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Quantum-well states in metallic-thin-film overlayers
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The electronic structure of metallic thin films grown on a semi-infinite substrate is investigated within the
framework of a tight-binding model by the Green-function-matching method. An exact expression for the full
Green function of the complete system is derived. It includes accurately the reduced dimensionality of the
system and yields the complete description of the electronic properties: quantum-well states, resonances, and
continuous substrate bands. AglA01), Co/Cuy001), and their complementary structures are selected as
model systems. The calculation shows the existence of fyptndd derived quantum-well states, which are
spin and symmetry dependent. The confining potential arises from the energy mismatch between thin-film
overlayer and substrate bands with the same spin and symmetry. The thickness dependence of the quantum-
well states’ binding energy provides a mechanism to tailor the density of states at the FermiSeteél3-
182996)03120-7

[. INTRODUCTION polarization of sp valence electrons, which due to the
symmetry- and spin-dependent potential discontinuities at
The electronic structure of metallic thin films grown on a the interfaces of an ML, are quantum-mechanically confined.
substrate is very different from that of the correspondingThis gives rise to Ruderman-Kittel-Kasuya-YosidRKKY')
bulk crystal. The continuous bands split up into discrete entype oscillations of the exchange couplifig?® Therefore a
ergy levels due to quantum size effects. The requirement dull understanding of the coupling requires a detailed de-
guantization along the film growth direction J restricts the  scription of the ML conduction band states, which explicitly
characteristic wave vectdq, of thin-film states to specific includes the reduced dimensionality and the exchange inter-
values. This selectivity ok, has been exploited to map action. The electronic structure of thin-film overlayers on a
three-dimensional bulk bands? By changing the thickness semi-infinite substrate will display most properties of the ML
of the film it is possible to determine the band dispersionelectronic structufé—quantum size and confinement ef-
relations of the overlayer material. In addition, the energyfects. However, some discrepancies are expected due to the
guantization has important consequences in macroscopiifferent characteristics of both structures. In an ML both
measurable properties of thin-film structures. In fact, reportsonstituent layers have finite size, while only the thin-film
of metallic-film quantum size effects in retarding field mea-has finite dimension in the thin-film overlayer structure. Fur-
surements and electron tunneling experiments go back to tHeermore, the potential discontinuities at the interfaces are
earliest seventies? More recently, thin-film states have been also different: metal-metal in ML’s and vacuum-metal-metal
directly observed by photoemission and inverse photoemisn thin films. Most of the theoretical and experimental atten-
sion in a great variety of metallic overlayer—substratetion in thin-film overlayers has been focused on the existence
systems$®~1° The experimental measurements show thaof sp-like QWS’s/ 1% although recently QWS'’s derived
there are two types of quantum size states: true quantum-weflom d electrons have also been reportéd®*°0On the other
states(QWS’s) and resonances. The former are fully con-hand, theoretical studies rely mainly on simple models of the
fined in the film slab by an energy gap of the substrate, whil®verlayer and substraté?® In general, standard one-
resonances are bound states of the film degenerated adidnensional two band models are used. This restricts the
coupled to the continuous substrate bands. Thus, in res@alculations to the study of QWS'’s of a given orbital char-
nances complete confinement does not happen. Although tteeter and does not allow one to study all the QWS's derived
first photoemission observations were in noblefrom a band whose orbital character changes along a sym-
metal/semiconductbrand noble metal/noble metal systetns, metry direction of the three-dimensional Brillouin zone.
most of the recent experimental work has been devoted to The purpose of this work is to obtain a general description
noble metal overlayers on magnetic metal substrates and taf the electronic structure of single-crystal thin-film overlay-
the complementary structurés'® The widespread interest of ers on a semi-infinite substrate. We shall describe the bulk
these systems lies on the striking properties of magnetic muknaterials with a tight-bindingTB) model. TB Hamiltonians
tilayers (ML's). They present long-range oscillatory ex- provide the complete band structure in which hybridization
change couplintf and the change of sign in the magnetic and changes of the orbital character of the bands along the
coupling is accompanied by a giant negativesymmetry directions are taken into account. The technique
magnetoresistancé. Although several models have been employed is the Green-function-matching method, which
proposed to explain the oscillatory nature of the exchang@rovides an exact expression for the Green function of the
coupling®-??recently general consensus has been achievecomplete system. The approach includes explicitly the finite
and the different models can be unified into a single physicasize of the thin film and the semi-infinite extension of the
picture. The long-wavelength oscillations are produced bysubstrate. Then, the reduced dimensionality of the structure
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is considered properly. Our aim is to understand the physical G G
origin of the rich thin-film phenomenology more than to ob- A 8
tain quantitative agreement with experiments. The origin, or- g Qe------ O O O O--eeee- Fo S

