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Tight-binding study of the CO chemisorption effect on cobalt magnetization
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By using a semiempirical self-consistent tight-binding scheme we study the effect of O and CO chemisorp-
tion on the C@0002) surface magnetization. Similar calculations are performed for thg &w Cagg clusters
of high symmetry. The CO molecule in the atop position, but not in the bridge geometry, is effective in local
magnetization quenching. In clusters magnetic phase transitions are observed as the Co-CO separation varies.
When the separation is more than about 1.8 A, the Co magnetization remains strong. The character of phase
transitions conforms to the formal predictions based on the Landau tH&@¥63-182€09)10705-7

. INTRODUCTION being drasti¢®?° The recent photoemission stifdyshows
that the disordered oxygen on @601 does not remove the
Films and surfaces of ferromagnetic transition metalsexchange splitting of cobati-electron states, and the asym-
(TM’s) have an outstanding role in the recording media deimetry of the magnetic circular dichroism spectra is only
velopment. Recently it has become clear that an effect witlpartly reduced.
promising application in the magnetic information storage— For the comparatively weak ferromagnet nickel, the
the giant magnetoresistance—is advantageously realized mxygerf? and hydrogef? seriously affect the magnetization.
granular systems. Particularly, cobalt clusters immersed intdhe recent calculatioR$show, in accord with experiments,
a noble-metal matrix are intensively studietiWe mention that CO kills the magnetization at the surface of Ni clusters.
also systematic studies of cobalt nanoparticles in colldfds. Quite recently, a similar behavior has also been observed for
Several authors find indication of ferromagnetism quenchingCo clusters on sapphire.
in such system$3° This is an unexpected result since, gen- The tight-binding model of the hypothetical magnetic
erally, there is a abundant evidence that in Co clusters th&(001) surface concludé® that the effect of oxygen is
magnetization is quite strong as documented, e.g., by thstrong (weak if the free surface magnetization is weak
experimenta® and theoreticdl’® studies. The authors of (strong.
experiment%5 stress the oxidation of Co clusters as a likely For CO on the C@®001) surface several experiments
explanation. Actually, a possible surface-oxide formation hagxist®? that, however, do not give information on the sur-
been reported for Co clustérand the(0001) surface!! re-  face magnetization. However, the spin-polarized photoemis-
spectively. In Ref. 2 the contamination by oxygen is verysion spectr® resolve no splitting of the CO & peak and
low and a specific kind of interaction that hinders parallelthis is a strong indication of a substantial local magnetization
arrangement of the cluster magnetic moments is proposeduenching. Indeed, the position of ther 3evel is strongly
Influence of CO adsorption on Co clusters has been alsmfluenced by the interaction with the neighboring metal at-
studied experimentalfyand the magnetization quenching om(s). If the effective atomiad-electron levels on these at-
seems to be established. There are also other reasons wbms were essentially different for majority- and minority-
CO adsorption on Co surfaces deserves attention. First, it hapin states, respectively, there should be a spin dependent
been found recently that minute doses of CO induce a magsplitting of the 5 level even without spin-polarization of the
netic anisotropy switch in Co film€. Second, importance of molecule.
most differing Co systems in catalysis is recognized. That is why we believe that it is of interest to extend our
It is useful to remind the reader of further results on thesemiempirical calculations of oxygk¥hand CO (Ref. 29
chemisorption on ferromagnetic surfaces, films, and clustersdsorption on magnetic surfaces to thg@®1) surface and
For the strong ferromagnet iron, the oxygen chemisorptiorcobalt clusters, respectively. Of course, it is not the aim of
leads to a slight enhancement of magnetizatioh® It is  the present semiquantitative study to present fully realistic
likely® that the enhancement is due to the oxygen-inducedesults. First, the adsorption geometries are not well known
surface expansioft1° Only when oxygen penetrates into (see belowand we are forced to accept a guess. Second, the
the metal and/or an oxide is formed, the situation chahges. TM carbonyls adopt complicated structures with a huge
However, it is not clear whether magnetization quenching onumber of CO’€**°Our purpose is rather to analyze a num-
an antiferromagnetic arrangement driven in oxides byber of simple “generic” situations and to try to understand
superexchand@takes place. The influence of sulfur on sur- the general trends.
face magnetization is more serious but it is still far from For oxygen the situation appears to be simple and the
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results resemble those known for iron, but for CO the resulttems with the Fermi levet fixed this is not ensured by Eq.
are more involved. Some preliminary results have been pub-l). We use a “charge renormalization” method that tends to
lished in Ref. 31. reduce the charge transfer predicted by @&g. The method
is described into detail in Ref. 16 for oxygen and in Ref. 35
II. MODEL for the CO adsorption. For clusters, the global charge neu-
) . o . trality can be obtained either by the same “charge renormal-
_In our calculations we employ semiempirical tight- jzation” as for infinite systems, or adjusting propei .
binding Hamiltonians treated self-consistently within the re-\y/e have found that the two methods lead to very similar
cursion method scheme. The real-space recursion mgthoc’conclusions and use the second possibilB (adjusting.

