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Magnetic and electronic properties of Ni films, surfaces 
and interfaces 

J. Tersoff*and L.M. Falicov 

Materials and Molecular Research Division, Lawrence 
Berkeley Laboratory and Department of Physics, University 
of California, Berkeley, California 94720 

Results of various calculations lead to a unified 

understanding of the magnetic behavior of thin nickel 

films. We thus explain disparate experimental results. 

We report results for magnetic and electronic properties 

of Ni films of 1 to 5 atomic layers on Cu(lOO) and (Ill); 

of the Ni-Cu(lOO) and (Ill) interfaces; and of the Ni 

(100) and (Ill) surfaces. R~sult~ are in good agreement 

with the few published calculations. We find that 

magnetization is suppressed at the Ni-Cu interface, but 

enhanced in isolated thin films. The net effect of 

this competition is that a Ni monolayer is substantially 

magnetic on Cu(lOO) but param~gnetic (or nearly so) on 

Cu(lll). Film magnetization is found to be: very sensi-

tive to substrate composition. For substrates which 

couple strongly to the Ni film, ferromagnetism first 

appears at about three atomic layer Ni, in quantitative 

agreement with experiments based on Al and Pb-Bi sub-

strates. The crucial mechanism acting to suppress Ni 

magnetization is ~-d hybridization, just as in most 

Ni alloys. 

*Current address--Bell Laboratories, Murray Hill, NJ 07974 
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I. INTRODUCTION 

. '~1-5/r .. .. Recent studle~~ of the magnetlc behavlor of thln fllms 

have yielded disparate and apparently contradictory results. 

In particular, the question of the presence or absence of 

magnetically "dead" (i.e. paramagnetic) layers of Ni or Fe 

has attracted attention and generated some controversy. 

Despite the increasing care and sophistication of recent 

work, a consistent picture of the magnetic behavior of ultra~ 

thin films remains elusive. 

A major factor contributing to the confused situation 

is, we believe, the absence of a simple, coherent theoretical. 

perspective from which to view the exoerimental results. 

Nickel is an itinerant ferromagnet; that is, its magnetization 

derives from the spin-polarization of the itinerant d electrons. 

These'd electrons are very sensitive to local environment, 

and so the magnetic properties' become intertwined with the 

electronic structure in a complex manner. In the simplest 

case, that of a pure infinite crystal, the simple rigid-band 

model of Stoner~gives a reasonable account of itinerant 

ferromagnetism at T=O. For inhomogeneous systems, however, 

the picture is far from clear. For surfaces and, ~ fortiori, 

thin films, while some theoretical calculations have been 

~-ll/ reported ~ , these have been too limited in scope to form 

the basis for a unified understanding of surface and film 

magnetism. 
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Our primary aim in this paper is to gain insight into 

the mechanisms determining the magnetic behavior of films, 

surfaces and interfaces. We choose Ni-Cu systems for 

theoretical investigation. These metals have very similar 

properties, and so form ideal substitutional alloys and 

epitaxial films with minimal charge transfer. While the 

calculations we present are mostly for Ni and Ni-Cu systems, 

the understanding gained permits us to draw conclusions 

about other systems too. 

From the calculations reported here, together with 

available experimental results, a coherent picture of the 

important factors determining local magnetization in these 

inhomogeneous systems emerges. We thus place most of the 

disparate experiment results in a satisfying, consistent 

perspective. 

It is not yet feasiBle to carry out such an extensive 

program of calculations using the most sophisticated com

putational tools currently available. Fully self-consistent 

methods are so numerically intensive that only a few simple 

. f ~7 ... 9/.. d I f" ~IO/ ferr01Ilagnet~c sur aces ~,an on y one ~lm system V ' 
have been studied to date. Our results are in excellent 

overall agreement with these state-of-the-art calculations. 

At the same time, the simpler methods used here permit a 

convenient, unified treatment of a relatively wide range of 

systems. By such a unified handling of surfaces, interfaces, 

and films, we develop the experience to draw simple general-

.~ ~ ..• 
• ~;u~ -. 



-4-

izations about·the dominant physical effects. 

The remainder of this Introduction is divided into 

three parts. Part A gives background on the available 

experimental results for films, surfaces and interfaces; 

part B gives theoretical background, in particular a discus

sion about the best available calculations for such systems; 

and part C summarizes the scop_e, of this· paper, and our 

results. Section II of this paper presents details of the 

calculation, section III discusses our results, and the con-

clusions are set forth in section IV. 

A. . Experimental Background 

Over a decade ago Liebermann' et'a~parked interest 

l.n film magnetism by reporting the observation of -:magnetically 

"dead" (i.e. paramagnetic) layers l.n thin Ni films on a Cu 

substrate. They interpreted this as a surface effect, sup

posing that a few layers at the surface of Fe or Ni are 

magnetically dead, so that for sufficiently thin films only 

these "dead" surface layers remain. This interpretation, 

while physically plausible, is almost certainly incorrect, 

and has had the unfortunate effect of distracting attention 

from the crucial role of the substrate. 

More recent experiments have directly probed the mag

netization of a Ni surface using Photoemission~;;, electron 

capture spectroscopy tECS )~7, and spin-polarized low

energy electron diffraction {PLEED)'\jI, While none of 
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these methods provides a quantitative determination of the 

surface magnetization, all experiments agree that the sur-

face layer of Ni is magnetic. 

Results for thin Ni films are more complex and, on their 

face, inconsistent. Liebermann et al\7'generated their thin 

films by electroplating, rather than by clean ultra-high-

vacuum methods as in more recent work. The possibility 

that they were observing some effect of surface oxidation 

or hydrogenation cannot therefore by ruled out. Later careful 

experiments with thin Ni films on Cu sUbstrates'Z:Yhave 

failed to find any evidence of magnetically "dead" layers. 

We note however that none of these experiments has examined 

Ni films of less than two atomic layers. Rau,?/, by means 

of ECS, found that a two-layer Ni film was definitely mag

netic. Pierce and Siegmann \,Ifound similar resul tsusing 

spin-polarized photoemission. While they extrapolate their 

res·ul ts to thinner films, the extrapolation as-sumes a fixed 

number of "dead" layers independent of film thickness; we 

find that such an assumption is unwarranted and probably 

incorrect, as discussed later in this paper. 

On the other hand, experiments by Bergmann'\jand 

Meservery et al '{jclearlY show a transition from ferromag-· 

netism to paramagnetism as Ni film thickness is reduced 

below 2.5 - 3 atomic layers. These experiments were 

carried out using a Pb-Bi alloy substrate and an Al sub-

strate, respectively. We demonstrate below that the mag-
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netic behavior of the Ni film may be expected to depend 

sensitively on substrate composition, in agreement with the 

available data. 

Bergmann~and Meservey et al~also found that Fe 

retained its magnetic moment down to sub-monolayer film 

thickness, even on the substrates where Ni lost its moment 

at 2 ... 5 3 atomic layers. This too is consistent with 

our results, though it is not surprising in any case. 

