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ELECTRONIC AND MAGNETIC PROPERTIES OF TRANSITION-METAL 

SURFACES~ INTERFACES AND OVERLAYERS 

L.M.FALICOV and R.H.VICTORA 

Department of Physics~ University of California, and 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, 

Berkeley, California, 94720 

and 

J.TERSOFF 

I.B.M. Thomas J.Watson Resea~ch Center 

Yorktown Heights, New YorK~ 10598 

ABSTRACT 

Results of calculations for th• electr~nic and magnetic properties of 

transition-metal surfaces~ interfaces and overlaye~s are presented for a 

variety of systems. They involve Ni ~ Co~ Fe and Cr in a diversity of 

forms, includin~ alloys~ metastable configurations, and overlaYers bn 

non-magnetic metals. The overall behavior of these systems can be 
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inte~p~eted in te~ms of fou~ qualitative ~ules which a~e p~esented. 

analyzed, and illust~ated. 

\) 

INTRODUCTION 

Ther·e is conside~able cu~~ent inte~est in the magnetism and ~elated 

elect~onic p~ope~ties of 3d magnetic t~ansition-metal su~faces ar.d 

ove~lave~s. These metals exhibit itine~ant magnetism: thei~ magnetization 

de~iues f~om the spin p6la~ization of the itine~ant d elect~ons. In 

moving down the pe~iodic table f~om Ni, the~e is a dec~ease in the numbe~ 

of these d elect~ons Can inc~ease in the numbe~ of d holes), and a 

cor.sequen t inc~ease in the bulK magnetization [lJ f~om 0.61 Boh~ 

magnetons in Ni, to 1.72 in Co, and 2.22 in Fe. Beyond Fe 1 ie the mo~e 

compl ica.ted ma.gnetic st~uctu~es of Mn and c~. In pa~ticula~ c~ has a.n 

antife~~omagnetic g~ound state [2J in which at the maximum of an 

incommensu~able spin density wave th~~e is a magnetization of 0.59 Boh~ 
I : ~I 

ma·~netons. In all these elements, the i tine~ant natu~e of the d-electr·on·:=. 

maKes the magnetic p~ope~ties a sensitive function of local enui~onm~nt. 
, ~ ~. ... . 

Consequently the p~es•nce of a dissimila~ neighbo~, as found in an 

inte~face, o~ the abs~nce of some neighbo~s, as found at a su~face, may 

ca.u·:=.e conside~able changes in the local magnetic p~ope~ti,es .... . ... 
!Ale have calcula.t.ed tr•e elect~onic and magn~tic p~ope~ties fo~ man).', 

su~face and ove~laye~ systems [3-SJ. We use a Slate~-Koste~ pa~amet~ized 
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tight-binding scheme in which the one- and two-cent~r integra 1 s a.re 

fitted to the bulK band structures of the elements; 4,, 4p and 3d 

electrons are included. The electron-electron interaction consists of 

single-site contributions and. is sufficiently general to allol..o.J for 

realistic effects such as non-rigid exchange splitting. The 

is treated selfconsistently in the Hartree-Fock approximation. Our scheme 

has been tested against experimental data [9,10J and against 

state-of-the-art first-principles calculations [11 ,12J •:on se•,.oera 1 

occasions, and has produced consistently excellent agreement [5-7,13J. 

I n t h i s c on t r i b u t i on we u s e .our t h e or e t i c a 1 r e s u 1 t s , c om b i n e d 1~,1 i t h . T 

experimental information, to deve.l op .sYstema t i ca.ll y some qua 1 i. tat i v e 

rules for predicting the magnetization and density-of-state effects of 

these complicated systems. In addition we examine in more detail several 

sYstems where ~nusual or unexpected phenomena occur. 

SURFACES 

A particularly impo~tant system is body-cehtered-cubic Fe and its 

surf~ces. The ex~erimentally observed bulK spin ~olarization [7J 

i(j tt-.e ma.gnetization divided by the g-fact.or) is 2.12. We have calcJ.Jlated 

,) ·the spin polarization of the (110) surface to be ~.55 and that 6f the 

( 100) surface to be 2.90. These results are easi 1 y underst•::aod by· 

considering the simple Stoner theory [14J which suggests that the 

' magnet i z at i on of ferromagnet i ncrea.ses with the electron-electron 

interaction a.nd decreases with the ba.ndw i dth. An iron a tom at the < 100) 

... 
;:.·.' 

