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Covalent origin of adsorbate-induced demagnetization at ferromagnetic surfaces

S. J. Jenkind,Q. Gel?and D. A. King
!Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge CB2 1EW, United Kingdom
2Department of Chemical Engineering, University of Virginia, Charlottesville, Virginia 22903
(Received 7 November 2000; revised manuscript received 9 March 2001; published 14 June 2001

First-principles density-functional theory calculations are presented for the chemisorption of NQLag Ni
These demonstrate a strong localization of the adsorbate-induced demagnetization at ferromagnetic surfaces,
suggestive of a covalent origin for this intriguing phenomenon. Comparisons with previous work for CO
adsorption on the same substrate reveal a number of similarities, but additionally suggest that the initially
unpaired electron of the NO molecule results in a more pronounced demagnetization effect.
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[. INTRODUCTION to 16 layers and cross section corresponding to & 12
surface unit cell(Fig. 1). Adsorbates were placed, N atom
Density-functional theory has lately become establishedlown, on one side of the slab only, and all atoms apart from
as the primary theoretical tool for elucidating the propertieshe back two layers were allowed to relax according to the
of molecules at transition metal surfaces. Adsorption of CCcalculated forces. Sampling of the Brillouin zone was
and NO at the fc€110 surface alone has been the subject ofachieved through summation over ax6X1 mesh of
a sizeable body of published wotk. Structural, energetic, Monkhorst-Packk points!’
and electronic properties of such systems are regularly repro- Electron-ion interactions were accounted for through the
duced with great accuracy, but studies of the spin structure afse of ultrasoft pseudopotentifisind exchange correlation
molecules at surfaces are more rare and largely limited to thenergies were calculated with the Perdew-Wang form of the
case of paramagnetic molecules at nonferromagnetic sugeneralized gradient approximatibhin the case of spin-
faces. The interaction of adsorbates with ferromagnetic sumpolarized calculations, a form of pseudopotential including
faces has comparatively been almost entirely neglected fromonlinear core correctiofSwas used, as these have previ-

a first-principles theoretical standpoint. ously been found to be essential in properly describing the
It has long been understood that narrowing of dhigand  magnetic properties ofBtransition metals. Electronic wave
leads to an enhancement of magnetic moment in the uppefunctions were expanded in a basis set of plane waves up to

most surface layers ofd3ferromagnets$=* Equally, it is  a kinetic-energy cutoff of 320 eV. Convergence tests, includ-
well established that adsorption of certain molecules can reing large slabs up to nine layers, show that these parameters
duce, or even entirely quench, the magnetic moment of thdead to a good description of bulk, surface, and molecular
surface layet?'* The consequences of this latter phenom-properties.
enon are likely to be profound in determining possible detri- Although an ideal basis set for calculations on a periodic
mental effects of adsorbed impurities on all manner of magsurface, plane waves nevertheless have one major drawback
netic devices reliant on small atomic clusters, thin films, orregarding the analysis of the results; they are inherently de-
surfaces. On a more positive note, control of the patternindpcalized across the entire system, and localized properties
of molecules on a surface may be a potential route towardare difficult to obtain. In order to quantify our calculated
atomic scale spin-electronic devices. charge and spin density at an atom-resolved level, we em-
Although semiempirical modelifg’* had previously ploy the topological method suggested by Beder.
suggested that adsorbate-induced demagnetization is not
only heavily influenced by the local adsorption geometry, but
also strongly localized to the uppermost surface layer, it has
only recently been noted that the phenomenon is subject to As reported in our earlier letté?,the clean Nj110 sur-
strong lateral localizatiomwithin the metallic surface layer face displays a striking 23% enhancement of the magnetic
itself.® The aim of the present paper is to add depth to ourmoments of its top layer atoms over the calculated bulk
previous study of CO adsorption on{Ni0G'® by providing  value of 0.62ug (experimental value, 0.6&g). This effect,
detailed comparison with new calculations for NO adsorp-due tod-band narrowing at the surface, appears to be a gen-
tion on the same surface. eral feature of ferromagnetic surfaces, and has previously
been calculatdd as 25%. We have also described
previously® how the adsorption of CO at this surface leads
to a markeddemagnetizatiofup to 78% of the clean surface
The density-functional calculations reported in this papewvalug of just those substrate atoms directly involved in
were performed using theastepcomputer codé® The sur-  bonding with the molecule. The adsorbed molecule itself
face was represented by a slab consisting of 5 Ni layerggains a small amount of minority spin. Inclusion of spin
within a periodically repeated supercell of length equivalentpolarization was found to be crucial in bringing calculated

Ill. RESULTS

Il. THEORETICAL METHOD
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4—fold TABLE I. Adsorption energiesin eV per moleculgfor CO and

NO on Ni{110. Adsorption sites are as labeled in Fig. 1.

