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Abstract

‘The electronic structure and band magnetism of disordered bec
Feqno- o, and fee Niyyg_zCu, bulk alloys and their disordered epitaxial over-
layers on an fee Cu(001) substrate were studied by means of first-principles
tight binding lincar muffin-tin orbital method combined with the coherent po-
tential approximation. For the Fe-Co system, we have found that the compo-
sition dependence of the averaged and local Fe magnetic moments is strongly
affected by the dimensionality of the system while the local Co moments
rewain ucarly constant. Ia the hulk bee alloys, a non monotonous behav-
ior of the averaged nmagnetization occurs due to the transition from weak to
strong ferromaguetisi. The averaged magnetization of the random overlay-
ers depends Timearly on the composition while the local Fe and (o moments
are conslant since the strong ferromagnetism is stabilized by the substrate
thraughout the shole composition range. For the Ni-Cu system, a transition
fionn ferroniagnetisi to paranagnetism is found both in the bulk foe alloys
amd tn the overlavers The ferromagnetism of the overlayvers is reduced in
tomparison 10 the balk <ystems of the same composition. Further electronic
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I, INFTRODUCTION

Howent investigations of two-dimeasional magnetism of inctallic surfaces, interfaces and
ulteathin lilms [1] have beeome possible due Lo modern Lechniques of samnple preparation
and eharacterization [2) as well ax due to the progress in first-principles electronic stencture
calenlations 3] e unexpeeted magnedic properties of these systems, which offer promising
technological applications, are to a large extent due to their chemically perfect lavered
stnnetures. This facl has motivaled systemalic ab-initio studies of clectronic and magnetic
propetties of metallie systems with ideal interfaces aiming both at deeper understanding of
these properties and at quantitalive predictions for realistic systems [3).

The tnagnetic properties of systemns with chemical or topological disorder can be even
more interesting. T he sandom binary bee Fe-Co and fee Ni-(’u alloys represent only iwo ex-
amnples proving how mneh the present knowledge of bulk itinerant magnetisn benefited from
detinled stndies of alloys comaining transition 3d-metals. In the bee Fe-Co alloys, which
can be prepared up 1o 70 a1 9 Co. the saturation magnetization depends non-monotonously
o the composition, reaching a imaxinnun at about 3 at % Co [4]. This deperdence is
eesenhally insensitive to the degree of chemical short-range order and was successfully re-
produced by st prineiples eleetrome structare calealations based on the local-spin-density
approsimation (LSDA)Y for the ordered straetures §5] as well as for the disordered alloys
HeTlo Lhe ke factors determining the magnetic behavior of this system are the greater
clectionegativity «f Co and the greater exchange splittiug of Fe {7-8]. As a consequence,
the mujority tspinaip) electrons see nearly no difference hetween the alloy constituents, in
contrast 1o the minority (spin-down) electrons which feel a stronger disorder in the atomic
Gl devels This feads to a transition from the weak itinerant ferrmnagnetism of the Fe-rich
allows tathe strong lerromagnetism of the Co-rich allovs.

While the offeet of the e Co alloyving on magnetism is well v;:plnn‘d in the bulk, this
probieey hias not heen adedressed i (wo dimensions yel,  Recent progress in preparation

techaepies has lead 1o alirslin transition-metal films {down o | monelayer) deposited

on nohle-mietal substrates, e.g. CofCu(001). Owing 1o the easy Fe-Co solubility together
with the negligible Fe-Cau and Co-Cn solubilities, random Fe-Co monolayers on the Cu(001)
substrate can serve as possible realistie models of two-dimensional itinerant [o romagnetisin
af binary alloys. Their clectronic and inagnetic propertios can be then investigated similarly
as for pure Fe and Co monolayvr;e on the Cu{0B1) sobstrate [3.9].

The Ni-Cu alloy exhibits hehavior substantially different fromn the Ve (o systenn. In
the bulk. a transition from Ni-rich ferromagnetic systems Lo Cuo rich allovs withont, local
maginetic moments was found experimentally at approximately 55 at % Cn together with
the fact that the kecal magnetic imonents of Cn aloms are neghgible al al compasitions [10].
Theoretical reasons for Lhe ebserved composition dependence of tie N oloments were given
for artificial orderex| fec-based structures [11] as well as for feo disordered allovs {7]). The
main conclusion of these studies is the rejection of the rigid-band model for s system. i
spiter of the simple composition dependence of the averaged magnetization. 1o the Ni/Cu
layered stractures. the mutual interdifinsion of hoth constituents can he hardby avoided 2],
The realistic models of Ni thin filus on Cuosubdtrates should take this phenomenon and its
mfluence on electronic and maguetic propertios inlo account. A recent aby inttio stndy of
this type was performed for Ni lilins sandwiched by two semiinfinite Cn{ 111} crystals with
different. degrees of interdiffusion {14, For the Ni films on the Coosuface, only chiemically
perfect one and two Ni monolavers on the Cu(001) Tace have heen investizated so lar [173]

The purpose of this paper is a hrst-principles investigation of the clectronie strnctre
and itinerant magnetism of disordered Fepgo, Co, and Niggoo, On,oallove i the bk and
as two-dimensional monelayers on the (1) substrate. We emplov the tight huding
lincar muffin-tin orbital method {TH-LMTO) in the atomic sphere approximation {ASA)
(14} rombined with the colicrent putential approximation (CPAY 1o desoabe the ('ll(‘l;lll'ﬂ
disorder in the butk [15] and in the overlaver [L6]. The formalisin used in this paper i stinila
10 that developed in Bef. {17] Tor the case of clean miagnetic surfaces The micthod is Tefls

deseribed 1 the next section, the resalts are presentoed and discissed i the Secnon