bital character, spatial confinement, and thickness depen-

. . Ly la. |
dence of both true QWS's and resonances will be “ AN TBiNs B;M
investigated. We select Au/A@01) as a model system. Ag I 1
and Au have similar band structures in tf@31) direction L R >'< P

with the d band being well separated from tls band.
However, in spite of their similarities, energy mismatch be-
tween Ag and Au bands of the same symmetry occurs. In FIG. 1. Schematic representation of the thin-film overlayer
addition, the sign of the Ag-Au mismatch depends on thestructure. Each symbol depicts a principal layer. Shown are the
band symmetry and thus the well or barrier character of a Adabels used to denote the layers and the notation for the different
slab will change at different energy ranges. Consequentlygrojection domains.

Ag/Au(00)) structures are nearly ideal for exploring quan-

tum size and confinement effects. Furthermore, as pointeghnceptprincipal layer, which by definition interacts only

out above, magnetic structures are particularly interestingyitn nearest-neighboprincipal layers Henceforth, thek,
Among them, the Cu/Co system has been widelyang energy dependence is understood and in this subsection
mvesugated'. ' Thus we will also study Cu/G601) the termlayer will indicate principal layer.

structures. From the theoretical point of view, they have an /o defineP, and Pg as the unit projectors spanning the
added difficulty due _to the spin polarization of Co electrons.Spaces of slal and of semi-infiniteB crystal, respectively.
Moreover, the location of thel band and the largesp-d A the bulk A and B operators are only defined and evalu-
hybridization close toEr entangle the simple picture ob- 4ia4 in their own space. Consequently, fénterface sub-
tained from Ag-Au thin-film structures. Nevertheless, this yomain contains two layetls.; andl .y, while theB sub-
complexity enriches their electronic properties. In fact, spingomain only holds thég . . ’Iayer_ The’refore s 2B
polarization ofsp-derived QWS's,sp-d hybridization, and  ; +arface projectors ard 1.l x.n) andlg.n. 1, respectively.
d-derived QWS have been reported in Co/Cu and Cu/Co thifpo symboll;.,, wherej ~AB andnis a layer index, will

. . . . no ] )
films.”®101Although there is a fairly good agreement in the be used as aither the layerof mediumj or the correspond-
experimental measurements, there are still open questions fﬁ‘g projector

their interpretation. To name only one among those ad- Then the fnterface projection of bulBg is

dressed in the present study, spin-sp QWS's for Cu/ B
Co(001) have been reported around 1 eV belBw, where Ge={ls:n+1/Gallg:n+1)=Gans N1
there is not an energy gap of the substrt¥. ' ‘ T

while EA is a 2X 2 matrix
(Ia:1lGalla:1) <|A;1|GA||A;N>>

(IanIGalla;n)  (Ja:nlGallan)

Il. THEORY

A. Full Green function of thin-film overlayer structures Ga=

To obtain the Green functiofGF) of the complete system
(thin-film overlayer and semi-infinite substrateGg, we
have used the Green-function matching mettiGFMM).
This approach provides a framework of exact theory in =
which the GF's of any layered structure can be calculated.
The general formulation gives the total GF in terms of the _ o _
Hamiltonian of the complete system and the bulk GF’s of the e define the two partial interface projectors, one for
constituent media. In thin-film structures with two different €ach interface: vacuum-overlayey=1,.,, and overlayer—
interfaces one matches simultaneously at the entire interfacg@Mi-infinite crystal,1; =1, y+Ig:n+1. Consequently, the
domain, which is defined as the sum of all the partial inter-full interface projection is
face subdomains involved. This procedure yields a matching
formula isomorphic to that for a single interfat&3! There-
fore we shall not derive the general expression@gyand
only the definition of the specific projection domain and the
actual expressions used in the calculation will be given here. =-1_ ~_1 ~_1

