surfaces, interfaces, and modulated
structures. One of the most interesting of these is
the nature of surface magnetism —a problem which
has attracted a great deal of interest since the first
reports' of the existence of a magnetically "dead"
layer on the Ni surface. To date, experiments have
been made on many materials (Fe, Co, Ni, and al-
loys) in different forms, but have yielded incon-
clusive results. Discrepancies between the different

results have been attributed partly to the difficul-
ties of preparing a perfect clean surface, and partly
to the difficulties of interpreting results obtained
from probing only a few atomic layers. For exam-

ple, in the case of pure Ni, electron capture
showed no dead layers, whereas polarized neutron

scattering on small Ni particles confirmed its ex-

istence. Other experiments have been made on
atomic overlayers of magnetic metals deposited on
nonmagnetic substrates —an approach which has
some apparent advantages such as a simplification
of some measurements and the use of the overlayer
thickness as a (controllable) parameter. The Ni

overlayer on a Cu substrate is the most widely
studied system. Because of the good match be-

0
tween their fcc lattice constants (aN; ——3.524 A

0
which is close to ac„——3.615 A) and the close
resemblance of many of their properties, a near to
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ideal overlayer structure is expected for this sys-

tem. Anomalous Hall-effect measurements by
Bergmann confirmed' the existence of a dead
layer of Ni on Cu when the Ni overlayer is less
than about 2.5 atomic layers. However, Pierce,
et al. concluded from the spin polarization of
photoemitted electrons that ferromagnetism occurs
when the Ni overlayer is only one to two atomic
layers thick. More recently, electron-capture spec-
troscopy measurements by Rau showed that even

a monolayer of Ni on Cu(001) substrate is magnet-

ic, but with a reduced magnetic moment.
On the theoretical side, although some earlier

models showed that the surface layers of a fer-
romagnetic crystal such as Ni may be magnetically
"dead, " linear combination of atomic orbital
(LCAO), self-consistent calculations by Wang and

Freeman, ' and linearized augmented-plane-wave
(LAPW) calculations by Jepsen et al. " showed

that the Ni(001) surface is not magnetically "dead"
but has instead a moment comparable to that of
the bulk. The work reported in Ref. 10 gives a
20% decrease of the magnetic moment (0.44@~)
compared to 0.54pz obtained for the center layer
of their nine-layer film, whereas Ref. 11 shows

essentially no change in magnetic moment for the
surface layer (0.61@~,compared to 0.58pz for the
center layer) for a five-layer film. A more recent
calculation, ' also on a thin five-layer Ni(001) film

using the method described in Sec. II, shows a
15% increase of the moment of the surface atom
of Ni(001) films, from 0.62pz for the center layer
to 0.72p~ for the surface. A similar increase has
also been obtained for the surface magnetism of a
five-layer Ni(110) film. '

In bulk Ni, the theoretical exchange splitting is
about 0.6 eV, the majority (spin-up) 3d band is ful-

ly occupied, but with its upper edge only -0.3 eV
below the Fermi energy (EF), and its minority hole
states quite close to EI;. As a result, the magnetic
properties of the surface Ni atoms are vulnerable

experimentally to surface contamination' or
theoretically to a number of factors which may in-

fluence by -0.3 eV any surface states or bulk
states in the d bands. Certainly the charge transfer
near the surface region, or the change of the bond-

ing of the surface atoms with its neighbors, gives
rise to the change of the energy of some states.
The challenge to theoretical treatments of the
problem of surface magnetism is to handle these
states with an accuracy of better than 0.1 eV.

In this paper we report results of the first deter-
mination' ' of the electronic structure and

magnetism of Ni overlayers of Cu(001). We use
our recently developed LAPW thin-film
method' ' to carry out accurate self-consistent
spin-polarized semirelativistic energy-band calcula-
tions on Ni overlayers on a Cu(001) substrate, con-
sisting of a five-layer Cu(001) slab plus one or two

p (1X1) layers of Ni on either side, referred to as
Ni-Cu and 2Ni-Cu, respectively. As in the case of
the Ni-Cu results reported briefly earlier, ' we find
that the Ni overlayers are not magnetically dead.
The Ni layer adjacent to the Cu has its moment
decreased to 0.39pz for Ni-Cu and to 0.47p~ for
2Ni-Cu, whereas the surface Ni layer in the 2Ni-
Cu film has its moment increased to 0.68p~ com-
pared to 0.62pz at the center of a five-layer
Ni(110) film. ' This reduction in moment for the
interface Ni arises primarily from charge transfer
onto these Ni sites from the Cu substrate. By con-
trast, the increase in moment of the Ni surface
atoms arises in large part due to the dehybridiza-
tion of the p electrons from the d-band electrons.
These p electrons become more delocalized and
spill out into the vacuum region. A similar effect
was observed for an unsupported Ni monolayer. '

In the case of a monolayer of Ni on Cu, the total
number of Ni electrons is closer to that of bulk Ni
(the loss of electrons due to dehybridization of p
electrons is partially canceled by the increase from
its interface with the Cu substrate), but the mag-
netic moment 0.39@~ decreases about 40%—in
agreement with electron-capture experiments.
This decrease is also connected with the majority
hole formed from the surface state above the Ni 3d
band edge near M.