Il FORMALISM AND COMPUTATIONAL DETAILS

Chee dde cnpnion of the hinlk anel sarface electronic stoneture in Lhe presence of chemical
dretde s 1 fored on e 11 LATEO ASA second-order Hamiltonian 113U and the corre-
oo Cheens banchions €40 (00 1) Vand g{z) = (P(z) - S [15,06]. Here the
G p gl L0 and S are matriees with indices #L0L" wheve H, 0 are

st bities
e e ane £ e anhital indices. The matrix 'z} is a diagonal matrix of scereened
potential oo tnms P 01 pavamelvized by means of three potential parameters [14] which
Aese b the scattering, properties of the individual atomic spheres. The matrix ¥ is a non-
draneoral matii of sereened strneture constants Sgy, g0 which contain the information ou
the wearnet iy of the syatemn, The Green's functions ((z) and g(z) are related by a simiple
soalme transtormation [1a]0 the forner heing divectly connected with physical quantities.
the artes hemp indhispensable Tor systems with pertuehed transiational symnetey.

i the snesence of sibstitational cliemical disorder. the potential Tunetions Fry(z) of
somine sl A take vomdomly twa valnes ]’,‘:",4(:) aned ’,f?l. =) with probabililies ("; and ('g

{romenteations of the chemieal vlements Land 1), respectively. The configurational average

of the Cireen ™ danction g1 b i the singhe site CPA can be expressed as
T I (I A1 IS B IR & 27 (5 B R (1)

Herethe qrantits Pt sate diapgonal matns of the so-called coberent potential functions
Pigt v e coherent potential functions e equal to the original potential functions for

sttt disonder Lo aosite Bowith disorder, the corresponding colierent potential

Bt Do Yl the 1V ellcomsistenoy camdition
5T [T [T (2)
[
S (A TR TSI PN B AR T B
ol b aantities e L D L Pt 1 byt o) ave madrnices i dhe orbital dnelices Lo

Phe vpeonnirs £ gepresents the siele site s matnx and the gquantite Qi) = gpnp{zi s

the site-diagonal block of Lhe averaged Green’s function matrix g(z). According lo y. (1),
this quantity is determined by the non-randon: coliereut polential lunction P(2) and by the
geometry of the system. This means that the (wll svninetey of the averaged system can be
wsed to evaluate all elements of g(:).

The calculation of g{z} for bulk cubic afloys is thus performed by standard Brillonin zone
(BZ} integration techniques [15]. In the case of surfaces, one must employ the underlying
two-dimensional translational symmetry in the directions parallel to the surface and handle
the semiinfinite nature in the perpendicular direction [16,18,19]. We use an eHivient tecl
nigue based on the short ranged screened structure constants & and on the snrface Green's
functions {SGF) {16,18]. The short range character of 5 allows o conceive the system as
a stacking of the so-called principal lavers {PL) parallel to the surface. These PLs are in-
troduced in such a way that only nearest-neighbonr Pls are connected by the struetore
constants . In our case of the fec(001) lace and with the screened structuwre vonstants of
the fee lattice non-zero only up to the nearest neighbours. ene PL is equivalent 16 one womie
{001} fayer. The whole system can be then decomiposed into three parts: (i) ~cmiinbinite
bulk metal with potential parameters identical to those of infinite neetal. (w) sendinfinite
vacnum region represented by emply spheres and their potennial parameters ami (i the
fernediate region containing several lavers with son-trivial changes of electronic properties,
With Lhe ahove decomposition, the elewments of g(2) Tor sites in the niternnsdiate region can
be found by inversion of finite matrices and subsequent integration over the twa dimensional
surface Brillouin zone {SBZ). The esseutial point here is the inelusion of both semnmfunte
vegions via their corresponding SGIs. sce Rell HLG] for details.

Tor achieve the LSDA selfconsistency, the on site clements of the comdiionsth averaeed
Cireen's function € z) are necessary for The evatuation of cliarge aml span densttios. These
on-site blocks are easily ohtained from the corresponding on site quantities $go 0 [15.00].
Their clewents diagonal in the othital index £ ave sullicient to calealide the spheneal part
of the charge density within each atomic spheees while the elements ol diawonal e 087

are also required for the mon-spheridized change densities. Athongh we petfovmed om
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coteatatan in the ASAL i the averlaver case we have included these son-splerical charges
tethe tlernedide segion inta | e nutltipole ex pansions defining interatomic contribtlions to
the Madehipg terin ol the one cleetron LSDA potentials {iﬁ,lg,:eo[. We included monopoles
soed eipotes Jor Hwe Madebung, terms and Tor the potential barrier across the surface which
beiuls 16 satisfactory agreement of the resuiting work functions with experiment as well as
with foll potential methiods.

Phe Tormalism deserilied ahiave has been so far applicd Lo non-magnetic systewns: random
alloys {15]. disordered overlayers on pure metallic substrates {16] and surfaces of random
allovs 200 B the presess application to the disordered ferronagnetic Fe-Co and Ni-Cy
svstenis, the elfeet of spinpolarizetion was included in a way corresponding 1o the magnetic
rround state with collinear spin structure. in this case, all encrgy dependent quantities
sppeanng i Fgs. {12) acquire also the dependence on the spin index o (e =1,1). The
A part of the problem is {hen solved for cach spin orientation o separately: the spin-up
and spin down parts are mixed in the LSDA step due to the exchange-correlation (XC) part
ol the dewsity finetional. For more details, see Ref. [21].

Our present caleufations are not-relativistic, since the relativistic offects are supposed
to have venlisithe jafhuence on 1he elertronic structaee and spin magnelic moments of 3d
Traasition netals, We have used the spd® LMTO basis for the valence clevtrons. The core
orbitals were recalenlated in each LSDA iteration. The energy integrals needed i the TSDA
Herations were perfarnied in (e complex encrgy plane over the seni-circle contour starting
#tareal eneras below the boltom of Lhe valenee hand and ending at the Fermi level. The
Fersnifovel s dived by 1l sulstrate i the overfayer case. but was updatedd in each teration
i the Tdh cise. The Green's [nnctions and related energyv-dependent qlmnt.itit:s needed
Fon the densitios of siates were caleutated in the complex energy Hane along a line paratlcl
to the real enciay axis witly fanfz) ~ 00l Ry The values at the real energios were then
obtainend I an analviical cont imtation technigne [22).