provides a versatile tool to obtain the local densities of electpe position of the adsorbate Coulomb integré]swith re-
tronic states even for systems without translational SYMMespect toE, can be deduced from the experimental work

try. For Co systems without adsorbates we usesteelec-  fnction for 0001 (Refs. 29 and 3#and we suppose the
tron Hamiltonian in which the Coulomb integraldiagonal  s3me position with respect to the free clusgr. This is a
Hamiltonian matrlx elemen}sare adjust_ed to obey the local simplifying assumption but our experience shows that the
charge neutrality assumption. The difference between thgiona| charge neutrality condition has strong tendency to
spin-up and spin-dowr-electron Coulomb integralgéex- g ppress in final results the uncertainty associated with the
change splitting at the sitei is calculated from the self- _4corpate®s.
consistent Fonditio_mil_fiT:‘]mi' Above, m; is the local Together with the semi-infinite @0001) we consider
magnetization and is the exchange integral that is supposedseveral clusters. The geometry of Co clusters in the noble-
to be site independent. The parametrization is fully describeghetal matrix is not known with certainty and speculations
in Ref. 29 for C¢0001); for Co clusters we omit the crystal- apout a structure with a bee core existanother interpreta-
field splitting that has been introduc&do fit better details tion of experiments suggests icosahedral motiasle con-
the Co bulk band structure. Our previous experience as weljqer symmetric fcc Ggn=13 or 55) and icosahedral 13-
as some numerical tests give us hope, however, that thgom clusters. In fcc clusters the nearest-neighbor separation
quantities we are interested in are not sensitive to such @& taken as that in the bulk G@.5 A). We have checked for
simplification. ) ) 1633 several geometries that the results do not change drastically
To study thi chemls%zp?gon, the (_);Q)Zorbnglsl “Yorthe  \yhen the distance is shortened by 5%. For icosahedral clus-
CO 50 and 27 orbitals;™respectively, are included. The ters the Co-Co distance.s between the surface nearest
(nearest-neighboiO-Co and C-Co hopping integrals are de- neighbors is by 5% longer than the surface-central atom
rived from the Slater-Koster parameters of Harrisbthe  separatiord,,. We study the geometry wittl,,=2.5 A and

d~ "2 distance scaling is understodtiOnly the interaction  giso the “compressed” icosahedral clustédsnoted as ico
of adsorbate electrons witth electrons of the metal is con- i, the next sectionwith dy.=2.5 A.