II. METHODOLOGY

We employ the self-consistent LAPW film
method' ' as generalized to deal with spin polari-
zation. The spin-dependent exchange-correlation
potential V„, of von Barth and Hedin' is used in
the local spin-density-functional formalism to
determine the electronic energy-band structure,

where p~=p' or p', and p=p'+p' denote the
spin-up or spin-down and the total electron densi-

ty, respectively. The A and 8 coefficients are given
19

& (p) =@~(p)+v,(p),
JJ (p) =pf (p) v, (p), —
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where

p~(p)= —(3/~)' 'p' '

and

p~(p)= —c in[1+(4m/3)'~ rrp'~ j

are the contribution of exchange and correlation to
the chemical potential, and

4 1
v, (p) = ——

with the function

F(z) =—(1+z')ln(1+1/z)+z/2 —z' ——,

The coefficients c and r are set equal to c /2 and

2 r&, respectively, according to scaling suggested

by the random-phase approximation, ' and
c~=0.0225 and r~= 21.0 are chosen to yield the

paramagnetic correlation term of Hedin and

Lundqvist.
The core charge density (ls 2s 2p 3s 3p ) is

computed using a fully relativistic Dirac-
Slater —type atomic-structure program, while for
the valence electrons only a semirelativistic compu-
tation (without spin-orbit coupling) is used. All
states, including the core states, are computed
self-consistently for every iteration. This is impor-
tant for the calculation of the hyperfine field be-
cause the core-polarization Fermi-contact part is
the dominant contribution.

In the interstitial and vacuum regions, the full
potential without the shape approximation is deter-
mined self-consistently and included in the compu-
tations while nonspherical terms are neglected in-

side the muffin-tin spheres. The Coulomb poten-
tial is obtained by a very accurate solution of
Poisson's equation' permitting a very precise
determination of the potential near the surface re-

gion and thus gives a good description of the sur-

face states and surface electronic properties.
The structure of the Cu(001) five-layer slab used

as substrate to the Ni overlayers, is the ideal one,
i.e., that obtained from a bulk Cu crystal without

any relaxation or reconstruction. Thus, the 2D
periodicity of the Ni overlayer is assumed identical
to that of the Cu substrate. The z distance be-
tween the Ni and interface Cu layer is set equal to
1.81 A to agree with the bulk Cu lattice interlayer
spacing. For the 2Ni-Cu film the z distance be-
tween the surface and interface Ni layer is set

equal to that of bulk Ni (1.76 A). Because of the
relatively good match between Cu and Ni lattice
parameters, this choice of structural parameters
seems quite reasonable, and is not expected to af-
fect greatly the physical results obtained.

For the Ni-Cu system under consideration (seven

atoms per unit cell), the basis size of over 190
LAPW's per z-reflection symmetry type (55
LAPW's per atom) results in eigenvalues which are
converged to better than 3 mRy. For 2Ni-Cu (nine

atoms per unit cell), the basis size of about 210
LAPW's per z-reflection symmetry type (47
LAPW's per atom) yields a convergence of the d-

state eigenvalues to about 5 mRy. 15 k points in
the —, irreducible wedge of the 2D Brillouin zone

(BZ) are used to generate the charge density in the
self-consistency process. We consider self-
consistency achieved when the rms difference be-
tween input and output potential is less than 15
rnRy. The self-consistent process for the spin-
polarized case starts from a well-converged
paramagnetic self-consistent potential. A magnetic
field (-2 mRy) is switched on in the first iteration
to generate a magnetized state and then it is
switched off for all succeeding iterations. The
magnetic moments of the Ni atoms are observed to
increase from about 0.lpga for the first iteration to
its converged value, while the moments on the Cu
atoms decrease to essentially zero. The magnetic
moments are found to converge more quickly in
the iteration procedure than does the potential.
For the clean Cu five-layer film (which is used as
comparison), the convergence and self-consistency
are much better, e.g., the difference between the in-

put and output potential is less than 4 rnRy.