It is unfortunate that, to date, no one has systematic-

ally studied the dependence of Ni films magnetization on 

substrate composition (though a related experiment by 

Gradmann\yis very suggestive); nor has the study of Ni 

films on eu 'been carried to monolayer and submonolayer 

coverage. Nevertheless, the available experimental infor-

mation, together with the results presented below, form a 

compelling picture regarding the role of film thickness and 

substrate composition in determining film magnetization. 

B.. . Theoretical Background 

In the brief history of fully self-consistent calcula~ 

tions of surface magnetism, no system has been more widely 

studied than the ideal NiCIOO) surface. In fact, few other 

systems have been studied at all. Wang and Freeman~reported 

a substantial decrease (about 25%) in the surfac magnetiza-

tion, relative to the bulk value. That calculation used a 

9-layer film to mimic the semi~infinite crystal, On the 

other hand results of Jepsen et al~and Krakauer and 

1.. 
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Freeman'\(jsuggest a small enhancement in the surface mag

netism; a quantitative value is however difficult to extract 

because of the thin 5-layer films used. 

The apparent discrepancy among reported calculations 

is somewhat worrisome, but may be attributable simply to 

aspects of the numerical implementation in early.work. A 

more fundamental problem is the difficulty in finding rele-

vant comparisons to experiment, in order to gauge the true 

accuracy of any theoretical results. For now, the quantita-

tive reliability of any theoretical treatment of surface 
~. 

magnetism remains an open question. 

Wang and Freeman have also reported'\lla substantial 

enhancement (~50%) of the surface magnetization of F~(IOO) 

relative to the bulk; and Noffke and FritscheWand Wang 

et al~find that (hypothetical) monolayer films of Ni 

and Fe, with v~cuum on both side~, have magnetizations 

substantially greater than the metallic bulk values (though 

still smaller than the respective atomic spin values). 

These results clearly controvert the suggestion'\ll0f mag

netically "dead" surface layers. They suggest,on the con-

trary, that surfaces and especially thin films tend to have 

enhanced magnetization. This tendency is moreover consistent 

with the naive argument that reduced coordination number 

will lead to band narrowing and a larger density of states 

(DOS) at the Fermi level CEF } , and hance to stronger mag ..... 

netization~ We argue that it is the interaction with a 
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nonmagnetic substrate which overwhelms this tendency and 

suppresses the film magnetization in experiments on sup-

ported Ni films. 

Only one calculation has been 

ization of a supported film. Wang 

reported for the magnet
. 10 

et al yt find that a 

monolayer Ni film on Cu(lOO) is substantially magnetic, 

with a.magnetic moment per Ni atom which is reduced about 

40% from the bulk value. That'calculation employed one of 

the most advanced techniques now available; unfortunately, 

no comparison with experiment or with comparable calculations 

is yet possible. 

It is interesting to note that no calculation has been 

reported for a (Ill) surface, even though this orientation 

predominates in polycrystalline Ni samples, which are often 

use'd in experiments.. The methods used in the calculations 

cited above are so numerically intensive, that the reduction 

in computation which results from the extra (in-plane) 

reflection symmetry of the (~OO) film has been a ·major 

factor in determining the direction of theoretical inves-tiga~ 

tion.. Here we compare behavior of CIO O} and tIll} films, 

surfaces and interfaces. We find interesting systematic 

difference between the two orientations. 

There is actually a substantial body of theoretical 

work which is immediately relevant to the problem of ~ag

netic films, and yet whose relevance has not been emphasized. 

k . 11 \17/ d' .. \18/ We refer to wor onmagnetlc a oys ~ an lmpurltles ~ , 
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We argue that the suppression of film magnetism by the 

nonmagnetic substrate is quite analogous to the suppression 

of impurity magnetism by the nonmagnetic matrix, or of Ni 

magnetism in alloys by the nonmagnetic constituent. This 

point is discussed later in the paper. 

C. Scope and Results of This Work 

In this paper we present results of calculations for 

the magnetic and electronic properties of the ideal Ni(lOO) 

and (Ill) surfaces, the Ni-Cu (100) and (Ill) interfaces, 

and ideal epitaxial Ni films of from one to five atomic 
.... 

layers on Cu(lOO) and~lll). The Ni(lOO) surface has been 

extensivel~ studied~ and one calculatio~for a 

monolayer Ni film on Cu CIO O} has been reported.. Otherwise 

these results are all completely new. In addition we have. 

performed some numerical "experiments" which illuminate the 

crucial factors determining film magnetic behavior. 'From 

these results, we attempt to extract a coherent picture of 

the magnetic properties of these systems, which sheds light 

on the disparate experimental ;resul ts~ and suggests 

possible directions for future experiments. 

For our calculations we have employed the simplest 

techniques consistent with the treatment of real systems. 

We use a tight-binding scheme, with. the exchange interaction 

treated self-consistently in a single-site approximation. 

Only properties at temperature T=O are considered. We find 

excellent agreement with available results of fully self-

consistent calculations. 
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We conclude this introduction by summarizing the most 

important of our results. The monolayer Ni film on Cu(lOO) 

is found to be substantially magnetic, whereas on a Cu(lll) 

substrate it is magnetically "dead", or nearly so. The 

surprising sensitivity to substrate orientation is easily 

understood in view of other results presented. The Ni 

magnetization at a Ni-Cu interface is' suppressed substantially, 

by approximately 30%, relative to Ni bulk. On the other 

hand, the magnetization of an isolated monolayer Ni film is 

considerably enhanced relative to the bulk. The two effects 

compete, and they almost cancel each other for the monolayer 

Ni film on CuClOO). For the monolayer of Ni on Cuelll) the 

delicate balance of effects is no longer present. For other 

subs-trates such as' AI, which. are expected to couple 1Ilore 

strongly- to the Ni, a paramagne.tic Ni monolayer is expected ~ 

Because of the s:hort screening length, the effect of 

both the interface and the surface are confined to one or 

two atomic layers in Ni. Thus for films of four and even 

three atomic layers, the behavior of the fil~ surface and 

the film-substrate interface are quite similar to the ideal. 

surface and interface. 

We find that the major physical cause of magnetization 

suppression in the interface and film, is hybridization between 

the Ni d band and substrate conduction band, which affects 

the projected local DOS at the interface. The same mechanism 

responsible for the suppression of Ni magnetization in Ni 
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Unfortunately the useful analogy between 

alloy and interface has been largely overlooked. 

The cause of the· .... enhancement in magnetization for 

isolated thin films is' d-band narrowing and"~~ dehybridiza ... 

tion, which result from reduced coordination number. 

To verify these conclusions, and to learn more about 

the effect of ~:o.d hybridization, we have artificially varied 

the coupling between Ni-d band and substrate conduction band. 