Phe Bk s tems were treqted with the von Barthi-Hedin X(' putential 23] ax

Patametriecd b Mornezi, Janak and Willianie 121 and with the Vosko- Wilk Nasair XO'

polential [25). “The vesulting foeal ruagetic monents coincidod 1o 0,02 feu. 0 agrecmient
with previous results [26). For the B, integrations, we used 168 and 280 k-points in the
irreducible wedge of the bee and fee 3%, vespectivedy. Tn onr calenlations we benefited from
the possibility to have different t'r'.\d'li ol Lhe alomije sphieres for differens corhponents [15), We
have kept the ASA radii for both components flixel, cotrespotding 1o experiment al atonric
volumes of the pure metals. The latlice constants and the mean alomic volumes werr- then
calculated according Lo the Vegard’s law. This Tepreseuts a natural framework for altoys of
simifar elements where no signiicant deviations from 1he Vegard's Jaw can he expected an
leads simultancously Lo 2 uegligible charge transter beween {lie alloy canstitwents

For the caleulation of the disordered overlayers, the intermediate region consisted of five
atomic layers: two substrate (' layers, the disordered overfaver anel two fayers of cinply
spheres for a propet treatment of electrons spilt ot of (he surface. We placed all atomns (and
empty spheres) into the positions of Lhe ideal Cu fee lattice witl the experintental lattice
constant. We expect that inclusion of Lhe refaxation of the inferlaver distances will have
no strong influence on the magnetic momests, snnilarly as for the hee Fe(GL) surface |3
The LSDA selfconsistency was obtained with the Vosko Wilk-Nusair X0 potential and e
irredhicible part (i /8) of the foe(001) SBZ was sampled with 21 special ky poits,

The condition of the charge neuteality cangol he generally Tullilied with only @ finite
mmber of lavers in the intermediate region. This problem can be salved by a suitable
choice of veference fevels for 1he electrostatio potentisl on hoth sides of iermediate fegion
(20]. To all stecliod cases the charge nentrative in e intermeliale regron was presenyed witl,

avenracy of order 0.001 electron,

A



1li. RESULTS
A. Bulk bee Fe-Co

(b caloulited compesitional dependences of the averaged and focal inagnetic imoments
for the T e Fepe o, are presented an Pig, 1o We see a nor-monotonons dependence of Line
averaped neganchzation VL) with the praanum near v o= 20% which is in good agreement
with espernment Il] The dependence of the Fe moment with mereasing (o content is fast
increasing o b= 30 lollowed v a saturation at higher v at the value My = 2.6 g
Ihe Coonwnent hahls o constant value of Ve = LT g thronghowt the whole range. Very
sinilan tremls were ablamed in previons stadies [5 7] and seem to be insensitive to details
ob valenlatiem

s inspection of the densities of states (DOS) (see Figo 2 for Fesa(osa) and of the lucal
nthers ol elec rons for hotly spin orientations (Fig. 3) reveals that the transition from the
woak t0 the strone letanapnetism ocems at a2z 10%. This transition 1s also responsible for
the change of the slope of Mt and A {r). At the Corich end, the spin-up DOS is fully
oconped aned the doat imsbers of spiv up electrons vemain constant. The local numbers
of span down clecnions as welt as the lecad magnetic momends are then constant doe o
the docal chares newtraliny (see below s 2 the Fe vl end. the Fermi encrgy lies i the
deep o betwecn the homdimg and antihonding, part of the o bad for the spin-down
divection whibe hie ~poup DOS s anhilied with approsimately 0.3 holes. The Co addition

Tl v anss ibe Bl of the soan Hp Ll aned tiereases e average and local magnvli'

et e et s mene prononneed for Feostes withomore npespin holes than for Co
st s avarn compensated Do appropine decrease i the Tocal numbers of spin-down
clections —ec T 4 Flose diinses b the local nmbers of electrons can be coneeived as

an elleorve imraatonae laree stansber from d Lo dd electrons of Fe atoms which is cansed
-1

v the € sdibiecn 0

Flas ok ao ol e oeel DOSS e 21 has conbirmned the well known sdependense of

the disorder on the spin direction (5 8. This statement can be put oy a more yuantiative
basis using the selfeonsistent polential parameters of the LMTO method {14]. One can
identily Lhe potential parameters C {for the d-orbitals} with 1he "atomic levels” of the alloy
corponents and define the level t!isord(-r for hoth spins as 8" = (7, =7 The I(-ﬁ-i disorder
for the down-electrons is then 8! = 007 Ry in the whole concentration interval, contrary
1o the sinaller spin-up disorder which changes from &' = 0.03 Ry in the Fe-ricly alloy 1o the
vanishing value in the Co-rich system.

The same potential parameters can be also used (o deline local exchange splittings of
both components A,, = (' ~ € and weir effective Stoner parameters 790 as the ratio of
this Jocal spiitting to the local magnetic moment. This Stoner parameter is for botl element<
nearly independent on composition - with relative deviations less then 1 % from the values
! = 0072 Ry/py and [ = 0.07 Ry/pn. These vabues are in agreement with other
theoretical results (see Ref. {14], p. 1) and with {0 2 1 eV olained experimentally
for magnetic 3d transition metals {27].

