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ELECTRONIC AND MAGNETIC PROPERTIES OF TRANSITION-METAL

SURFACES, INTERFACES AND DUERLAYERS_

L.M.FALICOV and R.H.UICTORA
Department of Physics, University of California, and
Materials and Molecular Research Division, Lawrence Berkeley Laboratory,

‘Berkeley, California, 94720

and

J. TERSCOFF
1.B.M. Thomas J.Watson Research Center
YorkKtown Heights, New Yofk, 18598
ABSTRACT

Results of calculations for the electronic and magnetic properties of

1]

transition-metal surfaces, interfaces and overlavers are presented for &
variety of systems. They involve Ni, Co, Fe and Cr in a diversity of
forms, including alloys,‘metastable'configuratidns,'and overlavers on

non-magnetic metals. The owverall behavior of these systems can be



interpreted in terms of four qualitative rules which are presented,

analvzed, and illustrated.

INTRODUCTION

There iz considerable current interest in the magnetism and related
electronic properties of 3d magnetic transition-metal surfaces and

overlavers. These metals exhibit itinerant magnetism: their magnetization

‘derives from the spin polarization of the itinerant d electrons. In

moving down the periodic table from Ni, there is a decrease in the number
of these d electrons <(an increase in the number of d holes), and a
consequent increase in fhe bulk magnetization [1]1 +from @.41 Bohr

magnetons in Ni, to 1.72 in Co, and 2.22 in Fe. Beyond Fe lie the more

complicated magnetic' structures of Mn and Cr. In particular Cr has an

antiferromagnetic ground state [2] in which at the maximum of an

incommensurable spin density wave there is a magnetization of 8.59 Bohr

maqnetons. In all these eleménts, the itinerant nature of the d-electrons

makes the magnetic properties a sensitive function of local environment.

Consequently the presence of a dissimilar neighbor, as +found in an

interface, or the absence of some neighbors, as found at a surface, may

cause considerable changés in the local magnetic properties. =

We have calculated ﬁhe e]éctrqqi; and magnetic propefties for manv

surface . and overlaver systems [3-8]. We use a Slater—-Koster. parametrized
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tight-binding scheme in wﬁich the one- and two-center intearals are
fitted io the bulk band structﬁres,of the elements; d4s, 4p and 3d
electrons are included. The electron-electron interaction consists ot
single-site contributions and. is @ sufficiently general to allow for
realistic effecté such as non-rigid exchange splitting. The interaction
is treated selfconsistently in the Hartree-Fock approxfmation;_Dur scheme

has been tested aqainst experimental data [¢,10] and a&against

state-of-the-art Afirst-principles calculations 11,121 on several

dccaéions, and has produced consistently excellent agreement [3-7,13].
In this contribution we use our theoretical results, combined with
eXpehimental information, to develop svestematically some qualitative

rules for predicting the magnetization and dengity—of—state effects of

theze complicated systems. In addition we examine in more detail csewveral

svetems where unusual or unexpected phenomena occur.

SURFACES

A particularly impoﬁtaht system is body—ceht?red—cubic'Fe and its

surfaces. . The exﬁérimentéf]y observed bulk spin polarization [71  (twice

- the magnetization. divided by the g-factor) is 2.12. We have calculated

v;fhe 'épin polarization of the (118> surface to be 2.55 and that of the

¢188) surface to be 2.98.  These resufts' are easily understood by -
consfdering the <=imple Stoner 'theory>[14] which suggests ‘that the
magnetizafion of . a férromagnet.incFeasesv WYtHf-the électron—électrpn'

interaction and decreases with thé“bahdw{dth.éﬁn-iﬁon atom'af the (<1@@>




surface has four missing nearest neighbors as compared with a bulk atom.

[ak a cConsequence the prajected density-of-states bandwidth in such a

surface atom is much narrower. The surface atom has «an enhanced spin
pﬁlari;atinh relative to the bulk. An iron atom at the-(il@) surface‘haé
only two missing nearest neighbors; its projected bandwidth is
intermediate befweén the bulk and the (188} surface atoms, and so is its
magnetizatidn. The conclusion to be drawn is that elemental surfaces
increase the magnetic moment of atoms as compared with the bulk: the more
missing neighbors, the higher the local maagnetization.