Such an approach, which bridges the gap between realistic 

and model calculations, proved highly instructive. The mag ... 

netization of a monola.yer Ni film is extremely sensitive to 

the degree of filln-.substrate <?oupling, with th.e re.alistic 

Ni-on-Cu case falling in the ihtermediate regime of coupling 

strength.. If we consider Ni on some substrate., to which. it 

couples more strongly' than to Cu, a quite different picture 

emerges. For one or two layer of Ni, the film is paramag ..... 

netic, but for three or more layers the film is ferromagnetic, 

with an abrupt magnetic transition as thickness is increased~ 

The critical film thickness (for strong film-substrate coup-

ling) is determined by the screeing length in Ni, and 

represents a substrate-independent upper bound for the 

critical film thickness at which. ferromagnetism first appears. 

This conclusion is supported by experiments~, which 

find that, for simple metal substrates, magnetism appears 

at a film thickness of 2.5-3 atomic layers. 
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II. 'CALCULATION 

This section describes our calculations~ We used a 
/ 

tight-binding Hamiltonian, with the exchange interaction 

in the single--site approximation. This is the simplest 

method consistent with the treatment of real systems. 

Comparison with available fully self-consistent calculations 

suggests that our ·methods are quantitatively reliable. Such 

comparisons are drawn wnere appropriate throughout the dis ... 

cussion of results' in section lIT .. 

More important, this work complements the few fully 

self-consistent results' available, by allowing the inclusion 

of a broader range of syst~s. 

A.. '·Th.e Hamiltonian 

We take our Hamiltonian to be the sum of a one-electron 

term Ha and an electron-electron interaction term Hee " For 

HO we choos'e the parameterized tight-binding scheme of 

'. ,19/ 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 band structure.. We include 

-~,'E and d orbitals, with interactions up to second-nearest 

neighbor. For the matrix elements between Ni and Cu, we 

take the geometric mean of the respective Ni-Ni and Cu .... Cu 

matrix elements. The two sets of intersite matrix elements 

are very similar, so the results are insensitive to the 

precise scheme for choosing the Ni-Cu matrix elements .. 

The electronegativities of Ni and Cu are the same to 
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within about 0.1 ev~ so we choose the zeros of energy 

for the two metals so as to line up their bulk Fermi levels. 

However the final self-consistent results ~ not sensitive 

to physically reasonable (~0.2 eV) differences in the 

respective Fermi levels. 

For the electron-electron interaction we use a single

site approximation, which has been extensively discusse~, 

L: L , 
ioo' aBy6 

.J.. 

where ciacr creates. an orbital of symmetry a and spin cr at"· 

site i. Intersite Coulomb terms can be neglected here, 

since results for the single-site approximation-are already 

essentially charge-neutral at each site. 

We treat H in the Hartree-FocK aooroach; we can, ee .-

with some approximations, reduce Hee to a simple form for 

the on-site potential shifts, 

(1) 

(2 ) 

Here AEdvo is the on-site potential shift for a d orbital 

of symmetry v and spin cr, measured relative to the value 

for the pure paramagnetic metal. By md" we denote the spin vcr 

polarization (ndvcr-ndV6) in the ~ orbital of symmetry v at a 

given site, and mdcr = 6mdvcr' The total d occupancy at the 
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site is denoted by (nd~I ndva )' and the value for the respective 
va 

pure metal is n~. Quantities for sand E orbitals are 

similarly defined. In (2), ~ refers to the entire ~ complex. 

We define U as the on-site direct Coulomb integral 

between d orbitals of the same symmetry (rescaled by cor-

relation effects, see below); U' is the integral between 

d,orbitals of 

integral. We 

different symmetry? 

define Vdd = ~,-~, 
and J is the exchange 

which ~ive the effec-

tive (repulsive) interaction between d electrons, aside from 

magnetic effects. We similarly define an effective inter-

action Vss among !E. electrons, and Vsd between !E.. and d 

electrons. We neglect the on-site exchange integrals 

other than between d orbitals. The ratios U:U':J are taken 

H . \.2l/. hO • ·d to be 5:3:1 as suggested by err~ng\/;t ~s ~nc~ entally 

allows us to cancel a term involving U+J-2U'. These ratios 

are not crucial. Similar results are obtained for J=O or 

J=U as long as the absolute magnitude is scaled to give the 

correc~bulk Ni magnetization, ~=O.6l6~B' Such scaling 

is necessary in any case when we work in the Hartree-Fock 

approximation, since the effective interaction is reduced-

by correlation effect~. 

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 

~. 
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shifts at the surface in a simple way, we impose upon our 

potential the constraint 

(3 ) 

That is, the average on-site potential of the'd orbitals, 

and of the's and'E, orbitals, are fixed by the requirement 

tnat the total occupancies of th.e"Spand'-d complexes at any -.-. -
site not differ from the. bulk values._ More fully self-

.. 1 ·1 . Nl,2~ f f b cons~stent ca cu at~ons ~ suggest a trans er 0 a out 

0.1 electrons per atom from the-~ band to the---d band at the 

surface. By negle.cting this, we may expect to exaggerate 

the. surface -magnetization by roughly o..lJ.lB per atom, an 

acceptable level of error. 

B.-Evaluation -of Electronic Properties 

In calculating electronic properties of surfaces, it is 

usual to replace the real semi-infinite geometry with a thin 

"slab"· of a few atomic layers. For example, the most sophis

ticated calculation~or the Ni surface reported to date 

have been limited to (~OOl films of five atomic layers. 

Wang and Freeman~, us~ng a somewhat less fully self

consistent method, have treated a nine-layer film. 1'1a.ny 

electronic properties are not sensitive to film thickness-; 

the magnetic behavior of a UOOl film proves to be an excep.,. 

tion. 

In these calculations we have used two complementary 
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methods. One is the usual "slab" method; the other is a 

Green's function method, developed elseWhere,</!, which 

permits us to treat a semi-infinite geometry. We find 

that a realistic semi-infinite geometry has a significant 

effect on the results for magnetization only for th.e case 

of the ideal (100) Ni surface. 

Spin~oscillations are relatively long-ranged because 

they are· not screened. For a Ni film on a eu substrate, 

the Ni-Cu interface imposes a correct boun~ary condition 

on the oscillations; since there is effectively no penetra

tion of the magnetization into the eu, the thickness of· 

the eu substrate is relatively unimportant. 

Because the Green's function method is less widely 

used than the slab method, we sketch out the essential 

points. Let •. R denote the ith local orbital, centered 
1 -

on lattice site R. Als'o let Rm denote a lattice vector lying 

in the mth plane of atoms from the surface. For our basis 

~ -1/2, we take B.loch sums in a single plane, •. (k)=N l •. Rm 
1m R 1 

exp[i~·R J, where ~ is a wavevector parallel to the surface, m 

and N is the number of atoms in a layer. 

The Green's function is defined by Dyson's equation, 

which for our one-electron Hamiltonian is simply I = (£-H)G. 