A fusthet interesting question is the charge Leansfer hetween the alloy constituents It T
been shown, that the charge transfer from Fe 1o Coan the ordered FeCo alloy with the Cs¢]
structuse is very small, smabler than 0.1 electrons [5. l'l_w charge neatrality s mamtained
mainly due to the dilference in the spin-down atomic fevels. the lower position ot (Twe Co
leved leads to higher occupation of the spin-down DOS ou the Coatom. Richiter aned Facbrig
{6] performed a study of the disordered hee Feygan, Co, sastern based on () the condition ol
the local charge uentrality together with (i) the proportionalits of local exchange splittings
1o loeal mapnetic moments with the effoctive Staner paraneter 70 - 0008 By Tar bl
elements. Their resulis wituess, that these two conditions frad to satisfactory compositional
dependences of the averaged and Jocal magnetic mmment<s Qe resnlting cliavpe transfers
were small in the whole compasition range. Uhe charge neatrahty of caclh atoniie sphere
waits presevved ap 1o D01 electeon, Fhis fact justiles Tuah the assamption ol oral el

neatraliny of Refs I(LT] attd onr choice of the vadin of the atonee <pheres,



B. Bulk fce Ni-Cu

The compasitional trend of the Ni magnetic moment in the fec Niigo-sCu, - alloys is

depicted in Fig £ Our vadues agere reasonably with the remlhol’thv KKR-CPA appma.ch :

H2) as well as with menteon- -sratiering experiments [IO]. The ctitical Cu mnmntmwu for
extinetion of tie Ny moment. is approximately 55 al % Cu. The critical concentration was
olstaincd a4 Jincar extrapolation of the squarcd Ni moment to zero. This extrapolation
cortesponds Lo the critical exponent. 1/2 common to the mean-field theories {28].

The elfective Stouer parameter for Ni obtained from the results in thlc fFrrOmamktic
vegion was /70075 Ry/pw and remained constant with a similar ancuf&ry as in the
case of I and £ Phe Jocal moiment of Cu atom was neghg:blysmall for all composlhons,
smaller than 0.01 uy. This fact was also found previously from thaory 17.11,12,26] and from
experiment [{10]. However, this negligible Cu moment does not mean that the ("u local
BOS is unaffectod by the presence of the spin pelarized Ni orbitals, as can be seen in
Fig. 5 for Nisstup. In fact, the tiny Cu moment arises by cancellation of its individual
orbital contrilyaiions. which ase an order of magnitude greater. For example, the total
nonent of the Cu impnrity in Nj, M = 0.006 s, resnlts from the orbital contributions
Mo, = 0008 e M2 = DLepd it and M2, = 0.048 pg.

The compusitior dependence of the N moment was theorctically explained on the basis
ol several nechanisis [7.11}. the most important of themn being the change in the local
Nt DOS and (i cal charge newtrality, accompanied by an Pﬁﬂrii\’et charge transfer from
The N3 spostates 1o the Nivel states with increasing Cu content. Our resulis cottfirm Lhese
findings. ax dinstyrated by Figs. 37, The sharp maximam in the DOS occurring for the pure
lee Nit the o of its o band s strougly reduced in the local Ni BOS for the Nizs('ng, (Fig.

This vhange bevamies even more pronounced for the Cu rich alloys. where the Ni DOS
et be chiaractenzand as a vietnal howsd state (VHS) beow the Fernii tevel. This jnddicates a
strong beveldisarder i this alloy systean [20) characierized quantitatively by do= (a1 8l

wheve o' 00 e auantity A takes values hetween (.08 Ry for the Nirich alloy

and U.13 Ry for the Cu-rich alloy. The charge transfer hetween the components was again
very small in comparison with the changes in occupations of the up and down Ni- states,
ser Fig, 6. The largest deviation from the neulrality wa: found for Lthe Nj ; impurity in Cu,

wh(-re aboul 0.04 electrons were nmsmg in the Ni atomi sphiere. I'he interatomic transfer
of Ni clectrons from sp 1o d states is shown | i Fig. 7 and amounts 1o the change of the Ni d
filling of 0.13 electrons for the Ni impurity in Cu with respect, to pure Ni, Our valies of this
transfer are about hall the published valyes [11]. the reason is probably the perfect, chemical
short range order of the artificially ordered Nj Cupatloys used in Rell {UH, which eniane s

this effect.

C. Pure monoclayers on Cu({001)

For estimation of the accuracy of our method. the caleulated maguetic moments aned work
{unctions of pure Fe. (o, and Nj monclayers on Lhe (M)} substrate were compared with
available results of the full-potential linear augniented plane wave (FLAPW) niet hod [3.09.84
and collected in Table [. The work function of the ¢lean Cul{0i01) surface was included as
well, One can see a good overall agreement of hoth approaches, e sinall differences can have
several origins. First, the grometry of the models was not identieal. We are using a realistic
semiinfinite model of the surface with elect ronic dquaniies cale ulated sellconsistent !y i five
layers, while a single slab with mirror synanetry consinting of soven atontic layers was used
in FLAPW calculations. Further. onr local moments reler to the slightly overtapping atomic
spheres contrary 16 the muffin-tin spheres i the FEAPW tulnnqul This is probabh the
reazon for our greater local monjews, especially for the Fo ove |f‘1\m. where the d orlutals
are less localized than in the Co and Ni cases. Fhe velaxation of the interatomie st ances al

the surface, which was inchided for Fe and (o uverlavers in Ref, (4] but completely ignored

in our study. might abso acconnt fo several peceent redueton of e overlaver mroment

similarly as for the Fe bee(001) surface Bl e comparison of the work functions reueals

svsteratically Targer alies olitained with onr et hod. Ve difference heing 002 ¢V dor he

so—

- T



salaee with overlnvers and 03 eV Tor the elean sioface. A recent calenlation of work
tnnetions of elemental inctals, pecloried withe a very similar SGE-TH LMTO Lechnigue,
cave for the Co(DU ] sorface a valne of 5226 ¢V 290 a perfect agreeansnt with onr valne
Vabde 13 The work Tunction is known tu be extremely sensitive to the charge redistribution
m the surlace region. o that The reasonadile agreement between the ASA and full- potential
reatments justilies o sinple deseription of the non spherical charge densities via Lheir
dipole moment< Having v mimd faether minos differences between both techniques {e.g.
dilerent XC potentials) we can conchule that our SGE-TR-EMTO scheme 3ric!d§eleclru:|it
and magnetic quantines comparable to avadable il potential techmques for chemically

perlect overlavers and s therefore well snitedd for investigations of disordered overlayers.