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

As a consequence the projected density-of-states bandwidth in such a 

surface a tom is much narrower. The surface a tom has •an enh.cc.nced sc:• i·n 

pol~r(zation felative to the bulK. An iron atom at the <110) surface has V 

only two ~issing nearest neighbors; its pro.iected bandwidth is 

intermediate between the bulK and the C100) surface atoms, and so is its 

magnetization. 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 magnetization. 

The validity of the preceding argument can be tested bY examining 

the behavior of other transition elements, e.g. Ni, Co and Cr. NicKel has 

a bulK spin polarization [5) of 0.56 and we have calculated th~ surface 

spin polarization to be 0.74 for the (100) surface, and 0.65 for the 

<111> surfaceL These results are in agreement with the nearest-neighbor 

argument because the face-centered-cubic C100) surface atom has four of 

the twelve bulK neighbors missing, while there are only three missing 

neli ghbors in the < 111) surf.ace. However, i t is clear that the 

magnetization changes and the concomitant effects in the electronic 

spectrum such as the exchange splitting are smaller in Ni than in Fe. On 

the other hand we find [8) that the <100) surface of Cr has a spin 

polarization of 3.00, and increase by a factor of 4.4 from ·the 

-~.ntiferromagnetic bulK va.Lue. The magnetization of Cr is enhanced at the 

surface considerably more than that of Fe. We find [6] that for Co the 

influence of the surfaces is small, as in Ni. 

A proper· explanation of. these dispar.cc.te effects of the sur·fa.ces on 

these materials 1 ies in the fact that two conditions are necessarY for 
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the existence of d-electron magnetism: a sufficiently strong 

electron-electron interaction, as compared to the bandwidth, and an 

':'J a~,oa i 1 ab i 1 i ty of holes (unoccupied d-sta tes) •. Bu 1 K N i and Co are near· 

'~ saturation: almost all available holes a~e in the minority spin bands. 

/"\ 
/ 

Iron on the other hand has almost one additional unmagnetized d-hole. 

Chromium has four additional unmagnetized holes. Consequently an enhanced 

electron-electron-interaction to bandwidth ratio, as provided by the 

surfaces, can only influence those magnetic materials which have not 

reached saturation, i . e • there is a considerable increase of the 

mo.gnet i zat ion at the surfaces ofF~ and Cr, but small effects in Ni a.nd ;·· 

Co. 

The preceding discussion is aversimpl ified: hybridization between 

the d and the sp-electrons somewhat blurs the angular momentum character 

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

spin polarization which could be called "satu~ation". It Just becomes 

progressively harder to increase the.magnetiza~ion beyond a given value. 

This value is essentially reached in the bulK at the end of the Series, 

and may be achieved for the other elements in other environments. In 

these "saturated" situations the available empty states of the maJoritY 

spin do not have a large density at the Fe~mi leve.l, i.e. theY a.re 

essentially of sp-character. Despite the~e complexities~ the basic i'dea 

~ is that the closer an element is to magne~ic satura~ion, the less .the 

effect that surfaces have in its magnetic properties. 

The "he a 1 i ng 1 ength", i • e • the distance over which a giv~n 

disturbance disappears., is also a strong function of the saturation of 

the spin polarization. This effect is. clearly exempt ified in our 
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body-centered-cubic Cr. Here [8] the 
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of the <100) surface of 

strongly enhanced local 

magnetization penetrates several layers into the bulK.· The surface laYer 

has a polarization ~f 3.00; the second lay~r has a polarization of 1.56; 

the third, 1.00. The whole structure is antiferromagnftic. The effect is 

a consequence of the extensive hybridization between states centered in 

neighboring atoms. In particular, the exchange splitting of a given atom 

is considerably enhanced by a larger exchange splitting of a nearest 

neighbor. This effect, striKing in Cr, is observed to a lesser extent in 

Fe, but is negligible in Ni surfaces where saturation maKes increases in 

polarization very difficult. (Third laYers in Ni structures are almost 

completely "healed".) 