We handle the orbital indices implicitly in matrix notation, 

but write the laver indices explicitly as subscripts. For 

example, Gmn(k,C) is a matrix such that 

[G (k,£») .. :: ( •. (k) IG(E) I •. (k» Then Dyson's equation 
mn 1J 1m In 

leads to an infinite set of simultaneous equations involving 
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different layers. 

---------+F'()or--e-xampi.-e~tn only ne~gnboring layers interacting, 

!-

we can write 

-
I = (£ - HIl ) GIl 

To uncouple these equations we note that ~n the bulk, the 

relation between Green's function matrix elements for 

successive laye~s must be independent of the particular 

. - - - -1 layer. We therefore define the transfer matr~x T=G +1 (G ) , m ,n m,n 

which is independent of m andn, for m is sufficiently large . 
... 

The transfer matrices for each k and E mav be calculated 

once and stored. 

-In equations (4) above, we include self~consistency 

only' as a shift in the diagonal elements of the Hamiltonian. 

For example, if we treat two layers self-consistently, i.e. 

only Hll and H22 differ from the bulk value, then ~31 is 

related to G2l by an equation with only bulk-like terms, 

and we can write G3l = T G2l . Thus we uncouple the infinite 

set (~} of equations, and reduce it to two simultaneous 
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--
matrix equations. For the ideal s.urface, we obtained accu-

rate results with only one layer self-consistent. In that 

case (~) reduced to a single matrix equation. 
-Once we have Gmm for the layers of interest, it is 

trivial to define the local density of states and local occupancy. ~ 

For example, we can define a partial density of states Dmd(t:) 

in which we p~oject out the contribution f~om the d orbitals 

in layer !!!,. 

1 Im 
7T' 

- -+ I Trd Gmm(k,e:) 
k 

where Trd denotes a partial trace; taken only over the indices 

corresponding 

layer !!! is nd 

C. Accuracy 

to d orbitals. 
e:F 

= J Dmd(e:) de: 
- Q;) 

The d occupancy on a -site in 

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. 

Magnetic surface calculations pose unusual problems 

for numerical convergence. A significant portion of the 

magnetization at the surface may derive from surface states 

which intersect the Fermi level. In this case the magneti-

zation converges rather slowly with respect to wavevector 

'~25/ sample V . For example, for the (100) surface, 15 wave-
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vectors in the surface Brillouin zone gave excellent 

convergence for bulk properties ~btained by using a thick 

slab with periodic boundary conditions); however on 

increasing the sample to 21 wavevectors, the Ni-Cu(lOO) 

interface magnetization changed by 10%, because of better 

resolution of interface states. We obtained good conver

gence of all properties using 21 wavevectors in the irre

ducible wedge of the (100) surface Brillouin zone, and 3D 

wavevectors in the (Ill) irreducible "wedge. 

Convergence of the potential can also be somewhat 

tricky" for inhomogeneous magnetic systems. For a para

magnetic calculation, a small error in the input potential 

(relative to the self-consistent value) gives rise to a 

small error in the charge density; this in turn results in 

a large change in the calculated output potential, on account 

of the large Coulomb restoring forces. Thus good agreement 

between input and calculated output potential insures that 

the input potential and calculated charge density are very 

close indeed to the self-consistent values. On the other 

hand, while a small error in charge density gives rise to 

a large restoring force, a small error in spin density has 

the opposite effect. Increasing the spin-polarization 

beyond its equilibrium value results in a stronger exchange 

splitting, which reduces the exchange energy. The "restoring 

force" is the deviation from a weak minimum in the sum of 

"band" energy and exchange energy, and so is not directly 
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reflected in the potential. Thus,the magnetization can 

"drift" over many iterations with little apparent change 

in the degree of convergence, as judged by the potential. 

Because the methods used here are relatively inexpensive, 

we were able to insure in every case that our results were 

well converged~ Tn particular, our potentials were converged 

-4 . . to 10 . rydbergs, and the magnetJ.zatJ.ons were seen to con-

verge exponentially with iteration, so that final values 

-3 were numerically reliable to roughly 3 x 10 llB or better. 

We now recapitulate the most crucial approximations 

in our Hamiltonian, and consider their effects. The most 

drastic approximation here is (3), l.n which the self-

consistent change in the potential l.S approximated by an 

on-site term, determined by imposing a zero-charge-transfer 

condition on the'~ and d projected subbands separately at 

each site. Comparison with fully self-consistent calcula~ 

. ~ll , 2 Y h h·· 11· .. tl.ons ~ suggests t at t J.S l.S an exce ent approxl.matJ.on. 

Still, the uncertainty of up to 0.1 electron in the local 

d occupancy corresponds to a possible error of up to O.lll B , 

which is significant for Ni systems. However there is no 

evidence that any available methods are accurate to better 

than O.lllB for inhomogeneous systems in any case. Approxi

mation (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. 
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This is not a serious problem for bulk calculations, where 

-------------the-majorIty-spinlDand-is essentially full. For hetero

geneous systems, where the majority'-spin band may be less 

: full at some sites, the exaggerat~d: exchange splitting 

could conceivably be a source of error in the magnetization. 

Finally, 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 ~ band 

is less accurate. Since ~-d hybridization plays an impor

tnat role here, the tight-binding approximation introduces 

some risk of reduced quantitative accuracy. 

We must ultimately base our assessment of overall accuracy 

upon comparison with reported results of fully self-consistent 

calculations, for simple systems and with experiment. Such 

comparisons are few, but they suggest that our methods are 

reliable even for the quantitative magnetization of hetero

geneous systems. Moreover, the most important resul ts- here 

are trends and comparisons of different systems; differences 

between comparable systems (e.g. different surface orienta

tions) should be much more reliable than absolute magnetiza

tion. It is our hope that this work will stimulate experi

ments to test our conclusions. 

III. RESULTS 

The discussion of results is divided into four parts. 

Part A treats the ideal Ni(lOO) and (111) surfaces. Besides 
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presenting results for the magnetization and electronic 

structure, we introduce the basic ideas used later. 

Part B presents results for the Ni-Cu interface. In 

addition to its intri~sic interest, an understanding of 

ideal interface magnetic behavior is helpful in analyzing 

results for thin films, where several effects are present 

at once. 

Part C discusses results for thin Ni films on Cu. By 

considering a range of thicknesses we follow the evolution 

of magnetic behavior from the Ni monolayer to the thick

film limit, where the surface and interface decouple. 

Finally, in part D we present results of some numerical 

"experiments". By artificially altering the film-substrate 

coupling, we are able both to isolate the essential physical 

mechanism acting to suppress film magnetization, and to 

understand the qualitative effect of varying' substrate 

composition. 

A. The Ideal Ni Surface 

Previous theoretical investigations of the surface 

magnetism of Ni'Z:Yfocused excl~si vely on the (100) surface, 

even though the (Ill) surface is energetically favored. In 

our discussions we stress the systematic differences between 

these two surfaces. The ideas developed also prove fruit

ful in understanding the magnetic behavior of ultra-thin Ni 

films. 