0.5 ML

1.0 ML

s. br.

Atop |. br. fourfold

threefold s. br. Atop

CO
NO

s. br.

1.98
2.66

1.80 1.49 1.42
204 173

231

1.88 1.13
235 1.83

Sa'atniad,
ez
U Poniania
3—fold "‘/"" 4 .
A

[001] L br. atop

into a threefold hollow site adjacent to the short bridge. The
tilt in the threefold site amounts to 34.1° away from the
surface normal, and considering both its spatia energetic
proximity to the short bridge ground staieis only 0.35 eV
per molecule higher in energyve suggest that it may be a
possible intermediate for the activated dissociation of NO.
Adsorption energies for NO on this substrate are signifi-
cantly higher than those determined for CO. The favored

short bridge site yields a value of 2.66 eV per molecule at

0.5 ML coverage, while even the least favored long bridge
site yields 1.73 eV per molecule. Repulsive interactions be-
tween molecules lead to a reduction in adsorption energy at
1.0 ML coverage to 1.83 eV per molecule for the atop site
and 2.35 eV per molecule for the short bridge site. The cal-
culations, nevertheless, indicate a significant increase in ad-
sorption energy for NO as compared to CO on this ferromag-
netic substrate. In contrast, the few available calorimetric
measurements of NO adsorption energies show no clear
trend when compared to those of CO for a ranga@imag-
netic substrate$:? Further experimental work is required to
determine whether the stronger binding of NO relative to CO
is a general feature of adsorption on ferromagnetic substrates
or is limited to the presently considered surface.

It is tempting to speculate that the higher adsorption en-
ergy for NO is mirrored by that molecule’s enhanced
guenching of the surface magnetic mome(table Il). This
is particularly striking for short bridge adsorption at mono-
layer coverage, where the magnetic moment of top layer Ni
atoms is reduced almost to zero. For all sites the quenching
is more pronounced than for CO adsorption. Noteably, this

[110] enhanced quenching effect is achieved without leading to
any marked increase in the minority coupling of the mol-

FIG. 1. Schematic diagram for CO/NO adsorption oq140},

showing the unit cell used in the calculations and the various high- TABLE II. The atom-resolved spin moments for NO on{NiC}

symmetry sites considered.

at 0.5 and 1.0 ML, inwg . Adsorption sites and atom numbering are

given in Fig. 1. The numbers in boldface show a decrease of more
adsorption energies closer to the calorimetrically measurethan 20% with respect to the corresponding clean surface slab.

integral heat of adsorptioff, reducing the spin-unpolarized

figure by approximately 0.2 eV per molecule for all adsorp-
tion sites. Adsorption was found to occur at the short bridge
site at both 0.5 and 1.0 ML coverages, with binding energies

of 1.98 and 1.88 eV per molecule, respectivdge Table)l 5
The adsorption of NO on NL10 at 0.5 ML coverage is 6
superficially rather similar to that of CO on the same sub-7
strate. Once again, the short bridge site is found to be most
stable(see Table), with minimal molecular tilt away from g
the surface normal. The main difference is that the pseudaotg
fourfold hollow site is found not to be a local minimum for NO

0.5 ML 1.0 ML
Clean s.br. Atop I br. threefold s.br. Atop
0.65 054 051 0.67 0.58 0.52 053
0.65 054 061 0.58 0.58 0.52 0.53
0.58 056 054 0.37 0.17 0.49 054
058 035 054 0.37 0.36 049 0.54
0.76 0.12 011 0.10 0.12 0.03 0.20
0.76 0.12 0.68 0.70 0.12 0.03 0.20
-0.10 —-0.02 -0.03 -0.09 -0.03 —-0.04

NO—a molecule placed here spontaneously shifts laterally
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TABLE llI. Acquired molecular charges, in units of the elec- Mixed Mixed
tronic charge, for CO and NO on {{il¢}. Adsorption sites are as 2xd . Majority Spin
labeled in Fig. 1.
27 sp I:I Minority Spin
0.5 ML 1.0 ML Metal Molecule Metal
s.br. Atop I br. fourfold threefold s.br. Atop 2 P
CO -0.24 -0.16 —0.48 -0.48 -0.21 -0.12 Fermi Level
NO -0.45 —-0.26 —0.79 -0.72 -0.38 —0.26

ecule to the surface in comparison to CO. Charge transfe
from surface to molecule is greater than for CO, but shows
the same trends over different sit@able 1ll) and does not
consistently confer any significantly greater minority mag-
netic moment on the molecule.