A particularly interesting application of these concepts occurs in 

the ordered FeCo alloy and its surfaces. Ordered FeCo has a magnetization 

[7] of 4.85 per two-atom unit cell. This value is considerably higher 

than the sum of the two m~gnetizations of lhe constituent atoms: 1.72 + 

2.22 = 3.94~ Our calculations, in agreement with neutron difffaction 

data, find that almost all the increased moment occurs in the Fe atom. 

This is because the strong electron-electron interaction of Co helps 

increase the exchange splitting of the upper Fe bands and, since Fe is an 

unsaturated magnet, this perturbation increases the Fe magnetization to a 

value of approximately 3.0. The effect of Fe on Co on th~ other hand is 

much w•aKer, becaus~ the polarization of the d-holes in Co is essentiallY 

saturated. As a consequence the magnetization of Co decreases onlY 

slightly from ~hat would be its bulK body-centered-cubic value. 

The saturation of both the Fe and Co spin polarizations in the 
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ordered bulK FeCo alloy should make the magnetic moment relativelY 

insensitive to the presence of surfaces. Ou~ calculations.show this to be 

'.1 the ca.se: a Co atom at the 000) surface increases its spin polarization 

\,! bY onlY 0.25 to a value of 2.03, ·whereas an Fe atom increases its bY 

0.34, to a value of 2.95. Effects at the <110) surface are even smaller: 
, 

the increases are 0.08 for Co and 0.09 for Fe. These are much smaller 

increases than that found for pure iron --~_.78 for. the (100) surface--

and clearly support o~r general arguments. 
\ 

INTERFACES 

Overlayers introduce complexities beyond that of the simple surfaces 
• • ' • 1 

because of the effects of the film-substrate interface. In order to 

understand the magnetic properties of these overlayers we have first 

calculated the electronic and magnetic properties of some in t.erfaces 

[3,5]. In particular we have examined t5J the nickel7copper <100) and 

( 111) interfaces. We found that the sp-electrons of Cu hybridize 

considerably with the Ni· d-electrons. This effect reduces the 

interface-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 <100) and the (1.11) 

0 interfaces is found to be_0.38, a considerable reduction from the 0.56 

bulK value. We also found that if the Ni-substrate coupling is increased 

above its Ni-Cu value, as should be the case for simple metals 1 iKe lead 

and aluminum, then the interface layer is unmagnetized for the <100) case 

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

' ' 

'~· 
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such as Cu is to reduce the magnetic moment of the transition metal in 

direct ~on~act with it to a value below that of the bulK. 

EN1JI RONMENTAL CHANGES IN THE MAGNETIZATION: QUALITATil.)E RULES 

We have thus far introduced four important obieruations, direct 

result of our calc~lation$ and of experimental results. We may call these 

observations qualitative rules: 

1. The removal of nearest neighbors of its own Kind reduces the 

pro . .iected bandliJidth of a magnetic transition metal atom and thus 

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

effect, most evident at surfaces, tends to enhance magnetism. 

2. Magnetization enhancement is sizeable only in those elements 

where the bulK magnetization is not close to sa~uration, i.e. where there 

exist holes in the d-band which can still be polarized. Considerable 

enhan•:emen t is therefore ex~ected for Cr ·and Fe; the effect is smal 1 for 

Co and Ni. It is a.l so small for the sur·face enl:iancement of Fe in the FeC·::. 

alloy, where the alloying effect has already produced "saturation" of the 

Fe magnetization. 

3. The presence of a strongly magnetized atom.with a large exchange 

s p 1 i t t i n g n e a r· ~- we a K 1 >' mag n e t i c b u t p o 1 a r i z a b 1 e a t om tJJ i t h a sm a l 1 e r· 

splitting 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 

full.y destroy the magnetization of the latter. 
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OVERLAYERS 

The above. rules are.conceptually very important but unfortunatelY 

only qualitative. In systems 1 iKe overlayers, where all four rules apolY 
' . 

simultaneously and where they act in opposite directions, only a full 

selfconsistent calculation can yield the f1nal result: no a priori 

prediction is possible. 

