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Adsorbate-induced demagnetization and restructuring of ultrathin magnetic films:
CO chemisorbed ony-Fe/Cu(100)
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First-principles local-spin-densit{. SD) investigations of the structural, magnetic, and electronic properties
of clean and CO-adsorbed ultrathjriron films epitaxially grown on C{100) surfaces demonstrate that both
the geometrical and the magnetic structures of the films are profoundly modified by the adsorption of CO. The
enhanced magnetic moments of the top-layer atoms are strongly quenched by the presence of the adsorbate.
Due to the pronounced magnetovolume effect, this leads also to a correlated change in the interlayer relax-
ations. Strikingly, the adsorbate-induced demagnetization is primarily limited to those surface atoms directly
bonded to the adsorbate. This leads to the formation of an in-plane magnetic pattern in a partially adsorbate-
covered film. The comparison of the calculated vibrational eigenfrequencies of the CO adsorbate with experi-
ment confirms the picture based on the LSD calculations.
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I. INTRODUCTION torted face-centered cubigcc) with an expanded volume
and a considerable three-dimensio(&i) lattice modulation

The physical properties of magnetic systems with reducedregime ). (b) In the regime between-45 and about 11 ML,
dimensions(ultrathin films, clusters, nanowirefiave been the bulk of the film has been characterized as an undistorted
studied extensively during the last years, motivated by theiantiferromagneti¢AFM) fcc Fe with a density close to that
large potential in magnetic and magneto-optic storage tectef bulk y-Fe and a small net magnetic moment. The net
nologies and by fundamental interest in the structuremagnetic moment is attributed to the FM coupling between
property relationship. The design of tailor-made magnetiache surface and first subsurface layer, whose interlayer dis-
structures at surfaces and in ultrathin films is considered ttance is tetragonally expanded. In this regime a bilayer AFM
be of central importance for the development of future desequence{7||---) is found in films with an even number
vices. A particularly difficult problem in the center of tech- of monolayers; in films with an odd number of layers various
nological efforts is to generate microscopic magnetic patantiferromagnetic structures are energetically nearly degen-
terns on surfaces or in ultrathin layers. It is now well erate(regime Il). At a thickness of four monolayers, the two
established that atomic or molecular adsorbates can eventmagnetic phases coexist at low temperatd?es’ Upon
ally demagnetize magnetic surface layett only very re- heating, a gradual transformation to phase Il occl@sin
cently it was pointed odtthat the adsorbate-induced demag-films with more than 11 ML the fcc structure becomes un-
netization is strictly localized, being limited to those surfacestable and transforms to a body-centered cubix) struc-
atoms directly bonded to the adsorbate. However, it remainture and the films are ferromagnetic. Although experiment
largely unknown whether such localized changes in the magand theory agree on the same general picture, certain quan-
netism are important in determining atomic geometries anditative differences between the structural predictions and
stabilities. low-energy electron-diffractio(LEED) analyses, concerning

In the present paper we report on investigations of CQn particular the distance between the top layers, exist. Local-
adsorption on ultrathin films oj-iron epitaxially grown on  spin-density calculations tend to predict a modest inward re-
Cu(100 substrates. Fe/QL00) films have attracted consid- laxation of the top layefi.e., the expansion caused by the
erable attention as a model system for studying the correleéncreased magnetic moments of the surface atoms is com-
tion between atomic structure and magnetism. The particupensated or even overcompensated by the contraction com-
larly interesting properties of this system are caused by théng from the increased bond order of the back bonds to the
fact that at the density of the Fe films stabilized by epitaxialdeeper layels whereas LEED studies show no or even a
growth ferromagnetic high and low moment states, antiferslight outward relaxation.
romagnetic and nonmagnetic states differ only very little in  For Fe films grown at low temperatures, where layer-by-
energy and hence the magnetic ground state of R&@@u  layer growth cannot be realized, very different structural and
will depend critically on volume and symmetry. Indeed, amagnetic properties have been reported. The tetragonally ex-
vast experimentai’® and theoretical effotf >was needed panded ferromagnetic phase is stabilized for up to five mono-
to converge towards a consistent picture. For roomiayers. Above that thickness the Fe film directly transforms
temperature grown films for which a layer-by-layer growth to the bcc structure without passing through the intermediate
has been reported, the following structural and magnetiésotropically fcc phasé®
phase diagram has been widely acceptagfilms with up Very recently it has been shown that hydrogen adsorption
to about 3-4 monolayers(ML) are ferromagnetidFM) stabilizes the tetragonally expanded phase of room-
throughout the film; the atomic structure is tetragonally dis-temperature grown films for up to four monolayers, while the
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phase boundary of the antiferromagnetic fcc films and thdormalism3*® The PAW method is an all-electron band-
ferromagnetic bec films is shifted from about 10—11 down tostructure technique. It is very closely related to the ultrasoft
8 monolayerg® The transition between regimes | and Il in a pseudopotential methd@3” The PAW approach shares the
four-monolayer film is reversible upon hydrogen adsorptioncomputational efficiency of the pseudopotential technique,
and desorption. Only slight enhancement of the surface magyut as an all-electron technique it allows to avoid the prob-
netization upon hydrogen adsorption was repp??ezd.A lems related to the linearization of the core-valence exchange
possible scenario explaining these observations is that hydrgnteraction. This advantage is particularly valuable in treating
gen is adsorbed in, and not on top of, the Fe film, leading tQnagnetic & transition metals. Within the PAW approach it is
a vorllume; expansion ftab"'z'”g the fe;roma%netlc phase. I possible to restrict the basis set to plane waves with a maxi-
T te' dltssdoc(;atlor: O.tCO (I)n fron Sl]fr aiﬁs Fa_ls Eeer_'rw'de%um kinetic energy of 300 eV. For any details concerning
investiga EZG ue to Its refevance lor the Fischer- ropsclghe construction of the PAW potentials we refer to the previ-
synthesi€>2® The investigation of the adsorption of carbon ous works®35 vasp allows to calculate the Hellmann-
monoxide on thiny-Fe films grown on CULOQ has led to Feynman forces acting on the atoms, hence a full structural

results that are surprising in many respects. surfaces timization of the adsorbate/film/substrate system may be
CO adsorbed dissociates at temperatures of about 300 K; b - ) : y ay
performed very efficiently using a quasi-Newton technique.