Table I summarizes our results for the layer-by-layer 

-. 
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magnetization at ideal Ni(lOO) and (Ill) surfaces. The 

spin-polarization at the surface is probably exaggerated 

by our approximation (3), as discussed above. 

The most interesting feature of these results is the 

difference in magnetization between the two surfaces. The 

spin polarization of the (100) surface is significantly 
. 

stronger. While we know of no unambiguous experimental 

determination of the relative magnetization of the two 

surfaces, the results of Rau'\jlsuggest a possible confirma

tion of our reslt. 

Figure 1 shows the majority and minority-spin density 

of states (DOS) of bulk Ni for comparison with layer-projected 

results presented below. As in all the DOS plots in this 

paper, we have projected out only the contribution from the 

d orbitals, and we have smoothed the DOS by convolution with 

a Gaussian of half-width 0.08eV at half-height. 

Figure 2 shows the spin-projected DOS at the Ni(lOO) 

and (Ill) surfaces. There are two differences between the 

(100) and (Ill) results which explain the larger (100) sur

face magnetization. First, the (100) surface DOS is narrower 

that the (Ill) DOS. This may be simply a consequence of 

lower coordination; in the fcc lattice an atom has 8 nearest 

neighbors at the (100) surface versus 9 at the (Ill) and 

12 in the bulk. Also, the (100) surface DOS has a very 

sharp ~upper d-band edge. These factors result in a large 
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DOS at the Fermi level, EF , which is conducive to a large 

magnetization. 

The second important di£ference between the CIaO) and 

(Ill) results lies in the high-energy tail of the DOS. 

Recall that we have projected out only the d-orbital contri

bution, which extends well above the ~-band "edge" due to 

hybridization with ~-like (free-electron ... like) states. 

This hi.gh energy "hybridization tail" of'the d band tends 

to reduce the magnetization. By preventing the complete 

filling of the majority-spin d band, it inhibits polarization 

of the available d holes. This hybridization tail is sup

pressed at the CIaO) surface. There is a dehybridization of 

the ~ and d bands there, which contributes to the CIaO) 

surface magnetization. (The difference appears very small 

visually, since the scale of the figure is determined by 

the d-band, which contains five electrons. We are however 

concerned with shifts of much less than 0.1 electron from 

one spin-band to the other.) This ~-d dehybridization 

probably also contributes to the narrowing of the DOS at 

the (100) surface. 

Figures 3 and 4 show the dispersion of surface states 

and surface resonances at the (100) and (Ill) surfaces 

respectively. The two-dimensional surface Brillouin zones 

and the labeling of symmetry points are also shown. Because 

a small change in the potential can change a resonance into 

a bona fide surface state, or vice versa, we have made no 

eo 
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attempt to distinguish the two precisely. Instead, we 

consider a seven-layer Ni slab. For a given (two-dimensional) 

wavevector we plot a solid circle for each eigenstate which 

is over 80% localized in the surface layers of the slab, 

and an open circle if the state is between 40% and 80% 

surface-localized. We make no attempt to correct or suppress 

the small spurious doubling which results from mixing of 

surface states localized on the two surfaces. 

Such an analysis, while of only limited use for compari-

son with photoemission results, is the clearest way to draw 

the connection between surface states and resonances, and 

the local DOS at the surface. 

The (100) results show a wealth of surface states and 

resonances near the Fermi level.. These contribute to the 

large local DOS at Er for the surface. The (Ill) surface 

does not display surface states near EF , except in the 

vicinity of the symmetry point M. 
Our results for the relative position and dispersion 

of the surface states and resonances appear to be in excel

lent agreement with those of Wang and Freeman\JI. While a 

detailed comparison is difficult because of the manner in 

which those results were presented, the evident overall 

agreement is encouraging. There is however a significant 

difference in the overall position of the two sets of spin-

bands, for two reasons. First, our Hartree-Fock calculation 

overestimates the exchange splitting, which is reduced by 
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correlation effects. These effects are included in 'an 

approximate way in the local-density-functional calculation 

of Wang and Freeman. Second, our results give a somewhat 

larger surface magnetization than Wang and Freeman, adding 

to the difference between our exchange splitting and theirs. 

A larger surface magnetization is consistent however with 

more recent calculations'\:Y; approximation (3) doubtless 

also contributes to the discrepancy. 

The Ni(lOO) surface results in Figure 3 give the appear-

ance of rather well-defined two-dimensioanl surface bands. 

One can follow the dispersion of a given resonance across 

the whole Brillouin zone in several cases. The (Ill) sur-

face results of Figure 4 display less structure, with many 

"bulk" states contributing more or less equally to the 

'surface-projected bandstructure. 

Many of the results noted so far suggest that the (~OO) 

surface exhibits more quasi-two-dimensional behavior than 

the (Ill). This is evidenced in the surface bands, strong 

magnetization and~-d dehybridization, which are reminis

. ~lO,ll/ cent of unsupported monolayer behav~or ~ . 

Finally, we call attention to an interesting symmetry-

related feature of the surface bands. Both the (~OO) and 

(Ill) surfaces exhibit surface states which split off the 

top of the d band at the symmetry points M. (The coinci-

dence of labelling, determined by established convention 

is accidental.) For the (~OO) surface, M corresponds to 
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the projection of the line W-X in the fcc bulk Brillouin 

zone. There is an extremely flat bulk band along this 

line. For the relevant d-state symmetry, the nearest-

neighbor interaction between layers vanishes. Therefore 

at M, a small change in potential at the surface is sufficient 

to create a surface state. As one moves away from M, the 

layer decoupling disappears. The peculiar dispersion of 

the surface state at M is attributable to the wavevector-

dependent coupling between layers, and cannot be understood 

in a strictly two-dimensional model. 

In the (Ill) surface the surface state at M has a 

similar origin. In that case, oM corresponds to the line 

L-X in the bulk, where there is again an extremely flat 

band. (Unlike W-X, this symmetry-related flat band has not 

been previously discussed, since it does not fallon the 

symmetry lines traditionally used in plotting fcc band struc-

tures.) 

B. The Ni-Cu Interface 

While much experimenta~nd theoretical~attention 

has been paid to the magnetic behavior of thin films, such 

work has often emphasized the supposed analogy between film 

and surface, while neglecting the film-substrate interface. 

We argue that the surface and the film-substrate interface 

have radically different and competing effects on film mag-

netism. Thus it is of great importance to understand the 

magnetic behavior of the interface between a ferromagnet 
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and a normal metal, before attacking the conceI?tually more 

complex film problem. 

We approach the interface problem by considering thin 

Cu films on a NiCIOO) or·(lll) substrate. These systems 

are of particular interest because ideal (surface insensitive) 

interface behavior develops after only one or two atomic 

layers of Cu have been deposited~ The interface is therefore. 

acces.sible to such sensitive· probes as photoemission and 

spin-polarized electron diffraction. Moreover, Cu is easily 

deposited on Ni in almost perfect epitaxial layers. (For 

Ni on Cu it is difficult to avoid clumping of the Ni atoms 

and diffusion of the Ni into the Cubulk.) 