Monoatomic o0erlayers of Ni on Cu C100) and on Cu ( 1 1 1 ) s•.Jr· faces. 

provide a clear example of this point. As discussed previouslYi the 

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

other ha~d the effect of the free surface is to enhance it. Our· 

calculations (5] show that the magnetization of the <111) Ni monolaYe~ is 

nearly zero, whereas the <100) monolayer has essentiallY the bulk 

magnetization. These results correspond well with our previous arguments 

that face-centered-cubic <100> surfaces have higher magnetization than 

< 111 ) surfaces. 

Comparison with the interface results is however not so 

straightforward. As previously noted, the spin polarization of both 

interfaces is 0.38, a decrease by a factor of 1.47 from the bulK value. 

1 Clearly the exchange splitting of the bulK atoms helps to maintain a 

c) sizeable magnetization at the interface. On the other hand, the presence 

of a surface <"the other side" "of a monol a>'er) also tends to enhance the 

magnetization. Which effect is more important --hybridization with the 

strongly magnetized bulK atoms or the enhancement caused bY the free 

surface-- is clearly a sensitive function of environmental variables such 
) 
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as surface orientation and chemical comp~sition, and not susceotible to 

simple qualitative arguments.· 

The extent of this sensitivity is demonstrated by our calculations 
·~ \' 

[6] for C6.bverla~~rs on the Cu C111) surface. H~re the monolaYer has a V 

spin polarization of 1.63~ greater than the values for the inner atoms of 

the dila:Y·er: 1 • 58. In other words, the surface enhancement of the 

magnetization is more important in this case than th~ enhancement caused 

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

Co having more holes than Ni • and a monolayer moment close to the bulK 

value~ a case similar to the monolayer of Ni on Cu (100). 

A more predictable system is that consisting of an Fe monolayer on 

the <110) surface of the ordered FeCo alloy. Here the Fe magnetization is 

expected to be higher than its ordinary value at the <110) surface of 

body-centered-cubic Fe: the sub.stra te ha.s a 1 arger exchange sp 1 itt i ng in 

the alloy than in pure'Fe. Our calculation [7] finds the additional 

enhancement to be 0.08 and 0.12, depending on the Fe atom position. 

relative to the spin polarizaion of 2.55 found at the Fe C11e) free 

surface. 

Another result of considerable interest [5J is the fact that in the 

extreme strong coupling 1 imit, when the magnetic transition metal 

hybridizes infinitely strongly to the conduction states of the substrate. 

both a monolayer and a dilayer of Ni (100) show no magnetization 

whatsoever --two "dead" magnetic layers-- whereas a triatomic· layer shows 

considerable spin polarization (0.61 at the surface, 0.45 for the 

intermediate ato~s) even though the interface Ni atoms are magneticallY 

dead.· 
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So far the discussion has centered on the local values of the spin 

polarization. In fact many other interesting properties invol•v•ing, inter· 

~ alia, the electronic density of states, the total electronic energies and 

the spatial distribution of charge and spin polarization can be 

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

on the Cti (111) surface provides a particularly interesting example (6] 

because of the richness of its low energy configurations. In particular.· 

an antiferromagnetic hvo-atom unit surface cell is found to have a total 

electronic energy 2.04 eV per surface atom higher than the ferromagnetic 

9round state. Even more interesting is the existence of a spatiallY 

modulated two-atc•m sur·face cell state, with an energy onl:>' 0.41 et_J. oer 

surface atom higher than the ferromagnetic ground state. The spatiallY 

modulated state, which should be easily accessible, consists of equal 

charge and magnetization in the hvo atoms of the unit cell, but different 

distribution of the magnetization among the various d-orbitals. It 

possesses a surface ·projected density of states very similar to that of 

the. ferromagnetic ground state. 

The type of calculation discussed here is not necessarilY restricted 

to smooth, uniform surfaces. By •nlarging the surface unit eel 1 i t I.·= -· 
oossible, albeit computationally expensive, to include surface defects 

such as steps, terraces~ KinKs and partial overlayers, all structures of 

considerable importance in heterogeneous catalysis [15-20]. Our· 

calculation [211 of the electronic properties of a paramagnetic pa~tial 

layer <two-third coverage) of either Cu or Ni on paramagne_tic Ni proves 

tha. t the calculations are feasible and their results provide useful 

information on chemical as well as electronic properties of these 



interesting and-practical systems. 