In the particular case under study—a metallic overlayer Gs =IEI ~IHsPAPAGAIAGA ™~ IHsPePsCal 6Gp '(1)
on a semi-infinite crystal—there are two physically distinct
interfaces: vacuum-overlayer and overlayer—semi-infinitéThis formula cannot be read as ordinary algebraic expres-
crystal. Figure 1 displays the structure and notation. Theions. Instead, all the operations, including inversion, must
overlayer and substrate crystals, denoted\landB, respec- be performed always within the space in which objects are
tively, have extended bulk GE;, j=A,B. Because the sys- defined.
tem retains two-dimensionaRD) periodicity, the Hamil- After some algebra and using the relations between Green
tonian and GF are functions of the in-plakjevector, energy, functions and transfer matricdsT,S,S:
and spatial coordinates in the overlayer growth direction. As
in previous applications of the method, we shall employ the Gne1m=TGpm, n=m, 2

GA; 11 GA; 1N

GA;N,l GA;N,N

I=1,+1,.

With these definitions the matching analysis yields
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anl,m:T_Gn,ma ns=m, Gn’m,1=Gn’m§ n=m.
Gnm+1=GnmS, ns=m, Equation(1) can be cast as @33 supermatrix:
|
E—Ha117Da1a —Dain 0
G;lz _DA;N,l E_HA;N’N_DA;N’N _HAB;N,N+1 (3)
0 _HBA;N+1,N E_HB;N+1,N+1_DB;N+1,N+1
where
( DA;l,l DA;l,N)
DA:
DA;N,l DA;N,N
(HA;12 0 ( Ta T ( 1Tt
L0 Hawned/\ T2 T AT 2
and

Dg=Hgn+1n+2TB-
T; andT; (j=A,B) are the transfer matrices introduced in E2), H;., , (j=A,B) the Hamiltonian matrix element between
Iayersn andm andHAB n.m the coupling interaction across the overlayer—semi-infinite crystal interface.
Expression(3) for GS is particularly suitable for actual calculation since it avoids the cumbersome integration required to
calculate diagonal and nondiagonal elements of the bulk3GEj =A,B).
From GS, the matrix elements dBg between any layers of the entire structure are obtained from

( G
~_q = = =_ A;lm
Ganmt(Gain1,Gann)Ga (Gs— GA)GAl( G ), n,meA
A;N,m
(GAnl-GAnN)GA SGB GBNm. neA,meB
GS;n,m: 4
=X =-1 GA;l,m
GB;n,NGB GSGA G y nEB,mEA
A;N,m
| Ge:n.mt Ge:nnGs (Gs— Gg)Gg 'Gainym: n,meB.
In particular, the diagonal matrix elements®§ are
TN-1) -1 N-1\ -1/ on—1
n—1 +N-n T"'j ' = = 1 Sa SR neA
Gannt(Ta *.Ta TN-1 1 (Gs—Ga) gN-1 1 SN-n) &
Gsnn= A A A (5)
GB;n,n+Tg7Nil(aS_aB)SgiNil, neB

and the layer density of statésDOS) in any layer is given Ag, Cu, and paramagnetic fcc Co bulk materials. They take

by into account second-nearest-neighbor interactions and the
spd orbital basis set. The ferromagnetic Co Hamiltonian in-

Nn(kj,E)=— —I|m Im TrGg,nn(kj,E+ie). (6)  Cludes a diagonal band-dependent exchange interaction. The
Te0 calculation of the exchange contribution to the ferromagnetic

matrix elements was performed by fitting the self-consistent
spin-polarized Korringa-Kohn-RostokéKKR) band struc-
ure of Moruzzi, Janak, and Williartsand available experi-
ment data in thd"X direction/* The exchange interactions
are  Ag=0.088, A,=0.054, Ad_tzg=0.832, and

B. Hamiltonian model Ad,eg=0.849 eV. The resulting Co ETB Hamiltonian de-

The empirical tight-binding (ETB) Hamiltonians of  Scribes quite accurately the dispersion relations in the high
Papaconstantopouffshave been used to describe the Au,€nergy region close t&g, although it gives a poorer de-