III. ELECTRON DENSITY AND
WORK FUNCTION

The theoretical self-consistent total electron den-

sity of the 2Ni-Cu film is shown in the contour
plot [Fig. 1(a)] on a vertical cut plane passing
through a line connecting a surface atom with one
of its nearest neighbors in the second layer. (A
similar result for the Ni-Cu case was presented ear-
lier. '

) Outside the surface layer, the electron den-

sity decreases exponentially toward the vacuum,
with some strong curvature in the contours near
the surface in keeping with the atomic nature of
the surface layer. From just below the surface
layer, the electron distribution is almost identical
with that of the center layer, which is then as-
sumed to approximate the bulk. No large differ-



ELECTRONIC STRUCTURE AND MAGNETISM OF Ni. . . 1343

VACUUM (a)

Bulk Ni'

TABLE I. Total number of the valence electrons in-

side touching muffin-tin spheres (the radii are 2.354 a.u.
for bulk Ni, 2.385 a.u. for the surface Ni layer of 2Ni-

Cu, and 2.415 a.u. for all the other Ni and Cu spheres).
The order of the layers as shown in the left-hand
column is from the surface (top) to the center (bottom)
in each of the slabs.

2Ni-Cu Ni-Cu Cu

9.06
9.37

10.38
10.38
10.38

Ni
Ni
Cu
Cu
Cu

'LAPW bulklike value:
layer film (Ref. 12).

9.22
9.21

10.35
10.37
10.39

10.21
10.37
10.38

center layer of a Ni(110) five-

FIG. 1. Self-consistent total charge density of (a) a
nine-layer film consisting of a Cu(001) five-layer sub-
strate covered with a two-layer Ni film on each side and
(b) a clean five-layer Cu(001) film. The contour plot
shown is on a vertical-cut plane passing through a line
connecting a surface atom with one of its nearest neigh-
bors in the second plane of atoms. Each unit is 0.01
a.u.

ences can be seen in the interstitial region of the Ni
interface, Cu interface, and the inner Cu layers.
Comparison of these results with that of the clean
Cu surface given in Fig. 1(b) shows that the
conduction-electron distribution at the surface of
the clean Cu film is almost the same as that of the
Ni surface layer of 2Ni-Cu. This result is not
surprising because the main contribution in this re-

gion, as shown by the contours in Figs. 1(a) and
1(b), comes from the 4s electrons which are not
very different for Ni and Cu. It serves to em-
phasize that the well-known large differences in
the chemical and physical properties between the
Ni and Cu surfaces must be due to their 3d bands
(which contribute to the high electron density in
the region closer to the atom centers).

Table I gives the total number of valence elec-
trons inside the touching muffin-tin spheres for the
three film systems studied. The bulk value given
in the right column is obtained from the center
layer of a five-layer pure Ni film by the same
Inethod. ' The effect of the surface is seen from

the decrease of the number of electrons belonging
to the surface atom. For example, the number of
electrons in the surface atom of the clean Cu five-
layer film is -0.17 less than that at the center,
and the surface Ni layer of the 2Ni-Cu film is also
-0.17 less than the bulk value. However, in sharp
contrast, the inteI'face Ni layeI atoms in contact
with the Cu substrate have 0.15 more electrons
than in the bulk. For the monolayer of Ni on Cu
substrate, both effects cancel each other, and leave
the total number of valence electrons of this layer
almost unchanged as compared to the bulk.

An orbital decomposition of the valence elec-
trons (Table II) gives more information of this
change due to the surface and interface effect. The
decrease of the s-like component of the Ni(S) atom
is obviously due to the expansion of the extended
4s-like state toward the vacuum in an attempt to
lower its kinetic energy. The p-like component of
the electron density in the muffin-tin region of the
surface atom is markedly reduced compared to
that at the Ni(I) atom; this reduction is approxi-
mately proportional to their coordination number.
The decrease of this p-like component for the sur-

face layer, which may be caused by the mixing
with the s-tails of neighboring atoms, is due largely
to dehybridization with the d electrons. For the
clean Cu five-layer film, the s-, p-, and d-like com-
ponents are also given in Table II. The center and

surface layers and a similar dehybridization effect
seen here. The change of this p-like component is
the dominant part of the change seen in the total
change given in Table II for Ni(S) and Ni(I). The
difference in d-like and s-like components in Ni(S)
and Ni(1) is much less pronounced.

Starting from very different initial potentials, in-

dependent self-consistent calculations were carried
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TABLE II. Orbital decomposition of the total number of valence electrons inside touch-
ing muffin-tin spheres of double-layers of Ni on Cu(001) substrate and a clean Cu(001) film.
S, I, I —1, and C in the first column denote the surface, interface, subinterface, and center
layer, respectively.