_sidered. To evaluate in the described manner the hopping \we calculate the magnetization when a single O or an
integrals between the CO and Cod)3electrons, respec- (1x 1) oxygen overlayer is put at the threefold fcc-like site
tively, the molecular & and 27* states must be decom- 5p0ve C0001), and an isolated O adatom at the threefold
posed into atomic orbitafS. This information is taken from site on the fcc Cg cluster. The Co-O separation of 2.0 A is
Ref. 37. ) ) consistent with the distance in the bulk CoO as well as with
In the presence of chemisorption we allow a transfer ofy guess based on typical atomic radii in chemisorption
chqrgg bet\_Neen the Ca electrons and the adsorbate. The systemg3-1540For CO adsorption at GB00) the atop site
main idea is to control the metalelectron and adsorbate s first populated with the subsequent adsorption in bridge
Coulomb integrals by the equation positiorf®#’ and the same positions are found for CO on Co
€= %+ Ui (n —n0) (1) clusters(carbonyl_s.41 The molecule adsorbs by the carbon
b ne end. The calculations for paramagnetic Co cluétasive at
Here, U, is the metald-electron or adsorbate Coulomb pa- & large Co-CO separation of 1.91 fatop and 2.05 A
rameterp; is the electron occupation number, and the supertbridge. The experiments on clustérgive also indication of
script “0” refers to the state before chemisorption. The usea large Co-CO separation; the whole matter is, however,
of only one parameted; per sitei supposes averaging over rather complicated® For the above distances our calcula-
the screened atomic multiplets lying close in energy, simitions find but a weak Co-CO interaction with no effect on Co
larly as in the local density methods. Such an assumption ig1agnetization and with the CQOo5level position contradict-
well justified, e.g., for typical metallic sytems. In our calcu- ing the experimert®~?® Actually, we believe that the choice
lations, we allow the orbital self-interaction for cobalt 3 0f 1.75 A for the atop and 1.90 A for the bridge site, respec-
and oxygen p states. A modification of Eq(l) with the
orbital self-interaction excludéd® is a nontrivial problem TABLE I. Magnetic momentsin ug) at the free(first column
since it turns, generally speaking, to depend on the choice i adsorbate-covered @0 surface.ms andm, refer to the co-
the orbital basis® For CO there is a natural basis choicer(5 palt surface atofis) at the adsorbate, and to the adsorbate, respec-
and 27* state$ and we prefer to modify the Eql) to ex-  1vel:
clude the orbital self-interactioftf. Ref. 34 but we average

the resulting values over the two spin orientations. The spir'1°‘dsOlrbate © O(x1) COfaop CO (bridge
dependence of cobalt Coulomb integrals is controlled by then 1.70 1.73 1.43 0.48 1.61
parameted introduced above. The correct model must yieldm, 0.36 0.08 -0.03 0.10

a globally charged neutral solution and for semi-infinite sys
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TABLE Il. Local magnetic momentm (in ug) at the free Co cluster@irst three rowg or at clusters with
a single O at the threefold site, or CO at atop site. fcc and icosah@clvalgeometries are considered; see
Sec. Il for definition of the compressed fceluster. The subscripts,c refer to the surface or central Co
atom, anda to the adsorbate. The superscripts 0—4 label the surface Co atoms according to their distance
from the adsorbate; 0 denotes the adsorbate nearest ndighBtie numbers in parentheses; () or (m),
mean the number of Co atoms of the given king and their coordinationr(), respectively. The paramag-
netic solution in CQ@,/Co,; (last ling is found for all the three fcc, ico, and itclusters.

System m? mt m2 m3 m3 me m,
fcc Coys 1.85(12;7) 1.61(1;12)

ico Coj3 1.83(12;6 1.65(1;12

ico* Coy5 1.74(12;6 1.63(1;12

Olfcc Coj 1.77(3) 1.74(6) 1.74(3) 1.68 0.06
COlfcc Cqsz —-0.13(1) 1.76 (4) 1.80(2) 1.76 (4) 1.80(1) 1.54 —0.08
COlico Cqs -0.11(1) 1.81(5) 1.86(5) 1.93(1) 1.55 —-0.03
COlicd* Coyg -0.02(2) 1.79(5) 1.82(5) 1.89(1) 1.50 —-0.04
CO,,/Coy5 0.00(12 0.00(1) 0.00

tively, is more likely. (1) The CO chemisorption on magnetization of several hundredths @f supposing that
Co(000) and P(111), respectively, are simil& and the the atom remains well magnetized. This is in semiquantita-
above guess is consistent with the Pt-CO separ@f¥n tive agreement with first-principles calculaticfisput omis-
when the difference between the metallic radii of Pt and Casion of p electrons in our model limits the accuracy. For
is taken into account2) Our guess agrees with the experi- Co(0001) we get the surfacgbulk) magnetization 1.70
ment on Co carbonyl¥: (3) We get the correct behavior of (168 45. For clusters the data presented below show a

the 50 level (see below. further surface magnetic moment enhancement. The values

In our calculations, the Coulomb integrals and exchangesemain nevertheless somewhat lower than expetieqppar-
splitting changes induced by chemisorption were recalCugnyy pecause of the use of parameters fitted to the bulk
lated on several adsorbate Co neighbors as follows: on first- opertie<?