The method of calculation has been discussed in detail 

above. Results for the layer-by-layer Ni spin polarization 

at the (100) and (Ill) Ni-Cu interface are given in Table II, 

for Cu films of one and two atomic layers on Ni. The mag

netization in the Cu is in every case negligible (~0.02~B' 

almost entirely caused by the small negative polarization 

of the ~ band). 

The results in Table II show that the magnetization at 

the interface is reduced substantially, about 30%, from the 

bulk value. The effect does not differ much between the 

(100) and (Ill) interfaces, though the sensitivity to Cu 

thickness is slightly greater for the (Ill) interface. Even 

for the (Ill) interface, a single atomic layer of eu on Ni 

provides a reasonable approximation to the ideal interface 
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for experimental purposes. 

The effect of· the interface on magnetization is large 

only in the first Ni layer, and is negligible, (SO.02~B)' 

at the third and more distant layers. Note that because 

of approximation (3), the results presented here tend to 

underestimate. the suppression of the magnetization at the 

interface. In a previous calculation without this approxima

tion'\,Y, we found that local band narrowing at the interfa~e 

caused a transfer of almost 0.1 electrons from the ~ orbitals 

into the d orbitals in the Ni interface layer. This local 

d-band filling contributed to the larger suppression of 

interface magnetization (~50%) reported there, though sub-

sequent improvements in our wavevector sample also contribute 

to the difference. 

The cause of the reduced local magnetization at the 

interface can be seen in Figure 5, which shows the local 

d-projected DOS in the Ni interface layer for the (100) and 

(Ill) interfaces. The most apparent change from the bulk 

DOS (Figure 1) is that the interface DOS has become rounded, 

losing the sharp upper d-band edge seen in the bulk. Else

where, in treating the Ni-Cu allOY~, we have discussed 

the importance of this sharp band edge for the ferromagnetism 

of Ni. For a band with a "tail" in the DOS, it is difficult 

to achieve saturation, i.e. one spin band completely full; 

whereas, in a Stoner-type rigid band model, if the DOS of 

a ferromagnet is constant with a sharp cutoff, the spln 
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polarization will always proceed to saturation. 

share the characteristic changes in projected Ni d-band 

shape caused by reduced local symmetry, reduced Ni-Ni coordi

nation number and enhanced ~-d hybridization. 

The validity of the analogy between alloy and interface 

appears to be experimentally confirmed by recent studies~ 

of compositionally modulated Ni-Cu epitaxial film structures. 

In these systems, alternating films of Ni and Cu are deposited 

in turn. The structure is then annealed to allow inter-

diffusion of the Cu and Ni. The smooth crossover observed, 

between the sharp-interface regime and the compositionally-

modulated-alloy regime, suggests that there is no fundamental 

difference between the important mechanisms in these two 

cases. 

It is important to notice that, from the point of view 

of the d orbitals alone, the Ni surface and Ni-Cu interface 

are very similar. The Cu d band is centered well below 

the Fermi level, and because of the large energy denominator 

the Cu d orbitals have almost negligible iLteraction with 

the states near EF . We have verified this explicitly by 

artificially removing the Cu d orbitals from the Hamiltonian, 

and finding unsignificant change (~0.02~B) in the interface 

magnetization. Thus, considering the ~ orbitals alone, a 

Ni atom interacts only with its Ni neighbors at the Ni-Cu 
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interface, just as at an ideal Ni surface. 

It is the interaction between the Ni d orbitals and 

the free-electron-like ~ states which accounts for the 

radical difference in magnetic behavior between the two 

geometries. This interaction tends to broaden and "smear" 

the d band. Comparison of the surface d-band DOS (Iigure 

2) with the interface DOS (Figure 5) shows that at the inter-

face the d band is broadened and rounded, relative to the 

surface. In particular, the upper edge of the minority-spin 
, 

band is less sharp at the interface, resulting in a reduced 

DOS at Er . These changes are caused entirely by the greater 

~-d hybridization at the interface. 

We have also looked for interface states at the (100) 

and (Ill) Ni-Cu interfaces. The interface states and 

resonances are shown in Figures 6 and 7. We find no evidence 

of interface states or interesting resonances, except for 

states near M in the Brillouin zone for both surfaces. 

These states are similar to those at the surface, discussed 

at the end of section IlIA. Because of the symmetry-induced 

decoupling of successive layers, even the interface represents 

a sufficient perturbation to split off an interface state 

near the M points for both interfaces. 

C. Thin Ni Films on CuClOO) and (Ill) 

While several fascinating experiments probing Ni film 

. d~1-5/ h h . 1 d magnet~sm have been reporte~ ~ , t e t eoret~ca un er-

standing of ultra-thin films is in its infancy. Only one 

u-, 
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self-consistent calculation for a real system has been 

reported -- Wang et a~,,\/have studied a monolayer Ni 

film on Cu(lOO). Here we present the first investigation 

of the roles of film thickness and substrate orientation 

(crystal face) in determining the magnetic and electronic 

properties of the films. Part D b~,low examines the role of 

substrate composition in a qualitative way. 

Results for the layer-by-layer spin-polarization of 

Ni films of from one to five atomic layers, on Cu(~OO) and 

(Ill) substrates, are presented graphically in Figure 8, 

which also includes data from Tables I and IT for the sur-

face and interface magnetization; these correspond to the 

limit of infinite film thickness. 

Each data point in Figure 8 gives the spin polarizatibn 

of one layer in the respective film. In these results the 

magnetization decreases monotonically from surface to inter-

face; the only exceptions are unimportant, and correspond 

to Friedel oscillations in layers in the interior of thicker 

films, which have nearly equal polarization. We therefore 

omit labelling of the individual points. 

The first result to notice concerns the presence or 

absence of magnetically "dead" layers. For the (100) 

surface, we find no evidence of such dead layers; even the 

monolayer film has its moment reduced only about O.l~B rela

tive to Ni bulk. This is in excellent agreement with the 

only fully self-consistent calculation reported for a sup-
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ported Ni film; there, Wang et,al~found a reduction in 

the magnetization of a monolayer Ni film on Cu(lOO) Of 

slightly over 0,. 211 B. ' The discrepancy of O.lllB is consistent 

with the level of accuracy expected from approximations 

such as (3), and is typical of the agreement among various 

. . . ~7-9/ a prlorl calculatlons ~ ., 

For the (Ill) films, the situation is radically dif-

ferent. While the magnetic behavior varies smoothly with 

film thickness down to two atomic layers, at a single layer 

the magnetization drops abruptly to less than O.lllB. In 

view of the fact that our approximations consistently over-

estimate surface magnetization, this result is consistent 

with a magnetically "dead" Ni monolayer on Cu(lll). Finite 

temperature would probably kill such weak ferromagnetism 

in any case. 