-Fe/CUy100) films only molecular desorption at higher tem- ) :
Y |00 y P g In our calculations we used the exchange-correlation

peratures was observét:?® Whereas for CO om-Fe a _ ,
functional based on the quantum Monte Carlo calculations of

tilted or “side-on” configuration has been reported; gf-e )
surfaces CO adsorbs in an upright posi#mhe preferred CePerley and Alder as parametrized by Perdew an%Zlf*ﬁger,
1% and

adsorption site is the bridge position at low coverage, at'Sing the spin interpolation according to Voskba
higher CO uptakes, occupation of the on-top sites has bee#flding generalized gradient correctid@GC's) in the form
reportec?® Recently, it has also been observed that the presProposed by Perdewt al***' The use of generalized gradi-
ence of CO during the growth of Fe films on @00 has a  ent corrections is essential for a correct prediction of the
stabilizing influence on the-phase®® and films with up to  ground-state properties of iron: without GGC’s, bulk Fe is
60 monolayers retain the fcc structure. This stabilizing influ-predicted to be hexagonal and nonmagnetic; with GGC's the
ence has been attributed to a collaborative surfactant effecorrect ferromagnetic bcc ground state is found. In addition,
of carbon and oxygen and to the incorporation of carbon intonagnetovolume effects are much better described in a gen-
the growing fcc lattice. Nevertheless, although the strongeralized gradient approximation. This is particularly impor-
interaction of adsorbed CO with the thin Fe films is evident,tant for a study of the structural and magnetic transition be-
very little is known about the changes in the surface structur@veen regimes | and Il of Fe films grown on @00).2%2
and of the magnetic properties induced by CO adsorption.  The Fe/C(100 system has been modeled by a periodi-
The present work reportsb initio density-functional  cajly repeated slab with four Fe layers and four layers of Cu
studies of the adsorption of CO on four-monolayer films ofrepresenting the substrate. For a coverage of 0.5 ML of CO a
Fe grown on C(00). This film thickness corresponds to the (5 1) surface cell has been used; calculations at a full cov-
transition regime from ferromagnetic, tetragonally expande rage have been performed using (1) surface cell. In all

films to antiferromagnetic films W'Fh an isotropic f.CC SITUC- aiculations the lateral lattice constant has been fixed at the
ture. For low-temperature grown films an irreversible struc-

tural and magnetic phase transition has been reported. It Caergumbrlum value calculated for Cu.usmg GGC[%”(theor)
therefore be expected that such films are particularly sensi= 3-637 Aacy,  =3.61 Al. All interlayer distances
tive to adsorbate-induced changes in their surface propertiewithin the Fe film, at the interface and the distance between
For films with various magnetic configurations, the stablethe two top layers of the substrate, have been allowed to
adsorption geometries have been determined for CO coverelax; the atomic positions in the deeper layers of the sub-
age of 0.5 and 1 monolayers. The adsorbate-induced changesate have been kept fixed. CO molecules have been placed
in the interlayer relaxations and in the magnetic momentsnto on-top, bridge, and hcp hollow positions, with the mo-
have been determined. For the ground-state solutions the Viecular axis perpendicular to the surface. The distances be-
brational eigenfrequencies of adsorbate have been obtainggeen the top Fe layer and the C atom and the@bond
by diagonalization of a dynamical matrix constructed fromjength have been optimized. At a coverage of only half a
the appropriate interatomic forces. monolayer of CO, a corrugation of the entire Fe film and of
the uppermost part of the substrate was admitted. Brillouin-
zone integrations have been performed using a set of
Monkhorst-Pack specialk points and a modest Gaussian
Our calculations have been performed using a spinsmearing ofc=0.2 eV. For the (X1) surface cell of the
polarized version of the Viennab initio simulation program  fully CO-covered films, a (1% 11X 1) grid corresponding to
vasp.31-34asp performs an iterative solution of the Kohn- 21k points was used for calculating the structural relaxation
Sham equations of local-spin-density-functional theory via 2f the films. For the final calculation of the total energy, the
minimization of the norm of the residual vector to eachmagnetic moments, and the electronic structure, the grid was
eigenstate and optimized charge- and spin-density mixingefined to (15 15X 1). For the (2 1) surface cell used at a
routine. Electronic eigenstates are expanded in terms afoverage of=0.5 ML, k-point meshes of (126X 1) and
plane waves within the projector-augmented-wdPAW) (16x8x%1) corresponding to 18 and 32 points, respec-

Il. METHODOLOGY
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TABLE |. Structural and magnetic properties of clean and CO-covered1( ML) y-Fe/CY100 films as calculated for different
magnetic configurations of the 4-ML film. The energy differedde (in meV/cell) is quoted with respect to the stable configuration of the
clean (uudd and the CO-covereduuud film. Ad;; stands for the change of the interlayer distance with respect to the calculated Cu
interlayer distancéin %), u; for the local magnetic momertin wg) in each layerXAd;; stands for the relative change in the total film

thickness X w; for the total magnetic moment of the film.

Magnetic Adsorption AE  Adg,c, Adcyre Ma Adys  pz  Adg, Mo Ady, M1 SAd; 2
configuration site
uudd clean 0 2.62 2.18 -2.20 -2.82 -0.22
1.0 2.0 2.6 —-4.9 0.6 -1.7
bridge 104 2.63 2.12 —1.48 -2.18 1.09
1.6 25 2.4 -8.2 -5.6 -11.4
hollow 125 2.63 2.25 —1.98 -1.23 1.67
1.2 2.2 3.3 -5.0 -25 —-4.2
top 244 2.58 2.19 —1.06 —-0.44 3.27
0.6 1.8 1.3 —-4.6 —-145 —-17.8
uuuu clean 49 2.63 2.61 2.61 2.84 10.69
1.0 1.9 2.9 3.8 -0.4 6.3
bridge 207 2.62 2.58 2.50 1.56 9.26
1.7 2.6 3.3 1.8 1.7 6.8
hollow 169 2.63 2.59 2.51 1.32 9.03
11 2.2 2.4 1.0 -25 0.9
top 390 2.62 2.58 2.41 1.48 9.09
0.7 2.3 2.6 2.0 14.1 18.7
uuud clean 221 2.61 2.54 1.91 —-2.23 4.84
11 2.3 3.5 3.1 -6.9 -0.3
bridge 0 2.63 2.57 1.81 -0.89 6.12
1.0 2.1 3.3 0.9 -12.4 -8.2
hollow 119 2.63 2.57 2.39 -0.54 7.05
1.3 2.3 4.1 25 0.9 7.5
top 391 2.63 2.60 1.69 -0.87 6.05
0.9 2.0 3.6 2.1 —-15.2 -95