. Fe-Co monolayers on Cu(001)

The cornposition dependences of the local and total magnetie mowments in the disordered
Fer o, ovettivers are plotted S lag, 1o The behavior of the moments is now much
simpler than e the bolk: one tinds nearly constant inagnetic inoments of Fe and Co atoms
amd. eonsequent by linear decrease of the total overfayver magnetization with increasing (‘o
content This pretine 1< qnite <imilar 1o that fonnd for 1he Co-rich hulk alloys, the only
Jillerenere hemg o shehthy greater valne of the Feomoment in the overfaver (2= 2.9 pg) than
e the bulk (= 2.0 g The reazon for this sionlarity s cearly the sirong fr‘rromagn?tism
m hatl cases. whineh o the overlaver case extends over the whole compaosition range, as
cane be secn Trom the corresponding overlaver projecied DOS™s a0 g, 8. Two effects are
eesponsible Tor this stalalization of the strong ferromagnetism even at the Fe-rich end of the
twe dhimensional alloe he arrowing of the overlaver DOS due to the reduced number of
neighbows at the smbace and vhe piunmg of the Fermt energy bn the Cu substrate, As a
sestlt, the spin p ovethoer DOS™S are Tally oecapied at alb compositions which leads. to
cether with e locab clree consersation o the overlaver disenssed hetow o the permanem

foeal tosner-

RO

Detailed analysis of the local numbers of electrons for both spin oricatations is presented
in Fig. 3. The conservation of these local numbers is quite pronounced especially in cont-
parison with changes of the Fe-up and Fe-down ocenpations in the Fe-rich bulk alloys. The

local numbers of electrons in the overlayers are generally smaller than those in the bulk (sce

" -Fig. "l} which is due to the electronic charge spilt out of the sample. We have found approxi

ruatq!y 0.3 e.loctromi in Lhe empl.y sphﬂ'ﬁ neighbouring to the overlayer. B can be seen from

. l:he hg_,:l‘ M q-ven amal! ;:ha.um in the Fe-up and C'o-up ocenpations in the overlavers

o are compensal,ﬂd by tlu: i'e-duwu and Co-down occupations, respectivelyv, The total charges

’ in ﬂtﬁ ke Mld CO atomic spheres, amomting respﬁtl\olv 10 7.60 and S.GN clectyons. are

conserved up to 0.0! Plex:l.mus throughout the whole composition range. This local chiarge
comcrvdlon mprescnts a I.wo-dtmwsxoual analogy of the local charge nentrality obtained
in thc bulk a.lioys, The local chargr conservation at the surface is of the electrostatic origin,
s bigh aceuracy reflects the important role of electrostatic nieractions for svstems with
rct_lucrH symmctf_v like the p‘reseut sample - vacunm interface

‘The layer- and compoueﬂt-reéoh'ﬂ‘ DOS™s -fnr the rawcdonm FeyCosg overlaver on the
Cu{001) substrate are plotted in Fig. 9 for both spin directions. The spin o local DOS™ on
Fe and (‘o atoms .aa- guite similar due 10 the small level disorder in the veerlayer Mz o2
Ry. This disorder is cp.nmu! ration-independent. has the same sinall magnitade as in the hntk,
and atcdunl.s_[ér the rigid-band-like hehavior of the overlayer spinup DON< see Figo 8
The spin-down disorder is greater, ' = 0.01 Ry. but nearly twive smaller than in the bulk
alloy. Nevertheless, this amount of the level disorder tagether with the present “hopping”
disorder are rmq;onsihlp for more pronounced chianges in the spin down DO onalloving
(Fig. #) as well as for (he differences in the component resolved DOS™ i the overlisye

{Fig. 9). Similarly ta the bulk case. the occupation of the apiu dm\-n Costares is Inghe

than the spin-down Fe states, E:U"JLI-‘

LB
&&?ﬁ.ﬂ

Tl-n diflerence i the Feodown andd

Co-down occupations contrilutes Sig]”“(‘ﬂilﬂ)' 1o charge balance in the sostenn The smalbe

magnitude of & and the chauped sign of &' with respect 1o the Tdk base the same origin,

l§



\xocan be expected from e Tess localized wave [unctions of Fe aloms and scen from the
Fig. 3, the clectronic deficiency of the Fe atomic spheres in the overlayer is greater Lhan that
of the o spheres. Owing to the intraatomic Coulomb interaction, the Ha.rtl_'ee part of the
vieelection potentiaks within the Fe spheres acquires a small negalive shift in comparison
1o the Tlartree part of the (o potentials. Assuming that the magnitude of this mutual shift
lies hetween the values of the bulk disorder {81 = 0.015 R_\;, 8 = 007 Ry), one can easily
wnderstand the reduction of the spin-down disorder with the simultaneoys change of sign of
the spin-np disorder in overlayer, o '_

The tocal DOS™s of Mg, 9 cay help us to un@lmd the influence of the overlayer on
the electronic properties of 1he ('y substrale layers. A comparison wrl‘.h the butk Cu DOS
slivws very simall changes in 1he second subsurface tayer while the greater changes in the
first subsurface layer arc dependent on spin orientation. A stronger perturbation in the
spin-down case is due Lo (he larget difference between the substrate (éu) and overlayer (Fe,
o) atomie d-levels. The loeal moments of the substrate Cuy atoms were very small. In the
first subsurface layer, the moments wepe ponitive with magmtudﬁ l}'pically 0.013 ug, while
the second-subsurface moments were negative with smaller magnitudes, typically of 0.008
M.