Total

2Ni-Cu Ni(S)
Ni(I)
CU(I)
Cu(I —1)
Cu(C)

0.432
0.478
0.535
0.535
0.536

0.268
0.433
0.470
0.456
0.464

8.341
8.416
9.335
9.341
9.345

9.06
9.37

10.38
10.38
10.38

CU Cu(S)
Cu(S —1)
Cu(C)

0.520
0.529
0.528

0.317
0.467
0.475

9.348
9.337
9.338

10.21
10.37
10.38

out for the three film systems studied here. As
can be seen from Table I, the degree of consistency
of the final results for the Cu layers is very im-

pressive. For example, the difference in the num-

ber of electrons of the two innermost Cu layers for
all three systems is within 0.02 electrons. This not
only indicates that the results are stable with
respect to film thickness, but it also gives an esti-
mate of the precision of the calculation, which is
determined by the number of LAPW's used and
the self-consistency achieved in the calculation. In
fact, 0.02 electrons inside the muffin-tin region
give a Coulomb contribution of about 17 mRy at
the boundary (r= 2.42 a.u.), consistent with the de-

gree of self-consistency of the potential achieved.
As is well known, a good check of these film

calculations is a comparison of the calculated work
function 8'with experiment. The work function is
very sensitive to the charge transfer due to the sur-
face effect, and depends especially on charge
transfer in the z direction. The results are 4.94,
5.45, and 6.10 eV for clean Cu, Ni-Cu, and 2Ni-
Cu, respectively. There are no published data for
the Ni on Cu system to our knowledge. Electron
transfer at both the free surface (Ni to vacuum)
and interface (Cu to Ni) is expected to increase the
work function. The value of W for the clean Cu
film is in good agreement with experiment ' and
an earlier self-consistent LCAO calculation.

Our calculations also yield a chemical shift for
the 3p3/2 core level of the surface atoms (Table III)
in keeping with the expectation that these core
states shift to reduced binding energy as predicted
by a simple model for core-level shifts in d-band
metals. Since Cu has more than half-filled d
bands, this model predicts a shift to reduced bind-

ing energy. The result for clean Cu, 0.60-eV shift,
is consistent with the result for Cu(111) obtained

TABLE III 3p 3/2 core levels of 2Ni-Cu, Ni-Cu, and
clean Cu(001) films (in eV) with EF——0. The average of
the spin-up and spin-down state is shown. The splitting
due to the spin polarization is shown in parentheses for
Ni atoms. For Cu atoms, it is essentially zero ((0.003
eV).

Ni
Ni
Cu
Cu
Cu

2Ni-Cu

—61.90 (0.75)
—62.16 (0.53)
—68.69
—68.79
—68.76

Ni-Cu

—61.74 (0.42)
—68.57
—68.69
—68.73

Cu

—68.15
—68.65
—68.75

by Appelbaum and Hamann. However, this shift
has not been observed in XPS experiments on ei-
ther Cu (Ref. 25) or Ni (Ref. 26) [although it has
been observed in Au (Ref. 23)].

Since this is the first calculation of a Ni on Cu
system, we first compare our results instead with
other theoretical calculations on clean Ni or clean
Cu films. The charge-density contour plots in Fig.
1 are in good agreement with the LCAO calcula-
tion on the clean Cu film (Fig. 10 in Ref. 22). The
decrease in the number of electrons of the surface
atoms (0.18) found in another LAPW calculation"
on a clean Ni film is consistent with our results,
namely, 0.17 for clean Cu and 0.16 for the Ni sur-

face of 2Ni-Cu compared with bulk Ni. These re-
sults mean, at least for the charge transfer along
the z direction, that different methods give a rather
good consistent description of the surface effect.
The orbital decomposition given in Table II shows
that the number of p-like electrons is in agreement
with LAPW results by Jepsen et al. " and
Krakauer and Freeman' for the clean Ni(001)
film.
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IV. ENERGY BANDS: SURFACE AND
INTERFACE EFFECTS

I

SPIN-UP

The layered projected densities of states (DOS)
of the Ni-Cu film are plotted in Fig. 2, with the
results for the clean five-layer Cu(001) film also
shown for comparison. The DOS of the center Cu
layer is unchanged when the clean Cu film is
covered with the Ni overlayers. Even the subinter-
face layer Cu(I —1), which is the next-nearest
neighbor of the Ni overlayer, has almost the same
DOS as that of a clean Cu film. This finding is
consistent with the electron-density result (Fig. 1}
that right from the second layer, the electron dis-
tribution is the same as in the bulk; it also indi-
cates that the Cu five-layer film is a thick enough
substrate for undertaking a study of the properties
of the Ni overlayer.

A large effect of covering Cu with the Ni over-
layer is observed only for the outermost Cu layer
which is in direct contact with the Ni layer. First-
ly, the surface narrowing of the surface DOS of
the clean Cu film disappears with this monolayer
coverage. The DOS curve of this Cu(I) layer of
the Ni-Cu film becomes similar to that of other in-

terior Cu layers. Secondly, the upper edge of the
outermost Cu 3d bands moves 0.2 eV to greater
binding energy after coverage, indicating that in

clean Cu the d bands of the surface layer have
moved 0.2 eV to reduced binding energy. This ef-
fect can also be seen by comparing the DOS of the
surface and the center layer of the clean five-layer
film '