The surprising sensitivity of the film magnetization 

to substrate orientation is attributable to the delicate 

balance here between competing effects. calculation~ 

for an isolated Ni film find a magnetization substantially 

greater than in bulk Ni. On the other hand, coupling to, 

the substrate t~nds to suppress the magnetization. For the 

Ni monolayer on Cu(lOO) there is a s~bstantial cancellation 

between these competing effects. Any change in the film 

electronic structure can upset this fortuitous balan~e, 

and drastically change the magnetization. 
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For thicker films, the magnetization of the interior 

layers tend to cluster closely around the bulk value, with 

substantial changes in magnetizatioh restribted to the 

surface and interface layers. Only for films of one or 

two layers, where there are no "interior" layers, does 

this simple picture break down. 

It ~s interesting to note that the interface magnetiza-

tion displayed in Figure 6 exhibits substantial oscillations 

with film thickness for the (100) films, but very little 

for the (Ill) films. This illustrates the sensitivity of 

Ni(lOO) films to thickness-imposed boundary conditions. 

In calculations where (100) slabs are use~o mimic 

the ideal surface, this sensitivity poses a problem. We 

have performed such slab calculations, and find that the 

Friedel-like spin oscillations are not noticeable for (Ill) 

slabs. Thus a five layer slab provides a good approximation 

for the (Ill) surface, while for the (100) surface even a 

seven layer slab noticeably exaggerates the spin oscillations. 

Only for the thinnest films does the film behavior 

deviate qualitatively from that of the ideal surface and 

interface; we therefore discuss in detail the electronic 

structure only of the monolayer films. 

Figure 9 shows the d-projected local DOS in the Ni 

monolayer films, decomposed by spin. The (100) monolayer 

has a very narrow d-band with a sharp upper band edge,and 

a large DOS at EF . The (Ill) monolayer DOS is broad by 

-. 
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comparison ("fragmented" might be a better word), and 

exhibits a small peak above the main band, resulting in a 

rather small DOS at EF . Moreover,.the (Ill) monolayer 

appears to show a stronger hybridization tail in the d

projected DOS than the (100), which also may play an impor

tant role in determining the weakness or nonexistence of Ni 

(Ill) monolayer magnetism. 

The dispersion of surface states and resonances in the 

monolayer films are shown in Figures 10 and 11. For the 

(100) monolayer film, a very flat band of surface states 

along f-X gives rise to the sharp upper band edge in the DOS. 

In contrast, the only film-localized states at Er for the 

(Ill) monolayer belong to the steeply dispersing surface 

state around M, so the local DOS at Er is small. 

The symmetry-related surface states at the points M 

in the (100) and (Ill) surface Brillouin zones, were discussed 

above in the context of the ideal surface and interface; 

i 1 the monolayer film these states split off from the con

tinuum in a dramatic way. Unfortunately at M, where the 

states are most localized, they lie above Er and are not 

observable in photoemission experiments. 

D. Model Film Systems 

In the preceding section we emphasized to role of the 

nonmagnetic substrate in suppressing Ni film magnetization. 

We have moreover asserted that ~-d hybridization is the 

most important mechanism determining film magnetization. 
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The degree of hybridization depends on the strength of 

the coupling between Ni d and substrate ~ bands; we 

anticipate that this coupling is s"tronger for normal metals 

than for noble metals, and this explains the greater effec

tiveness of Al substrates, compared to Cu, in suppressing 

film magnetism. 

In this section, we report results of numerical "exper

iments" which we have performed in order to study the 

dependence of film magnetization on substrate composition, 

and to illust~te the crucial role of film-substrate coup

ling .. In the first "experiment", we artificially vary the 

strength of the coupling between the Ni film d-band and 

substrate conduction band; in the second, we examine the 

thickness-dependence of film magnetization in the case of 

relatively strong film-substrate coupling. The results 

nicely illustrate both th-e crucial role of ~-d hybridiza

tion, and the qualitative affects of varying substrate 

composition. 

To vary the film-substrate coupling, we multiply each 

matrix element in the Hamiltonian which couples Ni d orbitals 

to substrate sand E orbitals, by a factor t. Thus t=l 

corresponds to the realistic Ni-on-Cu case, whereas t>l 

gives an artificially enhanced coupling. For the Ni mono

layer on Cu(IOO), we performed self-consist~~calculations 

of Ni magnetization for various values of t. The results 

are given in Figure 12. [For these calculations we sampled 
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15 wavevectors in the irreducible square Brillouin zone.] 

The realistic Ni-Cu case, t=l, has already been discussed. 

As the film-substrate coupling t is increased, the magnet~ 

ization drops rapidly until, for t~1.8, the film magnetization 

has completely disappeared. Thus the absence of magnetically 

"dead" layers of Ni on Cu is consistent with the existence 

of such layers on other substrates. 

As t is reduced below one, the magnetization increases 

to well above the Ni bulk value. This illustrates that, in 

the absence of coupling to a~substrate, a monolayer Ni film 

should exhibit enhanced magnetization, in accord with cal

cUlations~for a hypothetical isolated Ni film. The 

magnetization of a real, supported. Ni film is determined by 

the competition between thinness-induced enhancement, and 

substrate-induced suppression of the magnetization. 

We point out that the similarity of the spin polariza-

tion of a Ni monolayer on Cu(lOO), to the bulk spin polarization, 

must be viewed as fortuitous. Two large effects almost 

cancel; but as illustrated in Figure 12, a change in the 

effective coupling strength can upset the balance. This 

is why merely switching from a (100) to a (Ill) substrate 

orientation can so drastically change the net result. 

Several elegant experiment~have examined the onset 

of ferromagnetism with Ni film thickness on simple-metal 

substrates. In order to examine the qualitative differences 

between this case and the case of a noble-metal substrate, 
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we have calculated the magnetization of Ni(lll) films of 

thickness from one to four layers, for the case of strong 

(t=3) film-substrate coupling. Results are presented in 

Figure 13. 

The most striking feature here is the sudden onset of 

magnetization with film thickness. The one and two-layer 

films are· paramagnetic, yet the· three-layer film is similar 

to the thicker film in its magnetization. This behavior is 

consistent with the abrupt onset of magnetization observed 

experimentallY~. 

Note that for the thicker fiims, the suppression of 

magnetization is confined to the interface region. Such 

behavior is to be expected, in view of the short screening 

length in metals. We might therefore expect that the criti-

cal film thickness for the onset of magnetization is deter-

mined (in the case of large film-substrate coupling) by 

the screening length rather than by the coupling strength. 

To test this hypothesis, we repeated the calculation for 

the three-layer film, using a very large film-substrate 

coupling, t=9. This large increase ln coupling strength 

resulted in a small (20%) reduction in the magnetization 

of the middle Ni layer, relative to the t=3 case. The 

surface layer changed only 3%, and the interface layer is 

effectively paramagnetic in both cases. This suggests that 

the observed~appearance of ferromagnetism at three 

atomic layers of Ni or less, represents a universal, substrate-
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independent phenomenon (once the nickel-substrate coupling 

reaches its strong-coupling limit). 