Although the derivation of5g is exact, the accuracy of ac-

tual calculations depend on the Hamiltonian model. Thus, i
the present calculation it is determine by the accuracy of th
TB parameters.
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FIG. 2. Energy bands of Ag and Au along theX direction, A A

from —6 to 4 eV above the Fermi level. The energies in eV are
relative to the Fermi energy. Open circles and dots represent Ag and
Au states, respectively.

scription of theX; and X; band splitting. The calculated
magnetic moment per atom is 1/§. For the cross cou-
pling matrix elements at the interfaces we have taken the

Layer Density of States

arithmetic average of the corresponding bulk parameters. N “N\Z 70 Ag
These values yield zero net charge for the semi-infinite ﬂL—JHE
interfaces’ Furthermore, in the Co/G001) interface, the , . . Bulke Ay
averaged-interface potentials result in interface spin polar- 0.0 0.5 1.0 1.5 2.0
ization and magnetic moments whose sign and magnitude Energy (eV)

agree with those recently measurdrhe surface Hamil-

tonian matrix elements are kept equal to those of bulk. Inthe FiG. 3. sp component of the layer density of states at fhe
spin-polarized calculation of the €0 surface, charge point of the 2D Brillouin zone for 1§upper panéland 20(lower
neutrality was attained in the entire semicrystal with zeropane) ml of Ag on Au(001). From top to bottom the LDOS for the
surface potential. However, in the @01) surface, the self- Ag, two Au, and a bulk Au layer of the semi-infinite crystal are
consistent surface potential is less attractive than the correepresented.

sponding bulk potential fod electrons’® Then, due to its
Tamm character, the @01 d-like surface states a1 will
not be properly described in our calculation. In summary, th
use of bulk TB parameters at surfaces and average valueség
interfaces is expected to slightly alter the ener osition o
Cu QWS’s onlypfor Cu thin—?ilmygrown on Co s?a¥nl?crystals. below the AgX; edge. On the other hand, thg Au band,
We consider ideal structures grown in the {601 direction N the energy region with a predominansyp character, is

with matched overlayer and substrate lattice parameters. &Ways beneath the correspondidg Ag band and, except
for an energy window of 1 eV above thg, Au edge,A; Au

and Ag bands overlap. It is in the energy intervals in which
the projected bands do not overlap that one expects to find
Silver and gold are noble metals with similar electronicquantized discrete states—so called QWS's. Figure 3 dis-
band structures. In both, the Fermi levg} intersects the plays thesp-like component of the LDOS df obtained for
sp band at points where it resembles a free electron-likel8 and 20 monolayer@nl) of Ag on Au(001). In the energy
band and further down lies the compldxband. The Agd interval shown in the figure, thd-like contribution to the
bands are narrower and located deeper than those of ALDOS is negligible. For the 18 ml film there are two well
Figure 2 shows the dispersion relation of the bulk bandslefined states above the AX, edge, labelech=1 and
along theI'X direction for an energy window of 10 eV n=2at 1.7 and 1.2 eV, respectively. Furthermore, below the
aroundEg . In the whole energy interval the Adibands stay X,/ Au level—around 0.65 eV—a smooth modulation of the
above those of Ag. Nevertheless, depending on the ban8lig LDOS is also noticeable. As the Ag film thickness in-

symmetry, their(001) projections may or may not overlap.
é:or instance, the bottom of the A\, band, thd, level, is
ove the AgX, top edge. Therefored, Au and Ag bands
not overlap. In contrast, thles bands overlap for energies

IIl. NOBLE METAL OVERLAYERS: Ag AND Au  (001)
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FIG. 4. Local spectral strength of the three QWS’s atlthmint 5 10 15 20
for the 20 ml Ag thin film. The figure displays the spatial distribu- Ag Thickness (atomic layers)

tion in the different atomic layers of the structure.
FIG. 5. Binding energy of thep-derived Ag QWS'’s as a func-
jon of the Ag film thickness. The numbers at right label the