AC KNOI,.JL E DGt-1ENT S 

One of us <R.H.V.) would 1 ike to acknowledge an A.T.T. Bell 

Laboratories predoctoral fellowship~ under whose sponsorship this worK 

•;..~as dc•ne. 

This worK was supported at the Lawrence BerKeley Laboratory by the 

Director~ Office of Energy Research, Office of Basic EnergY Sciences~ 

Materials Science Division of the Department of Energy under Contract 

Nu~ber DE-AC03-76SF00098. 

,REFERENCES 

(1J C.l<ittel: "Introduction tc• Solid Sta.te PhYsics"~ 5th edition (f,•Jil@y. 

New York, 1976) ~ p.465. 

( 2 J H. L. Sk r· i v e r : J. Ph ys. F .1.1, 97 ( 1 981 ) 

[:3J ,J.Tersoff and L.M.Fal icov:' Ph::--~~ .. Rev. 825, 2959 <1982) 

[4] .J.Tersoff and L.M.Fal ico•J: Phys.Rev. 826, 45'?· (1982). 

(5J .J.Ter-s:.off and L.t·1.F.:!.l icov: Phvs.Rev. 826, 6186 <1982). 



P.:..ge 1 : 

[ 6] R. H ,I..) i c tor.:.. and L .M. Fa.1 i cov: Pin-~ .• Rev. 828, 52:=:2 ( 1983). 

•1' ' [ 7 J R . H . t.) i ·= t •::t r a ~ L . t .. 1 . Fa 1 i c o v , an d S . I s h i d a : F· h y s • R e ~J • 8 _f: 0 , x:x:x::=< ( 1 ·~· :=: 4 ) . 

[ 8] F.:. H .Vi c tor·.:.. and L. t--1. Fa 1 i c ov: ( to be pub 1 i shed) 

[9] U.Gradmann, G.Wa1ler, R.Feder, and E.Tamura: J.Magn.Magn.Mat 31-34, 

:383 ( 1983). 

( 10] C. P.~.IJ a.nd ~;.Eichner·: Phys; .• Re~ .. •• Lett. 47, 93'? ( 1'7'81). 

[11J [J.S.t..·Jang, A .. J.F.reema.n ~.nd H.Kr·a.~~auer·: F'h:; .. s.Rei..J. 82.6, 1:34t1 (1·~:32). 

[12] S.Ohnishi, A •. J.Fr·eema.n ar1d M.V..Ieinert: Phys.Rev. 8;28, 6741 \19:33) 

( 1 3 J R. H •1·) i c t c•r a. and L .l'·t. Fa 1 i c ov: Ph :>'S. Rev. 830 , 259 ( 1984) • 

[ 1 4] ,J .1'1. Z i ma.n: 11 Pr inc i p 1 e s of the Theory of So 1 i ds 11 
, 2nd e d i t i on 

(Cambridge University Press, Cambridge, 1972), p.339. 

[ 1 5 ] G • A • S c•m or· ..i a i , P • ~,1 • ,J C• y n e r , an d 8 • Lang : P r o c • R • Soc • L o r1 don • S e r· • A 3 3 1. , 

.\ 
J 335 (1972). 

[ 1 6 J 8 • La n g , R ,t,,l •. _r •::. y n e r· , an d G • A • S om or J a i : ,J. C a t a 1 2 7 , 4 0 5 ( 1 '7'7 2 ) • 

[ 1 7] l,J. Er·1 e:>' and H .Wagner·: Surf. Sci • 74, 333 ( 1978). 



Pa.ge 14 

[18J 1'"1.A.Chesters and G.A.Somor,Jai: Sur·f.Sci. 52~ 21 (1975). 

( 1 9 J M. Bo1.J da.r· t : Adv. Cat a 1 • 2~ ~ 153 ( 1969) • 

[20J J.W.A.Sac~tler~ M.A.Van Hove~ J.P.Biberian and G.A.SomorJal: 

Pl"n··s. F<:e 1.) • Lett • 45 ~ 1 60 1 ( 1 980) • 

[21J J.Tersoff and L.M.Fal ito'.): Phys.Rev. B~i~ 754 (1981). 

~' " 

( 



This report was· done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



~---~ 

TECHNICAL INFORMATION -DEPARTMENT 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

~~ ... ~ ... 