The same phenomena occur in the 2Ni-Cu sys-
tem as seen in Fig. 2 for Ni-Cu. Upon coverage of
a second Ni surface layer, the width of the local
DOS curve of the inner Ni layer, Ni(I), increases
to 2.7 full width at half maximum (FWHM) from
1.6 eV for the Ni layer of the Ni-Cu system due to
the increase of the DOS at higher binding enery

corresponding to the Ni —Cu interface bonds. The
upper edge of the DOS of the surface of 2Ni-Cu is
0.2 eV above the interface layer. These changes in
the 3d bands due to the surface interface effects in-

fluence the filling of the electrons in the Ni 3d
bands because of the high DOS at EF, and then af-
fect the magnetic properties of the surface and in-

terface layers.
The energy bands of the Ni-Cu film are plotted

in Fig. 3. The Ni states (defined as those having
more than 60%%uo of their charge in the surface
layer) are marked by the solid circles. For bulk
crystalline Ni, at the j. point of the 3D Brillouin
zone (k =0), the spin-up tzs state is at about —2.3

I/eV

Cu

I

-12 -IO -8 -6 -4 -2 0 2

E (eV)

SPIN-DOW

I/eV

-I2 -IO -B -6 -4 -2 0 2

E (eV)

FIG. 2. Spin-polarized layer projected density of
states of a five-layer Cu{001) slab covered with a

p (1)&1) monolayer of Ni on each side: (a) spin-up, (b)

spin-down. S, I, I—1, and C denote the surface, inter-

face, subinterface, and center layers. The dashed lines

show the results of a clean five-layer Cu(001) film.

eV with respect to Ez. ' For the Ni overlayer
on Cu, the d &, orbit [I 3 in Fig. 3(a)] which is

directed to the nearest-neighbor Ni atoms in the
same layer, has nearly the same energy, but the
doublet d~~, [I 5 in Fig. 3(a)] which is directed to
the atoms in the neighboring layers, is raised by
1.6 eV to reduced binding energy due to the remo-
val of its neighbors from outside the surface.
Similarly, the d~ orbital [I 4 in Fig. (3a)] is shifted
about 1.0 eV to reduced energy. This is why the
upper edge of the d band moves to the reduced
binding energy.

At M all the Ni 3d states in the Ni-Cu film are
well localized at the surface. The layer-by-layer
electron energy and symmetry properties of all the
M states (spin-up} are shown in Fig. 4. The right-
hand panel of Fig. 4 shows the corresponding re-
sult of an isolated Ni monolayer. ' The Ni d &
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Ni-Cu (POI) MONOLAYER
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Cu (C) Cu (I-I) Cu (I) Ni
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FIG. 4. Energy and symmetry of the majority states
of M of a five-layer Cu(001) slab covered with a p(1X 1)
monolayer of Ni on each side. The horizontal length of
the bars gives the layer-projection coefficient of the state
in the specified layer (some are omitted when they are
too small). The mixing of the wave function of the
states of many layers is represented by the bars of one

eigenstate on corresponding layers. Dashed lines

represent the states antisymmetric with respect to the z

reflection. The different symbols beside the bars

represent d 2 d y d„,~, and d» states, respectively.

Corresponding results of an isolated monolayer Ni film

are also shown for comparison, but with its Fermi ener-

gy aligned to that of the Ni-Cu film.

-8-

-IO
r

(b)

Ni

SPIN- DOWN

FIG. 3. Band structure of a five-layer Cu(001) slab
covered with a p(1&&1) monolayer of Ni on each side:
(a) spin-up, (b) spin-down. Solid circles denote states
with more than 60%%uo of electrons in the surface Ni over-
layer.

orbital, which does not mix with other states for
symmetry reasons, constitutes a surface band [M3
in Fig. 3(a)] above the d-band edge. It is similar in
nature to the surface states reported for the clean
Cu(001) film' ' and observed in photoemission ex-
periments, and similar to that of the clean
Ni(001) film. ' ' As in the case of the clean Ni
film, this spin-up M3 state lies above FF for the
surface Ni layer in either the Ni-Cu or the 2Ni-Cu
films, so a pocket of majority holes forms and
reduces the surface magnetism.

At M the d & orbital of the Ni atom does not

mix with the substate states either, because a sym-
metry allowed state, such as d„z of the interface
Cu layer, is about 4.5 eV away. The splitting in
energy between the Ni 3d & 2 and 3d„~ orbitals at

M increases from the bulk value due to the pres-
ence of the surface. ' (For the isolated Ni mono-
layer, this difference in energy is 1.22 eV. Here,
the strongest "surface" perturbation is expected. )

For the Ni surface layer, this difference is 0.87 eV
for the Ni-Cu, and 0.76 eV for the 2Ni-Cu system.
When the Ni layer is totally covered, as in the in-
terface Ni layer of the 2Ni-Cu film, it is only 0.37
eV—about the same as for the interior Cu layer—
indicating that there is little surface perturbation in
this case. This change should arise mainly from
crystal-field effects because both states, especially
the Nid 2 & and d 2 states, do not mix with other
states.