, : t
creases to 20 ml, this broad structure moves just above the - " e

Au X, edge and becomes a well definee:3 peak. The
other two states also move upwards in energy. Figure 4 rep-
resents the squared amplitude of the corresponding wavEherefore the QW energy spectra of Brlayer thick slab
functions for the 20 ml Ag film. All the states are localized in correspond to those bulk levels which result from sampling
the Ag overlayer, although the amplitudes spread out inthe band atN equidistantk points. In fact, accurate bulk
creasingly from the Ag film as the order of the state in-band structure information has been obtained from thin-film
creases. For instance, the lowest lewet, 3 penetrates quite structures. However, due to the finite Au-Ag and surface
considerably, as it corresponds to a less tightly bound statéarrier heights, a small energy difference between bulk and
Their spatial distribution presents one, two, and threeQWS'’s for a givenk, is expected. Furthermore, at a fixed
maxima forn=1, n=2, andn=3, respectively. In addition, energyE, a size-quantized state will appear periodically with
the amplitude is larger at the interface Ag layer than at théhe slab thickness. That is, there will be a new state when-
surface, due to the lower height of the interface barrier. Figever k, satisfies the quantization conditiofy). Conse-
ure 5 shows the energy of the discrete states versus the numudently, at a given energy, there is a simple relation between
ber of Ag ml's. With increasing Ag thickness more statesthe periodL(E) and the size-quantized state wave vector
appear above the AX, edge and continuously move up- k, (E):
wards towards the A¥,. level. Consequently, the observed
structures are identified asp-like size-quantized states of
the Ag slab, whose characteristic wave vector normal to the
layer is restricted by the size-quantization condition to
+k, where wherekzg is the zone boundary wave vector. For the data
shown in Fig. 5,kzg=X,4, and L(X4/)~8 ml. When the
nm energies of the states satisfying E@) are in a forbidden
kl:m’ n=1,...N. () substrate gap-r~=1 andn=2 peaks in Fig. 3—they are
well defined bound QWS’s mostly confined in the Ag slab.
N is the number of layers andi the interlayer spacing. The Moreover, for the unbounded motion, i.e., states whose en-
confining QW structure is due to the Ag and Ay band ergy is allowed for the substrate, size-quantization effects
mismatch at theX,, edge. The Ag slab acts as a QW, the Aualso manifest themselves as Ag film resonances. See the
substrate being a barrier. In first order, the energy of thestructure at-0.65 eV in Fig. 3.
QWS'’s can be obtained directly from the Ag bulk dispersion As remarked previously, in the energy interval fron2
relation E=E(k,) and the size-quantization conditidid). @ to —6 eV the Aud bands are above the corresponding Ag

a
L) = () —keald ®
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FIG. 6. d component of the layer density of states atkhgoint
of the 2D Brillouin zone for 6 ml of Au on A@O01. As in Fig. 3
the LDOS's for the Au, two Ag, and a bulk Ag layer are repre- FIG. 7. Local spectral strength of the four highest energy
sented. The peaks are labeled by the bulk energy level of origin an@WS's of Fig. 6. The figure displays the spatial distribution in the
superscripts indicate quantum-well numigeee text The QWS’s ~ Au and in the two first Ag layers.

derived from theA, Ag band are dashed. ] .
order states of botX; and X, series, which become almost

degenerate in energy. In addition, because of the heaviest
ones. Moreover, bands of the same symmetry do not overlagffective mass ofl electrons, a large number of QWS's ap-
either in the complete band energy rande, or in an ap- Pears in an energy interval for small overlayer thicknesses—
preciable regionAs close to theXs border andA; close to ~ S€€ Fig. 6. Consequently, the density of QWS's is propor-
;.. Therefore, Au overlayers on AQ01), will present tional to the effective mass of the corresponding bulk band,

- e - d dispersionless bands tend to form densely spaced
d-derived Au QWS'’s in these energy intervals. Note that the? Lo . ,
previously described p-like QWS’s appear in the comple- QWS's. Figure § represents the energy of thike QWS' s

mentary Ag/Au (001 structure. Figure 6 displays the as a function of the slab thicknesses. The evolution of the

S three series identified in Fig. 6 is presented. For a given
d-component LDOS for 6 ml of Au on a semi-infini{6021) ) .
Ag crystal. Similarly to thesp-like LDOS of Fig. 3, well number of Au ml, the lower density ofs QWS’s shows the