tively, have been used. In all cases full convergence could benergies, and geometries are compiled in Tables I-1V where
achieved. we summarize for comparison also the properties of the
For the clean 4-ML Fe/Qd00 films calculations predict clean films. In the ferromagnetic uuuu configuration, all
a bilayer antiferromagnetic orderingve use the notation magnetic moments are enhanced over the theoretical mag-
uudd with the meaning=sup, d= down for the orientation netic moment of bulky-Fe (u=2.35ug), varying between
of the magnetic moments in the four Fe layers, starting withabout 2.@.g in the interior of the film and 2.845 at the free
the Fe layer at the interface and ending at the free surface alurface. All interlayer distances in the Fe film except be-
the film) in the ground state, with only small magnetic en-tween the top layers are expanded due to the larger volume
ergy differences between the ground state and ferromagnetaf ferromagnetic Fe, leading to the experimentally observed
uuuu configuration and a slightly larger magnetic energy diftetragonal distortion characteristic of regime I. At the free
ference for a partially antiferromagnetic  uuud surface, the magnetovolume effect is counterbalanced by the
configuratior?>?? For these three configurations, CO adsorp-surface contraction typical for transition-metal surfaces. In
tion has been studied in detail. For the most stable magnetihe bilayer AFM configuration, surface and interface mo-
configurations of the substrate, the vibrational eigenfrequenments are essentially the same as in the FM phase, but the
cies of the adsorbate have been calculated using the direstoments in the interior of the film where the direction of the
method, i.e., the force constants for the stretching and frusspins changes are only about 2g2 Distances between fer-
trated translation modes have been calculated and the dyemagnetically coupled layers are expanded, and those be-
namical matrix has been diagonalized. tween antiferromagnetically coupled layers are contracted
(again with the exception of the distance between the top
layers so that on average the structure is isotropically fcc. In
the mixed magnetic configuration uuud with an antiferro-
Our results for the atomic geometries, magnetic momentsnagnetic coupling only between the top layers, the frustra-
magnetic energy differences of the Fe films, the adsorptiomion leads to a reduction of the moments in the antiferromag-

Ill. RESULTS
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TABLE Il. Adsorption properties of CO or-Fe/Cy100 films (monolayer coverageAdsorption ener-
giesE,q (in eV/moleculg, heightz. of the C atom above the top layer of the filin A), bond lengthdc.o
of the moleculgin A), adsorption-induced change of the film thickndss (in % of the calculated interlayer
distance in fcc Cy and adsorption-induced chandex of the magnetization of the filnin wg).

Magnetic Adsorption Ead® E.d Zc deco Ad Aup
configuration site

uudd bridge —-1.074 —-1.074 1.49 1.17 —-9.7 1.31
hollow —1.053 —1.053 0.95 1.20 —-25 1.89
top —0.934 —0.934 1.49 1.16 —-16.1 3.49

uuuu bridge —-0.971 —1.019 1.48 1.17 0.5 —1.43
hollow —1.009 —1.057 0.96 1.20 —-54 —1.64
top —0.788 —0.836 1.58 1.16 124 -1.60

uuud bridge —-1.178 —-1.399 1.51 1.17 -79 1.28
hollow —-0.787 —1.008 0.94 1.21 7.8 2.21
top —1.059 —1.281 1.80 1.16 -9.2 1.21

&The adsorption energy is calculated with respect to the same magnetic configuration of the clean films.
The adsorption energy is calculated with respect to the magnetic groundatetk of the clean film.

netic upper half of the film; again expansion and contractiorayer indicating a back donation of electrons from the adsor-
of the interlayer distances approximately compensate sudbate to antibonding states of the substrate atoms, weakening
that the structure is fcc on average. The magnetic energghe bonds between the top layer and the bulk of the film. This
difference relative to the uudd ground state per cell is 4%hows that the details of the adsorbate-substrate bonding are
meV for the ferromagnetic phase and 221 meV/cell for therather sensitive to the adsorption geometry.

uuud configuration. In the following we investigate the For the hilayer antiferromagnetituudd configuration,
changes induced by the adsorption of CO. We begin by disyhich is stable for the clean film, adsorption in the bridge
cussing the somewhat simpler case of a film covered by 3osition is energetically favored. In this case, a large reduc-

compact monolayer of CO. tion of the magnetic moment is calculated not only for the
top layer (from 2.82ug to 2.18u«g), a larger decrease is
A. Fe/Cu(100) covered by a monolayer of CO found in the second layeffrom 2.2Qug to 1.48ug), and
1. Structure and magnetism even the moment in the third layer is slightly reduc{ede
' Table ). The decrease of the magnetic moments is accompa-

As the possible location of the adsorbed CO molecule, th@ied by a reduction of the interlayer spacings between the
symmetric on-top, bridge, and hollow positions have beerfirst three layers such that the thickness of the Fe film is
examined. The molecule has been placed in an upright posieduced by 11.4% with respect to the calculated Cu inter-
tion, with the C atom pointing towards the surface. The redayer distance. For the clean film, the large negative mo-
laxation process allowed for a canting of the adsorbate, buinents in the top bilayer outweigh the smaller positive mo-
in all cases the vertical orientation remained unchanged. ments in the second bilayer, such that the total magnetization