The wvalidity of the preceding argument can be tested by examining
.the behavior of other transition elements, e.g. Ni, Co and Cr. NicKel has
& bulk spin polarization [S5] of B8.56 and we have ca]culated the surface
spin polarization to be B8.74 for the (188) surface, and 86.45 <for the
(111> surface. These results are‘in agreement with the nearest-neighbor

argument because the face—-centered-cubic (188> surface atom has four of

the twelve bulk neighbors‘missing, while there are only three missing’

néighbbrs in the (111> vsurface; However, it is clear that the
magnetization changes and -the concomitant effects in the electraonic
spectrum. such as the_éxchangé splitting are smaller in_Ni than in Fe. On
the otﬁer hand we -fjﬁd {81 that the (186) surface of Cr has a spin
palarization of 2.866, énd incréase by a factor of 4.4: from 'tﬁe
antiferromagnetic bulk value. The magnetization of Cr is enhanced at the
surface considerably more than that of Fe. We find [&é1 that for Co the
influence of the surfaces is small, as in Ni.

A proper explanation of. these disparate effects of the surfaces on

these materials 1lies in the fact that two conditions are necessary for

F



b

n

- Page

the existence of d-electron magnetism: a sufficiently strong
electron—électron interaction, as compared to the . bandwidth, and  an
availability of holes (unoccupied d-states). Bulk Ni and Co are near

saturation: almost  alf available holes are in the minority spin bands.
Iron on the other hand has almost one additional 'unmagnefized d-hole.
Chromium has ¥our.additibnal'unmégnetiied holes. Consequently an enhanced
electron—electronfinteréctiqn to bandwidth ratio, as provided by the
surfaces, <can only influence those hagnetic materials which have not
reached saturation, i.e. there is a considerable increase of the
magnetization at the surfaces 6% Fe and Cr, but small effects in Ni and
Co.

The preceding distuséion iS'ouersimplified: hybridjzafion between

the d and the sp-electrons somewhat blurs the angular momen tum character

of the electronic states. This means that there is no true value of the 0

spin polarization which could be called "saturation"., It .ust becomes
progressively harder to increase the magnetization beyond a qiven value.
This wvalue is essentially reached in the bulk at the end of the_ series,

and mary be achieved for the other elements in ofher: environments. - In

these ‘"saturated" situations the auai]éb]e empty'étateé of the majority

spin do natv have a large.density'at'thenghhiilevgJ,‘ i.e. :fhey are
esséntially of sp—chafacter. Despfte these Complegitjesgvthé basic_ Tdeé
is thatb the closer an element is to maénetic saturatjoh; the less . the
etfect that surfaces have in its_magnetit‘propehties. |

The “"healing lenéth";_ i.e. the distance over which a agiven
disturbance disappears, is also a strongvfunctjon 64 the saturatidh df

the spin polarization. This effect is clearly exemplified in our



calculations of the magnetic properties of the (188> surface of
body-centered-cubic Cr. Here [8] | the strongly enhanced local
magnetization penetrates.seueral layvers into the bulk. The sufface laver
has & polarization of 3.08; the second layer has a polarization of 1.58;
the third, 1.88. The whole structure is antiferrdmagnetic. The effect is
a consequence of the extensive hybridization between states centered in
neighboring atoms. In particular, the exchange splitting of a aiven atom
is considerably enhancéd by a lgrger exéhange splitting of a ﬁearest
neighbor. This effect, striking in Cr, is observed to a lesser extent in
Fe, but is negligible in Mi surfaces where saturation makes increases in
polarization wvery difficult, (Thira lavers in Ni structures ére almost
completely "hea]edﬁ.)

A partfcularly interesting application of these-concépts sccurs  in
the ordered FeCo alloy and its surfaces. Ordered FeCo has a magnetization
[7} o+ 4.85 ﬁer two-atom unit cell., This value is considerably higher
than the sum of the two maghetizations of the constituent atoms: 1.72 +
2.22 = 3.94. 0Our calculations, in agréément wifh neutron diffraction
dafa, find that almost all the increasedvﬁoment.occurs in the Fe atom.
Thiz is because the strong electron-electron intera&tion of Co Thelps
increase the exchange splitting of the upper Fe bands and, since Fe is an
unsaturated magnet, this perturbatfcn increases the Fe maénetization to'a
value of approximately 3.8. The effect of Fe on Co on the other hand is
much weaker, because fhe’polarization of the d-h&ies ih Co is essentially
saturated. A= a consequence  the magnetization of Co decreases onlvy
slightly from what would be its bulk body—centerea—cﬁbic value,