Subtracting the density of statg®OS) of the clean

Ni{110 su_rface from tha_t of the surface W.ith 1'(.) N.”‘ NO ably have been assumed that surface demagnetization was
adsorbed in the short brldge_sne, we obtaln_ an 'ns'ght_'nt(?jue to disruption of thesp electrons. The result, however,
the adsorbate substrate bonding. In both majority and minoig,, 4 pe 4 rather delocalized damping of magnetic moments

Ity spin, we see an decr(—?ase n DOS at or just bel_ow .th%t the surface, in contrast to the extreme localization revealed
Fermi level, flanked on either side by a corresponding 'nby the present calculations
fgeﬁsesftS'iglai v¥elg]r(F|g. f)' Thte ?EV'IO:US Imlpllce}tlon "Z In contrast, this localization suggests that the origin of
at subs ral Za.‘ es _rorg c (tﬁe| g g_ ermld evet_bared_ €- adsorbate-induced demagnetization is to be sought in the co-
coming INVOved In mixed or La onding and antibonding y ajent hond between the adsorbate and individual substrate
combinations with molecular2* states. The cumulative ef- atoms. Indeed, the traditional model for the bonding of CO
fect of these changes_ is that the_number of majority SPI™ynd NO on transition metals, dating back to Blyholder in the
states below the Fermi level remains more or less constanfosn's stresses the interactions of the moleculabbnding
while the number of minority spin states below the I:erm'orbital and the molecular2* antibonding orbital with the

level rises considerably. The consequences of such behavi calized metaH states. Of these. the? contributes most
fSor thﬁ/local spin structure of the surface are discussed Ir%igniﬁcantly to the bonding between metal and molecule,
ec. since the fully occupied & orbital lies well below the metal

Fermi level, while the zZ* orbital lies much closer and is
IV. COVALENT MODEL FOR DEMAGNETIZATION either initially empty(CO) or partially empty(NO). More

Ferromagnetism depends upon the existence of highly lonodern theories emphasize the mixeddsand 27* d nature
calized partially occupiedd states that may be aligned Of the metallomolecular orbitals, but retain much of the

e , : ! - 23
through an itinerant exchange interaction mediated by thériginal flavor™ .
delocalizeds p electrons. Since the exchange interaction is a 1 he key point is that covalent bonding between adsorbate
subtle many-body effect, while partially occupi@dtates are and substrate implies that the partially occupéedtates of

a robust feature of thedtransition metals, it might reason- certain surface atoms are rehybridized into mixed orbitals
with an energy well below the Fermi level, as shown highly

schematically in Fig. 3. In this simple picture, the mixing of
d and 27* states leads to nearly complete occupation of the
o minority 27*d states, with the consequent reduction in
i /o N d-related residual majority spin. The formation ofr2sp
states doesot, however, imply a corresponding decrease in
/f sp-related residual minority spin, since the upper edge of
¥ both majorityand minority channels may remain above the
Fermi level. Nevertheless, the inclusion ofr2sp states in
the model is necessary to account for the observed molecular
residual minority spin. Furthermore, the extra electron
present in the case of NO implies a raised Fermi level rela-
tive to CO adsorption, which accounts for its greater ability
to quench Ni magnetic moments.
In fact, the proposed model is consistent with several oth-
erwise puzzling calculations for various adsorbates on mag-
FIG. 2. Change in the DOS of Ni10 upon adsorption of 1.0 netic and nonmagnetic surfaces. NO, for instance, loses its
ML of NO in the short bridge site. Energies are relative to the Fermispin identity entirely when adsorbed on{ Pt 1},%* whereas
level. it retains it on Ag111}.2° This behavior becomes perfectly

FIG. 3. Schematic illustration of bonding between CO/NO and
Ni{110.
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understandable when one realizes that the partially occupied V. SUMMARY AND CONCLUSIONS
d states of Pt readily hybridize with the NO#2 orbital,

whereas the fully occupied states of Ag do not. In one case
the initially polarized orbital is subsumed into a new cova-

We have demonstrated that NO causes a more pro-
nounced local demagnetization at ferromagnetic surfaces
lent bonding orbital, whereas in the other, it retains its origi-tha.n d(_)es CO. In addition, we propose a model for demag-
nal character. Furthermore, the adsorption of K Onne_ztlzanon based upon covalent mixing of molecular states

— o - o with metal d states, and conclude that control of surface
Co{1010},® which occurs through ionic and metallic inter- magnetism by means of appropriate adsorbates can poten-

action betweers andp electrons, but not througth states, is  ja|ly be used to create magnetic structures with atomic-scale
found not to induce any major demagnetization of the SUrpatterning on single-crystal surfaces.

face. An interesting opportunity to test the present calcula-
tions therefore exists in light of recent work showing phase
segregation of NO and K adsorbates on the{XD40}
surface?’ Spin-polarized scanning tunnelling microscopy ex- The UK EPSRC is acknowledged for financial support
periments should be able to distinguish the differing mag<{Q.G. and S.J.Jand for equipmentworkstation$. Calcula-
netic properties of the substrate underlying the segregateiibns were performed on the SGI Origin 2000 machine at the
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