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We calculate the magnetization of Ni films, with
thicknesses from one to four atomic layers, on Cu(100)
‘and Cu(1l1ll) substrates. The substrate acts to sup-
press the Ni magnetiZation; on Cu(lll) only, results
are consistent with a magnetically "dead" monolayer
Ni film. The effect of substrate composition and
orientation on film magnetization is discussed. We

thus explain disparate experimental results.

This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Materials Sciences Division of the
U.S. Department of Energy under Contract Number W-7405-~ENG-48.



The magnetic behavior of thin nickel films has been a
subject of great interest since Liebermann et gl,l reported

the observation of magnetically "dead" layers in such

<9

films. Despite extensive experiments on Ni filmg\izi/éhd
surfaceg\slﬁ/{ as well as numerous theoretical calculations 3-13 , ”

a coherent picture of the importaht'effects has not yet

emerged.

It has been established, both experimentall;sslg/gnd

theoreticallyg’lo’lz,that there are not magneticaily "dead"

layers at the surface of a Ni crystal, as had been suggested\é/

by Liebermann et al. For thin Ni films, thever,-a degree of
confusion remains. Some experiments fina\i;i/%hagiNi films
of less than three atomic layers are param%gnetic, ahd ﬁﬁf

these reports have sparked great interest. Howévér@ other
experimenté\i;i/indicate that even a film of i-2 atomic layers of
Ni is ferromagnetic. | |

Only one theoretical calculation for a supported'Ni fiim‘
has been reported. Wang et gi\{j/%ind that a single atomic
layer of Ni on Cu(100) is ferromagnetic, though with a magnetic
moment reduced from the bulk Ni value. Here we report results
of an extensive theoretical investigation of the magnetization
of Ni films on the (100) and (111) surfacés of Cu,vand of the y
respective ideal Ni surfaces. We find that a single atomic _ _ -
layer of Ni on Cu(l00) is ferromagnetic, in quantitativé

agreement with Wang et éi\ii/. However, for a monolayer of
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Ni on Cu(11l), we find only a minute magnetic moment (£0.1ug),
consistent with fhe possible obsefvation of a magnetically
"dead" layer. In addition, we find that the magnetization
of a thin Ni film is very sensitive to the degree of coupling
of the Ni d band to the substrate conduction.bqnd. .Thus for
substrates other than Cu, one might expéct very different
behavior. This explains the fact that experimentg\zij/%hich
~use normal-metal substrates generally find 2 or 3 "dead"
layers, while experiments performed with noble—metal substrates
setvan upper bound of one dead layer\QJE{ except for the original
report by Liebermann et gljygf two dead layers, based on
an extrapolation from relatively thick films (25 atomic
layers). Our results are thus consistent with all experi-
ments reported to date except perhaps that afldebemmuu1gzngb<72
Mdreover, by demonstrating the crucial. importance of sub-
strate composition and orientatioh, we resolve most of the
apparent discrepancies among experimental results.

‘OQur calculations were based on: the Slater-XKoster para-
meterized scheﬁé\ij/{ The electron-electron interaction was

treated in the generalized single-site model, which has

been extensively discusseé\ij/( In this way =

H=H, + H s (D)

+
EE: :E: quAK 1uo Clvo'c ro'Cikao > (2)
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where Cino

creates, at site i, an electron in an orbital of
.symmetry # and spin ¢. The one-electron term HO is para-
metrized in terms of one and two-center integrals, chosen
so as to give the correct paramagnetic band structure. The
interaction term H_, was treated in the Hartree-Fock approxi-
mation. The ratios of the screened interaction parameters
quAK were chosen from atomic dat;\&fii;/ﬂ'solid state
Auger measurementé\iﬁ/, etc.; and the overall magnitude was
adjusted to give the correc%\ij/%ulk spin polarization,
n+—n+=0.§6f

To treat charge transfer and potential shifts at the
surface in a simple way, we impose upon our potential the
constraint

An (3)

Sp

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

and of the s and p orbitals, are fixed by the requiremént
that the total occupancies of the gEAand d complexes at any
site not differ from the bulk values. More fully self-
consistent calculationg\ii;ig/;uggest a transfer of about

0.1 electrons per atom from the sp band to the d band at

the surface. By neglecting this, we may expect to exaggerate
the surface magnetization by rouéhly 0.lug per atom, an

acceptable level of error.
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Within the approximations described abéve, we solve
the problem ‘selfconsistently to very high accuracy;
details will be présented elséwhere. While it is impossible
to estimate ngriori the errors introduced by thé
approximations made here, we do find quantitative agreement
with available results of fully selfconsistent calculations.
.In any case there is no calculational method whose gquanti-
tative accuracy has been clearly established for this sort
of problem.