In conclusion, these numerical experiments reveal several 

important points. First, the coupling of film and substrate 

via ~-~ hybridization is the crucial physical effect sup

pressing film magnetization. Second, the film magnetization, 

for the case of monolayer films, is extremely sensitive to 

the strength of the film-substrate coupling, and hence is 

strongly dependent on substrate composition. Third, for 

thicker films, the substrate effect is limited to roughly 

two layers, independent of coupling strength (i.e., indepen

dent of substrate composition). Films of three atomic layers 

or more should therefore be magnetic, regardless of the 

substrate. 

IV. CONCLUSION 

By means of simple calculations for a variety of systems, 

we have developed a clear, consistent picture of the magnetic 

behavior of Ni films, surfaces and interfaces. The main 

qualitative features of the results can be understood in 

terms of two competing effects: suppression of Ni magnetiza

tion due to increased ~-d hybridization, when a Ni atom is 

adjacent to noble or normal-metal atoms; and enhancement of 

N.j. magnetization due to d-band narrowing and.§.E.-d dehybridiza

tion, at sites of low coordination number. 
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Our results are consistent with all the experiments 

we know of (except perhaps that of Liebermann et a~'\;I, as 

discussed in section IA), and serve to identify the factors 

responsible for the dramatic differences among different 

experiments. In particular, we have shown that the depen-

dence of film magnetization on substrate composition can 

explain the various experimental results. 

Our analysis suggests two experiments which would be 

helpful in tying together previous results. First, the 

magnetizatiol'\.of Ni on Cu could be carried to monolayer and 

submonolayer coverage on well-characterized Cu(IOO) and 

especially Cu(lll) surface. Second, a systematic investiga~ 

tion of the role of substrate composition in determining film 

magnetization is greatly needed. Our results suggest that 

trends in film magnetization with substrate composition 

will follow trends in Ni- alloy magnetization with composition 

of the non-magnetic components of the alloy. 

Finally, we should add a word about the relevance of 

these results to other magnetic materials. The major factor 

acting to suppress Ni magnetization at the Ni-Cu interface 

is ~-d hybridization, which changes the shape of the band 

edge and reduces the "effective" number of d holes. These 

effects are important because the Ni ~-band is almost full, 

with the Fermi level close to the upper band edge.. For 

metals such as Fe and Mn, with more holes in the d band, 

the precise shape of the band edge is unimportant; and ~-~ 

-: 
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~ybridization has a relati~elysmall effect on the middle 

of the band. This explains why metallic substrates are 

not effective in suppressing the magnetization of even sub

monolayer Fe films~. 
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TABLE I 

Spin polarization by layer at 
Ni surface (nt-n~ per atom) 

layer (100) (Ill) 

S 0.74 0.65 

S-l 0-.55 0.62 

S..;.2 0.56 0.56 

bulk 0.56 0.56 

... 

" -

'--
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TABLE II 

Spin polarization of Ni layers at 
Ni-Cu interface (nt-n", per atom) 

'p 

(100) (111) 
~. 

Ni layer Cul-Ni Cu2-Ni Cul-Ni Cu2-Ni 

I 0.39 0.37 0.43 0.38 

1-1 0.51 0.50 0.54 0.54 

1-2 0.57 0.57 0.57 0.57 

bulk 0.56 0.56 0.56 0.56 
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FIGURE CAPTIONS 

Figure I d-orbital component of the density of states 

of bulk Ni metal. Broken line--majority spin; solid line-

minority spin. 

Figure 2 d-orbital component of the density of states, 

projected at a site at ideal Ni surfaces. Top--{IOO) 

surface; bottom--(lll). Broken line--majority spin; solid 

line--minority spin. 

Figure 3 Surface states and resonances at the surface of 

a seven layer Ni(IOO) slab. Top and bottom are majority 

and mineFi-t-y~spJ.n-,-pespecti vely. Solid circles denote 

states which are over 80% localized in the surface layers; 

open circles denote states with weights at the surface 

layers between 40% and 80%. Inset--(IOO) surface Brillouin 

zone. 

Figure 4 Surface states and resonances at the surface of 

a seven layer Ni(lll) slab. Top and bottom are majority 

and minority spin, respectively. Solid circles denote 

states which are over 80% localized in the surface layers; 

open circles denote states with weights at the surface 

layers between 40% and 80%. Inset--(lll) surface Brillouin 

zone. 
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Figure 5 d-orbital component of the density of states, 

projected at a site in the Ni interface layers of Ni-Cu 

interfaces. Top--ClOO) interface; bottom--(lll). Broken 

line--majority spin; solid line--minority spin. 

Figure 6 Interface states and resonances at the Ni inter

face layer of a S1-X layer NiClOO) slab with one layer Cu 

on each face. Solid circles, denote states which are over 

80% localized in the Ni interface layers; open circles 

denote states with weights at the Ni interface layers 

between 40% and 80%. 

Figure 7 Interface states and resonances at the Ni inter

face layer of a six layer Ni(lll) slab with one layer Cu 

on each face. Solid circles denote states which are over 

80% localized in the Ni interface layers; open circles 

denote states with weights at the Ni interface layers 

between 40% and 80%. 

Figure 8 Layer by layer spin polarization of epitaxial Ni 

films of thicknesses from one to five atomic layers, on 

Cu(lOO) (top)' and Cu(lll) (bottom). Triangle--surface 

layer; square~-interface layer; circle--interior layers of 

film. The three data points for the limit of infinite film 

thickness correspond to ideal surface, bulk and interface. 
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Figure 9 d-orbital component of the density of states, 

projected at a Ni site in a Ni monolayer film on Cu. 

Top--(lOO) monolayer; bottom--(lll). Broken line-

majority spin; solid line--minority spin. 

Figure 10 Surface states and resonances at the monolayer 

Ni film, for a four layer Cu(lOO) slab with one layer of 

Ni on one side. Solid circles denote states which are 

over 80% localized in the Ni monolayers; open circles 

denote states with weight at the Ni mono layers between 

40% and 80%. 

Figure 11 Surface states and resonances at the monolayer 

Ni film, for a four layer Cu(lll) slab with one layer of 

Ni on one side. Solid circles denote states which are 

over 80% localized in the Ni monolavers; open circles 

denote states with weight at the Ni monolayers betwe~n 

40% and 80%. 

Figure 12 Spin polarization of a Ni monolayer on Cu(lOO), 

as a function of the (artificially altered) coupling t 

between the Ni d band and the substrate conduction band. 

Figure 13 Layer by layer spin polarization for Ni films of 

thickness from one to five atomic layers, on a (Ill) sub

strate. The film-substrate coupling is enhanced by a factor 

of t=3 from the realistic Ni-Cu value. 
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Figure 11 
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