By contrast, rather strong mixing with the sub-
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strate states at M occurs for the Nil„, „, and d„»
states. The Ni d~zyz state has been pushed slightly
higher in energy by the mixing, as can be seen by
comparing the same sate of the Ni on Cu substrate
and the isolated Ni monolayer film in Fig. 4. It is
above the substrate bulk band with the same sym-
metry, and is then a surface state localized near the
surface. The Nid z state mixes strongly with the
d, state of the interface Cu atom because they lie

close in energy, and pushes the interface Cud 2

state slightly higher and the Nil ~ state slightly
lower in energy (Fig. 4).

Ni
Ni
Cu
Cu
CU

2Ni-Cu

0.68
0.47

—0.02
0.00

—0.01

Ni-Cu

0.39
0.00
0.00
0.00

Bulk Ni'

0.62

'LAPW bulklike value: center of layer of a Ni(110)
five-layer film (Ref. 12).

TABLE IV. Magnetic moment p inside the muffin-
tin spheres of the 2Ni-Cu and Ni-Cu film, in Bohr mag-
netons. The order of the layers as shown in the left
column is from the surface (top) to the center (bottom).

V. SURFACE AND INTERFACE EFFECTS
ON THE MAGNETIZATION

The spatial distribution of the spin density, plot-
ted in Fig. 5 for the 2Ni-Cu film, shows that the
magnetization is localized in the Ni layers. The
magnetization is essentially zero on the Cu layers;
the few contours shown in Fig. 5 close to the Cu
nucleus are due mainly to the noise in the compu-
tation. The vacuum and interstitial regions are
slightly polarized in the opposite direction, similar
to that reported for the clean Ni(001) film. ' The
layer-by-layer magnetic moments (contributed by

VACUUM

:2
/

~)
g

—2 -2r
Jprg

the electrons inside the touching muffin-tin
spheres) are listed in Table IV. The magnetic mo-

ment of the surface Ni layer of the 2Ni-Cu film
increases by about 10% to 0.68ps compared to the
bulk value 0.62p~ calculated by the same
method. ' The moment of the interface layer
Ni(I) of the 2Ni-Cu film decreases by 24%, and
the Ni layer of the Ni-Cu system decreases by 37%%uo

compared to the calculated bulk value. The orbital
angular-momentum decomposition of the layer-by-

layer contribution to the magnetic moment is given
in Table V. It is seen that the contribution to the
moments arises almost completely from the d-like

component, similar to that in the clean Ni film. "
Examination of Table V reveals that this correla-
tion is actually with the number of p-like electrons
which show the largest change in occupancy.

As shown in Fig. 6(a), a good linear relation is

observed between the magnetic moment and the to-
tal number of electrons inside the touching
muffin-tin spheres for all the Ni layers including
the 2Ni-Cu, the Ni-Cu, the isolated rnonolayer of
Ni, ' and the clean Ni(100) and Ni(110) (Ref. 12)
film. The magnetic moment decreases linearly
with the increase of the total number of electrons
and with a slope of —1. As shown in Fig. 6(b),
for all systems studied, the number of majority-
spin electrons changes only slightly, but the num-

ber of minority electrons increases linearly with the
total number of electrons and leads to the relation

TABLE V. Orbital-by-orbital contribution to the to-
tal magnetic moment p (in Bohr magnetons) inside the
various muffin-tin spheres of the 2Ni-Cu film.

FIG. 5. Contour plot of the spin density of a five-

layer Cu(001) slab covered with a two-layer Ni film on
each side. Each unit is 0.0001 a.u. with successive con-
tours given in a ratio of 2.

Ni(S)
Ni(I)
Cu(I)
CU(I —1)
Cu(C)

—0.003
—0.004
—0.005

0.000
—0.003

—0.006
—0.010
—0.006
—0.003

0.000

0.687
0.482

—0.006
—0.001
—0.007

@tot

0.68
0.47

—0.02
—0.00
—0.01
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FIG. 6. Magnetic moment and the number of the
spin-up and spin-down electrons vs the total number of
electrons of the Ni atoms in various environments. U
and 0 are surface and interface Ni layers of the 2Ni-Cu
film, Q is the Ni layer of the Ni-Cu film, 6 is the iso-

lated Ni monolayer (Ref. 16), and and 0 are the sur-

face and center layers of Ni(011) five-layer film (Ref.
12).

between the moment and total number of electrons
shown in Fig. 6(a).