and second-nearest surface neighbors for isolated O and For the convenience of the reader we show in Fig. 2 ge-

on Cd000) (for CO in the atop position, also its first sub- -
X . 1 ometry of the Cg; clusters with different adsorbate geom-
surface neighbors were inclu d for O(1x1), on all Co etries considered below. We find that the oxygen adsorption

atoms in the first thre€0001) atomic planes. For more dis- 29
tant atoms, the values from adsorbate free calculations we anges only querately the ©603) magnetlzatlo_r(T_able_
and the same is true for the fcc Geluster. The finding is

employed. For clusters, the self-consistent calculations wer - "
performed for all atoms. consistent with the measurement for oxygen on thedQo1)

surfacé’! The small enhancement of the magnetization on
some Co atoms induced by the chemisorption ofdD of
CO, see Tables | and)lresults probably from the fact that

Let us mention first the results for the adsorbate-free systhe minority-spin electrons with a higher local density of
tems. Below, we show the magnetization of Co atoms due tstates(LDOS) at Ex donate more charge to the adsorbate.
d electrons only. Fos electrons we always get a negative The magnetization of oxygen is always paralifdrromag-

Ill. RESULTS AND DISCUSSION

5 T T T T
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FIG. 1. Local density of elec-
tronic states at the free Q@01
surface atom(short-dashed line
and at a Co surface atom interact-
ing with CO in atop(full line) and
bridge (long-dashed position, re-
spectively. The paramagnetic Co
crystal is considered. The Fermi
level lies at the energy zero. The
peaks at low energy originating
from the interaction with CO(&)
states are not shown.
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TABLE lll. Local magnetic momentm (in ug) at the free or CO-covered fcc galuster. The subscripts
0-4 label the Co atoms according to their distance from the cluster center: “0” denotes the outermost and
“4” the central atom, respectivelym, is the CO magnetic moment. The meaning of data in parentheses
(m;n) or (m) is the same as in Table II.

System Mg m; m, ms my m,
fcc Cays 1.82(12;5 1.75(24;5 1.75(6;9 1.65(12;12 1.76 (1,12
COy,/fcec Cag —0.05 1.73 1.79 1.57 1.73 —0.05