' O , higher dispersion of tha g band with respect td,. Never-
defined d-like QWS’s are clearly observed. Furthermore,éheless, the more important point shown by Fig. 8 is that

each bandA, in the figure, generates two series of QWS's.

states present a very small amplitude at the first Ag IayerW.th increasing overlaver thickness each series moves in en-
However, the states do not show=1,2,3... maxima in a 1t Ing overiay : : Ves|

sequential order; instead, crossing of various QWS serie&9Y towards a band extreme. Positive/negative effective

takes place. A detailed analysis of the QWS Wave-functior{]:atSS arlrt1tl\1/e éo\r,]\,?wt\),of dn/da\rz %Vﬁls rr'fei to EV\r/tﬁ s;(:,nrlers W?:Se
spatial and orbital symmetry and their evolution with the S'at€s Move do ard/upwa energy. Furthermore, since

number of Au layers allows one to identify three series off[he entireA, Au band does not overlap with the correspond-

" , L ; ing Ag one, the whol&, Au is quantized and the number of
gylrlrljﬁ"ngr\;/vi:d ;Tgyassr::?é?a?;ed f\:\(/)im ﬁ;lé l:iﬂi; (r);isrl]:f:tr;?topw_ss is equal to the number of _Iayers. This is exemplified
the X5, X,, andI' 4, levels. Henceforth, we label the QWS'’s in Fig. 6, where the states coming from the band are
series by the energy level of origin. Figure 7, which repre_dashed(there are three associated wifh, and three with
sents the squared amplitude of the four highest energy stateé?)'
evidences the crossing of QWS series. From top to bottom
there are twan=1 QWS'’s of theXs and X, series, respec-
tively, an n=2, and then=3 of X,. In the third state, The Cu electronic structure, with filled bands and a
n=2, the displayed LDOS is in fact the sum of the second-partially occupiedsp band, is similar to those of Ag and Au

IV. SPIN-POLARIZED QW'S: Cu AND Co (001
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FIG. 8. Binding energy ofl-derived Au QWS'’s as a function of
the Au slab thickness. The evolution of the QWS's series is
presented in the top panel, and thatXf and I';, series at the

I o -6 .
bottom. As in Fig. 5 the quantum-well numbers are indicated at the T A

right of the curves. A

previously described. However, in the case of Co, the exi,XFé_G' gt: Enfergy bands of .Ctu anclj f?r;%ma\}qnetic fee C;% along the
change interaction gives rise to an exchange splitting of mal. X direction for an energy interval of 10 eV aroufig . The en-

- L . . . ergies in eV are referred to the Fermi level. Open circles and dots
jority (1) and minority () spin bands. The Fermi level lies

within the minority d band, while the majority band stays represent Co and Cu bands, respectively. Majority-spin states are

) . displayed at the top and minority-spin states at the bottom.
just belowEg . Figure 9 presents the Co and Cu band struc- piay P y-sp

tures along thd'X direction in an energy interval close to magnetic structures is clearly illustrated in Figs. 10 and 11
Er. Due to the Co exchange splitting and to the differencevhere the spin-polarized-like contributions to the LDOS
between Co and Cd-band widths, the relative alignment of around theX; and X5 bulk levels are shown for 6 ml of Cu
Co and Cu bands of the same symmetry is spin dependenn Cd001) and 6 ml of Co on C(D01). In the Cu overlayer
and the well or barrier character of the overlayer slab may bsystemX;, n=1 andn=2, Cu QWS'’s appear above the Co
different for both spins. For example, while the majority-spin X; level for spin-up electron§Fig. 10 (top panel], while
A, Co band intersects the correspondifng: of Cu, the  spin-downX; QWS'’s fromn=1 to n=4 are clearly seen in
minority A, is always above that of Cu. Therefore Co over-the minority LDOS[Fig. 10(bottom panéll. The larger level
layers should present two series of spinAip QWS's as-  density of minorityX; QWS’s is due to the higher effective
sociated withI',s and X3, and only one associated with mass—Ilower curvature—of thé; Cu band. Furthermore, in
I',5 for spin-down electrons. The rich phenomenology ofthe majority LDOS the formation of th¥; Cu border and
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FIG. 10. d component of the layer density of states at ihe FIG. 11. Same as Fig. 10 for 6 ml of Co on (003).
point of the 2D Brillouin zone for 6 ml of Cu on C@®01) around
the X, and X5 bulk levels. The LDOS's for the thin film, two associated Cu resonances is clearly seen for energies above
interface, and a bulk substrate layer are represented. An arrow in=4.5 €V. In addition to theX; QWS'’s seriesn=1 and
dicates the position of the overlayef, and X; bulk levels. n=2 A5 QWS’s associated with thE,s border also appear
Majority- and minority-spin LDOS’s are displayed at top and bot- in the minority LDOS at high energies. The squared ampli-
tom, respectively. tude of all the peaks behaves as corresponds to well defined
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QWS's. On the other hand, in the 6-ml Co/0Q1) structure