The =zaturation of both the Fe and Co spin polarizations in the

—*
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orderéd bulk FeCo alloy should make the magnetic momeﬁt relatively
insensitive to the presence 6f surfaces., Our calcdlations?show this to be
the case: a Co atom at the (188> surface increasés'its spin polarization
by only 8.25 to a value of 2.@3,-whenéas an Fe atom increases its bv
8.34, td a value of 2.95. Effects at the (118> surface are even smaller:
the increases .are 06.68 for Co and 8.89 for Fe. These are much smaller
increases than_ that found for pure iron‘——ﬁ,?S ﬁor‘thez(;ae) surface--

and clearly support our general arquments.
' : \

. INTERFACES

Overlayvers introduce complexities beyond thaf.of ﬁﬁe simple surfaces
because of thé effects of the film—subﬁtrate ihter{ace. .In order to
understand the maghetiﬁ. properties o%vthege oUerlayers we haue_ first
calculated the electronic and magnetic properties of some interfaces
[3,51. ‘In particular we have examined [3] thé nickel—-copper (168> and
(111> interfaces. We found that the sp-electrons of Cu Hybridize
considerably with the Ni- dfelectrons; ' This efféct» redu;es the
inter{acg—projected density of states near the Fermi level and makes it
difficult for the interface Ni atoms to achieve  saturation. As a
consequence the spin polarization'of Ni at both the ¢188) and the _(rllﬁ
interfaces is found to be 8.38, a considerable reduction from the 8.5¢&
bulk wvalue. We also found that if the Ni-substrate cpuplihg is increased
‘above  its Ni-Cu ualﬁe, as should be the case for simple metals like lead
~and aluminum,‘tﬁen the interface laver is unmagnetized for the (188) case

also. These results point out that the effect of a nonmagnetic substrate



such a8 Cu is to reduce the magnetic moment of the transition metal in

direct contact with it to a value below that of the bulk.
ENUIRONMENTAL CHANGES IN THE MAGNETIZATION&FQUALITATIUE RULES

lWe have thus far introduced‘four important obéeruatfcns, direct
result of ouf calculationsﬁand'of experimental results. We may call these
acbservations qualitative ru}es: |

1. The removal of nearest neighbors of its own Kind reduces the
projected bandwidth of a magnetic transition metal atom and thus

increases the electron—-electron—interaction to bandwidth ratio. This

effect, moet evident at surfaces, tends to enhance maqnetism,

2. Magnetization enhancement is sizeable only in those elements
where the bulk magnetization is not close to saturation, i.e. where there
exist holes in the d-band which can still be polarizéd.A Consfderable
enhancement is therefore expected for Cr and Fe; the effect is small for

Co and Ni. It is also small for the surface enhancemént of Fe in the FelCo
altloy, where the alloying effect has already produced “éaturation" of the
Fe magnetizatién.

2. The presence of a strongly magnetized atom with a large exchanage
~splitting near a weakly magnetié but polarizaﬁle atom Qith a smaT]ef
gplitting considerably enhances the magnetization of the latter. |

4., The presence of a nonmagnetic unpolarizable atom next to --and

coupled to-- ~a magnetic transition-element atom tends to decrease or.

fully destroy the magnetization of the latter.
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OVERLAYERS

The gbﬁvg . rules are,concéptually very important but unfortunately
only qualitative. In gystems like oyer]ayers, whgre all four rules apply
simultaneouslx and wwhebe they act in opppéitevdireétions, only va full
selfconsistent calcuiation can vield the final result: nd a priori
predi;tion is possible.‘j |

,‘Monoatomic oUérlayers of Ni,on Cu (188> and on Cu (111) surfaces

provide a clear example of this point. As discuséed' previously, . the

~effect of the Cu interface is to decrease the Ni magnetization. On the

other__hand_ the effect of the free surface is to enhance it. QCur
calculations [3] show that the magnetization of the (111) Ni m&nolaver is
nearix zero, whereas the (199)_mono]ayer has essential]g the bulk
m;gnetizat;on._ These results correspond'welf with our preujous érgumenta
that face-centered-cubic (188> surfaces hauerhighet magnetization than
(111> surfaces. |