For a ferromagnetic film, the fourfold hollow is the stable of the film is negative, although quite small. The reduction of
adsorption sitésee Table)l The adsorption leads to a strong the moments in the top layers due to chemisorption of CO
reduction of the magnetic moments in the surface layer anttads to a reversal of the sign of the magnetization and to an
to a slight reduction of the moments in the second layer. Théncrease of its amplitude. Adsorption in a fourfold hollow
magnetism of the deeper layers remains unaffected by thieads to an adsorption energy which is lower only by 21
adsorption. Altogether the magnetization of the film is re-meV/cell. In this case, the reduction of the surface moment is
duced by 1.65. The decrease of the magnetic momentseven larger(from 2.82ug to 1.23ug), but the effect is more
leads to a reduced magnetovolume effect such that the C@onfined to the surface. Adsorption-induced changes in the
covered film is fcc on average. Adsorption in the bridge siteinterlayer distances are also restricted to the top bilayer,
has a weaker effect on the magnetism of the film. In thiswhere the reduced magnetovolume effect is found to out-
case, the reduced magnetovolume effect is compensated byaigh the adsorption-induced outward relaxation. Adsorp-
weak adsorbate-induced outward relaxation of the top layetjon in a top site is predicted to have a dramatic influence on
so that on average the film structure is not affected by thdoth magnetism and structure of the filsee Table)l, but is
adsorption. Adsorption in the energetically less favorable toenergetically disfavored by a rather large amount. In these
position (the difference in the adsorption energies is 221two cases, adsorption leads again to the formation of a raised
meV/cell, see Table )Jlleads to a reduction of the magneti- positive total magnetization.
zation comparable to that for adsorption in the hollow posi- In the mixed magnetic uuud phase adsorption in the
tion and to a surprisingly large outward relaxation of the topbridge site is again favored. The uuud configuration was cho-
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TABLE lll. Structural and magnetic properties of clean and CO-coverd Q.5 ML) y-Fe/Cy100)
films as calculated for different magnetic configurations of the film. The energy diffefeBd@n meV/cel)
is quoted with respect to the stable configuration of the cleadd and the CO-coveretludd film. Ad;;
stands for the change of the interlayer distance with respect to the ideal Cu (aithtg, u; for the local
magnetic momentin ug) in each layerXAd;; stands for the relative change in the total film thicknesg;
for the total magnetic moment of the film.

Magnetic Adsorption  AE Ads, o Ad,, “1 3 Ad; 2w
configuration site
uudd clean 0 -2.20 —2.82 -0.22
—-4.9 0.6 -1.7
bridge 0 —-2.02 -1.40 0.62
-2.02 —2.88
-6.3 0.4 -3.2
-6.3 0.3
hollow 54 —-1.94 —2.22 0.65
-2.01 —2.22
top 198 —1.96 -1.34 0.70
—1.96 —2.92
uuuu clean 98 2.61 2.84 10.69
3.8 -0.4 6.3
bridge 93 2.54 151 9.96
2.54 2.92
2.7 3.2 7.1
2.7 0.3
hollow 161 2.61 2.29 10.06
251 2.29
top 362 2.35 0.52 9.27
2.35 291
uuud clean 442 1.92 —2.23 4.84
3.1 -6.9 -0.3
bridge 89 2.10 —-0.55 5.74
2.10 —2.55
1.9 -9.0 -3.4
19 -7.8
hollow 372 2.19 -1.97 5.30
1.93 -1.97
top 231 2.04 —0.76 5.60
2.04 —2.53

sen with the intention of examining the possibility that thelar magnetic and structural effects, but is energetically unfa-
adsorbate-induced demagnetization of the surface layer evemerable. Adsorption in the fourfold hollow leads to an even
tually breaks the strong ferromagnetic coupling of the surstronger quenching of the antiferromagnetic surface moment,
face bilayer. The negative magnetic moment in the Fe toput to an enhanced magnetization of the second layer. The
layer is strongly quencherom —2.23ug to —0.89ug) and  nearly ferromagnetic character of the film leads to an expan-
the moment in the second layer is somewhat reduced as weilon of the interlayer distances. Altogether we find a very

(see Table )l The overall magnetization of the film is en- complex pattern of adsorbate-induced changes in the magne-
hanced due to the reduction of the antiferromagnetic compaization and in the relaxation properties of the films.

nent. The reduction of the subsurface momeptalso leads

to a contraction of the interlayer spacing between the second
and third layers. A much stronger relaxation, however, occurs
between the two topmost layers where the inward relaxation The calculated adsorption energies are compiled in Table
is now nearly twice as large as for the clean film—evidentlyll. The first column lists the adsorption energies calculated
this can be related neither to a magnetovolume effect nor twith respect to the ground state of the clean film, the second
a simple back-donation effect. We shall come back to thizolumn for a fixed magnetic configuration of the clean and
point below. Adsorption in the on-top position leads to simi-the adsorbate-covered films. The striking result is that ad-

2. Adsorption energies
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TABLE IV. Adsorption properties of CO ony-Fe/Cy100) films (coveraged=0.5 ML). Adsorption
energyE,q (in eV/moleculg, buckling of the top Fe layeAzq, (in A), height of the C atom above the top
layer zc (in A), bond length of the moleculdc. (in A), adsorption-induced change in the average film
thicknessAd (in % of the interlayer spacing of the substiatend adsorption-induced change in the film
magnetizatiomM u (in ug).

Magnetic Adsorption Ead® Azp, Zc dc_o Ad Ap
configuration site
uudd bridge —-1.534 0.01 1.47 1.19 -15 0.84
hollow —1.480 0.00 1.04 1.21 -1.9 0.87
top —1.336 0.09 1.73 1.17 -3.1 0.92
uuuu bridge -1.539 0.05 1.49 1.19 08 —0.73
hollow -1.471 0.00 1.03 1.22 04 —-0.63
top —-1.270 0.17 1.68 1.17 —-7.3 —1.42
uuud bridge —1.888 0.02 1.46 1.19 -3.1 0.90
hollow —1.605 0.00 1.10 1.21 +1.1 0.46
top —1.746 0.06 1.75 1.17 —-4.2 0.76

&Calculated with respect to the same magnetic configuration of the clean film.

sorption on a film with a mixed magneticuud configura- 0.02ug in the stable bridge position. Induced moments on
tion produces a much larger adsorption energy than on eithéhe O atoms are always significantly smaller.

a bilayer AFM or a FM film—the energy gain is even suffi-
cient to exceed the magnetic energy difference calculated for
the clean films such that at a monolayer coverage of CO the To elucidate the physical mechanisms determining the
uuud configuration is lower in energy than the uudd state byadsorbate-substrate bonding and the resulting changes in the
about 0.1 eV/molecule. Besides, the change of the magnetgiructure and magnetism of the substrate, we have examined
configuration induced by the adsorption gives rise to a largéhe adsorbate-induced changes in the electronic spectra and
increase of the overall magnetization of the film and to aln the spatial distribution of charge and spin densities at the
reduction of the film thickness. surface. Quite generally we expect donation of electrons