Examination of Fig. 6 leads to two observations
which relate to the problem of surface magnetism.
Firstly, the surface and interface affect the total
number of electrons so that the surface atoms have
fewer electrons, and the atoms in contact with the
Cu substrate have more electrons due to the change
of bonding. Secondly, the change in the total
number of electrons arises almost completely from
the minority-spin electrons and this leads to the
decrease of the moment with an increase of the to-
tal number of electrons observed above. The
majority-spin electrons are not involved because
the shift of the 3d bands due to the change of
bonding is not sufficiently great to lift the full ma-

jority band above the Fermi energy.
However, for some special regions in the 20

Brillouin zone, such as the one close to M in Fig.
3, the surface effect is more pronounced, and this
lifts the M3 surface band above the bulk d-band

edge and the Fermi energy and creates a. pocket of
majority holes. As pointed out in the case of clean

Ni, ' this leads to a small decrease of the majority
spin. As seen in Fig. 6(b), the number of majority
electrons for all the layers on the surface is about
0.08 less than that of the interior layers. Usually,
this effect is smaller than that caused by the
change of bonding, but in some cases (for example,
in a comparison of the bulk and Ni-Cu which have
the same total number of electrons) it could be-

come dominant (and cause the decrease of the mo-
ment of the Ni-Cu).

Changes of bonding on the splitting of the 3d
majority and minority-spin bands are not indepen-

dent; their splitting will change through the ex-

change correlation. For example, a shift of the
minority band to lower binding energy will lead to
an increase of the magnetic moment, which in turn

causes the exchange splitting between the majority
and minority band to increase. However, the ex-

change splitting (AE) is not the same for different

states, as shown in Figs. 3(a) and 3(b). For the
Ni-Cu film, the exchange splitting is 0.39 and 0.35
eV for I 4 and I 5, 0.28 and 0.37 eV for M& and

M3, and 0.38 eV for X2 ~ An average exchange

splitting, as measured from the layered projected
DOS curve [Fig. 2(a) and 2(b)], is listed in Table
VI. It is seen that the moment of the various
layers is proportional to the exchange splitting.
The ratio AE/p, the so-called Stoner-Hubard
parameter, remains almost unchanged and also
close to the value of the isolated monolayer and

bulk Ni. '

Finally, as mentioned earlier, Fig. 6 reveals a
correlation of the magnetic moment with the num-

ber of p-like electrons. At the surface this dehy-

bridization of the s, p, and d electrons acts to in-

crease the magnetic moment and is related to the
d-band narrowing seen there. This dehybridization
is also related to the simultaneous removal of p

Ni(S) of 2Ni-Cu
Ni(I) of 2Ni-Cu
Ni(S) of Ni-Cu

0.67
0.52.
0.38

0.99
1.11
0.97

TABLE VI. Exchange splitting (hE) of various Ni
layers as determined from the upper edge of the layered
projected DOS curves and the Stoner-Hubbard parame-
ter I (=DE/p), where p is the magnetic moment.

AE/p (eV/pz)
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electrons from the muffin-tin (MT) spheres (where
the d electrons are mainly localized) as they spill
out into the vacuum region. It is not surprising
that the number of p electrons in the MT region is
correlated with the degree of dehybridization; in
the free Ni atom, the p orbitals are completely
unoccupied. There is a remarkable correlation be-

tween the total s and p charge of both spins,

q, +qz (p, and pz are essentially zero), and the
magnetic moment. Since q, is relatively unchang-
ing (-+0.03 electrons) this is, indeed, a correlation
with qz. In the unsupported Ni monolayers, where
the first mechanism (the electrostatic-shift mechan-
ism) is absent, this dehybridization accounts for
the large increase of p,q compared to the bulk
value. ' In all cases, the total charge in each vacu-
um region (there are two per slab) is equal (to
within -0.01 electrons) to the loss of p electrons
from the MT spheres.

In the 2Ni-Cu slabs, other effects are seen, as
mentioned above. Thus, charge transfer (about 0.1

electron from Table I) into the d bands of the in-
terfacial Ni layer reduces the magnetic moment to
0.48pz in this layer. Since this atom still has a
coordination number of twelve, the dehybridization
should not take place, as is also seen. By contrast,
the surface Ni atoms of the 2Ni-Cu slab show
some dehybridization, and could also have an up-
ward electrostatic shift. Indeed, the Ni(S) atom
does show a 3p3/2 core-level shift of 0.26 eV to re-
duced binding energy relative to the Ni(I) atom.
Both of these effects are consistent with the in-
creased moment of 0.69ps.

Recently, Tersoff and Falicov "have reported
parametrized LCAO-type calculations using a
real-space Green's-function formalism for up to
four Ni overlayers on a semi-infinite Cu
substrate. In recent unpublished work they
find for Ni on Cu(001) results in good agreement
with those obtained here.

VI. HYPERFINE FIELDS

From the calculated spin densities we may deter-
mine the Fermi contact contribution to the hyper-
fine field H„at the nucleus. This dominant part
of the total hyperfine field consists of two parts:
The well-known core-electron-polarization contri-
bution and the contribution from the (4s) conduc-
tion electrons. The results are shown in Table VII.
These are substantially larger than the (positive)
contributions arising from unquenched orbital an-
gular momentum or dipolar fields. The contribu-

tion from the (relativistic) 2p»2 and 3pi&2 core
electrons, which have a finite amplitude at the nu-
cleus, are seen to be small —approximately 1% of
the s-electron contributions.