Plhie effective Stoner parameters for hoth constituents in the vverlayer are now slightly
diferent (587 < 0.067 Ry /g1y, 171 = 0.071 Ry/ps) from the valnes in the bulk alloys. Their
dependence on the overlaver composition is compietely negligible. the relative deviations of

G and 120 were appoximately 0.2 % throughout the whole concentration range.

E. Ni-Cu monolayers on Cu(001)

The compesition trend of 1he X; magnetic moment for the random Nijgp_, Cu, overlayer
s shown in Pig. 1. Phe rednetion of the Ni moment, in the overlayer with respeet to the
Balk allos of the same compesating is clearly visihle but hotis dependences are qualitatively

very sinlars e niagietic mannents of Cu atoms were negligille (smaller than 0.0F )
2 RIE

both in the overlayer and in the substrate layers. The reasons for the smalter Ni moments
in the pure Ni overlayer wore analyzed in terms of the loeal DOS {13]. Holes in the Ni-d
projected DOS appear even for Lhe spin-up direction (sce Fig. 10y, coutrary to the pure
bulk Ni where this DOS is lully occupied. These unoccupicd states arise from {he Ni-de._
orhitals which do not hybridize vu;itll other orbitals for symmetry reasons for some k) point.

The NifCu{001) becomes thus a weak ferromagnet with reduced local moment. (Note that
e — e _ e e —

si'!nila_l_'_sp_i_n-u_e holes fé;' the Fe and {lo mo:-m[ay::rs are clinvinated by the greater excliange
spliuing of these e!emeuts.) The effective Stoner parameter for Niatoms in l‘ho—r‘amlm.r-l
overlayer is lfv{—" = 0071 Ry/up (with 0.5 4 tolerance) whicl ix again a slightly sinaller
value than in the bulk.

The effect of alloying on the overlayer projected DOS™ is shown in Fig. 10 for both
8pin orientations. The DOS’s of the pure Ni overlayer and of the cloan ('y surface exhibit
typical rriangle-like shapes due to the band narrowing and an upward shilt of potentials at
the surface. This upward shift, found as well for clean surfaces [20]. has a rather general
reason common o metals with wore than half filled bands: the aarrowing of the bands at
the surface leads to lowering of the local Fermii fovel below that of bulk bands, To restore
its bulk position the sucface bands shift upwards. We note (hat this snechanisin is closely
refated to the so-called surface core-level <hifts as the potenial changes regirds also to the
core levels of surface atoms (0. The DOS's for the intenmediage cnpositions exhibit a
proncuaced minimum separating the Ni and Cue local DOSs alisest i e hulk case [20]
The main reason fort. this minimmm is the nairowing of the bands ar the surface accanipanied
by an entarged level disorder jn the overlaver case (6 = 0.0 By for the pure XifCu(on)
overlayer and & = 0.13 Ry for { he Ni-impurity in the Caginn ) surface) compared 16 the ik
atloy.

The layer- and aton-projectod 105 for the Ni vich overtayer reveal that Dt Iy elements
redain I.ht'irl‘rinngl(--shap&l rarcow docal YOS as seen from 90 T o the Niaag s overlaver.
Thix faet is o surprising for 1he daizating Ni atongs: 1]y sate elfect foar the Oy atons

can be aseribed 1o 1he presence of the Co substrate. Note o veghigible spin dependence of all

1

QT



projected DOS s ax a result of the smadl exchange splitting of Ni. T the Cu-rich overlayers,
the dacal Ni DOS Tores the expeeted VIS helow the Fermi energy in complete analogy with
the Curich bulk case. The only «iffevence here regards the posilion of these virtual bound
N levelss the vverayer Ne VIBS is located higher than the bulk one.

Fhe munbers o Nicelectrons in the overlayer as a function of composition are plotted
nethe Figs G0 The spin averaged Ni charge is conserved on alloying roughly Lo the same
accugacy asin the btk case, while the behavior of the spin-resolved charges follows the
frends ol the magnetic momeits (Fig. 1), The effective charge transfer from Ni-sp states
fo Nl stales i osubstantially redneed in the overlayer, see Fig. 7. The first reason is the
Isieg of The Fernn cneegy by Uie substrate, which causes the increase of the number of Ni-d
clectrons e the overlaver with respect (o the bulk alloy (Fig. 7) despite of the decrease of the
total mnnbey ol Nt electeons by spilling out into the vacuum (Fig. 6). The second reason is
the prosewee of Cucatoms in the first subsurlace layer. Similarly as in the bulk alloys [7,11],
the infermal Nisp to Nid trasfer is cansed by the Cu alloying and its magnitude is roughly
propottional ta the number of Ca nearest neighbors of a Ni atom. The change of this Ni-Cu
cosilmation wimber s three Gines staller in the overlayer (4 to 8) than in the bulk (0 to

124 whieh reduces the internal ehacge teansfer and adds to the first effect.

F. Work functions

[he ealenlated work Tanetions of the random Fegge_,Ca, and Nijge-,Cu, overlayers are
pletred i laae 120 The valnes for pire monalayers on Cn{001) awd for a clean Cu(001)
sitlacc Clable Ty van be reasonablv compared to recent values for low-indes strlaces of bulk
P Con N and O [I7.29)0 Fhis faet praves that the work fasiction and the electrostatic
dipole harner of womelallic surface ace 10 a great extent controled by 1the composition of
the tapnost dasver

Phe resiline concentration trends for the random monolayers are nearly linear, a minor

contmoes chimge in the slupe can b donnd Tor the Ni Cnoverlayer (Fig. 121 The linearity

for the Feygo-.Co, overlayer is not surprising since both components have very similar local
clectronic properties. In the Niigo-;Cu, overlayer, no abrupt change of the work function
behavior can be seen near the critical concentration » & 45 ab % Cu, where the transition
from (erromagnetic to non-magnetic system occurs. This fact is in a qualitative agreement
with the smooth behavior observed for the local Ni charge averaged over the spin-up and
spin-own parts (Fig. 6). This loca.! Ni charge is completely insensilive to the magnetic
phase transition in conirast to the Ispin-up and spin-down contributions exhibiting a critical
behavior with infinite slopes near the transition concentration. In analogy, the simooth
behavior of the dipole barrier {and of the work function}, which is an cloctrostatic quantity

summed over ils iwo spin contributions, is not siriking.