(see Fig. 11 the role of majority and minority spins inter-
changes. Now, the majority LDOS preserXs n=1 and

n=2 QWS'’s while theX; series develops for minority spin
electrons. The results are easily understood by inspection of
Fig. 9. At X the Co slab behaves as a well/barrier foy,
majority/minority electrons and contrarily fax,. Therefore

Co slabs act as a well or as a barrier for electrons with the
same symmetry but different spin polarization and as a con-
sequence QWS's are spin polarized, even those derived from
Cu electrons. Furthermore, all the spectra of Figs. 10 and 11
show states well localized in the outermost slab layers. They
are bona fidesurface states which become noticeable for &
overlayers 2 ml thick. Their energies are thickness indepen- 3
dent and are those found in surfaces of semi-infinite crystals.
They are located at the energy gaps of the bulk projected
band structure. See Figs. 3 and 4 of Ref. 35. Similar effects
occur for truly interface states—developed in mutual gaps of
both semi-infinite crystals. However, if the state associated
with the surface or interface is a resonance, its thickness 1Cu
dependence is quite different. They are only noticeable as an
enhancement of the interface LDOS of a QWS’s peak. No-
tice the state located at5.5 eV in the majority LDOS for 6 2 Cu
ml Cu on Co(Fig. 10. In the semi-infinite Co/Cu interface
also an interface resonance is found-#.5 eV>°® The spa-
tial distribution of the amplitude of this structure corresponds , i
to ann=2 QWS; however, the intensity of the interface lay- K 0 1
ers has increased considerably. Thus, while interface reso- Energy (eV)

nances have to satisfy the size-quantization condition, truly

interface states, developed in mutual gaps, do not. As ex- g 12. Minority-spind component of the LDOS 4t for 6 ml

plained aboveEr lies within the minority Cod bands,  of co on C001) aroundEr. The A; QWS's atE is dashed.
which are above those of Cu. Therefore Caf@i) will