netig), but it is rather suppressed at the cluster as a result aforbate(Table 1l). This corroborates our idea that the high
a higher ionicity than at G000J). The latter effect can be symmetry of the upright atop chemisorption geometry is im-
overestimated in our model since in the semi-infinite metaportant.
and clusters, respectively, a different number of atoms is An interesting property that we find for all CO/Co clusters
allowed to participate in the charge transfsee the preced- is a phase transition as the Co-CO distance varies. The criti-
ing section. cal distance is alwayd,=1.78-1.80 A. There are two situ-
For the atop-adsorbed CO we find the peak with a  ations.(1) “First-order” transition occurs for single CO on
slight spin-splitting of 0.1 eV at 7.7 and 7.8 eV bel@&y, in  all Co;; clusters as well as for the G&fcc Ca;s system.
satisfactory agreement with the photoemission spét/d. Two solutions exist in the neighborhood @f, one with the
However, the far most interesting findind@able ) is the locally suppressed magnetizatifiables Il and Il), and an-
difference between the CO atop and bridge adsorption, resther one with the Co magnetic moments only slightly per-
spectively. It is only in the former case that the magnetizaturbed (~1.5-1.6wg on the Co neighbor of CO The elec-
tion at the Co atom next to CO gets quenched drasticallytronic energy evaluation shows that the formgatten
(We do not show changes at more distant Co atoms sincsolution is less stable for Co-CO distances ab¢yelow)
they are unessentiglTo understand the nature of the effectd,. (2) “Second-order” transition is found for the
we present in Fig. 1 the LDOS at tparamagneticCo(0001)  CO,,/Coy; clusters. Belowd,, there is only paramagnetic
surface atom before and after its interaction with CO in thesolution. For larger separations, the magnetization is again
atop or bridge site, respectively. LDOS &t is perturbed only weakly reduced. Actually, such a behavior is in accord
quite differently for the two adsorption sites, which togetherwith nonrigorous arguments based on the Landaean-
with the Stoner criterion explains the situation. We have anafield) theory of phase transitiof§.To see it, let us in case
lyzed the Co-CO interaction and we think that it is mainly (1) denote bym the local magnetic moment at the at@n
the high symmetry that makes the LDOS split substantiallyperturbed by CO and byl the magnetization at more distant
more for the atop adsorption. For the Co-C@{ interac- atoms. Let us also expand the system energy as
tion at least, the purelyr bond in the atop geometry be-
comes a mixture ofr and o interactions that strongly com- ~ E(MM,d)=a(M,d)m+b(M,d)m*+c(M,d)m3+ .
pensates the larger separation in the bridge geometry. Single @
CO in atop position, with the CO axis oriented in the radialSinceM #0 neard,, botha andc in Eq. (2) are nonzero.
direction, leads to a large magnetization lowering at clustershe presence of odd powers in the energy expansion leads to
as well, with an antiferromagnetic coupling to the rest ofthe first-order-like situation described above: The enéRyy
cluster(Table 1). We made also calculations for G£3C0;3  can have two minima an; ,,m;# —m,, and the difference
systems for the fcc, ico, and itcclusters. In these systems
there is an atop-adsorbed CO at each “surface” Co atom.
These systems turn to be nonmagnetic. The results for the
COy,/fce COs5 system, with CO molecules adsorbed on the
12 outermost Co atoms are displayed in Table Ill. The “sur-
face” Co atoms are almost nonmagnetic with an antiferro-
magnetic coupling to the cluster core. The ferromagnetic
core is but slightly perturbed. The magnetic moment of the
CO molecule is small in all cas€$ables I-I1ll). The finding
that for the completely covered surface (GOthe small
Co,3 clusters become paramagnetic whereas in thg €os-
ter the core remains virtually nonperturbed conforms to the
conclusions on Ni clustefé. The magnetization quenching
by CO at the surface of supported Co slusters has been ok
served recentf as well as some kind of magnetization sup-
pression for Co clusters in colloidsVe calculated also hy- @ ®)

pothetical CQ/fcc Co; with a pair of CO molecules FIG. 2. The fcc(a) and icosahedralb) Co,; clusters with ad-
forming a wide “V” (or rather “L” since the two CO axes sorbates in different geometries as discussed in the text. Co atoms
are mutually perpendicular, Fig) 2dsorbed at a common are represented by open circles whereas black circles correspond to
Co atom. The magnetic moment at the latter Co atom i in the threefold positiorfsingle circld or to CO adsorbed atop
0.31ug, which is somewhat more than for a single CO ad-(pair of circles, respectively.
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E(m;)—E(m,) changes its sign al;. In case(2) all the
moments tend to zero as one approadahefom above. Let
them be proportional tan. Due to the symmetryn— —m

one has

tion essentially. Still, a magnetization weakening can be ex-
pected if the oxygen penetrates below the surface, or if an
oxide is formed. However, CO turns out to be a gdochl
magnetization killer when it adsorbs in the atop position. In
clusters, the small quenched magnetic moments show ten-
dency to antiferromagnetic coupling with the rest of the clus-
Aboved, one hasn;=—m,+0 for the two energy minima ter. As the Co-CO distance varies we encounter in clusters
and only the paramagnetic solution belal.*® Our calcu- magnetic phase transitions that agree formally with predic-
lation has only approximate character because of its semtions of the Landau theory of phase transitions.

empirical character as well as because of perhaps not fully
realistic geometry. It is nevertheless remarkable that the
physics starts to be interesting just as we are close to the
Co-CO distance 1.75 A introduced above on different
grounds. We have found similar bifurcation neither for the

E(m,d)=a(d)m?+b(d)ym*+---. ®)
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