IV. CONCLUSIONS

We have presented a first-principles self-consistent approach to the electronic structure
of such complex systems like random ferromagnetic overlayers on noble-metal substrates.
The approach is based on the Green's function formalism which makes possible a systematic
description of even more complicated systems, e.g. surfaces and interfaces of randon: allovs
with generally inhomogeneous compasition profiles and/or with magnetic disorder in the
disordered local moment state [31].

We have performed a parallel study of electronic and magnetic propertios of random
Feio_:Cor and Niygo-,Cu, alloys in the bulk and as monolayers on the Ca{0013% subst rate.
Our results for the butk alloys compare well with previous studics. For the overlavers, the
compaosition trends of the electronic structure are quite seustiive to the redoced dimen
sionality of the alloys and to the presence of the substrate and the vaicunm. n the Ve
O;CT]a)Pe:S, the strong fe’rrbmagnéﬁsm is stabilized even at the Fe-rich e, which feacs 10 1he
enhanced local Fe moments and to the concentration independent local Feaud Co moments.
The presence of the Ca subsirate supresses the effective Ve d] o Fed 1 electzon transfer on

Co al[oyiug which ueeurs i the bulk alloys. The presenee of the vacnm together with a

18
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differcnt degree of the d-orbital localization of Fe and Co atoms leads to an additional nega-

tive shift of Fe potentials, which reduces the strength of the level disorder for the spin-down
electrons and changes the sign of the small lpil'l-ll']-) disorder with rupecl.to the bulk.

I the Ni-Cu overlayers, the ferromagnetism is weaker than in the bulk alloys of the same
composition. The local magnetic moment of Ni s reduced mainly due to the holes in the
spin-up Ni-d projected DOS, The critical composition for disappearance of the magnetic
order is shifted to the lower Cu concentration as compared to the bulk alloys. The internal
charge redistribution from Ni-sp to Ni-d electrons on Cu alloying, which leads to the filling
of the Ni-d band in the bulk, is strongly reduced in the overlayer due to the Cu substrate
atoms. Their presence is also reflected in the shape of the overlayer-Cu local DOS’s even in
the Ni-rich overlayers. In the Cu-rich region, the Ni-virtual bound state is shifted to higher
energies compared to its bulk position. ' '

In both alloys, two features important for the bulk bave their counterparts also in the
overlavers. First, it is the effective Stoner behavior relating the local exchange splittings
and the local magnetic moments by a simple proportionality. Although the effective Stoner
parameters {74/ for Fe, Co, and Ni atoms were slightly smaller in the overlayer than in the
bulk. they still fall near the value of | eV /pp found from extensive compilation of experimen-
tal resnlts and local density calculations for 3d transition metals in different environments
[27]. Second, the local charge neutrality of the individual components in the bulk atloys is
moditied by the presence of the substrate and the vacuum to the conservation of the local
charge of each component in the overlayer. The accuracy of this local charge conservation
on changing the overlayer composition is comparable to the bulk case.

Work fimetions and surface dipole barriers of the random overlayers vary smoothly with
their composition. We have found no dramatic change of these quantities near the magnetic
phase transition in the Ni-Cu overlavers in accordance with the smooth behavior of the local

nambers of Ni electrons sutnmed over both spin orientations.
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TABLES

TABLE L. The calculated local magnetic moments M and work functions W for pure Fe, Co.

and Ni monolayers on Cu{001) and for clean Cu{081) surface. The values in brackets are results

of the slab-FLAPW method, (a) - Ref. {9}, (5) - Ref. [13].

system M (ug) W (eV)
Fe/Cu{001) 2.80 (2.69%) 529 (5.094)
Co/Cu(001) 1.80 (1.79°) 5.55 (5.34%)
Ni/Cu(001) 0.41 (0.39%) 5.67 (5.45%)
Cu(001)

5.25 (4.94%)




B N T

REFERENCES

(1] L. M Falicov. . T. Picrce, §. D. Bader, R. Gronsky, K. B. Hathaway, H. J. Hopster, D.
N. Lambeth, 8. 8. P. Parkin, G. Prinz, M. Salamon, I. K. Schuller, and R. H. Victora,
). Mater. Res. 5, 1299 (1990).

12} T. Shinjo, Surf. Sci. Rep. 12, 49 (1991).

Bl AL Treeman and R Wu, J. Magn. Magn. Mater. 100, 497 {1991).

(1] ). 1. Bardos, J. Appl. Phys. 40, 1371 (1969).

(5] K. Schwarz, P. Mohn, P. Blaha, and J. Kibler, J. Phys. F 14, 2659 (1984).

[6] R. Richter and H. Eschrig, J. Phys. F 18, 1813 {1988).

[7] . Richter and 1. Eschrig, Physica Scripta 37, 948 (1988).

(8]} Raspar and ). R. Salahub, J. Phys. F 13, 311 (1983).

[9] €. 10, A ). Freeman, and C. L. Fu, J. Magn. Magn. Mat. 83, 51 (1990).
[10] K. A. Medina and J. W. Cable, Phys. Rev. B15, 1539 (1977).
(11 ) Fersofl and L. 1" Falicov, Phys. Rev. B25, 4937 (1982).

(12] S Ceampin. R Monnier, T. Schulthess, G. H. Schadler, and D. D. Vvedensky, Phys.
Rev. B45, 164 (1992).