With about 1 eV/molecule, the calculated adsorption enfrom thed orbitals of the substrate to the orbitals of the

ergies are quite modest. This is a consequence of the strofgiSCrbed CO molecule, combined with back donation from
lateral repulsions between the adsorbed molecules. For e adsorbate into covalent adsorbate-substrate bonds. The

free-standing monolayer of CO molecules oriented perpenh'gheSt occupied molecular orbitals of the free CO molecule

dicular to the layer and with the lattice constant of thed'® the 47 1w, an_d  states; the lowest unoqcupled mo-
éecular eigenstate is ther? state. Upon adsorption, the en-

ergies of the molecular eigenstates are lowered with respect
to the Fermi energy such that therland 5o states lie just
below the bottom of the Fd band. The 2Z* state overlaps
with the upper part of thel band and becomes partially oc-
The properties of the adsorbed CO molecule collected irtupied. Due to the exchange splitting, the interaction with
Table Il are determined mostly by the adsorption geometryminority electrons is stronger than with majority electrons.
and much less by the magnetic configuration of the adsorfhe details of the charge flow will depend on the adsorption
bate. The height of the C atom above the surface varies bgeometry and on the magnetic structure of the substrate,
tween aboutzc~0.95 A (hollow), zc~1.50 A (bridge), since different orbitals will be involved in the process. Figure
and zc between 1.50 to 1.80 Aon top. The C—-0 bond 1 shows isosurfaces of difference-electron densities for the
length is stretched slightly compared to the molecule in theCO molecule adsorbed in the bridge position, Fig. 2 for hol-
gas phased.o=1.144 A), the elongation of the molecular low adsorption on a film with a magnetic configuration uuud.
bond ir}“creasing']& with the Asurface coordinationi-, ~ The difference-electron densities are defined as
=1.16 A, 1.17 A and 1.20 A for top, bridge, and hollow,
independent of the magnetic configuration of the substrate. Ap=p(CO+Fe/Cy—p(CO)—p(Fe/Cy,
The interaction with the magnetic film induces also a weakwhere p(CO+Fe/Cu) stands for the electron density of the
spin polarization of the adsorbate. The magnetic moment oadsorbate-substrate complg(,CO) the electron density of
the C atom is always antiparallel to the Fe moment in thegas phase CO, ang(Fe/Cu) for the charge density of the
surface layer and roughly proportional to its magnitude, i.e.clean film, all atoms being placed into the positions they
the largest induced moments of about 0.04 to pH=re  occupy in the relaxed adsorbate-covered film.
found for uuuu and uudd films and the C atom in bridge or  For bridge-site adsorption, mainly the g, (d,, and
hollow positions; for uuud films the induced moment is only d,,) orbitals are depleted, but also the bondmgstates of

4. Electronic structure of the adsorbate-substrate complex

eV/molecule.

3. Properties of the adsorbate
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FIG. 1. Isosurfaces of the difference-electron densities for CO FIG. 3. Isosurfaces of the difference-magnetization densities for
adsorbed in a bridge position on a 4-ML Fe(CQ0 film with the CO adsorbed in a bridge position on a 4-ML Fe(@0) film with
magnetic configuration uuud. Par(@) shows regions of decreased the magnetic configuration uuud. Parfe] shows regions of de-
electron densities(b) regions of increased charge densities. Seecreased magnetization densiti€ls) regions of enhanced magneti-
text. zation densities. See text.

the moleculdsee Fig. 1a)]. Charge flows into the adsorbate- uuud and uudd films. For the uuud film, the positite:
substrate bonds and inte states of the adsorbafsee Fig. values around the Fe atoms in the top layer reflect the reduc-
1(b)]. The fact that back donation from the adsorbate to theion of the negative surface moments, the negafiye val-
substrate is very limited explains the strong adsorbateues the decrease of the positive moments in the subsurface
induced inward relaxation of the top layer: tde> 7 dona- layer. In contrast to the changes in the electron densities
tion reduces the occupation of antibondihgtates, and since occurring largely in the bonding regions, the changes in the
no compensating back donation takes place the Fe-Fe bomdagnetization densities are localized at the atomic sites. The
strength is increased. absence of significant charge-density changes in the second

For adsorption in the hollow positions the pattern shownand third layers, together with changes in the magnetization
by the difference-electron densities is quite different as visdensities at these sites, shows that a substantial fraction of
ible in Fig. 2: the depletion of the Fé,, orbitals affects the adsorbate-induced changes in the magnetic moments
mostly the in-planel,, state and note also a stronger deple-arises from intra-atomic redistributions between majority-
tion of the bondingo states of the adsorbate. Charge flowsand minority-spin states. For bridge-adsorbed CO on a film
into the Fe- CO adsorbate-substrate bonds, but surprisinglywith the antiferromagnetic bilayer configuration uu¢ske
also into the region of the back bonds between surface anllig. 4 Au is positive around all Fe atoms in the three top
subsurface atoms, leading to an increased occupation of alayers(i.e., reduction of the negative moments in the surface
tibonding d states which has not been observed for bridgebilayer and a slight enhancement of the positive moment in
site occupation. This explains the surprising differences irthe third layer, see Table.IWhereas the change in the mag-
the relaxation behavidisee Table )l predicted for these two netization density at the top sites is rather delocalized, it is
different configurations. For a given adsorbate geometry, thetrictly localized and largely intra-atomic on the subsurface
charge redistribution is almost independent of the magnetisites. In this case the positiveu surface extends to the Fe
structure of the substrate—for bridge-site adsorption on an- CO bonding region and to the* states localized on both
uudd film we obtain almost exactly the same picture as fothe C and O atoms, reflecting a spin polarization of the co-
uuud configuration illustrated by Fig. 1. However, the chargevalent bond and a small magnetic polarization of the CO
redistribution affects electrons of different spin. molecule induced by covalent interactions.