present a large density of minority-spin QWS's in the energy
interval aroundEg. Furthermore, because of the size-sp-like Co QWS’s above th&, Cu level. The energy split-
guantization condition, the energy of QWS's is thickness deting between majority and minority QWS'’s is small. The
pendent. Thus, selecting the overlayer thickness, one can firltkhavior of these states is analogous to thasmpfike Ag
a QWS in a given small energy interval, particularly close toQWS’s shown in Fig. 5 and previously described. These
the Fermi level. This fact is exemplified in Fig. 12 which states have been experimentally observed by unresolved in-
displays the minority LDOS arounB; for 6 ml of Co on  verse photoemissiofFig. 2 of Ref. 9. Below Er the A,
Cu(001). Therefore, the LDOS at the Fermi level can beband curvature changes sign and the Co band remains above
controlled by regulating the overlayer thickness. Since manyhe Cu—see Fig. 2. Therefore QWS’s will develop only in
macroscopic physical properties depend on the LDOS at th€u overlayers. Furthermore, at these energies,AheCo
Fermi level, overlayer thickness selection provides a mechaand has a large splitting, which results in very different
nism to tailor macroscopic properties of thin-film overlayers.majority and minority Co-Cu energy gaps. Consequently, the
In addition to theA; QWS atEg, in the energy interval sp-derived QWS's close t&r will be spin polarized. This
shown in Fig. 12, there is a great concentration of QWS’sexplains the different behavior of majority and minority elec-
arising from quantization oAs and A, bands. For the sake trons experimentally observed in spin-resolved photoemis-
of clarity only states withA, symmetry are marked. This sion experiment®*Moreover, in this energy range there is
band does not overlap with, of Cu and is completely quan- overlap with thed bands. Therefore strorgp-d hybridiza-
tized, similarly to theA, band in Au/Ag001)—see Fig. 6.  tion is expected. Figure 13 shows the LDOS of the outermost
In the Co/Cu systensp-derived QWS'’s have been iden- Cu layer in 2 ml Cu/C@01). The LDOS is orbital and spin
tified in unresolved and spin-resolved photoemission spectraesolved. The majoritys p-like LDOS does not present any
The A; Cu and Co bands have maingp character from puresp-like QWS'’s in this energy interval; the two peaks
approximately the middle of thd X direction to theX  seen at low energy have a maimycharacter and reflect the
boundary. Therefore,sp QWS’'s and resonances can strongsp-d hybridization of the Cu bands. Note the different
develop in the energy interval S6E  scale of thespandd LDOS'’s. Thus, although the Cu/Co gap
=Eco(X4') —Ec(k=m/2d), that is, from—3.0 to 2.5 eV. is very small for majority electronsp-d hybridization pro-
Above the Fermi level, the exchange splitting of the majoritymotes the formation of QWS’s. On the other hand, the mi-
and minorityA; bands is small. The effective mass is nega-nority sp-like LDOS shows a well defined QWS'’s around
tive and the Co bands for both spins have higher energy than 1 eV, although it also has an importadt contribution.
those of Cu. Therefore Co overlayers on (@) show These findings agree with the experimental observations of
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strate while the second are extended and degenerate with the
continuous substrate band. Both QWS’s and resonances
show spatial modulation of the wave-function amplitude and
(x30) the number of maxima corresponds to the order of the bound
state. Their binding energy is film-thickness dependent and a
quantum-well picture based on the quantization of bulklike
bands of a given symmetry describes their development. The
well or barrier character of the thin film depends on the rela-
tive alignment of overlayers and substrate bands of the same
symmetry. Furthermore, the thickness dependence of the

QWS binding energy provides a mechanism to control the
A h /\ A d density of states at the Fermi level and, as a consequence,
. . . . . . metallic-thin-film overlayer structures can be grown with tai-
-3 -2 - 07-3 2 -1 0 lored macroscopic properties.
Energy (eV) The Ag/Au001) and Co/C@001) structures, as well as
the complementary systems, support bagx and d-like
FIG. 13. Orbital-and spin-resolved LDOS Rof the outermost Q_WS’S' Slnc_:e thel-bands are narrow, there is a Iarge_ den-
Cu layer for 2 ml Cu film on C02). sp andd components of the S|ty of d-derived QWS'’s. Thus,_experlmental obse_zrvanon of
LDOS are displayed at top and bottom, respectively. d-like QWS’s demands very high energy resolution. In the
Co/Cu system QWS'’s are spin dependent due to the large
sp polarization andsp-d hybridization in Cu/C¢01)  exchange spliting of Cal bands. The QWS's observed
overlayers®*! Thus the spin polarization of Cu-derived close toEg in Cu films grown on C01) are spin polarized
QWS'’s manifests the different energy gap of the majoritydue tosp-d hybridization. In summary, a proper analysis of
and minority substrate Co bands. Furthermore, all the experbize-quantized states in thin-film overlayers requires a com-
mentally measured peaks in this energy range are hybriglete description of the bulk bands of both overlayers and

majority - spin minority-spin

L DOS
»
o

states with botlsp andd orbital components. substrate crystals. The electronic properties of thin films are
determined by both size-quantization and confinement ef-
V. CONCLUDING REMARKS fects. Band symmetry, relative alignment of overlayer and

substrate bands, spin, and hybridization combine to settle
The electronic structure of metallic-thin-film overlayers their actual structure.

grown on a substrate can be fully described in terms of the
overlayer size-quantized states and continuous substrate
bands. The wave-vector component in the growth direction,
k, , of thin-film states is quantized due to its finite thickness. This work was supported by the Spanish Diréac®en-
There are two types of bound states: QWS’s and resonancestal de Investigacio Cientfica y Tecnica under Grant No
The former are fully confined by an energy gap of the sub-PB93-1252.
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