Comparicson withb the inférféce Eésults _ is | Howeuer not €0
strafghtforward,v_ﬁa previously nofed, the spin polarization_ of both
interfaces is 8.38, a de;rease by a factor of 1.47 ¥rqm the bulk wvalue.
Clearly . the exchange splitting of the bﬁlk atoms hefps to maintajn é
sizeable magnetization at the intgr%ace. Qn Ehe other haﬁd? the presence
of a surface ("the other side" of g_monolaygr) also tgnds'to énhance the
magnetizatioﬁ. thch effect!is more important —--hybridization with vthe
strongly magnetized bglk atoms_or the enhancement caused by thg free

surface~— is clearly a sensitive function of environmental variables such




as surface orientation and chemical composition, and not susceptible to

simple qualitative arguments.

The extent of this sensitivfty is demonstrated by our calculatfons
' [&] for Co . overlavers on the Cu (111) surface. Here the monolaver has a
spin polarization of 1.63,'gﬁeater than the values for the inner atoms of
the dilayér: 1.58. In other words, the surface enhancement of the
magnetization iis more important in this case than the enhancemenf caused

br the nearest neighbor exchange splitting. It is probably the result of

Co having more holes than Ni, and a monolaver moment close to the bulk

value, a case similar to the monolaver of Ni on Cu (1868)>.

A  more predfctable srystem is that consisting bf an Fe monolaver on
the (il@) surface of the ordered FeCo allow. Here the Fe magnetization is
expected to " be higher than its ordinary value at the (118} surface of
body¥-centered-cubkic Fe: the substrate has a lTarger exchange splitting in
the allovy than in pure Fe. Our calculation [7] finds the additional
enhancement to be 8.88 and 6.12, depending on the Fe atom position,
reiatiue to the spin polarizaion of 2.55 found at the Fe (118) Free
sﬁrface; |

Another nésult of considerable interest [5] is the_fact that in the
extreme strong coupling 1limit, when the magnetic transitidn metal
hrbridizes infinitely strongly to {he conduction states of the ;ubstrate;
both aﬂ monolaver and a dilaver of N{ (188> show no magnetization
Qhatsaeuer —-two "dead" magnetic lavers-- whereas avtriatomic‘layer shows
considerable‘ spin polarization <(#8.41 at the surface, 8.45 <for the
'intermedfate étoms) even.tﬁohgh the in{erface Ni atoms are magnetical iy

~

dead.
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So far the discussion has cenfered on the tocal values of the spin
polarization. In fact many other interesting properties involwing, inter
alia, the electronic density of states, the total e]éctronic energies and
the apatial‘ distribution of charge rand spin polarization can be

investigated at the same time. The system consisting of a monolaver of Co

‘on  the Cu ¢111) surface provides a particularly interesting example (&1

because of the richness of its low enerqy configurations. In particular.
an  antiferromagnetic two-atom unit surface cell’is found to have a total
electronic energy 2.84 eV per surface atom higher than tHe ferromagnetic
around state. Even more interesting is the existence of a spatially
modulated two-atom surface cell state, with an energy only 8.41 eV . per
5ur¥acé atom higher than the ferromagnetic ground'stété. The spatially
modulated state, which should be easily accéssible, consists of equal
charge and magne{ization in the two atoms of the unft cell, but different
distribution of the magnetization among the wvarious d-orbitals., It
possesses a surfacejarojected density of states very similar to that of
the ferromagnetic ground state.

The twpe of calculation discussed here ie not necessarily restricted

ut

to smooth, uniform surfaces. By énlarging theisUrface unit cell it i
possible, albheit computationally éxpensiqe, fo include surface defstts
such as steps, terrac;s; Kinks ahd'partiai ouérlayeﬁs, all ztrq:tures o¥
considerable importance in heterogeneonus catalysis {15—261. Our
calculation [211 of the electronic properties 54 a péramagnetic ﬁatfial
laver <(two-third coverage? of either Cu or Ni‘on paramagﬁetic Ni  proves

that the calculatione are feasible and their resqlts 'prouide useful

information on chemical as well as electronfc_ properties of  these
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interesting and-practical systems.
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