To see the influence of the magnetic configuration of the To complete the analysis and to get a deeper insight into
substrate, we have to analyze the adsorbate-induced changbs correlation between adsorption and surface magnetism,
in the spin or magnetization densities. This is illustrated inwe have analyzed the local densities of stdaR®S). Figure
Figs. 3 and 4 showing isosurfaces of the difference5 displays the result for bridge adsorption on an uuud film,
magnetization densities u (defined in the same way as the i.e., the stable configuration at a full CO coverage, Fig. 6
difference-electron densitielsp) for bridge-adsorbed CO on shows the same information for the less favorable hollow

®) @ . ., |® - o

.Q‘\“h'\ { |
Xy - | DOLe

e 1>

N KX

W

FIG. 2. Isosurfaces of the difference-electron densities for CO FIG. 4. Isosurfaces of the difference-magnetization densities for
adsorbed in a hollow position on a 4-ML Fe/@Q0 film with the CO adsorbed in a bridge position on a 4-ML Fe(@0) film with
magnetic configuration uuud. Pan@) shows regions of reduced the magnetic configuration uudd. Parfe] shows regions of de-
electron densities(b) regions of increased charge densities. Seecreased magnetization densiti€ls) regions of enhanced magneti-
text. zation densities. See text.
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FIG. 5. Spin-polarized local electronic densities of states of a FIG. 7. Spin-polarized local electronic densities of states of a
CO-covered Fe/d00 film in the magnetic configuration uuud CO-covered Fe/Ga00 film in the magnetic configuration uudd
and CO in the bridge positions. The hatched areas denote the deand CO in the bridge positions. The hatched areas denote the den-
sities of state of C or surface Fe atoms, the solid lines those of O asities of state of C or surface Fe atoms, the solid lines those of O or
subsurface Fe atoms. subsurface Fe atoms. Compare with Fig. 5.

site. The local DOS on the C and O atoms show two charbridge site. The adsorption geometry also influences the elec-
acteristic peaks at binding energies of about 5.4 eV and 6.80on donation into the # states: in the hollow position
eV arising from the & and 1rr states and a broad distribu- where the adsorbed molecule comes much closer to the sur-
tion of states at lower binding energies overlapping with theface we find a higher occupation of the antibonding state,
d band of the substrate, arising from a partial occupation ofxplaining in turn the more pronounced stretching of the C
27 states. While the position of the former two peaks is—O bond.
almost the same for both bridge and hollow adsorption, the If we compare the DOS for the uuud configuration stabi-
DOS attributed to the 2* states show a pronounced depen-lized by the CO overlayer with that of the less stable uudd
dence on the adsorption site. Likewise, we find that the difconfiguration(see Figs. 5 and)7we find that the electronic
ferent adsorption geometries lead to significant differences istates of the adsorbate are hardly affected by the change in
the local DOS of the top layer of the substrate. For CO in thg¢he magnetic structure of the substrégcept for marginal
stable bridge position, the Fermi level falls into pronouncedchanges in the local DOS of carbon né&s), but substantial
DOS minima for both the majorityd) and minority (u)  differences exist in the DOS of the top layers of the sub-
bands whereas for CO in the fourfold hollow, the spin-upstrate. The reduction of the magnetic moment and of the
DOS reveal a sharp maximum precisely at the Fermi levegxchange splitting is here relatively modest for the top layer
leading to an enlarged band energy. For the subsurface layérom 2.82ug to 2.18ug, see Table), and at the slightly
the differences in the local DOS are less pronounced, buncreased filling of the minority band the Fermi level falls
here again the band structure clearly favors adsorption in thelose to a DOS maximum. For the subsurface layer, the re-
duction of the magnetic moment is more pronounced, but we
15 . . . note a similarly unfavorable form of the minority DOS at the
A Fermi level. A similar destabilizing effect is found for
|||lmm i"hl i m

] bridge-adsorbed CO on a ferromagnetic film. Radetilal 28
::::....,,,.,“,;:.'ll',{,;: X D] have probed CO adsorption gnFe films grown on C(L00)

] and on polycrystallinex-Fe using ultraviolet photoemission
spectroscopy and reported significant differences in the rela-
tive intensities of the emission peaks due 9,60, and 1o
states of CO on both surfaces, which was attributed to dif-
ferences in the photoionization cross sections for upright and
“lying-down” CO molecules. These differences cannot be

local density of states (1/Ry/state)

10T mmres \' N\ ] probed by the present calculations, but the calculated posi-
2r —Fed-n 1 tions of the CO emission peaks are in reasonable agreement
R 06 oy 02 0.0 0.2 with experiment.

E-E. (Ry)

) ) ) N B. F&Cu(100) covered by a half a monolayer of CO
FIG. 6. Spin-polarized local electronic densities of states of a

CO-covered Fe/GQu00 film in the magnetic configuration uuud For a 0.5 ML coverage, the calculations have been carried
and CO in the hollow positions. The hatched areas denote the deut for (2 1) surface cells. This choice leads to an arrange-
sities of state of C or surface Fe atoms, the solid lines those of O oment of the adsorbed CO molecules in straight rows and
subsurface Fe atoms. does not maximize the intermolecular distance in the adsor-
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bate layer. At this coverage, a/2x \2) superstructure is @, (b)

probably energetically more favorable, however, for\& ( > 8 5 > = I
% \/2) superstructure and CO in hollow or bridge positions, v é 3\ ‘
all Fe sites in the top layer would be equivalent, whereas for i ) P ; j
the (2x 1) structure this holds only for hollow adsorption. V’&/n n;/%)/ﬂ
Hence our choice of the adsorption geometry allows to dis- Q/C’ o Q/C’&/o
tinguish between substrate atoms bonded or nonbonded to o o

the adsorbate without increasing the size of the supercell.
FIG. 8. Isosurfaces of the difference-electron densities for CO

) ) (0.5-ML coveragg adsorbed in a bridge position on a 4-ML Fe/
1. Structure, magnetism, and energetics Cu(100) film with the magnetic configuration uudd. Pasial shows

Table 1ll summarizes the results for the structural and€gions of reduced electron densitigh) regions of increased
magnetic properties of a film covered by half a monolayer ofcharge densities. See text.
CO. .FuII deteyls of the adsorbate-induced reconstruction ofg predicted only for on-top adsorption which is, however,
the film are given only for the stable adsorption site at eacl?3 ; ;
. . : ) nergetically disfavored.
magnetic configuration. The calculations have been per-

formed using a (X 1) cell, hence for CO in an on-top or 2. Properties of the adsorbate

bridge position, the two iron atoms in the surface cell are h lculated . fthe adsorb ized
inequivalent, whereas for an adsorption in the fourfold hol-. The calculated properties of the adsorbate are summarize
' in Table IV. Compared to the full monolayer we note a bit

low all atoms are equivalent. Accordingly, in the former case e pronounced stretching of the-© bond length, in ac-
we expect a certain dggree of buckllng, whereas in the Iatte(gordance with the larger adsorption energy. In 'Ehe stable
case the surface remains flat. At this lower coverage, adsor%- )

tion does not lead to a change of the stable magnetic Cor]_ridge position, the distance of the C atom from the surface
. X ; ._Is about the same as that at a full monolayer coverage. Com-
figuration of the substrate—the uudd bilayer phase remains )