For Ni, the negative core-polarization contribu-
tion dominates and is proportional to the local
magnetic moment for both Ni(S) and Ni(I). This
is seen in the constancy of the hyperfine field per
magnetic moment, g„«(—145 kG), which is
surprisingly close to the free-atom Hartree-Fock
result (-—150 kG)—indicating that the 3d spin-
magnetization density has about the same radial
distribution in the film as in the free atom.
These results are also consistent with those for the
bulk. The contribution from the valence elec-
trons is not simply proportional to the local
electron-spin magnetic moment since it includes
the addition of the rather slow decaying polariza-
tions of the conduction-band electrons induced by
many localized d moments.

For Cu, the core-polarization contribution to H„
is essentially zero; the calculated negative H„at
the Cu nuclei arises exclusively from the (4s) con-
duction electrons. This is an important result be-
cause its observation by NMR, which is relatively
easy, would serve as strong evidence for the ex-
istence of a magnetic Ni overlayer. A similar ef-
fect has been seen at the Cu sites in the case of
NiCu modulated structures. ' (Note, however, that
the magnitude of this contribution cannot serve as
a measure of the magnetization of the overlayer be-
cause it is not proportional to H„.) Further, as
seen from Table VII, there is an oscillation of the
Cu H„with distance of the Cu layer from the
magnetic Ni overlayers, which arises from the
small Friedel-type oscillation of the spin density,
driven by the Ruderman-Kittel-Kasuya-Yosida
(RKKY) polarization mechanism. Although the
exact behavior of this oscillation requires very high
computational precision, its (expected) existence is
shown clearly in our results.

Finally, the greater magnitude of the valence-
electron contribution to H„at Cu than at Ni,
which appears unusual, requires analysis. In the
free Ni atom, the closed-shell 4s electrons are po-
larized positively by direct exchange with the un-

paired 3d electrons. In the metal there is, in ad-
dition, another conduction-electron contribution to
H„which comes from the small net negatively
upaired 4s electrons (cf. Table V) which is of oppo-
site sign to the direct exchange contribution from
the larger number of paired 4s electrons (cf. Table
II). Hence the contribution at the Ni sites in the
overlayer is reduced to the small values given in
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TABLE VII. Shell-by-shell contributions to the Fermi-contact hyperfine field for the dif-
ferent layers of the 2Ni-Cu system (in kG) and the hyperfine field per magnetic moment P.
Note that the free-atom g value for Ni is ——150 (Ref. 33).

1s
Core contribution Valence (4s) Hyperfine field

2s 2p &&2 3s 3p ~~2 Total contribution 0 (kG} g core

Ni(S)
Ni(I)
Cu(I)
CQ(I —1)
Cu(C)

—8 —215
—7 —154

0 —1

1 —1

0 0

—2 125
—1 93

0 1

0 0
0 0

—99
—68

0
0
0

—21
—23
—46

5
—32

—120
—91
—46

5
—32

—146
—145

Table VII. By contrast, in the case of the Cu
layers, the only contribution to H„comes from the
negative conduction-electron spin density produced
by the RKKY mechanism.

VII. CONCLUSION

We have reported detailed results of self-
consistent spin-polarized LAPW energy-band stud-
ies for one and two layers of Ni on a Cu(001) sub-

strate. We found that the Ni overlayers are not
magnetically "dead. " Surface and interface effects
were found to be important and different in their
effect on the magnetization, leading to a decrease
in the moment of the interface Ni layers from the
bulk value and to a small increase in the moment
of the Ni surface-layer atoms. The reduced Ni in-
terface moment was found to arise primarily from
charge transfer onto these Ni sites from the Cu
substrate. For the Ni surface atoms, a different
mechanism was found to be operative: Here, the
increase in moment for the Ni surface atoms
turned out to be primarily due to the dehybridiza-
tion of the p-like electrons from the d-band elec-
trons with the loss of part of these p electrons. In
a separate study, we found a similar effect for an

unsupported Ni monolayer. '

Our work yields detailed information about spin
magnetization and resulting direct and transferred
Fermi-contact hyperfine fields H„on the Ni and
Cu sites. In the case of Ni, the (negative) core-
polarization contribution dominates the
conduction-electron contribution and is proportion-
al to the local magnetic moment in both Ni(I) and

Ni(S). For Cu, the core polarization is essentially

zero and the calculated negative H„arise almost
entirely from the (4s) conduction electrons. These
Cu fields are substantial in magnitude, and their
measurement by NMR would provide strong evi-

dence for the existence of a magnetically alive Ni

overlayer on Cu(001).
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