[ B Wang, A, ). Freeman, amnd 1. Krakaer, Phys. Rev. B26, 1340 (1982).

f41 0 K Andersen, 0. Jepsen, and D). Glétzel, in Highlights of Condensed Matter Theory,
ed 1 Bassani, F. Famid, and M. P. Tosi {North Holland. Amsterdam 1985), p. 59.

(1] 1. Kudruoveky and V. Drchal, Phys. Rov. B41, 7515 (1990).

o} 3 Ko<k 1 Tarek, V. Drchal, P, Weinherger. N. E. Christensen, and §. K. Bose,
Plvs ey B46, 1222 (19925,

(17] M. Aldén, S. Mirbt, H. L. Skriver, N. M. Rosengaard, and B. Johansson, Phys. Rev.
Biﬁ 6303 {1992)

‘“:“[Ialﬁ MJ Kudelky,V Drc.ha.l and M. Sob, J. Phys.: Condens. Matter 1, 9893

[23}U vunBu'thand L. Hedm,.l Phys C 5, 1629 (1972).

[24] V. L. Mntuzm J F. Jmak and A. R. Williams, Calculated Electronic Properties of
Melals (Pergunon New York 1978).

[25) 8. H. Vosko L. Wllk a.nd M. Nusair, Can. J. Phys. 58, 1200 (1980),

{26] 5. Blugd, H, Akai, R. Zeller, and P. H. Dederichs, Phys. Rev. B35, 3271 (1987).
{27} F. Himpeel, Phys. Rev. Lett. 67, 2363 (1991).

‘ [28] G. Rickayzen, Green's Functions and Condensed Matter (Academic Press, New York,

1980}, p. 312. -

[29] H. L. Sknver a.nc[ N. M. Rosengaard Phys. Rev. B48, 7157 (1992).

- {30] M Methfeuel b. Henmg. and M. Schefller, Phys. Rev. B46, 4816 (1992).

[31} B. L. Gyorffy, A. J. Pindor, J. Staunton, G. M. Stocks, and I1. Winter, J. Phys. I' 15,
1337 (1985).



P

uf

FIGU RES _ . ‘ .
FIG, 1. The average and local magnetic momonts in the rudom bulk bct Fe“p.,Co, al}oys

{open symbols) and in the random l‘ﬁw..,.(-o, avt'rlayers oa lhe Cu{ml) ubstra&e (ﬁﬂl aymlmls)

as a lipction of composition.

FIG. 2. Densities of states for the random Im' Fem(bm alloy for both sﬁn dnecum.'amtge
DOS {ull), Fe focat DOS (daslust), and Ca local DOS {dottedi 'n;emua: ﬁmdenou the Fermr

lovel.

IF1G. 3. Concentration dependence of component- and spm—rad'ved rmmbers ol‘dectms in’
the randont bee Fey—»Cu, alloys (open squares} and in the undom Rem_,Co,overhyenm Ihc
Ci{081 ) substrate (full sguares): {a) Fe-up e]ectrona, (b) E‘e-down decttoas, {c) Co-np elecl.mn:,

andd (d) Co down electrons.

I'IG. 1. The local magnetic moments of Nl atoms in lhe mdom bulk fchi‘u..,Cu, aﬁoys
tapen squares) and i the random Niyog-C e, overlayern on the Cl(ml} nhstnte (fuﬂ nqm)

(see toxt for details).

IFI¢. 5. Densitios of states for the random fec Nlrs(«llzf, alloyfor boﬂl sptn dmctms, avetage .

NOS (fuily, Ni loeal DOS {dashed ). and Cu loral Dm (dotted) 'I‘he \‘eﬂlcll ﬁnes denote the )

Fermi fevel

-

FIG. 6. Concentration dependence of spin- up(tnangler.}, spm-down (cm:leu) and spm n\eraged ’

{sqquares) wumbees of Ny electrons in the r:mdom ftr ’\'Jm-._,( e alloy* (open a\mbﬂs) a.nd in tlle

ratlow Mgy 0 overlayers on the € u[Oﬂl) Rubﬁtrat@ (fnll ﬂmbo'ls} Tﬁe extrapolatm to tht";

non-magnetic state is marked in dashes (see tt‘xl for dﬂm’h)

FIG. T, Concentyation dependence of the aumbers n!‘ Ni-sp and Ni-d ele:trrms in thb random

fee Nippo -Cu, allovs (apen symbals) and, m the random NI.@.,(H,- mvrlayt'rs on tht' FH(WI) ‘

substrate (full ~vmbols).

FIG. 8. Spin-resolved overlayer densitics of states for the random Feypo-:Co, overlayers on

the Cu(wl) substrate a3 a function of composition: (a} wp-spin orientation and (b) down-spin

© orientation. The vertical lines denote the substrate Fermi level.

 FIG. 9. Layer- and component-resolved densities of states in the random Feg,Cosy overlayer on

the Cu(001) substrate: (a} up-spin orieatation and (b) down spin crientation. The overlayer (ov)

_Eotﬁponenl DOS’s (Fe - full, Co - dashed) and tlie first (51} and socond {s2) substrate laver DOS's

are given, The butk Ce DOS is also included. The vertical lines denote the substrate Fermi level.

_FIG. 10. Spin-resolved overlayer densitics of states for the random Nijga., Cu, overlayers on
the Cu{001} substrate as & function of composition: {a] up-spin orientation and () dowr-spin

rorie.ntation. The vertical lines denote the substrate Fernii level.

FIG. 11. Layer- and component-resolved densities of states in the random NizsCuys overlayer
on the Cu(001) substrate: (a) up-spin orientation and (b} down-spin orientation. The averlayer
{ov) component DOS's {Ni - full, (T:u - dashed) and the first (st} and second {52} substraie layer
DOS’s are given. The bulk Cu DOS is also included. The vertical lines denote the substirate Fermi

level.

FIG. 12. The work lanctions of the randmin Fejgg., o, and Niggyo, Cu, overlayers on the

C'u(001) substrate as a function of compeosition,
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