. . ... _pared to full monolayer coverage, the adsorption energy for
energetically preferred, although the magnetic energy differ:

) ! ? GCO in bridge sites increases by 0.46 eV/molecule for a film
ence relative to the mixed uuud phase is strongly reduce in the stable antiferromagnetic bilayer configuration uudd
from 442 meVi/cell for the clean film to 89 meV/cell after 9 y 9 '

. . . and even by 0.71 eV/molecule for a film in the less stable
CO adsorption. The energy difference relative to the ferro-_ . . ) .
. . . configuration uuud. While a difference of about 0.4 eV/
magnetic uuuu phase remains essentially unchanged. Indg- .
. . _."molecule can be attributed to the decrease of the lateral re-

pendent of the magnetic state of the substrate, adsorption in a

bridge site is always energetically favored, although for '[hé)UI"Slons between the adsorbed molecules, the extra differ-

uudd and uuuu phases the difference in the adsorotion enerGy'ce found for adsorption on the uuud film is due to the fact
P P Wat in this case the very strong local demagnetization re-

for bridge and hollow is quite small. For all possible adsorp- i .

) . duces the magnetic frustration between surface and subsur-
tion modes the magnetic moments of the surface atoms d'féce lavers
rectly bonded to the adsorbate are strongly reduced while the yers.

moments at the free sites are even slightly enhanced. For the 3. Ejectronic structure of the adsorbate-substrate complex

antiferromagnetic uudd configuration this leads to a reversal brid dsorbed bil it .
of the sign of the total magnetization from a small negative For bridge-adsorbed CO on a bilayer antiferromagnetic

to a small positive value, for the mixed uuud configuration'lM the pattern of adsorption-induced charge flows is quali-
the positive magnetization is increased, and for the ferromag@tively similar than for full monolayer coverage, but we
netic configuration the total magnetization is reduced. In thé'0t€ & somewhat increased depletion of the bondirsgates
case of a film in the stable uudd state, CO adsorption reducé¥d an increased population of the antibonding' Ztates of
the surface moment on these Fe atoms to about half its val§€ adsorbed molecule, in line with a larger stretching of the
on a clean film whereas the moments on the other surface™© bond. At the free Fe sites, the occupationpdbands
sites remain essentially unchanged. Hence a partial coveradfifréases a bit. In the difference-magnetization densities
leads to the formation of a magnetic pattern on the surfacd.!9S- 8 and $we find locally the same changes as on the
This effect is even stronger for a film in the uuud configura-fully CO-covered surface at those sites forming covalent
tion, where the difference in the magnetic moments of neigh_bonds to the CO molecule. In addition we find strictly local-

boring surface atoms can amount tagand for CO in a top ized changes in the magnetization densities at the free-
site on a ferromagnetic film with the difference in the mag-SUrface sites and at the Fe sites in the deeper layers, arising
netic moments, even 2. from interatomic redistributions between spin-up and spin-

The adsorbate-induced changes in the film geometry ardown states. These spin redistribyt!ons are associ_ated with
relatively modest. For bridge-adsorbed CO on a uudd film 40¢@! changes in the exchange splitting between spin-up and
slight contraction is predicted. The change in the interlayePin-down bands, but the local variations in the DOS will not
distances is larger between the second and third than b@€ discussed in further detail here.
tween the top layers, because at the surface the contraction
due to the reduced moments is partly compensated by an
adsorbate-induced outward relaxation. Surface buckling re- Infrared reflection absorption spectroscodRRAS) of
mains very modest. Larger adsorption-induced restructurin@O adsorbed ory-Fe/Cy100) films of varying thicknesses

C. Vibrational spectroscopy of the adsorbate
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TABLE V. C—0 and C-Fe stretching frequencig@n cm ?)

= -
@ %2 o ® 2 9 fe for CO adsorbed in high-symmetry positions on a 4-ML F&X00)
2 o *"1@ film at different coverages. At each coverage, the calculation has
D/OD’O or#/ been performed for the respective magnetic ground statdd at
a - | 0.5-ML CO, uuud at 1-ML CQ:
¢ 992 || ) )/{ B
KN
e ag/,’ T 9 Coverage Magnetic Adsorption wco — ®c.pe
a8 a a8 configuration site
FIG. 9. Isosurfaces of the difference-magnetization densities for 0.5 ML uudd hbrllldge 12?3717 2::?59
CO (0.5-ML coveragg adsorbed in a bridge position on a 4-ML oflow
Fe/CY100 film with the magnetic configuration uudd. Par(e) top 1971 420
shows regions of reduced magnetization densitibs regions of 1.0 ML uuud bridge 2004 356
increased magnetization densities. See text. hollow 1760 254
top 2103 402

has been reported by Tanageal > For a 2-ML film at low
exposurg0.14 L) a C— O stretch band at 1930 c¢m, with a
weak shoulder at the high-frequency side, has been reportedgrees well with the experimental frequencies measured at
At increased exposur@®.26 L) the main IR band is intensi- low exposure, remembering that for gas phase CO the calcu-
fied and shifted to 1954 cnt, while the shoulder at lated frequency of 2114 cnt is also slightly lower than the
2010 cm! becomes also more pronounced. A further in-experimentally measured one, 2170 ¢mAt full coverage,
crease of the CO partial pressure leads to a reversal of thee predict a pronounced blueshift of the CO stretching fre-
intensities of the low- and high-frequency structures in thequency to 2004 cm! for bridge-adsorbed CO. At this high
IRRAS band, until at saturatiofl.1 L) only a rather sharp coverage, the stretching frequency for on-top-adsorbed CO is
cusp at about 2030 cnt survives. The low-frequency fea- already very close to that of the gas phase molecule. The
ture has been attributed to bridge-adsorbed CO and that atueshift of the C-O stretching frequency is accompanied
higher frequencies to on-top-adsorbed CO. This assignmeily a softening of the FeC stretching frequency, in agree-

is based on IRRAS on metal-carbonyl complexes where thenent with the weaker adsorbate-substrate interaction. Our
C— O stretch band a=2000 cm* has been found to be results offer an alternative interpretation of the experimental
associated with CO bonded to a single metal atom, wheredindings of Tanabeet al?® our stretching frequency of