In Figure 1 we display our results for the magnetic
moment of the surface and interface layers of.Ni films on
Cu(100). The results of refs. 12 and l3”afe also shown. The
agreement is excellent. The films exhibit reduced magnet- —
ization at the interface and enhanced magnetization at the
surface [perhaps somewhat exaggeréted by approximation (3)].

.Results fér Ni films on Cu(lll) are displayed in
Figure 2. The (111) films show no significant surface
enhaﬂcement of the moments, and also less substrate-induced
su?pression of interface magnetization than (100) films,
consistent with the smaller change in Ni coordination at
the (111) surface and interface. However for the mono-
layer Ni film dn Cu(1lll) we find a moment smaller than U-IUB
per atom, which is cdnsistent with a "dead" layér if approxi-
mation (3) is taken into-account.' Finite femperatures should

kill the small magnetiZation, if any.



For an itinerant ferromagnet such as Ni, low coordina-
tion causes band narrowing, and may reduce sp-d hybridization;
both these effects favor stronger magnetization. The
isolated Ni atom is more strongly spin-polarized than an
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atom in the bulk. Calculations for an unsupported Ni

monolayer find a spin pSIarization intermediate between the
atomic and bulk values. It is the interaction of the Ni
film with the substrate conduction band which suppresses the
film magnetic moment here, just as the sp-d interaction sup-
presses the moment of a magnetic impurity in the Anderson
modei\gi/i We attribute the stronger magnetization of the

. (100) surface and monolayer film largely to the symmetry-
induced "decoupling" of adjacent layers, which occurs [at
certain wavevectorsl] for the (100) surface.

Most experimental investigations of thin Ni films have
been carried out with polycrystalline fcc substrates, which
form microfacets mostly of (111) orientatian, so comparison
with theoretical results for the (100) surface may be mis-
leading.

Finally, to illustrate the crucial role of the coupling
between the Ni d band and the substrate conduction band, we
report results of a numerical "experiment" in which we vary
this coupling. Specifically, we consider the monolayer Ni
film on Cu(l00). We multiply all matrix elements in the
Hamiltonian which couple Ni d orbitals to Cu s and p orbitals,
by a factor t. Thus t = 1 corresponds to the realistic

case already discussed, while t > 1 corresponds to enhanced
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coupling. For various values of t, we calculate the Ni

film magnetization selfconsistently. _The results are sﬁown
in Figure 3. The magnetization of the Ni film is strikingly
sensitive to the degree of coupling to the substrate conduc-
tion band. For sufficiently small coupling we find mag-
netization greater than that in bulk Ni, in agreement with
the enhanced magnetization reportea\ii/}or the hypothetical
isolated monolayer'Ni film. On the other hand, when the
coupliﬁg is doubled relative to the Ni-Cu(100) value, the

Ni is found tb be paramagnetic. Since thé sp-d cqupling

may vary among substrates,.our results suggest that general-

izations about film magnetization which ignore substrate

~ composition are risky at best.

In conclusion -~ we find that the Ni monolayer film on

" Cu(100) is substantially magnetic, while on Cu(1l1ll) it

may be magnetically "dead". Similarly the Ni(100) surface
has a magnetization which is significanfly enhanced relative
to the bulk, while the Ni(11l) surface does not. We
attribute these differences largely to the partial uncoupling
of neighboring layers due to symmetry for the (100) surface.
Tt should be noted that the results of Figures 1 and 2
exhibif a strong non-linear behavior with layer thickness,
and cast serious doubts on extrapolated conclusions from

thick film measurement?*ij?& Finally, we find that the

o}



Ni film magnetization is very sensitive to the degree of
coupling between the Ni d band and substrate conduction
band. Thus the magnetic behavior of Ni films depends
crucially on both substrate composition and orientation.
These results éerve to explain the origin of the apparent
discrepancies among experiments. Since the substrate
plays a direct role in modifying Ni film magnetization,
it is essential to consider the substratevcomposition and
orientation in making comparisons between results of

various experiments and calculations.

This work was supported by the Director, Office of Energy
Research, Office of Basic Energy Sciences, Materials
Sciences Division of the U.S. Department of Energy under

Contract Number W-7405-ENG-48.
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FIGURE CAPTIONS

Figure 1 Spin polarization of surface (triangles) and inter;
face (circles) layeré of Ni films on Cu(100), for films of
from one to four atomic layers. The point for "infinite"

£ilm thickness refers to the ideal Ni surface. The bulk vélue
(dashed 1line) is shown for comparison, as are results of

refs. 12 and 13 (squares) for the monolayer (100) film and

the Ni(100) surface.

Figure 2 Spin polarization of Ni films on Cu(11ll); symbols

as in Figure 1.

Figure 3 Spin polarization of a monolayer Ni film on Cu(100),
for various values of the (artificially altered) coupling t

between Ni d and Cu s and R'orbitals. The value t=1 cor¥

responds’to the realistic case.
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