it is positioned at 1850 to 2000 cm for bridge-bonded CO 2004 cmi'! for bridge-adsorbed CO at full coverage is in
and below 1850 cm® for CO in threefold coordination. reasonable agreement with their result measured at satura-
Electron-energy-loss spectroscopy for CO adsorbed on bdion. Hence the observed changes of the IRRAS spectra with
Fe surfaces identified three-@ stretch band at frequencies CO exposure reflect a change in the strength of the
of 1325 to 1575 cm?, 1750 to 1860 cm?!, and 1940 to adsorbate-substrate bonding rather than a change in the ad-
2015 cm ! attributed to adsorption in deep and shallow hol-sorption geometry. This is supported by the observation that
lows and on-top sites, respectively. For 6-ML Fe{fQ0) a  at any coverage, the measured IRRAS band shows a broad,
similar picture with a low-frequency band at 1915 to rather asymmetric peak and not a two-peak structure. There-
1934 cm?! and a high-frequency band at 2000 to fore the experimental observations are certainly compatible
2038 cm ! was reported. Only the high-frequency featurewith a gradual shift of the € O stretching frequency with
survives at saturation, but at all frequencies both bandsoverage. The observed asymmetry of the peaks could arise
largely overlap. Evidently the assignment of the high-from the coexistence of domains with different CO cover-
frequency band with on-top-adsorbed CO is at variance wittages.
our prediction that the on-top site is always energetically
disfavored with respect to both bridge and hollow sites. Sur-
prisingly, the CO stretch frequency measured at saturation
does not change when the thickness of the film exceeds 10 to We have presented detailed first-principles calculations of
12 ML and the structure reverts from fcc to bcc—this wouldthe adsorption of CO on ultrathi-Fe films grown on a
suggest that the surfaces of bulk bcc Fe and bcc R&@@u  Cu(100) substrate. In accordance with previous experimental
are quite different even in this regime. Our results for theobservations we find that CO is adsorbed in molecular form
C— 0 and Fe- C stretch frequencies calculated for 1-ML CO and in an upright position. Independent of the coverage and
on a film with the mixed magnetic uuud configuration andof the magnetic configuration we find that bridge adsorption
for 0.5-ML CO on a bilayer antiferromagnetic film are com- is energetically preferred over hollow or on-top adsorption.
piled in Table V. At half monolayer coverage, the frequen-This contradicts the current interpretation of the IRRAS ex-
cies calculated for hollow, bridge, and top adsorption agre@eriments assuming a change from bridge to on-top adsorp-
reasonably well with the assignment based on the measurein as the coverage of the film approaches saturation. How-
IRRAS bands for metal carbonyls and scale with the calcuever, our calculations show a pronounced increase of the C
lated elongation of the €0 bond. The G- O stretching fre- — O stretching frequency for bridge-adsorbed CO as the cov-
quency of 1877 cm!® calculated for bridge-adsorbed CO erage is increased from 0.5 to 1 ML. The shift of the O

IV. DISCUSSION AND CONCLUSIONS
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frequency is even in quantitative agreement with experimentminority bands of the substrate. It is interesting to point out
Hence our results predicting bridge adsorption only are irthat while the demagnetization is strictly localized in the
agreement with the experimental observation. Our calculalateral directions, it can extend to the deeper layers of the
tions also predict measurable differences for the-EBe substrate. This is particularly evident for bridge-site adsorp-
stretching frequencies for bridge and on-top adsorption—ation at full coverage for a uudd film. Here the reduction of
experimental study of these low-frequency modes couldnoments is even stronger on the subsurface Fe atoms posi-
clarify the question of the adsorption geometry. tioned directly below the adsorbate. Mostly via magnetovol-
The most important result of our study is the strong influ-UmMe effects, this demagnetization also leads to a restructur-
ence of the adsorbate on the magnetic properties of the suffld (change of relaxation pattern, bucklingf the substrate.

strate. Quite generally we find a substantial reduction of th h[?hefffectt ';] r?therl d|sflnct é"t fuIIt_coveragbe : dt i
magnetic moments at the surface of the film, the details of '€ fact that molecu’ar adsorption can be used fo create a

the demagnetization depending strongly on the magneti@agnetic_ally structured surface is an extremely interesting
configuration of the substrate, the adsorption geometry, an bservation. So far, to the pes_t of our knowledge, no atiempts
the coverage. For the 4-ML Fe film considered in the pre- ave been made to optimize the superstructure T
sented work, the calculated magnetic ground state is bilay dsorbate-substrate Comp'.ex- For nonmagnetic s.u.bstrates
antiferromagnetic, with only a modest magnetic energy dif e.g., CO on RfL00] pre\{|ous.stud|e”§ have 'def‘“f'ed.
ference to the ferromagnetic phase. At a complete monolay&®MPIex superstructures with mixed on-top and bridge sites

coverage, however, the magnetic ground state switches to" pr_esenting a coincidence Ia'Ftice determined essentially by
uuud seduence i,e a largely demagnetized surface [Qe interplay of the square lattice of the substrate and a hex-

coupled antiferromagnetically to a ferromagnetic rest. Inagonal lattice minimizing the lateral repulsions between the

terms of the total magnetization, a monolayer of adsorbe@dsorbed molecules. In the present case the magnetic inter-

CO induces a change from an almost compensated antiferrgCtions in the surface layer adds a new dimension to the

magnet to a large total magnetic moment of aboutprOblem‘_ In _thi§ sense work like tha.‘t’ p_resented here, to-
15345 /Fe atom. The change of the magnetic ground state igether v_wth similar 4studles on adsorption-induced changes of
accompanied by an ample inward relaxation of the top |ayep1agnet|c surfacés* open a line of research.

caused by the antiferromagnetic interlayer coupling.

At a coverage of half a monolayer, the magnetic ground
state remains the same as for the clean film but we find a One of the authorgD.S) has profited from numerous
strong demagnetization of the Fe atoms directly bonded teonversations with A. Eichler. This work has been supported
the adsorbate, while the magnetism of the free Fe sites iBy the Austrian Ministry for Science and Transport within
even slightly increased. The origin of the demagnetizatiorthe project “Magnetism on the Nanometer Scale” and
can be traced back to the back donation of electrons intthrough the Center for Computational Materials Science.
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